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Introduction 

 

1. The eye and the retina 

 

1.1.The structure of the eye 

 

The eye is the evolutionary acquired complex sensory structure. The collective function of 

the eye components is to bring a focused clear image of the outside world at the retina (Fig.1 A). 

The retina, located at the back of the eye, translates light into an electrochemical signal that is 

transmitted through the retinal layers until it reaches the optic nerve and then the entire visual 

pathway until it reaches the brain resulting in a meaningful visual scene[1,2]. 

 

1.2.The structure of the retina 

 

1.2.1. Fundoscopic and microscopic retinal structure 

 

The vertebrate retina (rete=net) is a layered structure with a large diversity of cells that 

conform distinct circuits that work in parallel and in combination to produce a complex visual 

output. Its function is to capture, integrate and process the light signal. The retina includes two 

structures derived from the optic vesicle: the neural layer (pars optica retinae, inner part of the 

optic vesicle) and the retinal pigment epithelium (photoreceptor renewal, recycling of retinoids, 

absorption of scattered light, transport of nutrients and metabolites selectively through the 

extraretinal blood barrier and formation of extracellular matrix).  

The neural retina is a layered white semitransparent tissue. The layers are (Fig. 1B): the 

photoreceptor layer with the subcellular structures composed of outer segments (OS) and inner 

segments (IS) of the photoreceptors, the outer nuclear layer (ONL) formed by the photoreceptor 

cell bodies with nuclei; the outer plexiform layer (OPL) is a connection layer corresponding to the 

synapses between photoreceptor, bipolar and horizontal cells; the inner nuclear layer (INL) 

composed of bipolar, horizontal and amacrine cell bodies; the inner plexiform layer (IPL) is a 

connection layer corresponding to synapses between bipolar, amacrine and ganglion cells; finally, 

a ganglion cell layer (GCL), composed of ganglion cell bodies and their axons (retinal nerve fiber 

layer – RNFL) which will converge to form an optic nerve head (ONH), the beginning of the optic 

nerve and visible structure of the fundus.  

The retina can be divided geographically in various sections with different histological and 

functional characteristics (Fig.1C). The macula and fovea are central parts of the retina with high 

cone density and specific structure (extrusion of the innermost layers in the form of foveal pit), 

responsible for the discrimination of fine details and colors of the visual scene. Peripheral retina 

has a lesser density of photoreceptors which are mostly rods and scattered cones. Vision of shapes 

and movements – an overall function of visual alert -is performed by peripheral retina[3].  
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Figure 1. Eye and retina normal anatomy.  A. Schematic section of the eye (adapted from 

Webvision, Helga Kolb, https://webvision.med.utah.edu). (B) Retinal layer structure. Retinal 

pigment epithelium (RPE) and neuroretina. OS and IS: outer and inner segments, respectively; 

ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner 

plexiform layer; GCL: ganglion cell layer. Rod photoreceptors are in grey, cones in red; rod 

bipolar cells in pale pink, ON- and OFF- cone bipolar cells are in pale purple and dark purple, 

respectively; horizontal cells are in brown, amacrine cells in yellow; ON- and OFF-ganglion cells 

are in light and dark green, respectively; Müller cells are depicted in pale blue. (C) Normal fundus. 

1.2.2. Cell types in the retina.  

Normal vertebrate retina includes different cell types. Photoreceptors (Fig.2) are light-

sensitive cells which are crucial for phototransduction – an initial step of vision process - a 

conversion of light into electrochemical signal. There are two types of photoreceptors in 

mammalian retina: rods and cones. The structure of photoreceptors is highly compartmentalized. 

Both rods and cones contain an outer segment (OS), a connecting cilium (CC), an inner segment 

(IS), a cell body with a nucleus and a synaptic region. The OS is formed of a stack of discs of 

plasma membrane containing photopigments; their main role being photon capture.  

The OS is connected with the IS by the connecting cilium, a highly organized structure 

allowing the trafficking of molecules from the cytoplasm/IS towards the OS and OS structure 

maintenance. Photoreceptor cilium is a primary sensory cilium. It is composed of different parts: 

a basal body formed from a centriole, at the limit between OS and IS from which the axoneme 

extends; a transition zone or ciliary gate where some proteins, interact with the plasma membrane 

and create a gate between the IS and OS; and the axoneme. The photoreceptor sensory cilium is a 

microtubular structure highly important for photoreceptor development, structure and protein 

transport[4]. Of note, the proper functioning of the primary cilium is critical not only for 
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photoreceptors, but also for other cells such as the epithelial cells in kidney, inner ear, glial neural 

cells. Variants in genes encoding proteins involved in ciliogenesis, ciliary structure, and transport, 

lead to a heterogeneous group of pathologies, known as ciliopathies[5]. 

 

Figure 2 Schematic structure of primate photoreceptors. Adapted from [6] 

The IS ensures the metabolic function of photoreceptors and contains mitochondria, Golgi 

apparatus, endoplasmic reticulum (ER) and lysosomes. IS are in continuity with cell bodies 

including the nucleus. Microvillus-like structures called calyceal processes emerge at the tip of 

the inner segment and surround the base of the OS (Fig.3). They are specialized membrane 

processes (F-actin microvilli) generally 8 to 16 in number, organized in a ring pattern, and forming 

a calyx around the outer segment. Their structure is different in species and they are absent from 

mouse photoreceptors, for instance[7]. Opposite to the OS is a synaptic region (spherule for rods 

and pedicle for cones) for transmission of the visual signal from photoreceptors to bipolar 

cells[3,8,9].   

 

Figure 3 Caliceal processes. Microvilli-like structures filled with F-actin, forming a scaffold 

around the outer segment. OS – outer segment. Adapted from[10]. 

Spatial distribution of photoreceptors is not uniform at the surface of the retina (Fig.4). Rods 

are more numerous (120 millions/eye in humans), their surface density is highest in the 
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midperipheral retina. Rods are absent from fovea. Cones (6 millions/eye in humans) are present 

with highest density in the fovea and are scattered in the peripheral retina[11,12]. Cones and rods 

are organized in non-random mosaics[13].  

 

Figure 4. Cone and rod densities along the horizontal meridian of the human retina. Cone density 

is maximal in the foveal, where rods are absent. Rod density is maximum in the midperiphery of 

the retina. There are no photoreceptors in the optic disc (“blind spot” in the monocular visual 

field). Adapted from [11]. 

Rods are photoreceptors functioning in dimly lighted (scotopic) conditions. There are highly 

sensitive to light, at least 100-1000 times more sensitive than cones[14]. The rods can capture one 

photon and generate a response to it, but their time of recovery after bleaching is long. Therefore, 

their function is saturated in bright (photopic) conditions. The visual pigment of rods is rhodopsin 

with peak of absorbance at 510 nm.  

Cones are less sensitive to light but their photo recovery is at least 10 times more rapid than 

in rods. This fact explains the possibility of adaptation to a large panel of luminance which is 

important for the perception of moving objects[15]. Cones have differential sensitivity to 

chromatic content of the daylight (Fig.5), dependent on the pic light absorbance of their 

chromophore, cone opsin. Three types of cones could be subdivided: red (long-wavelength 

sensitive, expressing OPN1LW opsin), green (middle-wavelength sensitive, expressing OPN1MW 

opsin) and blue (short-wavelength sensitive, expressing OPN1SW opsin) cones.  

 

Figure 5 Maximum of spectral absorption for different types of photoreceptors. Adapted from [16]. 
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The synaptic terminals of photoreceptors are called pedicles in cones and spherules in rods. 

They are highly specialized structures with complex biochemical equipment responsible for 

vertical and horizontal signal transmission from photoreceptors.  

Bipolar cells are second order neurons which transmit signals from photoreceptors to 

ganglion cells. Their nuclei are in the inner nuclear layer, the dendrites extend into outer plexiform 

layer to make contact with photoreceptor synaptic terminals and axons extending into inner 

plexiform layer to form contact with ganglion cells. There is a high anatomical multiplicity of 

bipolar cells and the subtypes are still to be discovered[17]. Nevertheless, functionally all bipolar 

cells could be classified into ON-bipolar cells (depolarizing to light stimulation) and OFF-bipolar 

cells (hyperpolarizing to light stimulation)[18,19], dependent on their different glutamate receptor 

equipment [20].   

Amacrine and horizontal cells are mostly responsible for lateral inhibition in retinal 

circuits. Horizontal cell dendrites are laterally present at the spherule of rods and pedicles of cones, 

surrounding bipolar cell dendrites. Amacrine cells synapse with rod bipolar cells, cone ON- and 

OFF-bipolar cells. Rod-bipolar cells have only synapses with a specific subset of amacrine cells – 

AII - which then transfer the signal to ON- and OFF-ganglion cells [8]. 

 

Ganglion cells are the first neuronal cells able to produce action potential. Their cell bodies 

form the ganglion cell layer. The axons of ganglion cells are travelling at the inner surface of the 

retina to finally fuse altogether at the optic disc and form the optic nerve.  

 

Müller cells are retinal glial cells, serving as structural and metabolic support of the overall 

retinal architecture. They control the extracellular environment homeostasis, take part in the 

metabolism of the different retinal cell types and provide a cone visual cycle. They can also play 

a role of light guidance as an “optic fibers”[21].  

 

The Retinal pigment epithelium (RPE) is a pigmented epithelial cellular monolayer of 

multiple functions: a blood-retinal barrier, a nutrient supply, a regulation of subretinal ion 

homeostasis, secretion of neurotrophic factors, light and heat absorption, the rod visual cycle and 

photoreceptor OS phagocytosis[22]. 

 

1.3. Visual signal transduction and transmission and their correlation with genes 

involved in pathologic conditions 

 

The phototransduction is a first step in vision which takes place in photoreceptor OS. The 

phototransduction is a complex photochemical process which allows the incident light to be 

converted into an electrochemical signal. It is highly dependent upon the overall photoreceptor 

structure and protein equipment. The phototransduction cascade share some similarities but is 

clearly distinct in rods and cones. 

 

1.3.1. Phototransduction in rods 

 

Rhodopsin (encoded by RHO) is the rod-specific photosensitive protein. It is a 

transmembrane protein, localized in the disc plasma membrane, belonging to the family of G 
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protein–coupled receptors. It contains a chromophore molecule, the 11-cis-retinal[23]. The 

phototransduction starts by photon capture which results in photoisomerization of 11-cis-retinal in 

all-trans-retinal in less than 200 femtoseconds[24], than metarhodopsin formation in few ms[25]. 

Spatial conformation changes in metarhodopsin allows the molecule to recognize, bind and 

activate rod transducin. Rod transducin is a heterotrimeric G protein, composed of the α subunit 

(GNAT1), the β (GNB1) and the γ(GNGT1) subunits. Activation of transducing by metarhodopsin 

produce the replacement of GDP by GTP in the α subunit, that changes conformation and 

dissociates from β and γ subunits. Metarhodopsin dissociates from the complex also and can 

subsequently activate up to 1300 molecules of transducin/s[26]. The next step of phototransduction 

is the activation of rod-specific phosphodiesterase 6 composed of two catalytic subunits, α 

(PDE6A) and β (PDE6B), and two inhibitory subunits, γ (PDE6G) which form a heterotrimeric 

protein at the resting state. GNAT1-GTP activates PDE6: the two γ inhibitory subunits PDE6 are 

displaced from the catalytic subunits PDE6A andPDE6B which hydrolyze cGMP into 5’-GMP. 

The hydrolase activity of PDE6 is extremely high (6000 – 8000 cGMP molecules/s)[27]. This 

results in a sudden drop in cGMP intradiscal concentration and the closure of cyclic-nucleotide-

gated channels present at the rod plasma membrane, composed of three α (CNGA1) and one β 

(CNGB1) subunits. In the resting state these channels are maintained opened by cGMP and 

allowing Ca2+ and Na+ entry, balanced by the Na+/Ca2+, K+ exchangers of solute carrier family 24 

member 1, encoded by SLC24A1, which represent a voltage-dependent channel which exchanges 

one Ca2+ and one K+ to four Na+. When CNG channels are closed, SLC24A1 continues to pump 

Ca2+ from the cell and causes a sudden drop in intracellular Ca2+ concentration. This will produce 

an overall rod hyperpolarization and the decrease in glutamate release from the synaptic 

terminals[9]. The steps of phototransduction are summarized in the Fig.6   

 
Figure 6 Initial steps of phototransduction. Adapted from [16] 

Inactivation of phototransduction in rods takes about 250-500 ms, dependent on light 

intensity[15]. The crucial steps are inactivation of RHO and PDE6 followed by resynthesis of 

cGMP and restauration of Ca2+ concentration (Fig.7). The sudden drop in Ca2+ concentration 

activates recoverin (encoded by RCVRN or RCV1) by the burial of myristoylated tail of this latter 

inside the molecule and the dissociation of recoverin from plasma membrane. Recoverin imbedded 

in the plasma membrane acts as a rhodopsin kinase (RK, encoded by GRK1) inhibitor. Activated 

RK will phosphorylate RHO. Phosphorylated RHO is recognized by arrestin (aka S-antigen visual 

arrestin, encoded by SAG) quenching the link between RHO and transducin. GNAT1 subunit of 
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transducin has its own GTPase activity, but this process is slow. The GNAT1-GTP hydrolysis is 

accelerated by a GTPase-activating protein complex composed of the regulator of G protein 

signaling 9 (RGS9), the long form of the G protein subunit β 5 (GNB5) and a membrane-anchored 

protein, regulator of G protein signaling 9 binding protein (RGS9BP)[28]. GNAT1 is thus 

dissociated from PDE6: the GNAT1-GDP reforms the heterotrimeric complex with subunits 

GNB1 and GNGT1 and binds back to rhodopsin while the inactivated heterotrimeric complex 

PDE6 reassembles. In parallel, the low Ca2+ concentration leads to the activation of the guanylated-

cyclase-activating proteins, GUCA1A (guanylate cyclase activator 1A) and GUCA1B (guanylate 

cyclase activator 1B), which activates the guanylate cyclase, GUCY2D (guanylate cyclase 2D, 

retinal): the intracellular cGMP concentration is restored at the resting state[9].  

 

 
Figure 7 Phototransduction inactivation in rod photoreceptor. Adapted from [16]. 

Defects in nearly all the proteins of phototransduction cascade are associated with retinal 

pathology (Tab.1), both inherited and acquired (e.g. autoimmune and paraneoplastic 

retinopathies).  
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Table 1. Rod phototransduction cascade genes/proteins and known human retinal pathology.  

Gene Protein Associated disease 

(OMIM phenotype 

reference) 

OMIM gene 

reference 

Phototransduction cascade 

RHO rhodopsin ad /ar RP (613731), ad 

Riggs CSNB (610445) 

180380 

GNAT1 α subunit of rod transducin ad /ar Riggs CSNB 

(610444) 

ar RP[29] 

139330 

 

PDE6A α subunit of rod phosphodiesterase ar RP (613810) 180071 

PDE6B β subunit of rod phosphodiesterase ar RP (613801) 

ad Riggs CSNB 

(163500) 

180072 

PDE6G γ subunit of rod phosphodiesterase ar RP (613582) 180073 

CNGA1 α subunit of cyclic nucleotid gated 

ion channel  

ar RP (613756) 123825 

CNGB1 β subunit of cyclic nucleotid gated 

ion channel 

ar RP (613767) 

ar Riggs CSNB[30] 

600724 

SLC24A1 Solute carrier family 24 

(sodium/potassium/calcium 

exchanger) 

member 1 

ar RP[31] 

ar Riggs CSNB 

(613830) 

603617 

Inactivation cascade 

RCVRN or RCV1 recoverin Cancer-associated 

retinopathy[32,33] 

Autoimmune 

retinopathy[34,35] 

179618 

GRK1 G protein-coupled receptor kinase 

1 

Oguchi disease-2 

(613411) 

180381 

SAG Rod arrestin, S-antigen Oguchi disease-1 

(258100) 

ar RP47 (613758) 

 

181031 

RGS9 Regulator of g protein signaling 9 Bradyopsia (608415) 604067 

 

RGS9BP Regulator of G protein signaling 9-

binding/anchoring protein; 

RGS9AP 

Bradyopsia (608415) 607814 

GUCA1A Guanylate cyclase activator 1a, 

GCAP1 

ad COD/CORD 

(602093) 

600364 

GUCA1B Guanylate cyclase activator 1b, 

GCAP2 

ad RP (613827) 602275 

GUCY2D Guanylate cyclase 2d ad /ar COD/CORD 

(601777) 

ar LCA (204000) 

600179 

  

1.3.2. Phototransduction in cones 

The phototransduction cascade in cones roughly reproduces the steps of rod 

phototransduction, but the protein equipment (isoforms) is different and the kinetics of tthe cascade 

is much faster. Cones express 3 types of light sensitive cone opsins (iodopsins, photopsins): S-

cones express the short wavelength-sensitive cone opsin OPN1SW; M-cones express the medium 

wavelength-sensitive cone opsin OPN1MW and L-cones express the long wavelength-sensitive 

cone opsin OPN1LW. As rhodopsin, they are photosensitive G protein-coupled receptors, using 
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11-cis-retinal as chromophore. The lifetime of activated cone photopigment is about 3−5 ms. The 

lifetime of activated transducin/PDE is about 9−18 ms; turnover time for cytoplasmic Ca2+ 

concentration is about 3 ms and the turnover time for cytoplasmic cGMP is as short as 4−6 ms[36]. 

It is not entirely understood why cones are so rapid in their response. It is most probably due 

to their higher rate of recovery. For the rapid quenching of the cone opsin activation, the cone 

opsin kinase (GRK7, G protein-coupled receptor kinase 7) and the cone arrestin (ARR3) must act 

extremely rapidly. The more rapid quenching of cone transducin/PDE interaction is a result of the 

higher concentration of RGS9 and RGS9BP, which accelerate the GTPase activity[37]. The more 

rapid variations of cytoplasmic Ca2+ concentration presumably result from the more important 

plasma membrane surface, since the cone OS is not composed of staking of separate discs such as 

in rods, but from the direct folding of a continuous plasma membrane[36].  

Phototransduction and quenching protein isoforms in cones are listed in the Tab.2 

Table 2 Cone phototransduction cascade genes/proteins and known human retinal pathology. 

Function Gene Protein Associated disease 

(OMIM phenotype 

reference) 

OMIM gene 

reference 

Phototransduction cascade 

Photopigment OPN1LW 

OPN1MW 

OPN1SW 

Cone opsin L 

Cone opsin M 

Cone opsin S 

xl color blindness, protan 

(303900) 

Xl color blindness, deutan 

(303800) 

ad color blindness, tritan 

(190900) 

300822 

300821 

613522 

Transducin GNAT2 α subunit ar ACHM (613856) 139340 

GNB3 β subunit ar CSNB (617024) 139130 

GNGT2 γ subunit - 139391 

Phosphodiesterase PDE6C α' subunit ar COD 

ar ACHM(613093) 

600827 

PDE6H γ' subunit ar ACHM(610024) 601190 

CNG channels CNGA3 α subunit ar ACHM(216900) 600053 

CNGB3 β subunit ar ACHM (262300) 605080 

Na+/Ca2+,K+ 

exchangers 

SLC24A2 solute carrier 

family 24 

member 2 

- 609838 

Inactivation cascade 

Recoverin RCVN The same as in the rod 

Opsin kinase GRK7 G protein-

coupled receptor 

kinase 7 

- 606987 

Arrestin ARR3  Probably linked with xl 

myopia, female-limited 

(301010) 

301770 

GTPase-activating 

protein complex 

RGS9 The same as in the rod, but the concentration in cones is much 

higher[37] RGS9BP 

GNB5 Guanine 

nucleotide-

binding protein, 

beta-5 

ar intellectual developmental 

disorder with cardiac 

arrhythmia(617173) with 

Retinal signaling defect[38] 

604447 

Guanylate cyclase 

activator 

GUCA1A Guanylate 

cyclase 

activator 1a, 

GCAP1 

ad COD/CORD (602093) 600364 
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GUCA1B Guanylate 

cyclase activator 

1b, GCAP2 

ad RP (613827) 602275 

Guanylate cyclase GUCY2D Guanylate 

cyclase 2d 

ad /ar COD/CORD (601777) 

ar LCA (204000) 

600179 

 

1.3.3. Signal transmission from photoreceptor to bipolar cells 

Under dark adapted conditions, photoreceptors are partially depolarized (or more properly – 

less hyperpolarized – as the membrane potential is about -40 mV) and release glutamate in the 

synaptic cleft between photoreceptor and bipolar cells. The underlying mechanism is known as 

dark current: a steady ionic current flows inward through the plasma membrane of the rod outer 

segments. It is balanced by equal outward current distributed along the remainder of each rod. 

Rods and S-cones make synapse with ON-bipolar cells while L- and M-cones make synapse with 

both cone ON- and OFF-bipolar cells. The axons of OFF- and ON-cone bipolar cells terminate at 

different levels in the IPL: OFF- in the outer half and ON- in the inner half. ON- and OFF-bipolar 

cells are characterized by distinct glutamate receptors at their dendritic tips. The metabotropic 

glutamate receptors (mGluRs), mainly mGluR6 (encoded by GRM6), is present at the dendritic 

tips of ON-bipolar cells and is activated by glutamate released from photoreceptors in scotopic 

conditions. Metabotropic glutamate receptors also belong to the G protein-coupled receptor family 

and their activation triggers the activation of this G protein and a transduction cascade, which 

results in the closing of the transient receptor potential cation channel subfamily M member 1 

(encoded by TRPM1) and ON-bipolar cell hyperpolarization. GPR179, LRIT3 and NYX are 

partners in this cascade (Fig.8).  

 

Figure 8 Schematic drawing of photoreceptor-ON bipolar cell synapse. Simplified from [39]. 

Ionotropic glutamate receptors (iGluRs) are localized at the dendritic tips of OFF-bipolar 

cells. Based on their pharmacological and electrophysiological properties, iGluRs can be classified 

https://www.omim.org/entry/613827
https://www.omim.org/entry/602275
https://www.omim.org/entry/601777
https://www.omim.org/entry/204000
https://www.omim.org/entry/600179


22 
 

into NMDA (encoded by GluNx genes) and non-NMDA receptors, which are further divided into 

AMPA (encoded by GluAx) and kainite (encoded by GluKx genes) receptors. They are themselves 

channels which open status can directly be modulated by glutamate concentration within the 

synaptic space[40].  

Upon light stimulation, photoreceptors become more hyperpolarized (membrane potential is 

about -70mV) the release of glutamate at the synaptic cleft drops. mGluRs are then inactivated 

which results in the opening of TRPM1 and in ON-bipolar cell depolarization (so called sign-

inversing signal transmission). Depolarizing rod ON-bipolar cells synapse with amacrine AII cells. 

Depolarized cone ON-bipolar cells synapse directly with ON-ganglion cells (Fig.9). In contrast, 

under light condition, iGluRs are closed and lead to cone OFF-bipolar cell hyperpolarization (so 

called sign-conserving transmission). Cone OFF-bipolar cells synapse directly to OFF-ganglion 

cells[20]. 

 

Figure 9. ON- and OFF - pathways in the retina. Adapted from [20] 

Many of the genes/proteins involved in signal transduction from photoreceptor to bipolar 

cells (mainly ON-BC) are associated with human retinal disease (Tab.3). So far, IRD associated 

with isolated OFF-bipolar cell defects (e.g. iGluR dysfunctions) has not been described.  



23 
 

Table 3. Main proteins involved in photoreceptor to bipolar cell signal transmission and 

associated human diseases 

Gene Protein Associated disease 

(OMIM phenotype reference) 

OMIM gene 

reference 

Photoreceptor synaptic terminals 

CACNA1F Calcium channel, voltage-

dependent, alpha-1 subunit 

xl CSNB, incomplete (300071) 

xl CORD (300476) 

Aland eye disease(300600) 

300110 

CABP4 Calcium-binding protein 4 ar Cone-rod synaptic disorder, 

congenital nonprogressive (610427) 

608965 

CACNA2D4 Calcium channel, voltage-

dependent, alpha-2/delta 

subunit 4 

ar retinal cone dystrophy (610478) 

ar retinal dysfunction [41,42] 

608171 

 

RIMS2 Protein regulating synaptic 

membrane exocytosis 2 

Cone-rod synaptic disorder syndrome, 

congenital nonprogressive (618970) 

606630 

 

ON-bipolar cells 

GRM6 Glutamate receptor, 

metabotropic, 6 

ar CSNB, complete (257270) 604096 

GPR179 G protein-coupled receptor 

179 

ar CSNB, complete (614565) 614515 

 

LRIT3 Leucine-rich repeat, 

immunoglobulin-like, and 

transmembrane domains-

containing protein 3 

ar CSNB, complete (615058) 615004 

 

TRPM1 Transient receptor 

potential cation channel, 

subfamily m 

ar CSNB, complete (613216) 603576 

NYX Nyctalopin xl CSNB, complete (310500) 300278 

GNB3 Guanine nucleotide-

binding protein, beta-3 
ar retinal signaling defect (617024) 139130 

GNB5 Guanine nucleotide-

binding protein, beta-5 

ar intellectual developmental disorder 

with cardiac arrhythmia (617173) with 

retinal signaling defect[38] 

604447 

 

1.3.4. Further signal transmission and modulation 

Amacrine and horizontal cells could be seen as interneurons with a role of modulation and 

lateral inhibition of intraretinal signal transmission. Dendritic tips of horizontal cells make contact 

with both rod spherules and cone pedicles laterally to dendrites of bipolar cells. Amacrine cells 

make synapses with both photoreceptors and bipolar cells. The rod pathway is finally wired to 

cone signal transmission pathway through amacrine AII cell (Fig.9). At last, bipolar cell axons 

make synapse with ganglion cells, the first cell which could give rise to action potentials, then 

transmitted through the optic nerve to the brain[3].  

1.4. Metabolism and supply of the retina incorporating genes involved in pathologic 

conditions 

A metabolic supply of the retina is mostly provided by the RPE and the Muller cells. 

1.4.1. Retinal pigment epithelium 

RPE is a monolayer of hexagonal cells between Bruch’s membrane and photoreceptor OSs. 

RPE cells contain melanosomes which contain melanin, a pigment absorbing most of visible light 

and thus giving a dark appearance to RPE cells[3].  
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RPE has multiple functions in the eye. First, it acts as the outer blood-retinal barrier, 

separating neural retinal layers from direct contact with choriocapillaris. Lateral RPE cell 

membranes present multiple tight junctions, limiting molecule diffusion between the 

choriocapillaris and photoreceptors[22]. Second, RPE maintain ion (K+, Na+, Ca2+ and Cl-) and 

water homeostasis in the virtual subretinal space (between photoreceptors and RPE). It is important 

as the phototransduction cascade is dependent upon small ion concentration. Hydric surcharge in 

the subretinal space could lead to exudative retinal detachment. Third, the RPE provides light 

absorption, protecting the neural retina against light scattering and thermal/energetic damage. 

Melanin (product of tyrosine metabolism) and lipofuscin (fluorescent byproduct of lipid and 

retinoid metabolism) are two main pigments of the RPE. Forth, RPE produces retinal neurotrophic 

factors, as pigment epithelium-derived factor (PEDF), a potent inhibitor of angiogenesis and 

neuroprotector[43]. Fifth, RPE performs chromophore synthesis and reactivation, known as visual 

cycle.  

1.4.2. Visual cycle 

After photon activation of a rhodopsin molecule, its visual chromophore, 11-cis-retinal is 

isomerized into all-trans-retinal, which is dissociating from opsin molecule in few ms. All-trans-

retinal is regenerated in 11-cis-retinal through multiple transfer and enzymatic isomerization steps, 

both in photoreceptors and in RPE cells.  

At the recovery step, all-trans-retinal is released in the disc lumen of rods, where it links 

with phophoethanolamine which could dimerize in potentially toxic bisretinoid A2E. The all-

trans-retinal is transferred from lumen to the outer disc membrane through the flippase activity of 

the ATP binding cassette subfamily A member 4 (ABCA4) protein  (Fig.10), which facilitates the 

removal of potentially toxic retinoid compounds from photoreceptors[44].  

 

Figure 10. The role of ABCA4 in all-trans-retinol clearance from discs 

In rod OS, the all-trans-retinal is reduced into all-trans-retinol by the retinol dehydrogenase 

8 (RDH8) and possibly the retinol dehydrogenase 12 (RDH12)[45]. The all-trans-retinol is thus 

bound to the retinol binding protein 3 (RBP3) which transfers the chromophore to the RPE[46,47]. 

The retinol binding protein 1 (RBP1) interacts with the chromophore and transports it into ER, 

where the visual cycle occurs. Inside the organelle, the esterification of the all-trans-retinal into 

palmitate or stearate retinyl esters is catalyzed by the lecithin retinol acyltransferase (LRAT). The 

retinoid isomerohydrolase RPE65 hydrolyzes and isomerizes these retinyl esters in 11-cis-

retinol[48]. The retinaldehyde binding protein 1 (RLBP1) interacts with 11-cis-retinol, which can 

affect its isomerohydrolysis, to help retinal dehydrogenase 5 (RDH5) and 11 (RDH11) to oxydate 
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it into 11-cis-retinal. RLBP1 binds the 11-cis-retinal and translocates it into RPE cytosol, where 

RBP3 transports back the recycled chromophore into the rod OSs. The recycled chromophore will 

form a novel functional rhodopsin (Fig.11). 

 

Figure 11 Visual cycle and RPE retinoid supply. Adapted from[16] 

The RPE is highly dependent upon retinol supply. Retinol-binding protein 4 (RBP4) is the 

major plasma carrier of retinol and retinoids. It forms a heterohexameric complex with 

transthyretin in the blood, a characteristic which protects small molecules of RBP4 (21k Da) from 

glomerular filtration[49]. There are two different pathways for retinoids to reach RPE. The main 

pathway depends upon RBP4, which is complexed to retinol (holo-RBP4) and then recognized 

and bound to a membrane retinoid receptor STRA6, located at the basal side of the RPE. STRA6 

allows the internalization of retinol[50]. The minor pathway is under the control of the scavenger 

class B type I receptor (Sr-BI) which enables the absorption of the protein-free fraction of retinoids 

transported within circulating lipoprotein complexes and chylomicrons[51]. RPE genes and 

proteins involved in visual cycle and frequently associated with IRD are listed in the Tab.4. 

Table 4. Main genes coding for proteins involved in the visual cycle and retinoid supply associated 

with human diseases. 

Gene Protein Associated disease 

(OMIM phenotype reference) 

OMIM gene 

reference 
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ABCA4 ATP-binding cassette, subfamily A, 

member 4 

Stargardt disease (248200) 

Cone-rod dystrophy (604116) 

Fundus flavimaculatus (248200) 

601691 

RDH5 Retinol dehydrogenase 5 Fundus albipunctatus (136880)  601617 

RDH12 Retinol dehydrogenase 12 Leber congenital amaurosis 

(612712) 

608830 

RBP3 Retinol-binding protein 3 Retinitis pigmentosa (615233) 180290 

RBP4 Retinol-binding protein 4 Retinal dystrophy, iris coloboma, 

and comedogenic acne syndrome 

(615147) 

180250 

STRA6 Stimulated by retinoic acid 6 Microphthalmia, isolated, with 

coloboma (601186) 

610745 

RLBP1 Retinaldehyde-binding protein 1 Retinitis punctata albescens 

(136880) 

Bothnia retinal dystrophy (607475) 

Newfoundland rod-cone dystrophy 

(607476) 

Fundus albipunctatus (136880) 

180090 

 

RPE65  Leber congenital amaurosis 

(204100) 

Retinitis pigmentosa (613794) 

180069 

LRAT Lecithin retinol acyltransferase Leber congenital amaurosis and 

Retinal dystrophy, early-onset 

severe (613341) 

604863 

 

1.4.3. Phagocytosis of photoreceptor outer segments  

Photoreceptor OSs are continuously renewed trough a turnover process including disc 

phagocytosis by RPE. Proteins expressed in the OS membrane are recognized by receptors at the 

apical surface of RPE cells, which activate RPE cell reorganization and internalization of 

photoreceptor OS. In this process, the receptor tyrosine kinase c-mer (MERTK) is particularly 

important. After phagocytosis, photoreceptor OS are enzymatically digested. The final byproduct 

of this digestion, which is incomplete, is lipofuscin, a fluorescent pigment which – if not properly 

eliminated – could be toxic for RPE[52].  

2. Inherited retinal diseases: clinical retinal investigations, general considerations, 

taxonomy, phenotypes 

 

2.1. Clinical retinal investigations 

Evaluation of the retinal structure and function is essential to establish a correct diagnosis, 

prognosis and management in patients suffering from IRD. The first step of examination in IRD 

clinic is a detailed questionnaire including patient’s complaints (vision loss, light sensitivity, night 

blindness, poor color distinction), associated past medical history (in view of syndromic IRD 

diagnosis), current medication (in view of differential for drug retinal toxicity) and family history 

with the drawing of a family tree.  

 

2.1.1. Functional retinal evaluation  

Visual acuity is the ability to recognize small details with precision or a limit of spatial 

resolution of the visual system. It is a directly connected to foveal cone function. It is usually 
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defined as minimum separabile (least separation at which two parallel lines are recognized by the 

eye as separated). It is clinically tested using optotypes (standardized drawings with known line 

separation) presented to a subject in a grouped view (so called visual charts) at a given distance 

under standardized light conditions. One of the highly standardized charts widely used by retinal 

specialists is an Early Treatment Diabetic Retinopathy Study (ETDRS) chart, giving the evaluation 

of the visual acuity in letter score, logMAR, decimal and Snellen equivalents[53].  

Visual field is as the entire area that can be seen when an eye is fixing straight at a point. It 

was imaginatively described by Traquair as an “island of vision surrounded by a sea of 

blindness”[54]. Visual field-testing studies the retinal sensitivity through static or kinetic 

approaches. Briefly, the patient is placed in front of a concave dome presenting stimuli of various 

intensities at different location in a static (fixed) or kinetic (moving) way while the patient is asked 

to push a button when the stimulus is perceived. This generates a map of retinal sensitivity (Fig.12). 

Different strategies of stimulation could be used to separate a cone subtype (e.g. blue-yellow 

perimetry), rod (scotopic perimetry) or visual pathway (doubling frequency perimetry) 

sensitivity[55].  

 
Figure 12 Kinetic (left) and static (right) visual field map of right eye. The points of retinal iso-

sensitivity to a given moving stimulus are linked in circular isopters (left). A card of retinal 

sensitivity loss in dB comparing to a normal subject of the same age and sex (right).  Metrovision 

MonCVOne visual field analyzer, candidate’s own collection.  

The electroretinogram is the recording of an electrical potential generated in the retina in 

response to a change in illumination (Fig.13). A Full-field electroretinogram is the recording of an 

overall electrical activity of photoreceptors and bipolar cells. It is recorded noninvasively from the 

corneal surface, using ocular surface electrodes and a flash stimulator (usually a dome producing 

flashes of controlled duration, intensity, chromatic content and frequency or repetition). The 

protocol is standardized and regularly updated by the International Society of Clinical Visual 

Electrophysiology (ISCEV, https://iscev.wildapricot.org/)[56]. 
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Figure 13 Full field ERG recordings and equipment. Candidate’s own collection. 

Under dark-adapted or scotopic conditions (DA), responses to a dim flash of 0.01 cd.s.m-2 

generate a b-wave originating from rod ON-bipolar cell depolarization (Fig.12). Increased 

intensities of flashes (DA 3.0 and DA 10.0) ERG recordings show an a-wave corresponding to 

both rod and cone hyperpolarization in response to light stimulation (see §1.3 in Introduction), and 

a b-wave corresponding to ON-bipolar cell depolarization. Under light-adapted or photopic (LA) 

conditions, rod function is saturated and a 3.0 cd.s.m-2 flash elicits an a-wave, originating from 

cone photoreceptor and cone OFF-bipolar cell hyperpolarization, and a b-wave, originating from 

cone ON- (ascending limb) and OFF- (descending limb) bipolar cell responses[57]. 

 

2.1.2. Morphologic retinal evaluation 

 

The observation of the retina using the ophthalmoscope or a magnifying lens at the slit lamp 

is a gold standard technique, but a photographic documentation of the fundus allows a more 

reliable follow-up.  

Retinography (or fundus photography) enables to obtain a direct view of retina (Fig.14). 

It is a non-invasive ocular examination. Recent technical achievements enable to obtain an ultra-

wide (up to 200°) fundus view without pupil dilation. Different wavelengths of visible light can 

be used while performing a retinography, allowing a better visualization of different retinal 

structures dependent upon their wavelength documenting a different depth of the retina. Fundus 

photographs in red light give a better view of the choroid, green or red-free snapshots highlight 

vascular structures and a photography in monochromatic blue light enables a better visualization 

of retinal nerve fiber layer and the vitreo-retinal interface.  

 

Fundus autofluorescence is based on the fact that retinal pigments could absorb specific 

wavelengths (eliciting light) and emit a secondary light in another wavelength (fluorescence) 

(Fig14). Short-wavelength (“blue”) fundus autofluorescence (SWAF) objective the lipofuscin 

accumulation (a peak excitation wavelength of 470 nm and emit yellow-green light with a peak 

wavelength of 600 nm) and thus dynamic interaction between photoreceptor outer segment and 
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RPE[58]. In a normal fundus without retinal pathology, blood vessels will appear dark (blood is 

intensely absorbing a blue light) as well as the optic nerve head (due to the absence of RPE or 

lipofuscin). With SWAF, the fovea will usually be visualized as a dark spot of 

hypoautofluorescence (due to the high concentration of blue-light-absorbing xanthophyll 

pigment). 

Near-infrared fundus autofluorescence (NIRAF) objective melanin distribution in the RPE 

(Fig.14). For NIRAF excitation at 785 nm, there is a broad emission spectrum from melanin with 

maxima at 870 to 900 nm. The pic of NIRAF is formed by the fovea and the signal decreases 

progressively from the fovea to the retinal periphery. Retinal vasculature and optic nerve head 

appear dark[59].  

Additionally, sub-retinal structures and pigment accumulation can be visualized on infrared 

reflectance imaging (IRR). The basis is a long excitation wavelength (∼820 nm) that penetrates 

the optic media and enables visualizing the retina and choroid in detail. Changes in reflection and 

absorption of light through retinal tissues enhance the visualization of structures beneath the 

RPE[60].  

 

Optical coherence tomography (OCT) is a major breakthrough in retinal imaging 

techniques. It is a non-invasive method providing a retinal scan and allowing the analyses of the 

retinal layers with near-histological resolution (Fig14). It is based on differential reflectance of 

retinal layers. A reconstruction of full-depth image objectives the retinal nerve fiber layer, GCL, 

IPL, INL, OPL, ONL, external limiting membrane, ellipsoid zone (corresponds to the interface 

between photoreceptors IS and OS), the interdigitation zone (corresponding to the invagination of 

the photoreceptors OS within the RPE), the RPE/Bruch’s membrane complex and then 

choriocapillaris, choroid and sclera. Pathologic changes of the retinal layers could be easily 

detected by this technique.  

 

The combination of multiple techniques of retinal imaging is known as multimodal retinal 

imaging. It is widely used to establish the diagnosis of IRD.  
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Figure 14 Techniques of retinal imaging. Normal retinal appearance at fundus photography, 

SWAF, NIRAF and OCT. 

2.2. General considerations on inherited retinal disorders 

Inherited retinal disorders (IRD) are a clinically and genetically heterogeneous group of 

retinal diseases. They occur at any age. These diseases affect approximately 4.5 million people 

worldwide. Their cumulative prevalence is about 1:2 000 persons in European countries with some 

local disparities[61–63]. There is a considerable phenotypic heterogeneity for individual clinical 

disorders. Despite this; IRD can be usefully divided clinically according to whether they i) are 

stationary or progressive, ii) exhibit predominantly rod, cone or inner retinal involvement. 

However, there is a substantial overlap in the clinical presentations and the molecular causes of 

IRD. Some of them could be accompanied by extraocular manifestations and thus called 

syndromic IRD; the remaining are retina-restricted, non-syndromic or isolated retinal 

degenerations. The latter are more frequent: 70-80%[64]. 

2.3. Stationary retinal diseases 

 

In stationary IRD, there is usually no or few morphological retinal alterations with time. 

Alterations usually only affect the retinal function, that is why this group of disorders is also known 

as “stationary retinal dysfunctions”. Stationary IRD could be further subdivided in i) cone 

dysfunctions and ii) congenital stationary night blindness. 

  

2.3.1. Cone dysfunctions  

 

This group of IRD is characterized by reduced central vision and varying degrees of color 

vision abnormalities, nystagmus and photophobia[65]. Further clinical entities could be 

subdivided. 

 

Achromatopsia (ACHM) is an autosomal recessive condition associated with a lack of cone 

function which affects about 1 in 30 000 people. It manifests in birth/early infancy with 

infantile/spasmus nutans-like nystagmus[66], poor visual acuity, a complete lack of color vision 

and marked photophobia[67]. Full-field ERG shows undetectable (in complete ACHM) or 
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severely reduced (in incomplete ACHM) cone-driven responses and normal rod-driven responses. 

Defects in five genes involved in the cone-specific phototransduction cascade have been reported 

in patients with ACHM. These are namely: CNGA3 and CNGB3 (encoding the α- and β-subunits 

of the cyclic nucleotide-gated channel 3 found in cone photoreceptor OS), GNAT2 (encoding the 

α-subunit of the transducin) PDE6C and PDE6H (encoding the α- and γ-subunits of the cone 

photoreceptor-specific phosphodiesterase, respectively). More recently, ATF6 has been identified 

as a sixth gene associated with ACHM. It encodes a transmembrane transcription factor ATF6 

playing a role in ER homeostasis[67]. 

 

Blue cone monochromatism (BCM) clinical symptoms are close to ACHM, but the 

molecular basis is different. This X-linked condition is characterized by an absence of long (L)- 

(red) and middle (M)- (green) wavelength-sensitive opsins, both encoded on the X-chromosome. 

As the S-cones are present, patients retain a tritan (blue-yellow) color discrimination and ERG 

responses to short wavelength stimuli remain detectable[68]. 

  

Bradyopsia, oligocone trichromacy and Bornholm eye disease are far less frequent than 

ACHM and BCM. They reflects various degrees of cone-driven function impairment[65].  

 

2.3.2. Congenital stationary night blindness  

 

Congenital stationary night blindness with largely normal fundus appearance is a vast group 

of genetically and clinically heterogeneous congenital retinal disorders. The most common form 

manifests with infantile nystagmus, reduced visual acuity, variable degree of myopia, poor visual 

behavior in dim lightning. The diagnosis is ascertained by full-field electroretinogram, displaying 

characteristic waveform changes.  

Most of the patients with CSNB have a distinct Schubert-Bornschein type electronegative 

waveform (b/a amplitude ratio < 1) under dark-adapted conditions[69], in relation with a signaling 

defect from photoreceptors to adjacent bipolar cells. Two subtypes of Schubert-Bornschein CSNB 

can be distinguished on the basis of additional ffERG features: the incomplete (icCSNB) and 

complete (cCSNB)[70]. In icCSNB, there is preserved but reduced and delayed b-wave to the 

DA0.01 ERG. Light-adapted responses are markedly reduced and delayed, reflecting a cone to 

cone ON- and OFF-bipolar cell transmission defect which can be documented using long duration 

stimulations. Patients have variable degrees of night blindness, strabismus, nystagmus, a wide 

range of refractive errors and a normal fundus, apart from myopic changes. Photophobia may be 

the main complaint for some patients who also experience difficulties in dimly lighted 

environment. Pathogenic variants in CACNA1F and CABP4 lead to icCSNB. Proteins encoded by 

these genes are localized at the presynaptic membrane of both rods and cones. They play a role in 

glutamate release into the synaptic cleft. icCSNB represents thus a photoreceptor to ON- and OFF-

bipolar cell transmission defect. In cCSNB, the b-wave is typically absent on the DA 0.01 ERG. 

The a-wave has typically a square shape with a sharply arising b-wave and a reduced b/a amplitude 

ratio at the LA 3.0 ERG, with absence of ON- responses but preserved OFF-responses to long 

duration stimulations. Patients with cCSNB consistently present with high myopia, nystagmus, 

night blindness and low visual acuity. Variants in NYX, GRM6, TRPM1, GPR179 and LRIT3 lead 

to cCSNB. Genes listed above code for proteins localized mainly at the dendritic tips of the ON-

bipolar cells. They are important for glutamate-induced signaling. cCSNB represents thus a 

photoreceptor to ON-bipolar cell transmission defect[39]. 
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Patients affected with the Riggs-type of CSNB[71] show a severe reduction of both the a- 

and b-waves at the DA 3.0 and 10.0 ERG in keeping with a generalized rod dysfunction. Photopic 

ERGs are preserved consistent with normal cone system function. Pathogenic variants in GNAT1, 

RHO, PDE6B and SLC24A1 are linked to this form of CSNB[39].  

 

2.4.  Progressive inherited retinal degenerations 

 

Progressive IRD are characterized by progressive retinal tissue degeneration responsible for 

RPE/photoreceptor loss. They are further subdivided by the age of onset and predominant cell type 

loss. Early-onset retinopathies are usually severe and include Leber Congenital Amaurosis (LCA) 

and early-onset severe retinal degeneration (EOSRD). Teenage- and adulthood-onset progressive 

IRD are more frequent. Late-onset IRD affects elderly populations. 

 

2.4.1. Rod-cone dystrophies  

 

Rod-cone dystrophies (RCD), also known as retinitis pigmentosa (RP), affect one person 

over 4,000 births worldwide[64,72]. Patients affected with RCD experience primary night 

blindness and loss of peripheral vision with a progressive visual field constriction, reaching tubular 

vision; total blindness, in more severe cases and at the end-stage disease. This phenotype is due to 

progressive rod photoreceptor dysfunction and death followed by cone degeneration. Fundus 

examination of RCD patients typically reveals pale optic disc, narrowed retinal vessels and in 

advanced cases, pigment migration at the retinal surface resembling bone spicules. FfERG 

recording confirms photoreceptor dysfunction, with reduction or total loss of the a- and b-wave 

under scotopic conditions in keeping with generalized rod photoreceptor dysfunction (Fig.15); 

photopic responses are less affected at the disease onset, but could also become undetectable due 

to a loss of cone function at the end-stage disease. Although the vast majority of RCD are isolated, 

some syndromic associations are frequent. Among them, Usher syndrome, including various 

degrees of hearing loss, vestibular dysfunction and RCD is the most common. Its prevalence is 

estimated between 3 to 6 for 100 000 and it is a leading cause of inherited blindness and deafness 

worldwide[73]. 
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Figure 15. Schematic representation of the main differences between common IRD. A. Normally 

appearing fundus, visual field and ERG. B. Rod-cone dystrophy associated with biallelic variants 

in EYS. Optic disc pallor, retinal vasculature narrowing and bone spicules-like pigmentary 

changes are the classic ophthalmoscopic triad. Peripheral visual field loss (in grey) with spared 

central vision. ERG reveals undetectable rod-driven responses and diminished cone-driven 

responses. C. Cone-rod dystrophy associated with homozygous variant in PROM1. Prominent 

macular changes and relatively spared midperipheral retina. Visual field examination revealed 

an absolute central scotoma (black central dot) circled by a zone of hyposensibility (in grey). 

ffERG is inversed compared to the previous one: rod-driven responses are diminished; cone-

driven responses are undetectable. D. Maculopathy in Stargardt disease, associated with biallelic 

ABCA4 pathogenic variants. Fundus changes are restricted to the macula. Visual field shows a 

small central scotoma. ERG is normal. Author’s patients. 

2.4.2.  Cone/cone-rod dystrophies  

Cone/cone-rod dystrophies (COD/CORD) are characterized by photophobia, color vision 

abnormalities and  a primary loss of central vision[74,75], which can be followed by patchy losses 

of peripheral visual field[74]. Fundus examination reveals various degrees of macular changes. 

ERG recordings typically show abnormal responses under photopic conditions in keeping with 

generalized cone dysfunction and secondary alteration of the a- and b-waves under scotopic 

conditions when rod photoreceptors become affected (Fig.15). Cases of pure COD are very rare. 

Usually, there is a clinical continuum between COD and CORD. The course of CORD is more 

severe than that of COD, but both disorders progress to complete blindness in most cases.  

The estimated prevalence for nonsyndromic COD and CORD is between one in 30,000 and 

one in 40,000, and all modes of Mendelian inheritance have been reported. They are highly 
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genetically heterogeneous, but as COD and CORD overlap strongly in their clinical characteristics, 

the genetic descriptions of both entities are generally merged. Ten genes involved in autosomal 

dominant forms of COD/CORD, twenty-three genes involved in recessive forms and two genes 

involved in X-linked forms have been reported in the Retnet database 

(https://sph.uth.edu/retnet/sum-dis.htm#B-diseases ). However, 30–50% of recessive or simplex 

COD/CORD cases remain unsolved [76,77]. 

2.4.3. Inherited macular dystrophies or maculopathies 

Inherited macular dystrophies (MD) or maculopathies primarily affect the central zone of 

the retina; there is usually no preference to the cell type loss (rods, cones and RPE). As for the 

CD/CORD the first symptoms are light aversion, visual acuity loss and color vision defects. Full-

field ERG recordings are usually normal at the onset of MD (Fig.15). However, some MD could 

evolve in more widespread retinal disease (CORD) at the late stages so that various degrees of 

rod- and cone-dysfunction could be seen at this time point[78,79]. Age-related macular 

degeneration (AMD) is the most common cause of macular degeneration, a major health issue of 

ageing subset of population[80]. AMD is associated with some genetic susceptibility but the 

underlying pathogenic mechanisms are more complex and the disease does not follow a Mendelian 

pattern of inheritance[81] and thus is not studied here. Stargardt disease[82], Best vitelliform 

macular degeneration[78] and pattern-dystrophies[83] are the most frequent diseases in this group.  

2.5. Vitreoretinopathies   

Vitreoretinopathies (VRP) is a group of IRD characterized by an abnormal-appearing 

vitreous gel with associated retinal changes, leading to the instability of retinal attachment. The 

major risk in vitreoretinopathies is a retinal detachment. VRP could be further subdivided in 

exudative and degenerative. Exudative VRP are characterized by abnormal retinal vascular growth 

and distribution, leading to neovascular complications. The most common is familial exudative 

vitreoretinopathy (FEVR), which could be inherited in AR, AD or XL mode. Degenerative VRP 

is usually linked with abnormality of vitreous collagen structure and dominated by Stickler 

syndrome[84].  

2.6. Isolated and syndromic inherited retinal disorders  

Some of IRD are associated with extraocular manifestations and thus called syndromic IRD; 

the remaining are retina-restricted, non-syndromic retinal degenerations. The latter are more 

frequent: 70-80%[64,85]. 

The most common syndromic form is Usher syndrome (USH), characterized by RCD and 

hypoacusis/deafness[73,86]. Genes associated with Usher syndrome encode proteins involved in 

calyceal processes or in the primary cilium. Indeed, these genes are  expressed in the retina and 

the ear. USH is a clinically heterogeneous group of eye-ear ciliopathies with three main reported 

subtypes associated with variable degrees of deafness, vestibular dysfunction and a RCD. Usher 

type 1 (USH1), the most severe form of USH, includes bilateral profound congenital sensorineural 

hearing loss, vestibular dysfunction and RP. Pathogenic variants in MYO7A, encoding myosin 

VIIA are the most common cause of USH1[87]. Usher type 2 (USH2) is characterized by various 

degrees (mild to severe) of congenital hearing loss without vestibular dysfunction and RCD[88]. 

Biallelic variants in USH2A are the most common cause of USH2 but responsible for non-

syndromic autosomal recessive RCD as well[89,90]. Usher type 3 (USH3 is characterized by 

progressive postlingual hearing loss and variable vestibular dysfunction. Language development 

https://sph.uth.edu/retnet/sum-dis.htm#B-diseases
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is normal in most subjects[91,92]. Pathogenic variants in one gene have been associated with 

USH3: CLRN1, encoding clarin-1[93]. 

Ciliopathies could affect not only the retina and inner ear, but e.g. also the kidney, brain, 

bones. Bardet-Biedl syndrome is characterized by IRD (both RCD and CORD), obesity, 

polydactyly, hypogonadisms, renal and cognitive defects[94]. Senior-Loken syndrome is an IRD 

associated with renal failure due to nephronophtisis[95,96]. Jeune Asphyxiating thoracic 

dystrophy is a severe disease characterized by skeletal dysplasia (short limbs and ribs causing 

reduced thoracic capacity, narrow thorax, polydactyly, brachydactily) leading to respiratory 

insufficiency and a retinal degeneration[97].  

Variants in genes associated with metabolic disorders are also frequently reported in patients 

with syndromic and isolated IRDs. Next Generation Sequencing technologies (NGS) enabled 

identification of variants in genes linked with lysosome (e.g. CLN3[98] and MFSD8[99]), 

peroxisome (e.g. PEX1[100] and PEX26[101]), Golgi apparatus, mitochondrial function and a 

molecule metabolism in patients with apparently non syndromic IRD. The ocular defects can occur 

before other features in these cases; gene identification is crucial for proper follow-up and 

prognosis, as the associated feature could appear later in life.  

2.7. Genetics of inherited retinal disorders 

IRD are genetically heterogeneous. All described patterns of inheritance could be seen. Most 

cases follow a classical Mendelian patterns: autosomal dominant (AD), autosomal recessive (AR) 

and X-linked (XL)(Fig.16). In rare cases the transmission is mitochondrial; some exceptional cases 

have been also described in IRD field (digenic, uniparental isodisomy, complex rearrangements).  

Autosomal dominant (AD) transmission is due to pathogenic variants in genes on autosomes 

(non-sexual chromosomes). One pathogenic allele is enough for developing a disease. Usually, 

affected members are seen in each generation on the pedigree. Father-to-son transmission is a 

hallmark in AD IRD. Theoretical risk of recurrency is 50% in offspring of affected individuals. 

Moreover, AD IRD are characterized by variable penetrance and expressivity. Incomplete 

penetrance is defined by the absence of clinical manifestations despite the carrier status of a 

pathogenic allele in a given individual. Variable expressivity encompasses differences in clinical 

picture (usually in terms of severity, more rare in terms of different disease manifestations) in 

individuals harboring the same pathogenic variant[102]. 

In autosomal recessive (AR) transmission, variants occur on autosomes at a homozygous 

state (two identical alleles) or at a compound heterozygous state (two different alleles). Each parent 

carries one of the variants in simple heterozygous state. The risk for the offspring of heterozygous 

parents to be affected is 25%. Usually, only one generation is affected on a pedigree. AR diseases 

are more frequent in consanguineous families and in inbred, usually isolated (geographically, 

behaviorally, etc.) populations. Some variants, called founder mutations, can be enriched (i.e. to 

have a higher frequency) in a specific population due to the absence of population mixing[102]. 

X-linked inheritance is associated with a pathogenic variant occurring on the X chromosome, 

females being carriers with a 50% risk of a having a girl as a carrier and an affected boy. 

Classically, only males are affected, since they have only one X chromosome. Disease 

manifestation in female carriers may be variable depending of the X chromosome inactivation bias 

(unequal, skewed lyonization), with potential development of disease if the X chromosome 

harboring pathogenic variant is predominantly expressed[102]. 
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Figure 16. Mendelian patterns of inheritance and symbols used in medical genetic pedigrees. 

Diseases linked with mitochondrial DNA defects are maternally inherited: the offspring of 

affected female (Fig.17) will harbor the pathogenic variant in homoplasmic (all copies of 

mitochondrial DNA are pathologic) or heteroplasmic (a proportion of mitochondrial DNA is 

pathologic, some copies are normal) state. Heteroplasmic variants tend to become homoplasmic 

with generations (“mitochondrial bottleneck”) if the disease is not lethal. Mitochondrial IRD are 

mostly syndromic with associated systemic (neurological, metabolic, endocrine, etc.) 

symptoms[103].  

 

Figure 17. Maternal inheritance linked with mitochondrial DNA variants. Affected patients are 

in deep red. 

In a lot of cases, only one family member is affected with IRD and the underlying inheritance 

mode is difficult to establish. These are sporadic (or simplex) cases. Most frequently they may 

represent recessive or X-linked cases but these cases can also show newly arisen (de novo) 

dominant variants.  

 

3. Strategies for gene identification in inherited retinal disorders 
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3.1. Linkage studies 

Linkage analysis is a genetic method that searches for chromosomal segments that 

cosegregate with the specific phenotype through families. Parametric linkage analysis is the 

traditional approach, when the probability that a gene is important for a given disease is linked to 

a genetic marker is studied using the LOD (logarithm of odds) score. LOD score assesses the 

probability that a given pedigree, where the disease and the genetic markers are cosegregating, is 

due to the existence of linkage or to chance[104]. 

Restriction enzymes were first used to cleave the DNA and calculate the linkage between 

the polymorphic “marker” and the disease-associated locus using the technique of restriction 

fragment length polymorphisms (RFLP). This method allowed to identify the “loci” in which the 

genes associated with the human disease could be. It was applicable only for multigenerational 

pedigrees with multiple affected members (mainly autosomal dominant disease) or for 

consanguineous families to know a homozygous region of their genome (homozygosity mapping).  

In parallel, development of direct Sanger sequencing[105] and polymerase chain reaction to 

amplify the fragments of DNA[106], allowed to sequence the loci of interest and the genes linked 

with inherited retinal diseases[107]. Due to a large number of genes in the mapping locus, the 

precise detection of the gene linked with disorder can be difficult. Some erroneous results were 

also obtained. For example, disease linked with RP17 locus was first ascribed to the variants in 

CA4 gene, but the final mechanism is a structural variant on this locus: duplication/inversion not 

involving CA4[108].   

 Another approach developed to discover IRD associated genes is a “candidate gene” 

approach proposed by Dryja[109]. Briefly, proteins and genes involved in the retinal physiology 

and morphology were directly sequenced in patients with IRD. This approach enabled to identify 

a large number of IRD genes but did not take in account genes expressed ubiquitously and still 

involved in the retinal disease (e.g. PRFP31, a major gene of adRP coding for a spliceosome 

component).  

 

3.2. High throughput sequencing 

 

A gene-by-gene approach to identify a gene defect in a given IRD pedigree is time-

consuming and costly. That is why a massive parallel sequencing of a large number of known and 

candidate genes or loci has been developed and known under the name of Next Generation 

Sequencing (NGS). Targeted NGS panels are used to identify gene defects in a limited preset list 

of known-to-date genes associated with specific disease but could also be enriched in candidate 

genes[110]. When no variant in known genes have been identified, a Whole Exome Sequencing 

(WES) or Whole Genome Sequencing (WGS) could be performed in a limited number of pedigree 

members (usually in trio: affected patient and both parents) using a strategy of prioritizing 

(“filtering”) and comparison of variants to identify a gene linked with IRD[111,112]. Filtering 

methods differ depending on the lab but are based usually on the pattern of inheritance, the minor 

allele frequency (MAF). Pathogenic variants underlying IRD are rare or even absent from 

population allele frequency databases, (a cut-off of 0.005 is usually retained for ar IRD and 0.001 
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for XL and ad), by type of variants and imbedded algorithms of pathogenicity prediction[113]. 

NGS could also be combined with classical linkage studies[114].  

Data obtained from high throughput sequencing has limitations because of DNA quality and 

the sequencing coverage of the regions of interest: false-positive and false-negative results could 

be a feature. All the variants found through NGS studies should be validated by a gold standard 

technique: direct Sanger sequencing for small polymorphisms, qPCR and MLPA studies for 

structural variants. Due to the length of amplified fragments, large structural variants (copy 

number variations, inversions, translocations) are imperfectly solved by NGS and usually need 

some additional strategies for their identification[115,116].  

 

3.3. Types of variants 

 

A gene is composed of different parts: regulatory sequences, a promoter, 5’ and 3’ 

untranslated regions (UTR), coding (exons) and non-coding (introns) regions. Junctions between 

exon and intron are called canonical splice site regions. The sequence consensus of the donor site 

comprises the three last nucleotides of the exon and the following seven nucleotides in the intron; 

the sequence consensus of the acceptor site comprises 26 nucleotides in the intronic region before 

the intron/exon junction and the two first nucleotides in the exon[102].  

There are different types of gene defects which could lead to a disease. Single nucleotide 

variants (SNVs) are single base pair substitutions. They are further subdivided in: 

- Transition: interchange of one purine by the other (A>G) or of one pyrimidine by the other 

(C>T); 

- Transversion: interchange of a purine and pyrimidine nucleic acid (A>C, G>T). 

Single nucleotide polymorphisms in exons lead to a number of possible effects: 

- Synonymous variants (coding for same amino acid) may have consequences at the mRNA 

level, especially if the change is located close to the canonical splice site; 

- Missense variants will change the amino acid at the protein leve; this change could be 

benign, not affecting protein function or pathogenic, responsible for disease; 

- Nonsense variants introduce a premature stop codon in the sequence and may result in a 

shorter protein or degradation of mRNA by nonsense- mediated mRNA decay. There is a 

peculiar case when the premature stop codon is in the last exon or in the 50-55 nucleotides 

upstream of the last exon-exon junction. In this latter case nonsense-mediated mRNA 

decay does not occur[117]. 

SNVs in introns could affect: 

- Canonical splice sites, causing exon skipping, exon augmentation, or altered splicing with 

pseudo-exons; 

- Non-canonical splice sites, resulting in activation of non-canonical splice site(s) or the 

change of splicing regulatory elements; 

- Or could be benign. 

Small insertions and deletions, when not multiple of 3, will produce a frameshift and 

introduce a premature stop codon in the sequence, leading to the same consequences as nonsense 

variants.  

Structural variants (SV) are variations that occur over a larger DNA sequence. This 

category of genetic variation includes both copy number variations (CNVs: deletions and 
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duplications of one exon and more) and chromosomal rearrangement events (e.g. inversions, 

translocations)[102]. 

 

3.4. Functional studies of candidate genes 

 

The evidence for a gene defect to be responsible for a given IRD is corroborated by 

subsequent functional studies and by the screening of unsolved cohorts of patients for defects in 

this candidate gene. 

 

Retinal transcription of candidate genes could be checked using organ, tissue or even cell-

specific transcriptomic databases[118–121] and then be confirmed by expression studies through 

RNA in situ hybridization studies and RT-qPCR experiments using several tissues including retina 

or peripheral blood when appropriate. Protein expression could be established by immunostaining 

and western blot assays and sometimes by functional activity tests of the proteins (e.g. if they are 

enzymes).  

Further identification of mechanisms of retinal degeneration underlying the gene defect  

involves animal modeling and in vitro modelling using patient-derived induced pluripotent cells 

(iPS) and retinal organoids[122]. Transcriptomic analysis of retinal/retinal-organoid derived cells 

harboring a specific gene defect can also indicate pathways and partner genes implicated in the 

IRD[123].  

Particularly important are the inter-researcher group collaborations, which enables to put 

together cohorts of rare diseases and to screen them for specific candidate genes. European retinal 

disease consortium (ERDC, https://www.erdc.info/ ) and GeneMatcher (https://genematcher.org/ 

)  were conceived to this aim of information sharing.  

Regularly updated list of genes and loci linked with IRD could be found at 

https://sph.uth.edu/retnet/disease.htm .  

  

https://www.erdc.info/
https://genematcher.org/
https://sph.uth.edu/retnet/disease.htm
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3.5 Purpose of my work 

 

The goal of my PhD work was to identify known and novel gene defect(s) associated with 

IRD in a large cohort of patients the majority of whom were clinically investigated at the National 

Reference Center For Rare Ocular Diseases, REFERET, of the Centre Hospitalier National 

d’Ophtalmologie des Quinze-Vingts through targeted NGS, WES and WGS analyses, with 

subsequent functional studies to better understand the associated disease mechanism(s). Genotype-

phenotype correlations in IRD patients were also studied.  
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Materials and Methods 

 

1. Inherited retinal disorder cohort followed at the XV-XX hospital 

  

A cohort of approximately 6.000 index IRD patients of various geographic origins is clinically 

examined and followed at the reference centre for rare diseases, REFERET, of the Centre 

Hospitalier National d’Ophtalmologie de Quinze-Vingts (Paris, France). 

After clinical phenotyping, the data of patients are gathered into the clinical and genetic 

databases. A unique family number (Fxxx) and individual number (CICxxx) are attributed to each 

patient in order to de-identify them for further research purposes. 

The study protocol adhered to the tenets of the Declaration of Helsinki and was approved by 

a National ethics committee (CPP Ile de France V, Project number 06693, N◦EUDRACT 2006-

A00347-44, 11 December 2006).  

Blood samples from the index case and if possible from case’s parents were collected for 

genetic research after informed consent. These DNA samples are stored and obtained from the 

NeuroSensCol DNA bank, for research in neuroscience (PI: JA Sahel, co-PI I Audo, partner with 

CHNO des Quinze-Vingts, Inserm and CNRS, certified NFS96-900). 

During my PhD, I studied: 

a. A cohort of 768 IRD cases analyzed on a targeted NGS panel. 

b. A batch of 31 IRD families unsolved by targeted NGS and analyzed by WES. 

c. One family with North Carolina Macula Dystrophy analyzed by WGS.  

 

2. Phenotyping 

 

Briefly, best-corrected visual acuity (BCVA), refractive error, color vision, slit-lamp 

biomicroscopy, static and kinetic visual fields, full-field electroretinogram according to the 

standards of International Society for Clinical Electrophysiology of Vision [56](Espion, 

Diagnosys LLC, Lowell, MA), fundus photography, spectral domain optical coherence 

tomography (Spectralis OCT, Heidelberg Engineering, Inc., Heidelberg, Germany), near infrared 

and short-wavelength autofluorescence, infrared reflectance (Heidelberg Retinal Tomograph, 

Heidelberg Engineering, Inc.) were performed on all patients. Some ancillary tests (e.g. 

microperimetry, full stimulus threshold, visual electrophysiology as VEP, pattern ERG, multifocal 

ERG) was performed depending on their utility for clinical diagnosis or follow-up of progression 

or treatment. For further and specific description, cf. chapter 2 of Introduction and individual 

articles in the Results.  

3. Genotyping workup  

Blood samples from patients and family members were collected for genetic research and 

genomic DNA was extracted from peripheral leucocytes in blood samples by standard salting out 

procedures according to manufacturer recommendation (Autogen and Puregen Kit, Qiagen, 

Courtaboeuf, France) as previously reported[124].  

RPGR-ORF15 was prescreened by Sanger sequencing on samples of any male cases with 

RCD/CORD and no clear autosomal dominant inheritance pattern as this purine-reach region is 

usually poorly covered through high throughput sequencing. RPGR is a major gene associated 
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with X-linked RP (RP3, OMIM #300029) and CORD (CORD-XL1, OMIM #3040207-8% in IRD 

cohorts) with 80% of variants identified in exon ORF15 [125–128].  

 

3.1 Next generation sequencing 

 

 Initially, targeted NGS of 351 genes known or putative to be associated with IRDs 

(https://sph.uth.edu/retnet/sum-dis.htm), in collaboration with a company (IntegraGen, Evry, 

France), on RPGR-ORF15 prescreened samples were performed to identify the underlying gene 

defect(s) of studied IRD patients[33]. NGS was done as following: a)Library preparation: first a 

custom-made oligonucleotide probe library in a TWIST silicon platform (TWIST bioscience, 

South San Francisco, USA) was designed to capture the exons of 351 genes and flanking intronic 

regions (Table 5) including known genes and candidate genes associated with IRD. b)Cluster 

generation: the library was loaded into a flow cell (SureSelect oligo probe, Agilent Courtaboeuf, 

France) where DNA fragments were captured on a lawn of surface-bound oligos complementary 

to the library adapters. Each fragment was then amplified into distinct, clonal clusters through 

bridge amplification (6 PCR cycles enrichment and 14 cycles PCR amplification). When cluster 

generation was completed, the templates were ready for sequencing. c)High throughput 

sequencing: Illumina NovaSeq technology uses a reversible terminator-based method that detects 

single bases as they are incorporated into DNA template strands generatinging 100 bpaired-end 

reads (Illumina, San Diego, USA). d)Data analysis: Image analysis was performed using Illumina 

real time analysis (v.3.4.4), then sequence reads were aligned to a reference human genome (UCSC 

hg38) using BWA-MEM alignment algorithm. 

All bioinformatic pipeline with at the end-stage a variant calling were available on a web-

based interface (SIRIUS: https://integragen.com/fr/bioinformatique/sirius) and in form of excel-

sheets. Only nonsense, missense, canonical splice site and some known deep intronic variants, 

deletion et/or insertion variants were investigated first. If absent, filtering was enlarged to deep 

intronic, synonymous, 3’ and 5’-UTR variants. Based on AD or AR XL pattern of inheritance, 

minor allele frequency inferior or equal to 0.005 or 0.001, respectively, in 1000Genomes 

(http://www.1000genomes.org/), Exome Aggregation Consortium (ExAC) 

(http://exac.broadinstitute.org/) and Genome Aggregation Database (gnomAD) 

(http://gnomad.broadinstitute.org/) were considered for analysis, as previously reported[129]. 

Pathogenicity was predicted for each remaining missense variant with multiple bioinformatic tools 

imbedded in AlamutTM software (https://www.sophiagenetics.com/platform/alamut-visual-plus/): 

Polymorphism Phenotyping v2 (PolyPhen2) http://genetics.bwh.harvard.edu/pph2/), Sorting 

Intolerant From Tolerant (SIFT) (http://sift.jcvi.org/) and MutationTaster (http:// 

www.mutationtaster.org/). Variants predicted to be not disease-causing by PolyPhen2 and SIFT 

were not kept. Amino acid conservation across 100 species was evaluated with the UCSC Genome 

Browser (http://genome.ucsc.edu/index.html; Human GRCh38/hg38 Assembly). Non-canonical 

splice site variants were assessed with multiple algorithms imbedded in AlamutTM and additionally 

by SpliceAI[130]. All variants were then classified in accordance with standards of American 

College of Medical Genetics and Genomics (ACMG)[131,132]. 

https://integragen.com/fr/bioinformatique/sirius
https://www.sophiagenetics.com/platform/alamut-visual-plus/
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Table 5. List of the 351 genes included in the targeted NGS panel performed to this cohort of 

patients. 
 

Gene chromosomal localization Full name 

1 ABCA4 1p22.1 ATP binding cassette subfamily A member 4 

2 ABHD12 20p11.21 abhydrolase domain containing 12, lysophospholipase 

3 ACBD5 10p12.1 acyl-CoA binding domain containing 5 

4 ADAM9 8p11.22 ADAM metallopeptidase domain 9 

5 ADAMTS18 6q23.1 ADAM metallopeptidase with thrombospondin type 1 motif 18 

6 ADIPOR1 1q32.1 adiponectin receptor 1 

7 ADGRV1 5q14.3 adhesion G protein-coupled receptor V1 

8 AGBL5 2p23.3 ATP/GTP binding protein like 5 

9 AHI1 6q23. Abelson helper integration site 1 

10 AIPL1 17p13.2 aryl hydrocarbon receptor interacting protein like 1 

11 ALMS1 2p13.1 ALMS1 centrosome and basal body associated protein 

12 ANKRD34C 15q25.1 ankyrin repeat domain 34C 

13 ARFGAP2 11p11.2 ADP ribosylation factor GTPase activating protein 2 

14 ARHGEF16 1p36.32 Rho guanine nucleotide exchange factor 16 

15 ARHGEF18 19p13.2 Rho/Rac guanine nucleotide exchange factor 18 

16 ARHGEF17 11q13.4 Rho guanine nucleotide exchange factor 17 

17 ARHGEF38 4q24 Rho guanine nucleotide exchange factor 38 

18 ARL13B 3q11.1-q11.2 ADP ribosylation factor like GTPase 13B 

19 ARL2BP 16q13 ADP ribosylation factor like GTPase 2 binding protein 

20 ARL3 10q24.32 ADP ribosylation factor like GTPase 3 

21 ARL6 3q11.2 ADP ribosylation factor like GTPase 6 

22 ARMC9 2q37.1 armadillo repeat containing 9 

23 ARSG 17q24.2 arylsulfatase G 

24 ASRGL1 11q12.3 asparaginase and isoaspartyl peptidase 1 

25 ATF6 1q23.3 activating transcription factor 6 

26 ATL2 2p22.2-p22.1 atlastin GTPase 2 

27 ATXN7 3p14.1 ataxin 7 

28 BBIP1 10q25.2 BBSome interacting protein 1 

29 BBS1 11q13.2 Bardet-Biedl syndrome 1 

30 BBS10 12q21.2 Bardet-Biedl syndrome 10 

31 BBS12 4q27 Bardet-Biedl syndrome 12 

32 BBS2 16q13 Bardet-Biedl syndrome 2 

33 BBS4 15q24.1 Bardet-Biedl syndrome 4 
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34 BBS5 2q31.1 Bardet-Biedl syndrome 5 

35 BBS7 4q27 Bardet-Biedl syndrome 7 

36 BBS9 7p14.3 Bardet-Biedl syndrome 9 

37 BCL9 1q21.2 BCL9 transcription coactivator 

38 BEST1 11q12.3 bestrophin 1 

39 BFSP1 20p12.1 beaded filament structural protein 1 

40 C16orf46 16q23.2 chromosome 16 open reading frame 46 

41 C1QTNF5 11q23.3 C1q and TNF related 5 

42 CFAP410 21q22.3 cilia and flagella associated protein 410 

43 C2orf71= PCARE 2p23.2 chromosome 2 open reading frame 71 

44 CPLANE1 5p13.2 ciliogenesis and planar polarity effector 1 

45 C8orf37 8q22.1 chromosome 8 open reading frame 37 

46 CA4 17q23.1 carbonic anhydrase 4 

47 CABP4 11q13.2 calcium binding protein 4 

48 CACNA1F Xp11.23 calcium voltage-gated channel subunit alpha1 F 

49 CACNA2D4 12p13.33 calcium voltage-gated channel auxiliary subunit alpha2delta 4 

50 CALHM3 10q24.33 calcium homeostasis modulator 3 

51 CAPN5 11q13.5 calpain 5 

52 CAPN7 3p25.1 calpain 7 

53 CC2D2A 4p15.32 coiled-coil and C2 domain containing 2A 

54 CCDC51 3p21.31 coiled-coil domain containing 51, putative 

55 CCT2 12q15 chaperonin containing TCP1 subunit 2 

56 CCZ1B 7p22.1 CCZ1 homolog B, vacuolar protein trafficking and biogenesis associated 

57 CDH16 16q22.1 cadherin 16 

58 CDH3 16q22.1 cadherin 3 

59 CDH23 10q22.1 cadherin related 23 

60 CDHR1 10q23.1 cadherin related family member 1 

61 CDK5RAP3 17q21.32 CDK5 regulatory subunit associated protein 3 

62 CENPN 16q23.2 centromere protein N 

63 CEP164 11q23.3 centrosomal protein 164 

64 CEP250 20q11.22 centrosomal protein 250 

65 CEP290 12q21.32 centrosomal protein 290 

66 CEP78 9q21.2 centrosomal protein 78 

67 CERKL 2q31.3 ceramide kinase like 

68 CFH 1q31.3 complement factor H 

69 CHM Xq21.2 CHM Rab escort protein 
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70 CLCC1 1p13.3 chloride channel CLIC like 1 

71 CIC 19q13.2 capicua transcriptional repressor 

72 CLN3 16p12.1 CLN3 lysosomal/endosomal transmembrane protein, battenin 

73 CLN8 8p23.3 CLN8 transmembrane ER and ERGIC protein 

74 CLRN1 3q25.1 clarin 1 

75 CLUAP1 16p13.3 clusterin associated protein 1 

76 CNGA1 4p12 cyclic nucleotide gated channel subunit alpha 1 

77 CNGA3 2q11.2 cyclic nucleotide gated channel subunit alpha 3 

78 CNGB1 16q21 cyclic nucleotide gated channel subunit beta 1 

79 CNGB3 8q21.3 cyclic nucleotide gated channel subunit beta 3 

80 CNNM4 2q11.2 cyclin and CBS domain divalent metal cation transport mediator 4 

81 COL11A1 1p21.1 collagen type XI alpha 1 chain 

82 COL2A1 12q13.11 collagen type II alpha 1 chain 

83 COL9A1 6q13 collagen type IX alpha 1 chain 

84 CRB1 1q31.3 crumbs cell polarity complex component 1 

85 CROCC 1p36.13 ciliary rootlet coiled-coil, rootletin 

86 CRTAC1 10q24.2 cartilage acidic protein 1 

87 CRX 19q13.33 cone-rod homeobox 

88 CSPP1 8q13.1-q13.2 centrosome and spindle pole associated protein 1 

89 CTDP1 18q23 CTD phosphatase subunit 1 

90 CTNNA1 5q31.2 catenin alpha 1 

91 CWC27 5q12.3 CWC27 spliceosome associated cyclophilin 

92 CYP4V2 4q35.1-q35.2 cytochrome P450 family 4 subfamily V member 2 

93 DHDDS 1p36.11 dehydrodolichyl diphosphate synthase subunit 

94 DHX32 10q26.2 DEAH-box helicase 32 

95 DHX38 16q22.2 DEAH-box helicase 38 

96 DNAJC17 15q15.1 DnaJ heat shock protein family (Hsp40) member C17 

97 DNMBP 10q24.2 dynamin binding protein 

98 DRAM2 1p13.3 DNA damage regulated autophagy modulator 2 

99 DTHD1 4p14 death domain containing 1 

100 DSCAML1 11q23.3 DS cell adhesion molecule like 1 

101 EFEMP1 2p16.1 EGF containing fibulin extracellular matrix protein 1 

102 ELOVL4 6q14.1 ELOVL fatty acid elongase 4 

103 EMC1 1p36.13 ER membrane protein complex subunit 1 

104 EML4 2p21 EMAP like 4 

105 EXOSC2 9q34.12 exosome component 2 
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106 EYS 6q12 eyes shut homolog 

107 EZR 6q25.3 ezrin 

108 TLCD3B 16p11.2 TLC domain containing 3B 

109 FAM71A 1q32.3 family with sequence similarity 71 member A 

110 FAM171A1 10p13 family with sequence similarity 171 member A1 

111 FAM98B 15q14 family with sequence similarity 98 member B 

112 FDFT1 8p23.1 farnesyl-diphosphate farnesyltransferase 1 

113 FAM161A 2p15 FAM161 centrosomal protein A 

114 FLVCR1 1q32.3 FLVCR heme transporter 1 

114 FOXI2 10q26.2 forkhead box I2 

116 FUT5 19p13.3 fucosyltransferase 5 

117 GABRR1 6q15 gamma-aminobutyric acid type A receptor subunit rho1 

118 FZD4 11q14.2 frizzled class receptor 4 

119 GDF6 8q22.1 growth differentiation factor 6 

120 GNAT1 3p21.31 G protein subunit alpha transducin 1 

121 GNAT2 1p13.3 G protein subunit alpha transducin 2 

122 GNB1L 22q11.21 G protein subunit beta 1 like 

123 GNB3 12p13.31 G protein subunit beta 3 

124 GNPTG 16p13.3 N-acetylglucosamine-1-phosphate transferase subunit gamma 

125 ADGRA3=GPR125 4p15.2 adhesion G protein-coupled receptor A3 

126 GPR179 17q12 G protein-coupled receptor 179 

127 GPR45 2q12.1 G protein-coupled receptor 45 

128 GRID2 4q22.1-q22.2 glutamate ionotropic receptor delta type subunit 2 

129 GRK1 13q34 G protein-coupled receptor kinase 1 

130 GRM6 5q35.3 glutamate metabotropic receptor 6 

131 GUCA1A 6p21.1 guanylate cyclase activator 1A 

132 GUCA1B 6p21.1 guanylate cyclase activator 1B 

133 GUCY2D 17p13.1 guanylate cyclase 2D, retinal 

134 GYS1 19q13.33 glycogen synthase 1 

135 HARS1 5q31.3 HISTIDYL-tRNA SYNTHETASE 1 

136 HDAC4 2q37.3 histone deacetylase 4 

137 HGSNAT 8p11.21-p11.1 heparan-alpha-glucosaminide N-acetyltransferase 

138 HK1 10q22.1 hexokinase 1 

139 HMCN1 1q25.3-q31.1 hemicentin 1 

140 HNRNPR 1p36.12 heterogeneous nuclear ribonucleoprotein R 

141 IDH3A 15q25.1 isocitrate dehydrogenase (NAD(+)) 3 catalytic subunit alpha 
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142 IDH3B 20p13 isocitrate dehydrogenase (NAD(+)) 3 non-catalytic subunit beta 

143 IFT27 22q12.3 intraflagellar transport 27 

144 IFT88 13q12.11 intraflagellar transport 88 

145 IFT43 14q24.3 intraflagellar transport 43 

146 IFT81 12q24.11 intraflagellar transport 81 

147 IFT122 3q21.3-q22.1 intraflagellar transport 122 

148 IFT140 16p13.3 intraflagellar transport 140 

149 IFT172 2p23.3 intraflagellar transport 172 

150 IMPDH1 7q32.1 inosine monophosphate dehydrogenase 1 

151 IMPG1 6q14.1 interphotoreceptor matrix proteoglycan 1 

152 IMPG2 3q12.3 interphotoreceptor matrix proteoglycan 2 

153 INPP5E 9q34.3 inositol polyphosphate-5-phosphatase E 

154 INVS 9q31.1 inversin 

155 IQCB1 3q13.33; 3q21.1 IQ motif containing B1 

156 IRX5 16q12.2 iroquois homeobox 5 

157 ITIH2 10p14 inter-alpha-trypsin inhibitor heavy chain 2 

158 ITM2B 13q14.2 integral membrane protein 2B 

159 KCNJ13 2q37.1 potassium inwardly rectifying channel subfamily J member 13 

160 KCNV2 9p24.2 potassium voltage-gated channel modifier subfamily V member 2 

161 KIAA1549 7q34 KIAA1549 

162 KIAA2026 9p24.1 KIAA2026 

163 KIZ 20p11.23 kizuna centrosomal protein 

164 KLHL7 7p15.3 kelch like family member 7 

165 KRT26 17q21.2 keratin 26 

166 KSS mtDNA KEARNS-SAYRE SYNDROME protein 

167 LAMA1 18p11.31 laminin subunit alpha 1 

168 LARGE1 22q12.3 LARGE xylosyl- and glucuronyltransferase 1 

169 LCA5 6q14.1 lebercilin LCA5 

171 LIG3 17q12 DNA ligase 3 

172 LRAT 4q32.1 lecithin retinol acyltransferase 

173 LRIT3 4q25 leucine rich repeat, Ig-like and transmembrane domains 3 

174 LRP5 11q13.2 LDL receptor related protein 5 

175 LZTFL1 3p21.31 leucine zipper transcription factor like 1 

176 MAK 6p24.2 male germ cell associated kinase 

177 MAN2C1 15q24.2 mannosidase alpha class 2C member 1 

178 MAPKAPK3 3p21.2 MAPK activated protein kinase 3 
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179 MERTK 2q13 MER proto-oncogene, tyrosine kinase 

180 MFRP 11q23.3 membrane frizzled-related protein 

181 MFSD8 4q28.2 major facilitator superfamily domain containing 8 

182 MiR-204 9q21.12 microRNA 204 

183 MKKS 20p12.2 McKusick-Kaufman syndrome 

184 MKS1 17q22 MKS transition zone complex subunit 1 

185 MPRIP 17p11.2 myosin phosphatase Rho interacting protein 

186 MT-ATP6 mtDNA mitochondrially encoded ATP synthase 6 

187 MT-TH mtDNA mitochondrially encoded tRNA histidine 

188 MT-TP mtDNA mitochondrially encoded tRNA proline 

189 MT-TS2 mtDNA mitochondrially encoded tRNA serine 2 (AGU/C) 

190 MTTP mtDNA microsomal triglyceride transfer protein 

191 MVK 12q24.11 mevalonate kinase 

192 MYO7A 11q13.5 myosin VIIA 

193 NAALADL1 11q13.1 N-acetylated alpha-linked acidic dipeptidase like 1 

194 NBAS 2p24.3 NBAS subunit of NRZ tethering complex 

195 NDP Xp11.3 norrin cystine knot growth factor NDP 

196 NDRG4 16q21 NDRG family member 4 

197 NEK2 1q32.3 NIMA related kinase 2 

198 NEUROD1 2q31.3 neuronal differentiation 1 

199 NMNAT1 1p36.22 nicotinamide nucleotide adenylyltransferase 1 

200 NPHP1 2q13 nephrocystin 1 

201 NPHP3 3q22.1 nephrocystin 3 

202 NPHP4 1p36.31 nephrocystin 4 

203 NR2E3 15q23 nuclear receptor subfamily 2 group E member 3 

204 NRL 14q11.2-q12 neural retina leucine zipper 

205 NRP1 10p11.22 neuropilin 1 

206 NUMB 14q24.2-q24.3 NUMB endocytic adaptor protein 

207 NYX Xp11.4 nyctalopin 

208 OAT 10q26.13 ornithine aminotransferase 

209 OFD1 Xp22.2 OFD1 centriole and centriolar satellite protein 

210 OPN1LW Xq28 opsin 1, long wave sensitive 

211 OPN1MW Xq28 opsin 1, medium wave sensitive 

212 OR2W3 1q44 olfactory receptor family 2 subfamily W member 3 

213 OTOGL 12q21.31 otogelin like 

214 OTX2 14q22.3 orthodenticle homeobox 2 



49 
 

215 PAF1 19q13.2 PAF1 homolog, Paf1/RNA polymerase II complex component 

216 PANK2 20p13 pantothenate kinase 2 

217 PCDH15 10q21.1 protocadherin related 15 

218 PCYT1A 3q29 phosphate cytidylyltransferase 1, choline, alpha 

219 PDE4DIP 1q21.2 phosphodiesterase 4D interacting protein 

220 PDE6A 5q32 phosphodiesterase 6A 

221 PDE6B 4p16.3 phosphodiesterase 6B 

222 PDE6C 10q23.33 phosphodiesterase 6C 

223 PDE6D 2q37.1 phosphodiesterase 6D 

224 PDE6G 17q25.3 phosphodiesterase 6G 

225 PDE6H 12p12.3 phosphodiesterase 6H 

226 PEX1 7q21.2 peroxisomal biogenesis factor 1 

227 PEX2 8q21.13 peroxisomal biogenesis factor 2 

228 PEX7 6q23.3 peroxisomal biogenesis factor 7 

229 PHYH 10p13 phytanoyl-CoA 2-hydroxylase 

230 PITPNM3 17p13.2-p13.1 PITPNM family member 3 

231 PLA2G5 1p36.13 phospholipase A2 group V 

232 PLD4 14q32.33 phospholipase D family member 4 

233 PLK4 4q28.1 polo like kinase 4 

234 PLEKHB1 11q13.4 pleckstrin homology domain containing B1 

235 PNPLA6 19p13.2 patatin like phospholipase domain containing 6 

236 POC1B 12q21.33 POC1 centriolar protein B 

237 POC5 5q13.3 POC5 centriolar protein 

238 PODNL1 19p13.12 podocan like 1 

239 POMGNT1 1p34.1 protein O-linked mannose N-acetylglucosaminyltransferase 1 (beta 1,2-) 

240 POMZP3 7q11.23 POM121 and ZP3 fusion 

241 PPP1R21 2p16.3 protein phosphatase 1 regulatory subunit 21, putative 

242 PRCD 17q25.1 photoreceptor disc component 

243 PRDM13 6q16.2 PR/SET domain 13 

244 PROM1 4p15.32 prominin 1 

245 PRPF3 1q21.2 pre-mRNA processing factor 3 

246 PRPF31 19q13.42 pre-mRNA processing factor 31 

247 PRPF4 9q32 pre-mRNA processing factor 4 

248 PRPF6 20q13.33 pre-mRNA processing factor 6 

249 PRPF8 17p13.3 pre-mRNA processing factor 8 

250 PRPH2 6p21.1 peripherin 2 
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251 PRPS1 Xq22.3 phosphoribosyl pyrophosphate synthetase 1 

252 PRTFDC1 10p12.1 phosphoribosyl transferase domain containing 1 

253 RAB28 4p15.33 RAB28, member RAS oncogene family 

254 RAX2 19p13.3 retina and anterior neural fold homeobox 2 

255 RBP3 10q11.22 retinol binding protein 3 

256 RBP4 10q23.33 retinol binding protein 4 

257 RCBTB1 13q14.2 RCC1 and BTB domain containing protein 1 

258 RD3 1q32.3 retinal degeneration 3, GUCY2D regulator 

259 RDH5 12q13.2 retinol dehydrogenase 5 

260 RDH11 14q24.1 retinol dehydrogenase 11 

261 RDH12 14q24.1 retinol dehydrogenase 12 

262 REEP6 19p13.3 receptor accessory protein 6 

263 RGR 10q23.1 retinal G protein coupled receptor 

264 RGS9 17q24.1 regulator of G protein signaling 9 

265 RGS9BP 19q13.11 regulator of G protein signaling 9 binding protein 

266 RHO 3q22.1 rhodopsin 

267 RIMS1 6q13 regulating synaptic membrane exocytosis 1 

268 RLBP1 15q26.1 retinaldehyde binding protein 1 

269 ROM1 11q12.3 retinal outer segment membrane protein 1 

270 RP1 8q11.23-q12.1 RP1 axonemal microtubule associated 

271 RP1L1 8p23.1 RP1 like 1 

272 RP2 Xp11.3 RP2 activator of ARL3 GTPase 

273 RP9 7p14.3 RP9 pre-mRNA splicing factor 

274 RPE65 1p31.3 retinoid isomerohydrolase RPE65 

275 RPGR Xp11.4 retinitis pigmentosa GTPase regulator 

276 RPGRIP1 14q11.2 RPGR interacting protein 1 

277 RPGRIP1L 16q12.2 RPGRIP1 like 

278 RS1 Xp22.13 retinoschisin 1 

279 SAG 2q37.1 S-antigen visual arrestin 

280 SASH1 6q24.3-q25.1 SAM and SH3 domain containing 1 

281 SCAPER 15q24.3 S-phase cyclin A associated protein in the ER 

282 SCLT1 4q28.2 sodium channel and clathrin linker 1 

283 SDCCAG8 1q43-q44 SHH signaling and ciliogenesis regulator SDCCAG8 

284 SEMA4A 1q22 semaphorin 4A 

285 SEMA6B 19p13.3 semaphorin 6B 

286 SF3B2 11q13.1 splicing factor 3b subunit 2 
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287 SFRP5 10q24.2 secreted frizzled related protein 5 

288 SH3RF3 2q13 SH3 domain containing ring finger 3 

289 SIK2 11q23.1 salt inducible kinase 2 

290 SLC24A1 15q22.31 solute carrier family 24 member 1 

291 SLC7A14 3q26.2 solute carrier family 7 member 14 

292 SLC37A3 7q34 solute carrier family 37 member 3 

293 SLC6A6 3p25.1 solute carrier family 6 member 6 

294 SAMD11 1p36.33 sterile alpha motif domain containing 11 

295 SNRNP200 2q11.2 small nuclear ribonucleoprotein U5 subunit 200 

296 SPATA7 14q31.3 spermatogenesis associated 7 

297 SPP2 2q37.1 secreted phosphoprotein 2 

298 SPTBN1 2p16.2 spectrin beta, non-erythrocytic 1 

299 SRD5A3 4q12 steroid 5 alpha-reductase 3 

300 SYNE1 6q25.2 spectrin repeat containing nuclear envelope protein 1 

301 SYNE2 14q23.2 spectrin repeat containing nuclear envelope protein 2 

302 SYTL4 Xq22.1 synaptotagmin like 4 

303 TEAD1 11p15.3 TEA domain transcription factor 1 

304 TGM2 20q11.23 transglutaminase 2 

305 TIMP3 22q12.3 TIMP metallopeptidase inhibitor 3 

306 TMED7 5q22.3 transmembrane p24 trafficking protein 7 

307 TMEM216 11q12.2 transmembrane protein 216 

308 TMEM237 2q33.1 transmembrane protein 237 

309 TOPORS 9p21.1 TOP1 binding arginine/serine rich protein, E3 ubiquitin ligase 

310 TRAPPC9 8q24.3 trafficking protein particle complex 9 

311 TRIM32 9q33.1 tripartite motif containing 32 

312 TRNAU1AP 1p35.3 tRNA selenocysteine 1 associated protein 1, putative 

313 TRNT1 3p26.2 tRNA nucleotidyl transferase 1 

314 TRPM1 15q13.3 transient receptor potential cation channel subfamily M member 1 

315 TSPAN11 12p11.21 tetraspanin 11 

316 TSPAN12 7q31.31 tetraspanin 12 

317 TTC28 22q12.1 tetratricopeptide repeat domain 28 

318 TTC8 14q31.3 tetratricopeptide repeat domain 8 

319 TTLL5 14q24.3 tubulin tyrosine ligase like 5 

320 TTPA 8q12.3 alpha tocopherol transfer protein 

321 TUB 11p15.4 TUB bipartite transcription factor 

322 TUBB4B 9q34.3 tubulin beta 4B class IVb 
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3.2. Whole Exome Sequencing  

When no putative disease-causing variant was identified, WES was applied for the affected 

proband(s) and unaffected family member(s), in collaboration with a company (IntegraGen) or 

with a research platform (IGBMC, Strasbourg, France). In summary, for IntegraGen, the exons, 

5’UTR and 3’UTR included, and flanking intronic regions of DNA samples were captured with 

in-solution enrichment methodology (SureSelect Clinical Research Exome, Agilent, Massy, 

323 TUBGCP4 15q15.3 tubulin gamma complex associated protein 4 

324 TUBGCP6 22q13.33 tubulin gamma complex associated protein 6 

325 TULP1 6p21.31 TUB like protein 1 

326 UBAP1L 15q22.31 ubiquitin associated protein 1 like 

327 UNC119 17q11.2 unc-119 lipid binding chaperone 

328 USH1C 11p15.1 USH1 protein network component harmonin 

329 USH1G 17q25.1 USH1 protein network component sans 

330 USH2A 1q41 usherin 

331 USP16 21q21.3 ubiquitin specific peptidase 16 

332 USP38 4q31.21 ubiquitin specific peptidase 38 

333 VAX2 2p13.3 ventral anterior homeobox 2 

334 VCAN 5q14.2-q14.3 versican 

335 VPS13B 8q22.2 vacuolar protein sorting 13 homolog B 

336 WASF3 13q12.13 WASP family member 3 

337 WHRN 9q32 whirlin 

338 WDPCP 2p15 WD repeat containing planar cell polarity effector 

339 WDR19 4p14 WD repeat domain 19 

340 WDR34=DYNC2I2 9q34.11 dynein 2 intermediate chain 2 

341 WDR36 5q22.1 WD repeat domain 36 

342 WDR48 3p22.2 WD repeat domain 48 

343 PIK3R4 3q22.1 PHOSPHATIDYLINOSITOL 3-KINASE, REGULATORY SUBUNIT 4 

344 XPNPEP2 Xq26.1 X-prolyl aminopeptidase 2, putative 

345 ZC3H4 19q13.32 zinc finger CCCH-type containing 4 

346 ZNF10 12q24.33 zinc finger protein 10 

346 ZNF408 11p11.2 zinc finger protein 408 

347 ZNF423 16q12.1 zinc finger protein 423 

348 ZNF513 2p23.3 zinc finger protein 513 

349 ZNF780A 19q13.2 zinc finger protein 780A 

350 ZNF821 16q22.2 zinc finger protein 821 

351 AZine1 X putative 



53 
 

France)[133] with the biotinylated oligonucleotide probe library. The paired-end 75 bases were 

massively sequenced on sequencer. For the lab (IGBMC), a pre-capture and post-capture PCR 

amplification was performed. Image analysis and bases calling were perfomed with a pipeline 

(Consensus Assessment of Sequence and Variation [CASAVA] 1.8, Illumina; CASAVA 1.8.2, 

Illumina). 

Variant annotation was provided by an in-house pipeline (IntegraGen; Polypipeline, 

IGBMC) and results were available in the PolyWeb website (http://polyweb.igbmc.fr/; IGBMC) 

and in tabulated text files tables. Approximately 60,000 SNVs and InDels, were provided per 

sample or family in tabulated text files. For IGBMC, variant annotation were available in the 

PolyWeb website (http://polyweb.igbmc.fr/) and also in tabulated text files.  

To identify the novel gene defect(s) with WES data, a stringent filtering was applied. As 

describe above for targeted NGS, expecting autosomal recessive, autosomal dominant or X-linked 

mode of inheritance, only nonsense, missense, splice site, or small deletion or insertion variants 

were kept. Based on autosomal recessive or autosomal dominant/X-linked mode of inheritance, 

minor allele frequency had to be inferior or equal to 0.005 or 0.001, respectively, in EVS, HapMap, 

1000Genomes, dbSNP, ExAC and gnomAD. Pathogenicity for each missense variant was 

predicted with three bioinformatic tools imbedded in AlamutTM software: PolyPhen2, SIFT and 

MutationTaster. Variants predicted to be not disease-causing by PolyPhen2 and SIFT were not 

kept. Amino acid conservation across 100 species was evaluated with the UCSC Genome Browser 

(Human GRCh38/hg38 Assembly). “Highly conserved” means the amino acid or nucleotide for 

intronic variant is conserved across species; “Moderately conserved” amino acid or nucleotide 

variations were observed less than 5 times among species at this position but amino acid/nucleotide 

residue is conserved in primates; “Weakly conserved” when amino acid/nucleotide variation was 

observed 5 to 7 times among species at this position but amino acid residue is conserved in 

primates. Non-canonical splice site variants were assessed with multiple algorithms imbedded in 

AlamutTM and additionally by SpliceAI[130]. All variants were then classified in accordance with 

standards of American College of Medical Genetics and Genomics (ACMG)[131,132]. 

 

3.3. Retinal expression databases 

For candidate genes, human and mouse retinal expression are analyzed with mouse[134,135] 

and human[136,137] transcriptomic databases. Mouse databases include the rd1 mouse model 

characterized by mutations in Pde6b which lead to progressive rod then cone photoreceptor 

degeneration with a complete loss of rod photoreceptors by postnatal day 30[135]. Therefore, a 

decreased expression in the rd1 mouse model compared to wild-type mice suggests that the 

candidate gene is expressed in rod photoreceptors. Another mouse model is the Nrl knock-out, 

characterized by the absence of rod photoreceptors at the presence of cone photoreceptors. In this 

database, the absence of expression of candidate gene is indicative of a rod-specific 

expression[121]. Roska database (http://www.fmi.ch/roska.data/) from transgenic mice expressing 

reporter genes specific of a retinal cell type was also consulted[134]. Expression values above 20 

are considered as significant. Inner retinal layer expression was assessed through Retinal Bipolar 

Neuron Drop-seq database (https://singlecell.broadinstitute.org/single_cell/study/SCP3/retinal-

bipolar-neuron-drop-seq#study-summary ), developed by Shekhar and coll[137]. Human retinal 

transcriptomic databases included Farkas and coll. database 

http://polyweb.igbmc.fr/
http://www.fmi.ch/roska.data/
https://singlecell.broadinstitute.org/single_cell/study/SCP3/retinal-bipolar-neuron-drop-seq#study-summary
https://singlecell.broadinstitute.org/single_cell/study/SCP3/retinal-bipolar-neuron-drop-seq#study-summary
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(https://oculargenomics.meei.harvard.edu/retinal-transcriptome/) of normal retinal 

expression[119]. Information about protein localization and function are investigated in Human 

Protein Atlas (https://www.proteinatlas.org/ )[120]. Details regarding protein domains, 

localization and function were investigated in UniProt (https://www.uniprot.org/ ) and PubMed 

databases (https://www.ncbi.nlm.nih.gov/pubmed/ ).We also checked a protein-protein interaction 

database (https://string-db.org/) [138,139] to find known protein partners potentially implicated in 

the pathogenesis of IRD.  

 

3.4. Confirmation and segregation of variants 

Variants obtained from targeted NGS/WES were confirmed by bidirectional Sanger 

sequencing of exons and their intronic boundaries of the given gene. When a CNV was identified, 

MLPA was performed with a kit (SALSA MLPA kit gene specific, MRC Holland, Amsterdam, 

The Netherlands). If a MLPA probe was unavailable, a quantitative PCR was performed to study 

CNVs. For each exon of a gene, 10 ng of genomic DNA, 0.2 μM of each primer (forward and 

reverse) and 10 μl of mix from a kit (Power SYBRTM Green PCR Master mix, ThermoFisher 

Scientific, Waltham, Massachusetts, USA) were mixed in triplicates. For each qPCR plate, a 

housekeeping gene (GAPDH or ACTB) was also amplified in triplicate in order to normalize the 

results. A genomic DNA known to have no CNV for the given gene was used as a control. The 

samples were first incubated at 50°C during 2 min, then 15s at 95°C. During 41 cycles, the 

temperature changed between 15 sec at 95°C and 1 min at 60°C. Then, samples were heated at 

95°C during 15 sec, 60°C during 15 sec to cool down at 10°C. A comparative CT method was 

performed to analyze the results. An average of each triplicate was calculated. For each individual 

and for each exon of the candidate gene, the CT value was normalized with the CT value of GAPDH 

(CT = CT (candidate gene) – CT (GAPDH/ACTB)). Each CT was normalized to the control 

individual with no CNV (CT = CT (patient) - CT (control)). Finally, a relative quantification 

was calculated with this formula: 2-2CT. A calculated value of ≤0.8 or  1.3, was suggestive of a 

loss or a gain, respectively. 

When family members of affected individuals were available for genetic studies, the same 

analysis for variants was performed on their DNA samples in order to identify the biallelic 

segregation and the origin of each allele (paternal/maternal/de novo). 

The overall genotyping workflow is presented on Fig.18. 

https://oculargenomics.meei.harvard.edu/retinal-transcriptome/
https://www.proteinatlas.org/
https://www.uniprot.org/
https://www.ncbi.nlm.nih.gov/pubmed/
https://string-db.org/
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Figure 18 Workflow.  

4. Expression analysis of candidate genes 

 

4.1 RNA in situ hybridization  

 

For retinal sections, adult mice C57BL/6JRj (Janvier, Genest Saint Isle, France) were 

sacrificed by cervical dislocation, eyes were collected, drilled at the ora serrata, and  fixed for 1 

hour in 4% paraformaledehyde before being dehydrated in 30% sucrose phosphate-buffered saline 

(PBS) solution. Thereafter, eyes were embedded in 7% gelatin/10% sucrose PBS and frozen in 

−40°C isopentane. Tissues were cut with a cryostat (MICROM HM 560, ThermoFisher Scientific) 

in 20 μm or 10 μm sections. Human donor eyes without known history of retinal diseases were 

collected through the Minnesota Lions Eye bank after due consent in accordance with the 

Declaration of Helsinki. The posterior segment was dissected, postfixed, dehydrated, embedded, 

and sectioned as described above for the mouse retinas. RNA probes which amplify exons 3 to 4 

or exons 9 to 10 of mouse Azine7 were designed (GeneCust, Dudelange, Luxembourg) and cloned 

in a vector (pBluescript II SK+, GeneCust) as previously described[140]. NotI and KpnI 

restrictions enzymes were used to linearize the plasmid. RNA in situ hybridization studies were 

performed as reported previously[140]. 

 
4.2 Immuno histofluorescence 

Mouse and human retinal sections were incubated overnight with primary rabbit anti-Azine7 

(Sigma-Aldrich, Darmstadt, Germany), rabbit anti-SOX9 (Sigma-Aldrich), mouse anti-glutamine 

synthetase (Sigma-Aldrich), antibodies at dilutions of 1:500, and 1:1,000. Thereafter, sections 

Custom NGS

(351 known and putative genes)

Variants detected after stringent filtering:

- pattern of inheritance (AR/AD/XL)

- MAF: <.005 (AR) and <.001 (AD)

- Missense, nonsense, splice site, Del/Ins, CNV

Reported variants Novel variants in known genes

Prediction of pathogenicity

PolyPhen, SIFT, splice programs

- Confirmation by Sanger sequencing/qPCR/MLPA

- Family segregation

No  pathogenic variants

WES/WGS

stringent filtering

Variants in "novel" genes:

- prediction of pathgenicity

- retinal expression, localisation, literature

- protein-protein interactions

Functional studies 



56 
 

were washed 3 times for 5 min each in 1× phosphate-buffered saline (PBS) and then incubated 

with donkey anti-rabbit Alexa Fluor 488 (Jackson ImmunoResearch Laboratories, Baltimore, MD) 

and donkey anti-mouse Cy3 (Jackson Immunoresearch Laboratories) secondary antibodies and 

4,6-diamidino-2-phenylindole (DAPI; Euromedex, Souffelweyersheim, France) at a dilution 

1:1000 each for 1 hour at room temperature. Controls were performed with only the use of 

secondary antibodies. Sections were washed 3 times for 5 min in PBS and mounted with coverslips 

(Mowiol 4-88; Sigma-Aldrich). Confocal fluorescence microscopy images were taken (model 

FV1000; Olympus, Hamburg, Germany). 

 

4.3 Western blot 

 

A solution of 50 µg/ml human recombinant RBP4 (Sigma- Aldrich,; #SRP6038) was 

prepared in 1xTris-buffered saline. Patient’s and healthy control sera as well as a recombinant 

RBP4 solution were diluted 1:100 in Tris-buffered saline containing 0.5% NP40 and 1% Triton 

and then boiled at 100°C for 5 min. Fifteen µl of diluted sera and RBP4 were mixed with 13 µl of 

6x Tris-buffered saline containing 500 mM/l dithiothreitol, 10% SDS, 50% glycerol and 0.5% 

bromophenol blue and then adjusted to a total volume of 45 µl with H2O. Samples and molecular-

weight size markers were loaded in the wells of Mini-Protean® TGX 4-15% gel (BioRad, 

Hercules, USA) and then electrophoresed for 1 h at 150 V in a Tris-glycine running buffer. The 

transfer on PVDF membrane (BioRad, #1704156) were made in Trans-Blot Turbo Transfer 

System® (BioRad). The membrane was fixed with a 5% non-fat milk and then incubated with 

primary polyclonal rabbit anti-human RBP4 antibody (Agilent Dako, Santa Clara, USA; 

#A004002-2) diluted 1:1000 at 4°C overnight. Loading control was performed using anti-

transferrin monoclonal antibody (Abcam, Discovery Drive, Cambridge Biomedical Campus, 

Cambridge, UK, ab109503). The next day the membrane was washed with PBS and incubated for 

1 h at room temperature with a secondary HRP-conjugated antibody (Jackson ImmunoResearch, 

Ely, UK; #11-035-003) diluted 1:1000, rinsed with PBS, incubated with Pierce ECL plus blotting 

substrate (ThermoFisher Scientific, Waltham, USA; #32134) for 5 min and then visualized in 

Vilber Lourmat-Fusion-Fx7 Superbright Transilluminator (Fisher Scientific). 

 

Results  

 

1. Epidemiological picture of REFERET inherited retinal disorder cohort 

analyzed by targeted next generation sequencing 

The overall cohort of patients tested by targeted customized NGS is currently encompassing 

1519 proband samples. Overall, during my PhD, I have analyzed 768 samples by this technique.   

 

1.1 Phenotypes  

Among these samples, 484 cases corresponded to male patients who had been pre-screened 

by Sanger sequencing for mutations in the exon ORF15 of RPGR and revealed no variant. ORF15 

is a highly repetitive, variable purine rich DNA sequence poorly covered by standard NGS 

methods[141]. Variants in this region are a major cause of XL IRDs. The remaining patients 

(n=284) corresponded to females. Most of these IRD cases were clinically diagnosed with RCD 
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(n=670, 87%) (Fig.19). The subsequent analyses are focused on this subgroup of IRD, as it is 

predominant.  

 

Figure 19. Presumed clinical diagnostic distribution in the cohort of 768 IRD patients: 87.2% of 

assessed cases had RCD. 

1.2 Genotypes 

 

Our genetic analyses showed variants in USH2A, RP1 and EYS as major genetic defects 

underlying RCD, accounting for 12, 6.7 and 6.5% cases respectively, followed by RHO, PDE6B, 

PRPH2, RPGR and other genes, with a lower proportion (Fig.20). Unsolved cases accounted for 

25%. 

 
Figure 20. Gene defects in RCD (n=670) cases (all patterns of inheritance confounded). The 

most commonly mutated genes are USH2A, RP1 and EYS. 
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In solved cases of autosomal recessive rod-cone dystrophies (n=398), gene defects were 

most frequently found in USH2A, EYS and PDE6B (Fig.21).  

 

Figure 21. Gene defects found in solved autosomal recessive rod-cone dystrophy cases. Most 

commonly mutated genes are USH2A, EYS and PDE6B. 

In solved cases of autosomal dominant RCD (n=122), gene defects were found 

predominantly in RHO, RP1 and PRPH2 (Fig.22). Altogether, variants in all splicing factors 

(PRPFx and SNRNP200) were the most frequent (n=30 or 24,5%).   

 
Figure 22. Gene defects in solved autosomal dominant cases. Most commonly mutated genes are 

RHO, RP1, PRPH2 and PRPF31. 
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In solved XL RCD cases (n=23), RPGR gene defects were found in 74% of samples and 

RP2 in 26%.  

 

1.3 Post hoc analysis: changes in assumed inheritance pattern; critical review of 

initial clinical diagnosis 

Only solved cases were considered for this analysis. In the solved simplex cases (n= 343), 

17% were AD, 80% were AR and 3% were XL. In the cases with presumed AD mode of 

inheritance (n=58), 88% were indeed AD, 10% were AR and 2% were XL. Noteworthy, in cases 

presumed AD and finally solved as AR, biallelic gene defects were found in SAG (n=2), USH2A 

(n=2), HGSNAT (n=1), PDE6B (n=1), RP1 (n=1). In the cases with presumed AR mode of 

inheritance (n=131), 90% were indeed AR, 5% were XL and 5% were AD. In the latter cases, gene 

defects in BEST1 (n=2, both ADVIRC cases), PRPF31, RP1 and PRPH2 were found. In the cases 

with presumed XL mode of inheritance (n=11), 55% were indeed XL, 36% were AD (IMPG2, 

RHO, PRPF31) and 9% were AR (Fig.23).  

 
Figure 23. Post-hoc analysis of inheritance pattern. 

 

1.4 Unsolved cases 

Overall, 201 cases (26%) remained genetically unsolved after NGS panel analysis. In these 

cases, for 133 samples (66%) no disease causing variants were identified. For 47 samples (23%), 

only one previously reported variant in a known IRD-associated gene with recessive transmission 

was found. Variants in candidate genes of interest for our team was identified in 21 samples (11%).  

2. Gene defect identification by Whole Exome Sequencing 

A previous PhD student, Cécile Méjécase, has been working on 43 families with IRD, 

analyzed by targeted NGS and subsequently by WES. I continued working on unsolved cases from 

this cohort. The strategy of analysis was the following: 

- the raw data were re-aligned to hg19 and the variants were re-annotated using the up-to-date 

databases through a bioinformatic pipeline developed in collaboration with the bioinformatic 

engineer from our team, Julien Navarro; 

- I subsequently undertook the re-analysis of these data; 

- I implemented the C. Méjécase’s strategy by analysing copy number variations, some structural 

variants[142,143], and more recently published variants, in yet unsolved families.   

2.1 Whole Exome Sequencing identified a known pathogenic variant in F163 
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 A previously reported homozygous variant in TULP1: c.1496-6C>A was found in this 

family. This variant is annotated class 4 according to the ACMG (PP5, PM2, BP4). The proband’s 

mother is heterozygous for this variant (Fig.24). Non-canonical splice site variants were not 

considered in the previous data analytic paradigm. This variant has been reported several times in 

severe arRCD [144–148].  

 

 

Figure 24. Pedigrees and variant segregation in families solved by WES. 

2.2 Whole Exome Sequencing identified a known hypomorphic variant leading to 

isolated IRD in F510 

 Compound heterozygous variants in IDUA were found (Fig.24): c.208T>C p.(Gln70*) and 

c.227A>G p.(Tyr76Cys). The first variant is class 5 according to the ACMG and recurrent [149], 

the latter is considered as hypomorphic[150]. Variants IDUA are usually associated with a severe 

multisystemic disorder, mucopolysaccharidosis type I (Scheie and Hurler syndrome, OMIM # 

607014, 607015, 607016), with  RCD described in some cases[151–153]. The hypomorphic nature 

of the missense variant could probably explain the absence of obvious systemic clinical signs of 

mucopolysaccharidosis in our patient, although caution should be added to this statement and the 

patient is currently under more extensive clinical and biochemical evaluation.  

 

2.3 Whole Exome Sequencing identified a known hypomorphic variant leading to 

isolated IRD in F2799.  

Compound heterozygous variants in HGSNAT were found (Fig.24): a novel class 5 variant 

c.1321delT p.(Tyr441Thrfs*41) and an hypomorphic retina-specific recurrent variant c.1843G>A 

p.(Ala615Thr)[154–156]. HGSNAT is linked with a multisystemic disorder, 

mucopolysaccharidosis IIIC (OMIM # 252930) including a constant retinal degeneration but also 

with isolated retinal degeneration (RP73, OMIM # 616544)[157].  

 

3. Specific and unusual genotype-phenotype associations identified by next generation 

sequencing technologies  

 

3.1. Isolated retinal degeneration linked with CLN3  

Mutations in CLN3 typically lead to the juvenile form of neuronal ceroid lipofuscinosis 

(JNCL), also known as Batten disease (MIM# 204200)[158], a severe neurometabolic disease with 
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brain ceroid accumulation leading to neurodegeneration[159]. Few cases with CLN3 mutations 

were recently reported having an isolated retinal degeneration[160].  

CLN3 pathogenic variants were present in all clinical subsets of IRD explored on our NGS 

panel. Additionally, family F1517, undiagnosed by previous versions of targeted NGS panel, 

which did not include CLN3, was investigated by WES and two pathogenic variants in this gene 

were detected: ex.8_ex.9 del 1.02kb and c.461-3 C>A, p?. These two variants were confirmed by 

Sanger sequencing and qPCR and cosegregated with the phenotype. To perform genotype-

phenotype correlations of patients with CLN3 pathogenic variants, we investigated the whole 

cohort of IRD cases who undergone NGS screening. 

We identified fifteen cases from eleven unrelated families harboring biallelic CLN3 variants. 

It led to a publication in JAMA Ophtalmology[161], followed by editorial discussion[162]. We 

received comments from readers[163] and realized a Reply[164].  The work was also presented at 

Francophone Society of Ophthalmic Genetics (SGOF) in 2019.  
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The comment from readers and our reply are following. 
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3.2. High dose vitamin A improves retinal function in RBP4-related fundus albipunctatus   

Inborn metabolism errors can also be responsible for a subset of IRD. Some of them are 

caused by dysfunction of cellular organelles: peroxysomopathies (e.g. Refsum disease[165,166]), 

lysosomopathies (e.g. mucopolysaccharidoses[153]) and mitochondrial cytopathies (e.g. Kearns-

Sayre syndrome[167]) and can also include a retinal dystrophy in their clinical spectrum. Nucleic 

acid, protein, lipid and small molecules (e.g. vitamins) transport and metabolism errors lead in 

some cases to IRD as well. Ocular involvement (IRD and developmental abnormalities) are usually 

a part of vitamin A metabolism abnormalities. Indeed, the retinol is the major component of the 

visual cycle[168] and also an ocular development regulator[169].    

Patient CIC08621 in our cohort presenting an unusual retinal phenotype with early onset 

night blindness and fine white dots on fundus examination was found to harbor a novel 

homozygous pathogenic variant in RBP4: c.255G>A, p.(Trp85*), resulting in the absence of the 

major blood carrier of vitamin A. This patient was treated with high-dose retinol palmitate and his 

visual function improved.  

This work was published in the International Journal of Molecular Sciences[170] and also 

presented at the International Society for Genetic Eye Diseases and Retinoblastoma (ISGEDR) in 

2021.  
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3.3. Retinal degeneration in French patients harboring variants in CLRN1 

Biallelic variants in CLRN1 cause Usher syndrome (RCD and neurosensorial hearing loss) 

type 3 (USH3, MIM#276902) and non-syndromic RP (RP61, MIM #614180). Taking into account 

the very low prevalence of CLRN1-related USH3 syndrome and non-syndromic RP in non-Finnish 

European populations (<2%)[171], we compiled all our cases for a detailed study of retinal 

degeneration phenotype.  

This work was accepted for an ARVO 2020 poster presentation. Unfortunately, ARVO 2020 

meeting was canceled (COVID19 pandemic); finally, it was submitted as a video-presentation. It 

was subsequently published in Investigative Ophthalmology and Visual Science[172].  
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3.4. TTLL5 collaborative work 

Gene defects in TTLL5 are linked with COD and CORD, but the condition is very rare. Only 

a small number of cases have been published to date. A collaborative work involving XV-XX 

hospital, Institut de la Vision, Fondation Rothschild, CHU de Lille, CHU de Montpellier, CHU de 

Strasbourg and Clinique Jules Verne, Nantes contributed to a publication of 5 novel cases and new 

genotype-phenotype associations in TTLL5-linked COD/CORD. I collected and analyzed all the 

clinical data from six centers, performed a genotype-phenotype correlation and substantially (50%) 

contributed to the article published in International Journal of Molecular Sciences[173].  
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3.5. Novel phenotype of congenital stationary night blindness associated with missense 

variants in VSX2 

Our group is collaborating world-wide with many clinical centers and identified 10 genes 

underlying congenital stationary night blindness (CSNB). Exploring our cohort of unsolved cases 

with CSNB, we found three patients from two unrelated families harboring pathogenic variants in 

VSX2, which is a major gene important for early pan-ocular development and more particularly 

for bipolar cell fate and maintenance[174]. It was a collabortive work between Laboratory of 

Genetics in Ophthalmology (LGO), INSERM UMR1163, Institute of Genetic Diseases, Imagine 

and Paris University, Ophthalmology Department, Hôpital Universitaire Necker-Enfants Malades 

and our center.  

The clinical phenotype of our CSNB patients was different than described earlier, including 

ciliary body hypoplasia with lens luxation and early cataracts. Also, from the electrophysiological 

point of view, we noted a peculiar full-field ERG appearance, suggestive of all-bipolar cell 

dysfunction, never described before. These clinical findings perfectly match observations on 

existing Vsx2 knock-out animal models. 

This work is published in JAMA Ophthalmology[175]. It was also presented as poster at 

ARVO 2022 meeting in Denver, USA and as an oral presentation at ISCEV 2022 meeting in 

Liverpool, UK.  

  



118 
 



119 
 



120 
 



121 
 



122 
 



123 
 



124 
 



125 
 



126 
 



127 
 



128 
 

 

 

 



129 
 

4. Novel gene defect identification and characterization in F4752 with North Carolina 

Macular Dystrophy 

WGS was applied to F4752 (Fig.25) with North Carolina Macular Dystrophy (NCMD, 

MIM# 136550) (GENMED project, investigated at the Centre National de Recherche en 

Génomique Humaine (CNRGH), Institut de Biologie François Jacob, CEA, Université Paris 

Saclay, Evry, France).  

 
Figure 25. Pedigree of F4752 with North Carolina Macular Dystrophy 

First, in collaboration with the bioinformatic engineer from our team, Julien Navarro, we 

analyzed the WGS data for known IRD genes and there were no variants found to co-segregate 

with the disease. Subsequently, we analyzed three known loci of NCMD (MCDR1 locus, involving 

PRDM13 and CCNC and three point variants V1-3; MCDR3 in 5p15-p13, between IRX1 and 

ADAMTS16). The MCDR1 locus was additionally explored by qPCR and Sanger sequencing. This 

revealed no known or novel variants in these studied regions. Then filtering was open to all ultra-

rare variants found by WGS.   

 

Subsequently, we found a novel heterozygous 1.57 Mb duplication which co-segregated with 

the disease in this family. The duplicated sequence included 15 genes (Gene Distiller: 

http://www.genedistiller.org/  and Genome Browser: https://genome.ucsc.edu/ ), among them 4  

pseudo-genes and 4 genes coding for miRNA. This region lacks known genes associated with IRD.  

 

We used 3 of 15 genes to validate the duplication by qPCR (Fig.26). The junctions were 

amplified by PCR and sequenced. The duplicated sequence was unchanged (i.e. 

insertions/deletions of supplementary nucleotides on the boundaries and inversion of duplicated 

fragments were absent). 

http://www.genedistiller.org/
https://genome.ucsc.edu/
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Figure 26. qPCR on chosen 3 of 12 genes inside and 2 chosen genes outside the duplication. All 

patients affected by NCMD (highlighted with a star)  harbour this duplication in heterozygous 

state. 

Querying the human, mouse and human retinal organoid transcriptomic databases, the best 

expression predictions were obtained for a gene we subsequently called AZDINE7: it was predicted 

to be expressed in mouse and human retina and more specifically in rod and cone photoreceptors, 

bipolar and amacrine cells (Fig.27).   

 
Figure 27. Predictions for retinal expression of AZDINE7. A. Roska database 

(http://www.fmi.ch/roska.data/). Azdine7 is predicted to be expressed in the inner retinal layers 

http://www.fmi.ch/roska.data/
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(bipolar, amacrine and Müller cells). B. Single bipolar cell enriched transcriptomic database 

(Single Cell Portal (broadinstitute.org)). The highest levels of transcription are observed in 

amacrine and various types of bipolar cells. C. In-house rd1 mouse retina transcriptome database. 

The relative levels of transcription of AZdine7 are increasing over time in an age dependent rod-

photoreceptor degenerative mouse model, suggesting an enriched inner retinal expression. D. 

Human Normal Retinal Transcriptome database 

(https://oculargenomics.meei.harvard.edu/retinal-transcriptome/). High levels of AZDINE7 

expression are present in the human retina. E. Single-cell transcriptomic data in normal human 

retina (https://www.proteinatlas.org/ ) are suggestive of expression in inner retinal layers, 

photoreceptors and in Müller glia.  F. RetSeq Nrl mouse database 

(https://retseq.nei.nih.gov/retseqvis.jsp). The relative levels of transcription of AZdine7 are 

decreasing over time in rod-photoreceptor degenerative mouse model (in yellow), suggesting 

retinal expression (in pink – expression in wt mice). 

AZDINE7 encodes a known modulator of the cell cycle, a part of ubiquitin-ligase complex 

which triggers proteasome degradation of cell cycle check-point proteins, finally down-regulating 

cell proliferation. Its localization is mainly nuclear. 

 

RNA in situ hybridization on mouse retina sections of reveled AZdine7 transcript in nuclei 

of all retinal layers, with a slightly stronger staining in the INL, where the nuclei of bipolar and 

amacrine cells are located. These findings are in accordance with the transcriptome datasets 

(Fig.28).  

 

 
Figure 28. In situ RNA hybridization with AZdine7 exon 9_10 probes. Intense staining at the level 

of INL and GCL with antisense probe, suggestive of AZdine7 mRNA presence. Light microscopy, 

x20. Scale bar: 100µm. 

Immuno histofluorescence studies with a commercially available anti-AZDINE7 antibody 

on mouse retina sections revealed an intense staining in the INL and the external limiting 

membrane (ELM). Co-localization studies with antibodies directed towards specific retinal cell 

markers (anti-SOX9 and anti-Glutamine synthetase) showed that AZIDINE7 co-localized mostly 

with Müller cells (both cell bodies and expansions (Figs.29 and 30).  

 

https://singlecell.broadinstitute.org/single_cell
https://oculargenomics.meei.harvard.edu/retinal-transcriptome/
https://www.proteinatlas.org/
https://retseq.nei.nih.gov/retseqvis.jsp
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Figure 29. Immuno-histo-fluorescence on mouse retina. Co-staining with anti-AZdine7 and anti-

glutamine-synthetase. Confocal microscopy, 3-images stack, x40. 

 

Figure 30. Immuno histofluorescence on mouse retina. Staining with anti-AZdine7 and anti-

Sox9. Due to the nature of the antibodies (same host), only separate staining could be done. 

Nevertheless, the images are suggestive of Muller cell staining with both antibodies. Fluorescent 

epimicroscopy, x40. 

Immuno histofluorescence studies with the same commercially available anti-AZDINE7 

antibody used above but now on human retina sections were different. All retinal layers were 

stained with a perinuclear localization of the signal (Fig.31).  
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Figure 31. Immuno-histo-fluorescence on human retina. Anti-AZdine 7 staining in all nucleated 

layers, perinuclear. Confocal microscopy, 3-images stack, x63. 

Further functional studies (RNA extraction from lymphocytes with subsequent rtqPCR; 

fibroblast culture; induced pluripotent cell production and differentiation into retinal organoids) 

need to be performed to validate this novel candidate gene.  
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Discussion and perspectives.  

 

1. Deep phenotyping, phenotype-genotype correlations and natural history studies 

Exact and in-depth description of IRD symptoms and clinical manifestations provide a basis 

for their correct molecular diagnosis. The vast majority of IRD are rare diseases and their 

phenotypic spectrum is yet to be reported. Specific traits on functional retinal studies, fundus 

examination and retinal imaging will allow the clinician to class the IRD into a big nosological 

group and sometimes even to pinpoint a specific gene defect, if the phenotype is highly specific 

and recognizable ((e.g. pathognomonic ERG[176]).  

One of the goals of IRD studies is this precise phenotyping allowing to distill those specific 

and recognizable traits of retinal degenerations in order to guide the genotyping. In many cases, 

molecular diagnosis could be obtained by inexpensive direct Sanger sequencing of suspected 

candidate gene.  

Phenotype-genotype correlations are helpful in deciphering of mechanisms involved in the 

pathogenesis of IRD, dependent on the type of variants, their localization in the DNA sequence, 

their influence on splicing and transcription. Moreover, knowledge of the spectrum of IRD is 

useful for prognosis and for research of systemic non ocular manifestations. In my thesis, I 

described 15 cases of exclusive ocular involvement in a gene previously linked with systemic 

severe neuro-degenerative disease, neuronal ceroid lipofuscinosis[161]. The presence of isolated 

ocular involvement in multisystemic disorder-linked genes is a challenging question, raising some 

ethical concerns. How far should we clinically explore our patients? Should we announce the 

possibility of a second-organ involvement or should we wait and see for clinical signs, as there is 

usually no specific therapy to prevent the degeneration? These questions would need to be 

addressed by further studies of patient experience and acceptance in genetic counselling[177,178].  

Major advances in the study of IRDs have placed efforts to develop treatments for these 

blinding conditions at the forefront of the emerging field of precision medicine. Natural history 

studies in IRD are highly relevant, as they provide the basis for therapeutic approaches and allow 

indirect comparison intervention/sham in diseases with very low incidence. In addition, the choice 

and constitution of the correct control group is an issue. It could also guide the choice for 

meaningful outcome measures in therapeutic trials[179]. They are also important in order to know 

the rate of progression in a given IRD, that can help in planning of visual aids and occupational 

therapy in visually challenged patients. 

 

2. Identification of gene defects in IRD 

Since the discovery of the first retinal disease gene[180], more than 300 different genes and 

loci mutated in patients with IRD have been characterized or mapped. 

There is an unmet need for ascertaining the genetic cause of IRD, as the participation in 

emerging clinical trials are usually gene-dependent, whether or not interventions are gene-

specific[181]. Several therapies that are and will be developed in the next years are gene-, or even 

mutation-specific[182,183], emphasizing the importance for patients to receive a molecular 

diagnosis. 

To increase the chance to identify disease-causing variants in a candidate gene, a clear 

phenotypic description and information about other family members are essential. Indeed, this can 
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help to identify gene defects in complex phenotypes, as in our patient with RBP4-linked fundus 

albipunctatus[170]. 

Classically, positional cloning as determined by linkage analysis has been used effectively, 

though this generally requires the availability of large families or a large set of families in which 

the same locus is involved. Linkage studies were also performed using microarrays that test single 

nucleotide variants (SNVs) spread across the genome. The search for IRD-associated variants in 

genes encoding proteins with known functions (candidate gene approach) in the retina has been 

very successful as well[107]. 

High throughput sequencing, using targeted NGS panels, WES and WGS, rapidly became 

the most promising approaches to identify novel and known gene defects associated with IRD, 

correlate genotype-phenotype, resolve complex traits and lead to a better understanding of retinal 

physiology and physiopathology. 

Targeted NGS panels allow to genetically solve about 60-80% of IRD patients, depending 

on the “entry phenotype” and the number of genes included in the panel[110,184–187]. The 

targeted IRD panel developed at the Institut de la Vision[110] in its current version (Tab.5) allows 

the identification of causative variants in 75% of RCD cases, as it is shown in the present work. 

The current IRD targeted NGS panel used in Institut de la Vision was conceived for the 

analysis of all types of IRD. As RCD is the most frequent form of IRD[64] and at the same time 

IRD usually lacking specific clinical traits to guess the causative gene defect, the vast majority of 

patients explored in this study were affected with non-syndromic RCD (87,2% of samples). I did 

not report on the other forms of IRD analyzed on our NGS panel (ACL, COD/CORD, MD, 

syndromic forms of IRD) as there was only a limited number of cases, not representative of IRD-

department recruitment. 

Genetic landscape in solved cases of RCD is in line with data reported in other Western 

Europe IRD studies. In AD RCD cases, variants in splicing factor genes (namely PRPF3, PRPF4, 

PRPF6, PRPF8, PRPF31 and SNRNP200) were the most frequent (nearly 25% of AD RP cases), 

as reported in Belgium[188], British[189] and Chinese[190] cohorts. “Top 5” genes in AD RP in 

our practice are RHO, RP1, PRPH2, PRPF31 and PRPF8. In AR RCD cases, “top 5” are USH2A 

(23% in our cohort), EYS (11%) followed by PDE6B and PDE6A, then CRB1. USH2A and EYS 

are the most frequent genes linked with AR RCD worldwide[184,185,191,192]. 

In cases unsolved by targeted NGS (25% in this study), WES and WGS increase the chance 

to identify the causative gene defect. When possible, the optimal configuration would be to 

perform WES/WGS on trio: the two unaffected parents and their affected child in AR IRD, two 

affected and one unaffected sibling in AD IRD. Larger families with multiple affected members 

can also provide more genetic data to analyze and to filter stringently ant thus improve the 

identification of novel gene defects.  

A previous PhD student, Cécile Méjécase, analyzed WES data from 43 unrelated families 

and found a gene defect in 7 of them. She pointed a candidate gene for 7 additional families. The 

strategy of analysis was implemented by re-alignement to hg19 and variant calling and annotation 

using the up-to-date databases through a bioinformatic pipeline developed in collaboration with 

the bioinformatic engineer from our team, Julien Navarro. In this stringent filtering, we added the 

coverage of a larger splice site region (+/- 25 nucleotides to the exon-intron junction), where 

variants may have been overlooked in our previous filtering. It enabled me to find a non-canonical 

splice site variant in TULP1 (c.1496-6C>A) in one family. Non-canonical splice site and deep 
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intronic variants are a frequent cause of missed gene defects in IRD[193]. I found hypomorphic 

variants in genes usually linked with multiorgan disorders: HGSNAT and IDUA in two additional 

families. These findings reinforce  the presence of the large clinical spectrum and extreme 

phenotypic variability of IRD. Biologists interpreting wide-genome sequencing data should be 

aware of this possibility and ought not to rule out genes linked with systemic multiorgan disorders, 

as the retinal involvement could be an inconstant part of it, as for example in 

mucopolysaccharidoses[151–153]. Pangenomic studies produce a wide range of unsolicited 

findings, i.e. predispositions for diseases that exceed the diagnostic question. Genetic counselling 

in such cases should be made with caution, personalized and context-dependent[178] with repeated 

clinical work-up. However, ethical questions remains regarding the disclosure of genetic 

information. 

3. Candidate genes and novel mechanisms in inherited retinal disorder field 

The candidate gene approach (i.e., the search for IRD-associated variants in genes encoding 

proteins with known functions in the retina) has been very successful. In the era of –omics 

(genomics, transcriptomics, proteomics, metabolomics, interactomics), multiple databases are 

freely accessible and provide efficient information to have a body of evidence to corroborate 

candidate genes. Our conventional strategy is based on deep phenotyping, stringent filtering, 

pathogenic mechanism predictions, tissue expression, known or predicted protein domains, 

localization, function and disease modelling. 

To identify “the” disease causing variant among thousands of variants, stringent filtering is 

applied considering the mode of inheritance, the frequency of identified variants in the general 

population and sub-populations, pathogenic predictions based on conservation and chemical 

properties of the variants. In addition, different databases are queried to check if a candidate is 

expressed in the eye (https://www.proteinatlas.org/), in human retina 

(https://oculargenomics.meei.harvard.edu/retinal-transcriptome/), in photoreceptors[121,135] and 

in different retinal cell subtypes[118,134]. Other transcriptomic databases/open datasets exist 

based on single cell RNA sequencing in mouse retina[137] 

(https://portals.broadinstitute.org/single_cell/study/retinal-bipolar-neurondrop-seq) or in retinal 

organoids derived from human embryonic pluripotent stem cells[194], which can also be 

informative. In the later, it is possible to follow retinal expression over the course of differentiation 

of retinal organoids in specific retinal cells.  

Several bioinformatics tools exist to pinpoint to different protein domains and functions, to 

the subcellular protein localization, proteome and interactomes analyses (ExPASy: 

https://www.expasy.org/; STRING database: https://string-db.org/)[195]. This “database” 

approach was used in my work to identify candidate gene in a family with North Carolina Macular 

Dystrophy (cf. Results, paragraph 4).  

The bioinformatic evidence must be corroborated experimentally. The challenging part here 

is to use the best model. Human retina is obviously the best option to perform expression studies 

and immunolocalization or western blot experiments, but this tissue is also the most difficult to 

obtain. Mouse tissues are more accessible and often represent a good alternative due to ortholog 

genes and proteins, showing 80% identity with human tissues[196]. However, care should be taken 

in inferring results from mouse retinal expression experiments to human pathology. Indeed, in our 

candidate for NCMD (AZINE7), intense immunostaining of Müller cells was obtained in mouse 

retina. Indeed, in human retina the staining was perinuclear and ubiquitous, more consistent with 

https://www.proteinatlas.org/
https://oculargenomics.meei.harvard.edu/retinal-transcriptome/
https://portals.broadinstitute.org/single_cell/study/retinal-bipolar-neurondrop-seq
https://www.expasy.org/
https://string-db.org/
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in-situ hybridization experiments. The same unspecific and misleading mouse Müller cell staining 

had been previously observed when GPR179 was first described and studied by our 

team[112,140]. 

If the protein is secreted into body fluids, western blot offers a good way of identifying the 

functional consequence of a gene defect. Using this technique, we showed that a nonsense variant 

in RBP4 led to the absence of protein from a blood sample of a patient with a fundus albipunctatus-

like phenotype, showing no variant in the usual associated genes (i.e.  RDH5 and RLBP1). In this 

case, deciphering the molecular mechanism gave way to a possible treatment strategy[170].   

The disease-mechanism(s) linked to identified variants in the affected tissue must also be 

examined. Due to difficulties obtaining the affected retinal tissues, there is a need to develop 

relevant models to functionally characterize newly identified defects. Mammalian cell lines can be 

used to overexpress the wild-type or the mutated form of the protein and subcellular localization 

can be studied: mislocalization of the mutated form can be observed and may explain the retinal 

phenotype[140]. For splice site variants, different approaches can be applied. When the gene of 

interest is expressed in blood cells and/or skin fibroblasts, RT-PCR experiments can be performed 

from these sample to confirm the predicted splice effect of the splice site variant. Alternatively, 

mini-gene approaches can be performed in a cellular model and may reveal altered splicing[193]. 

If the expression profile of a given gene is retina only, retinal organoids obtained from induced 

pluripotent cells may be used to perform transcriptomic studies and immunostaining of candidate 

proteins and/or proteomic analyses. Disease-modelling using retinal organoids is a powerful 

approach to mimic the phenotype observed in patients[197], but has its inherent limitations (it is 

an expensive, laborious and long process: approximately nine months needed to obtain 

photoreceptors[198]).  

Animal models may also be helpful in studying pathogenic mechanisms of retinal 

degeneration. Several animal mutant models are naturally occurring. On the other hand, animals 

can be genetically modified, by introducing the mutation (knock in), or by completely or partially 

knocking down its expression (knock out or down respectively)[199]. Comparing phenotypes of 

existing animal models with a known gene defect and subsequent screening of the respective 

candidate gene enabled the identification of many genes associated with IRD. In this respect, we 

reported a peculiar CSNB phenotype of patients harboring VSX2 variants and ocular findings in 

attenuated Or mouse[200] (cf. Results, paragraph 3.5). Animal models have also some limitations, 

in particular due to the different retinal organization in mammalian species. Mouse models are less 

suited to study macular degeneration and COD/CORD modelling, as there is no macula and fewer 

cones in mouse retinas. Mongolian gerbil could be a good candidate in these disorders, as the 

retinal organization is closer to human[201]. Primate modeling is potentially a best choice but is 

expensive and subject to multiple legal restrictions.      

4. Novel strategies in inherited retinal disorder gene defect identification  

Known genes. The identification of gene defects by targeted NGS panel reached probably 

the highest level of resolution currently, ranging between 60 and 80%[184,185,191,202,203], 

which is also their limit of variant detection. In our team, we applied a sequential approach to 

identify disease-causing variants. After screening for RPGR-ORF15 defects by direct Sanger 

sequencing, we perform NGS covering exons and flanking intronic regions from 123 to 351 genes 
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known to be associated with IRD. The resolution rate is 75%, as shown in this study. However, 

25% of patients remain unsolved. 

The next step of our approach is WES/WGS in informative families. A previous PhD 

student, Cécile Méjécase, showed that WES applied to unsolved families gave 16% uplift in 

diagnostic yield. WGS can improve it up to 30%[204]. 

Where do the remaining gene defects reside? This missing inheritance may be explained by 

novel gene defects, by overlooked copy number variations or complex structural variants, by 

variants in intronic or regulatory regions or represent synonymous variants with unexpected 

functional consequences[193,205]. Several emerging strategies could be helpful to increase the 

level of gene defect identification: 

- Novel algorithms for bioinformatic analysis of raw sequencing data, enabling better 

identification of structural variants[206–208]. In this respect, we found 2 novel multiexon 

deletions in TTLL5 in patients with COD/CORD and analyzed the possible mechanisms 

leading to the deletion [173]. This option could be applied to all sequencing data, including 

old samples. It is important to “return” and reanalyze data of unsolved cases with novel 

tools. We reanalyzed unsolved WES cases and solved three additional families. 

- Long-read sequencing strategies (e.g. nanopore sequencing[209]), with the potential to 

unravel complex structural variants through a more accurate sequence alignment 

[210,211]; 

- Hi-C, a high-throughput genomic and epigenomic technique allowing the capture of 

chromatin three-dimensional conformation may deliver data on complex epigenetic 

interactions. This strategy was recently able to resolve the presume pathogenic mechanism 

underlying RP17 [108] and contributed to the emerging notion of enhanceropathies[212].  

Novel genes. After a “boom” of IRD-associated genes discovery in the 1990s – beginning of 

the 2000s, we are currently assisting at a general slowdown in novel gene identification. Major 

genes involved in retinal structure and function have already been reported and we are now 

reaching a plateau (Fig.32).  

 
Figure 32. Annual rate of gene identification in IRD since 1980. There is a general slowdown 

since 2016. Adapted from RetNet (https://sph.uth.edu/retnet/sum-dis.htm#A-genes) 

 

https://sph.uth.edu/retnet/sum-dis.htm#A-genes
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The strategies of novel gene identification in IRD are impeded by the small number of 

families which could be gathered to provide evidence for the  pathogenicity of novel candidates. 

Recent discoveries usually report small pedigrees with a limited number of cases[213,214]. We 

faced the same issue reporting VSX2 implication in CSNB with only 3 patients from 2 distinct 

families. International collaborative initiatives may be important in this instance.  To facilitate the 

identification of additional cases with a variant in rarely mutated genes, for instance, the European 

retinal disease consortium (ERDC, https://www.erdc.info /) or GeneMatcher 

(https://genematcher.org/) regularly publish the list of candidate genes and provide the possibility 

to contact researchers/clinicians. 

There is also currently a general enthusiasm in the scientific and medical community 

working with IRD around gene therapy. Recent advances in biotechnology allowed the 

development of Luxturna®[215] for the treatment of RPE65-associated IRD and Lumevox®[216] 

for Leber Hereditary Optic Neuropathy. Multiple promising new drugs are under phase 2/3 trials. 

This topic is beyond the scope of this thesis but it outlines the importance of improving our current 

knowledge of IRD genetic to provide a better/faster access for IRD patients to treatment 

innovation. 

In conclusion, high throughput sequencing technologies (targeted NGS, WES, WGS), 

remains an unfailing and endless source to identify novel gene defects associated with IRD, open 

the way to deepen genotype-phenotype correlations in IRD cohorts and to resolve complex traits. 

Ultimately, it will lead to a better understanding of retinal physiology and physiopathology and 

pave the way for exciting bench-to-bedside research.  
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Abstract 

Inherited retinal degenerations (IRD) are a clinically and genetically heterogeneous group of stationary and 

progressive diseases, affecting vision. These diseases affect approximately 4.5 million people worldwide. The goal of 

this thesis was to identify known and novel gene defects associated with IRD in a cohort of patients followed at the 

national reference center for rare ocular diseases of the Centre Hospitalier National d’Ophtalmologie des Quinze-

Vingts through targeted next generation sequencing (NGS), whole exome sequencing (WES) and whole genome 

sequencing (WGS) analyses, with subsequent functional studies to better understand the associated disease 

mechanisms. Specific genotype-phenotype correlations in IRD patients were performed. A cohort of 768 index cases 

have been analyzed on targeted NGS panel including 351 known and candidate genes of IRD. Isolated rod-cone 

dystrophy (RCD) was a major phenotype in the studied cohort (n=670, 87%). We genetically solved 75% of patients. 

The major genes underlying RCD in our cohort were USH2A, RP1 and EYS accounting for 12, 6.7 and 6.5% cases 

respectively. WES identified disease causing variants in TULP1, HGSNAT, IDUA. WGS identified a novel duplication 

co-segregating with the phenotype of North Carolina Macular Dystrophy. We reported known and novel phenotype-

genotype correlations in patients harboring known and novel TTLL5 gene defects; in fifteen patients with isolated 

RCD harboring biallelic variants in CLN3, a gene previously linked with syndromic neurodegenerative disorder and 

an unusual retinal phenotype amenable to oral retinol treatment in a patient harboring novel RBP4 variant. In addition, 

the retinal phenotype was reported in four patients with Usher 3 syndrome linked with CLRN1 variants.  Additionally, 

we reported a novel complex phenotype of congenital stationary night blindness with anterior segment abnormalities 

and identified underlying gene defect in VSX2 in three patients from two unrelated families. The identification of 

novel gene defects and further functional analyzes will provide a better understanding of the physiology of the retina 

and deliver the basis for novel therapeutic approaches. 

Keywords: inherited retinal dystrophies, high throughput sequencing, candidate genes, phenotype-genotype 

correlations. 

Résumé. 

Les dystrophies rétiniennes héréditaires (DRH) sont un groupe cliniquement et génétiquement hétérogène de 

maladies qui détériorent la vision. Environ 4.5 millions de personnes sont atteintes dans le monde entier. Le but de 

cette thèse était de déterminer les défauts géniques (connus et nouveaux) chez les patients atteints de DRH, suivis 

dans le Centre Hospitalier National d’Ophtalmologie des Quinze-Vingts en utilisant les technologies de séquençage 

de nouvelle génération (NGS), de séquençage d’exome (WES) et de séquençage de génome (WGS). Les études 

fonctionnelles ont été entreprises pour déchiffrer les mécanismes pathologiques associés aux variations génétiques. 

Les corrélations phénotype-génotype ont été réalisées. Une cohorte de 768 cas-index a été analysée sur le panel 

NGS comportant 351 gènes (connus et candidats) associés aux DRH. La Dystrophie rétinienne bâtonnet-cône 

(DBC) isolée était un phénotype prédominant dans la cohorte (n=670, 87%). Nous avons pu trouver les variants 

causaux chez 75% de patients. Les gènes majeurs impliqués dans DRH étaient USH2A, RP1 et EYS qui comptaient 

pour 12, 6.7 et 6.5% de cas respectivement. Par la technique de WES nous avons identifié les variants pathogènes 

dans les gènes TULP1, HGSNAT et IDUA. En utilisant la technique de WGS, nous avons identifié une nouvelle 

duplication qui ségrégait avec le phénotype dans une famille atteinte de Dystrophie Maculaire de Caroline du Nord. 

Nous avons rapporté les corrélations génotype-phénotype :  chez les patients porteurs de variants connus et 

nouveaux dans le gène TTLL5 ; dans le groupe de 15 patients atteints de DBC non-syndromique, porteurs de 

variants bialléliques dans le gène CLN3 (gène surtout connu pour une maladie neuro-dégénérative syndromique) ; 

enfin, nous avons étudié un phénotype rétinien atypique, sensible au traitement par rétinol chez un patient porteur 

d’un nouveau variant de RBP4. De même, nous avons rapporté le phénotype rétinien de 4 patients atteints du 

syndrome de Usher de type 3, lié aux variants pathogènes dans le gène CLRN1. Enfin, nous avons décrit un nouveau 

phénotype complexe d’héméralopie essentielle associée aux défauts dans le gène VSX2 dans deux familles non 

reliées. Identification de nouveaux défauts géniques et les analyses fonctionnelles subséquentes permettent de mieux 

comprendre la physiologie de la rétine et constituent une base pour des développements thérapeutiques ultérieurs.  

Mots clés : dystrophies rétiniennes héréditaires, séquençage haut débit, gènes-candidats, corrélations phénotype-

génotype  

 


