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Résumé en français 

Thérapie génique pour la rétinite pigmentaire autosomique dominante : 

réparation de l’ARN de la rhodopsine par la technologie SMaRT. 

 

Lorsque la lumière pénètre dans nos yeux, elle traverse la cornée, la pupille, le cristallin 

et le vitré avant d’atteindre la rétine qui correspond à une fine membrane de tissu nerveux 

tapissant le fond de l’œil. Constituée de cellules de maintien (cellules gliales de Müller, 

astrocytes et microglie), d’un épithélium pigmentaire et de neurones (cellules ganglionnaires, 

bipolaires, horizontales, amacrines et photorécepteurs), elle est considérée comme la partie 

neurosensorielle de l’œil. Les photons passent à travers toutes les cellules de la rétine avant 

d’être captés par les photopigments des photorécepteurs. Ces derniers vont alors transformer 

le signal lumineux en un signal électrochimique qui va être conduit à travers les neurones 

rétiniens jusqu’au cerveau où se fait l’interprétation de l’information visuelle. Il existe deux 

types de photorécepteurs, les cônes et les bâtonnets, qui nous permettent d’avoir une vision 

correcte dans une large gamme d’intensité de lumière. En effet, alors que les bâtonnets sont 

capables de détecter la présence d’un photon unique1, les cônes sont efficaces jusqu’à une 

intensité lumineuse correspondant à plus de 100millions de photons/s. Les cônes nous 

permettent également d’avoir une vision centrale précise et en couleur, alors que les bâtonnets 

sont impliqués dans la vision périphérique, uniquement en niveaux de gris. Cette différence 

de perception en couleur ou non est due à la présence de trois opsines dans les cônes, qui sont 

actives à des longueurs d’ondes différentes, alors que les bâtonnets n’en possèdent qu’une 

seule. De plus, la forte acuité visuelle obtenue au centre de la rétine s’explique par la présence 

d’une région particulière appelée macula. Celle-ci possède en son centre une structure appelée 

fovéa, uniquement composée de cônes, connectés à un nombre beaucoup plus important de 

cellules bipolaires qu’ailleurs dans la rétine. Il s’agit de l’unique région dépourvue de 

bâtonnets, qui sont environ 20 fois plus nombreux que les cônes dans le reste de la rétine.  

La dégénérescence pathologique des bâtonnets entraîne celle des cônes, générant une 

perte de vision tout d’abord périphérique évoluant vers la cécité, signes caractéristiques de la 

rétinite pigmentaire. Plus de 50 gènes des photorécepteurs et de l’épithélium pigmentaire ont 

été décrits comme pouvant être impliqués dans le développement de cette maladie 

dégénérative de la rétine, qu’il s’agisse des formes liées à l’X, autosomiques dominantes, 
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récessives, ou sporadiques. Parmi ceux-ci, le gène codant la rhodopsine2 est considéré comme 

responsable de plus de 30% des formes autosomiques dominantes. La rhodopsine (RHO) est 

la seule opsine des bâtonnets, qui associée à son chromophore, le 11-cis retinal, déclenche 

l’activation de la cascade de phototransduction en présence de photons. Il s’agit d’un 

récepteur à 7 domaines transmembranaires, couplé à une protéine G. La structure de la 

rhodopsine se compose de 3 parties principales : un domaine N-terminal qui se localise entre 

les disques des segments externes des bâtonnets, une partie intra-membranaire et un domaine 

C-terminal cytoplasmique3. Plus de 120 mutations, réparties sur l’ensemble de la protéine, ont 

été décrites comme responsables du développement d’une rétinite pigmentaire (ou dans 

quelques cas d’une cécité nocturne stationnaire congénitale) (RetNet, 

https://sph.uth.edu/retnet/). Ces mutations sont dominantes, de type gain de fonction ou à effet 

dominant négatif, ce qui signifie qu’elles apportent à la protéine de nouvelles fonctions qui 

ont un effet inverse et/ou supérieur à celles des protéines normales. Elles sont regroupées en 

six classes, en fonction de l’effet de la mutation sur la protéine4 (voir tableau ci-dessous). Les 

rétinites pigmentaires dues à une mutation de la rhodopsine, sont très hétérogènes quant à 

l’agressivité de la mutation, ainsi que le délai avant l’apparition des premiers symptômes et la 

vitesse d’évolution de la maladie. 

 

Parmi les stratégies actuellement mises en place pour traiter la rétinite pigmentaire, on 

trouve : 

- des stratégies correctrices de l’ADN ou de l’ARN lorsque le gène impliqué est 

identifié, telles que : 

• les nucléases, (méganucléases5, nucléases avec un domaine en doigt de zinc 

(ZFN)6, nucléases avec un domaine TALE (Transcription Activator Like 

Classification Comportement

Classe I Repliement normal mais pas de transport vers le segment externe

Classe II Rétention dans le réticulum endoplasmique et n'interagit pas 
facilement avec le 11-cis -retinal

Classe III Affecte l'endocytose

Classe IV N'affecte pas forcément le repliement mais perturbe la stabilité et les 
modifications post-transductionnelles de la protéine

Classe V Les mutations montrent une augmentation du taux d'activation de la 
transducine 

Classe VI Activation constitutive de la protéine, en l'absence de chromophore 
et dans le noir

Non-classées Aucune observation de défaut cellulaire ou biochimique, ou pas 
d'étude détaillée
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Effector)…) qui induisent une cassure double brin de l’ADN. La réparation de 

celle-ci permet d’éliminer la mutation après recombinaison homologue avec une 

séquence homologue normale, naturellement présente dans la cellule, ou apportée 

de façon exogène. 

• les facteurs de transcription à doigts de zinc (ZF-ATF)7, l’ARN interférence8–10 et 

les ribozymes11,12. Ces différentes approches permettent de réduire l’expression 

du gène muté (ZF-ATF) ou la dégradation des ARN messagers matures qui en 

résultent (ARNi / ribozymes). Néanmoins, ces stratégies nécessitent l’ajout d’une 

séquence codant la protéine normale, qui ne sera pas une cible du système.  

- des stratégies plus générales, visant à ralentir la dégénérescence des photorécepteurs, 

telles que l’utilisation de facteurs neurotrophiques13,14, la supplémentation en 

vitamine A/E... Ils présentent une action pléiotropique, en agissant sur plusieurs types 

cellulaires de la rétine, et permettent d’élargir la fenêtre thérapeutique en ralentissant 

la mort des photorécepteurs, mais ne stoppent pas complètement l’évolution de la 

maladie.  

- des stratégies réparatrices, telles que la greffe de cellules15–18, les approches 

optogénétiques19–22, ou encore l’implantation de rétines artificielles23,24. 

Malgré les efforts mis en œuvre pour l’élaboration de tous ces procédés, il n’existe pas 

pour le moment de traitement accessible à l’homme qui vienne à bout de la rétinite 

pigmentaire. 

L’objectif de mon projet de thèse était donc de développer une nouvelle approche pour 

prévenir le développement de la rétinite pigmentaire due à une mutation de la rhodopsine. 

Nous avons pour cela adapté la technologie SMaRT (Trans-épissage de l’ARN généré par le 

spliceosome) à la réparation de l’ARN de la rhodopsine.  

L’épissage des ARN pré-messager est un mécanisme commun aux cellules eucaryotes, 

qui intervient au cours de la maturation des ARN, et permet l’excision des séquences 

introniques25. Des séquences spécifiques présentes sur chaque intron à épisser sont reconnues 

par la machinerie du spliceosome26 (la plus grosse machinerie de la cellule) qui induit à 

travers deux réactions de transesterification la formation d’une structure en lasso qui porte 

l’intron excisé, et la séquence épissée reformée par la jonction des deux exons environnants. 

L’épissage classique se fait en cis, c’est-à-dire qu’un seul ARN pré-messager intervient dans 

la réaction. Le trans-épissage quant à lui, correspond à une réaction d’épissage entre deux 

molécules d’ARN pré-messager. Il existe naturellement chez les eucaryotes, bien que sa 

fréquence soit très faible. La technologie SMaRT s’inspire de ce mécanisme pour réparer un 
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ARN pré-messager muté à l’aide d’une molécule appelée PTM pour Pre-ARNm Trans-

splicing Molecule27. Cette molécule se compose (i) d’un domaine de fixation pour cibler 

spécifiquement l’ARN pré-messager à réparer, (ii) d’une séquence intronique permettant de 

générer la réaction d’épissage, (iii) et d’une séquence de remplacement de la séquence mutée. 

La technologie SMaRT a déjà été utilisée dans le cadre d’approches thérapeutiques ciblant par 

exemple la mucoviscidose28–31, l’hémophilie A32, l’amyotrophie spinale33–36, 

l’immunodéficience liée à l’X37… Ces études montrent des efficacités de trans-épissage très 

variables, allant d’une absence de détection in vitro de la protéine issue du trans-épissage, à 

un sauvetage du phénotype in vivo. 

Tout l’enjeu de la technologie SMaRT repose à la fois sur l’efficacité de trans-épissage 

du PTM développé et sur l’environnement dans lequel il se fait. Par exemple dans le cas de la 

rhodopsine, la toxicité et l’agressivité des mutations étant variables, le taux de trans-épissage 

requis pour avoir un effet bénéfique sur la dégénérescence des photorécepteurs peut lui aussi 

également varier.  

 

La première partie de mon projet a donc consisté à créer et tester in vitro plusieurs PTM 

afin de sélectionner celui induisant le plus fort taux de trans-épissage. Pour cela, nous avons 

tout d’abord produit 14 PTM ciblant tous 150 bases du premier intron de la rhodopsine, mais 

sur des régions différentes. Le fait de cibler le premier intron de l’ARN endogène de la 

rhodopsine permet de créer un outil capable de remplacer les exons 2, 3, 4 et 5, et donc 

d’éliminer toutes les mutations de ces exons. Nous avons déterminé l’efficacité de trans-

épissage de chacun de ces PTM dans des cellules HEK293T qui n’expriment pas la 

rhodopsine naturellement. Nous avons donc induit l’expression transitoire de la rhodopsine et 

du PTM par co-transfection de ces cellules avec les deux constructions correspondantes. La 

quantification du trans-épissage au niveau des ARN a montré un taux de 25% obtenu avec le 

PTM1. Nous avons ensuite montré que l’ajout d’un intron (endogène ou artificiel) entre deux 

exons de la séquence de remplacement du PTM augmente son efficacité. Le PTM20, qui 

correspond au PTM1 avec ajout d’un intron artificiel, permet d’obtenir un taux de trans-

épissage maximal de l’ordre de 40%. Considérant le fait que la co-transfection des deux 

constructions pourrait favoriser la proximité de l’ARN cible et du PTM et donc augmenter le 

taux de trans-épissage, nous avons créé des lignées cellulaires exprimant de façon stable la 

rhodopsine. De ce fait, seul le PTM est transfecté, et doit retrouver sa cible dans le noyau 

avant de pouvoir agir, reproduisant donc davantage les conditions d'une thérapie génique 

ciblant une cellule pathologique. Nous avons créé 4 lignées de cellules HEK293T par 
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transduction lentivirale, exprimant la rhodopsine WT (Wild-type), ou portant l’une des 

mutations P23H, R135W ou P347L. Le choix de ces mutations s’explique par plusieurs 

arguments : P23H est la plus répandue dans la population caucasienne des Etats-Unis, et 

également la plus étudiée, mais sa localisation dans l’exon 1 empêche sa réparation par notre 

système ; elle a donc uniquement servi de contrôle dans nos expériences. Les mutations 

R135W et P347L, quant à elles, sont assez répandues dans la population européenne et 

présentes chez des patients de l’hôpital des XV-XX. Une caractéristique intéressante de ces 

lignées cellulaires est que la rhodopsine va se localiser à la membrane plasmique ou être 

retenue à l’intérieur des cellules, en fonction de la mutation. Ainsi, la rhodopsine WT et 

P347L vont rejoindre la membrane plasmique, alors que la rhodopsine P23H et R135W 

restent séquestrées dans le cytoplasme des cellules. Nous avons tout d’abord quantifié la 

localisation de ces différentes formes de rhodopsine à l’aide de l’ImageStreamX, un appareil 

permettant de faire de l'imagerie en flux. Ceci nous a ensuite permis de quantifier la 

réparation de la rhodopsine par trans-épissage au niveau de la protéine, en observant la 

localisation de la rhodopsine R135W avant et après ajout du PTM. Nous avons donc 

transfecté les cellules exprimant la rhodopsine R135W avec le PTM20, et observé un retour 

partiel à la membrane du pool cellulaire de rhodopsine. Ce résultat confirme que le trans-

épissage intervient dans un modèle d’expression stable de la rhodopsine, et permet la 

production de protéines normales. L’hypothèse que la rhodopsine mutée soit synthétisée de 

manière moins efficace, ou dégradée plus rapidement que la protéine normale nous a 

également conduit à quantifier le taux de protéines avant et après ajout du PTM par western 

blot. Malheureusement, les conditions requises pour la détection de la protéine n'ont pas 

permis sa quantification de façon optimale. Cependant, cette approche nous a permis de 

mettre en évidence la production d’une rhodopsine tronquée à partir du PTM. En effet, des 

cellules HEK293T transfectées uniquement par le PTM montrent par western blot la présence 

d’une bande spécifique d’environ 20KDa contre 39KDa pour la protéine entière. Ceci sous-

entend que le PTM est assez stable dans la cellule pour être transporté dans le cytoplasme et 

possède toutes les séquences requises pour sa traduction. Cette propriété du PTM limite son 

utilisation dans un contexte thérapeutique, nous nous sommes donc attardés à essayer 

d’empêcher ce phénomène. Etant dépourvu de l’exon1, la traduction du PTM indique la 

présence, entre les exons 2 et 5, d’un ATG secondaire capable d’initier la traduction. Nous 

avons donc tout d’abord muté l’ATG suspecté d’être cet ATG secondaire, d’après la taille de 

la protéine tronquée obtenue, et la présence d’une séquence environnante proche de la 

séquence KOZAK. Nous avons également induit l’expression du PTM sous contrôle d’un 
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promoteur dépendant de la polymérase III, afin de limiter l’ajout de la coiffe, et donc 

d’empêcher la stabilisation du PTM. Néanmoins, aucune de ces deux stratégies n’a permis 

d’éliminer la production de la protéine tronquée. Nous avons alors voulu tester si ce processus  

était reproductible in vivo. Pour induire la transcription du PTM dans les photorécepteurs de 

façon spécifique, nous avons transduit les rétines avec un AAV2/8 injecté entre les 

photorécepteurs et l’épithélium pigmentaire rétinien. L’utilisation de l’AAV2/8 permet une 

transduction précise des photorécepteurs grâce au tropisme bien défini des AAV, générant 

une expression stable puisque les photorécepteurs sont des cellules post-mitotiques, sans 

intégration (pouvant induire une mutagénèse insertionnelle). De plus l’AAV étant un virus 

non pathogène et peu immunogène, il constitue le vecteur viral de choix pour notre système. 

L’analyse des protéines issues des rétines de souris invalidées pour la rhodopsine, transduites 

par l’AAV2/8 bRho-PTM20, n’a pas permis d’observer la production de protéine tronquée in 

vivo. Plusieurs hypothèses peuvent expliquer cette différence entre l’étude in vitro et l’étude 

in vivo, notamment la possibilité que les cellules HEK293T aient perdu certains mécanismes 

de surveillance et de dégradation des ARN anormaux, qui sont actifs dans les 

photorécepteurs. Ce résultat nous a encouragés vers l’étude des effets du trans-épissage in 

vivo dans un modèle murin de rétinite pigmentaire.  

Mesurer l’effet du trans-épissage in vivo nécessite la mise en place de techniques 

permettant de quantifier la dégénérescence des photorécepteurs. Alors que l’histologie 

informe sur la morphologie et la structure des cellules de la rétine, l’ERG 

(électrorétinogramme) indique leur fonctionnalité. Bien qu’indispensables, ces deux 

techniques ne permettent pas de suivre précisément l’évolution de la dégénérescence au cours 

du temps: l'ERG ne prend pas en compte la possibilité que des cellules non-fonctionnelles 

perdurent, et l'histologie n'intervient qu'au stade final de l'étude. La tomographie par 

cohérence optique (SD-OCT, pour spectral domain-optical coherence tomography) est un 

système d’imagerie non invasif basé sur un principe d’interférométrie qui permet de visualiser 

chacune des couches de la rétine. Bien que largement utilisée chez l’homme, cette technique 

génère chez le rongeur des images de qualité moyenne qui ne permettent pas de délimiter avec 

précision les couches de la rétine externe. Nous avons donc tout d’abord travaillé sur le 

traitement des images obtenues par SD-OCT, afin d’améliorer leur définition, ce qui nous a 

permis de délimiter avec précision les couches de la rétine externe. Nous avons montré que 

cette technique permet un suivi précis et fiable de la dégénérescence des photorécepteurs, en 

suivant l’évolution de l’épaisseur des couches de la rétine dans un modèle murin invalidé pour 

la rhodopsine.  
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Nous avons ensuite utilisé cette technique pour caractériser la dégénérescence des 

photorécepteurs dans notre modèle murin de rétinite pigmentaire. Les souris Rho+/- P347S 

RHO+, obtenues après croisement des souris Rho-/- avec des souris P347S RHO+/+, portent une 

copie codant pour la rhodopsine normale et l’autre pour la rhodopsine mutée, reproduisant le 

caractère hétérozygote retrouvé chez l’Homme. L’observation à l’OCT nous a permis de 

montrer une dégénérescence très rapide des photorécepteurs dans ce modèle, avec une 

disparition quasi-totale de l’ONL (couche des noyaux des photorécepteurs) à P60 (60 jours 

après la naissance). Nous avons ensuite co-injecté dans l’espace sous-rétinien de souris Rho+/- 

P347S RHO+ âgées de 23 jours, l’AAV2/8 bRho-PTM20 et l’AAV2/8 bRho-GFP dans un 

ratio 7:1.  Une semaine après l’injection, nous avons vérifié l’expression de la GFP, preuve de 

l’efficacité de transduction, et qui nous laisse supposer que le PTM20 est 7 fois plus exprimé 

que la GFP dans les cellules transduites. La quantification des ARN trans-épissés extraits des 

rétines transduites a montré que le trans-épissage avait bien lieu in vivo dans les 

photorécepteurs. Le taux de trans-épissage obtenu, d’environ 10%, correspond au trans-

épissage observé dans l’ensemble de la rétine, incluant donc les photorécepteurs qui 

expriment le PTM20, mais également tous ceux qui n’ont pas été transduits. Malgré ce 

résultat encourageant, le suivi de la dégénérescence des photorécepteurs au cours du temps, 

dans un second groupe d’animaux injectés, n’a pas permis de mettre en évidence le sauvetage 

des photorécepteurs. Nous n’avons pas observé de différences entre les animaux injectés avec 

le PTM20, et ceux injectés avec le PTM0 (contrôle négatif) ou avec la GFP seule, 30 jours 

après injection. Plusieurs hypothèses peuvent expliquer ce résultat, comme la trop faible 

efficacité du trans-épissage, qui ne permettrait pas de réparer assez de protéines pour avoir un 

effet sur le phénotype des animaux, ou bien encore la dégénérescence trop rapide du modèle 

animal utilisé, qui pourrait nécessiter une injection à un stade plus précoce afin d’obtenir un 

effet. Pour contrecarrer ce dernier point, nous avons testé les injections sous-rétiniennes à P3 

et P5 dans les animaux Rho+/- P347S RHO+. L’observation des rétines un mois après injection 

montre clairement une proportion importante de rétines endommagées, qui présentent des 

détachements rétiniens non recollés, ou encore une organisation anormale des différentes 

couches neuronales. Il semble donc que l’injection sous-rétinienne à un âge très précoce ne 

soit pas la voie d'administration du PTM la plus adaptée pour suivre l’évolution de la 

dégénérescence des photorécepteurs. Une issue possible que nous pourrons mettre en œuvre 

dans le futur serait d’injecter par voie intracardiaque au stade précoce un AVV2/9 muté, décrit 

comme capable de cibler spécifiquement les photorécepteurs quand il est associé à un 
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promoteur spécifique. De ce fait, l’AAV pourrait conduire l'expression du PTM dans les 

cellules photoréceptrices encore en développement et de façon uniforme dans toute la rétine. 

 

La réalisation de ce projet nous a permis de montrer que l’utilisation de la technologie 

SMaRT permet la réparation de l’ARN muté de la rhodopsine, sans modifier le niveau 

d’expression du gène. Dans un modèle cellulaire par co-transfection transitoire, dans une 

lignée d’expression stable de la rhodopsine, ou encore in vivo dans un modèle murin de 

rétinite pigmentaire, l’ajout du PTM dans la cellule cible induit un épissage en trans capable 

de remplacer la séquence mutée d’un certain nombre d’ARN pré-messager de la rhodopsine. 

Le taux de trans-épissage nécessaire pour stopper in vivo la dégénérescence des 

photorécepteurs n’est pas défini, et serait très certainement variable en fonction de la toxicité 

de la mutation impliquée (qui dépend de son mécanisme d’action : voir tableau précédent). 

L’enjeu de cette approche est donc d’augmenter au maximum le taux de trans-épissage, qui 

peut varier selon plusieurs facteurs comme nous avons pu le voir dans cette étude. L’un des 

facteurs déterminants pour une utilisation in vivo repose bien sûr sur l’apport de cette 

molécule dans les cellules cibles, à savoir les photorécepteurs. Certaines améliorations sont 

encore nécessaires de ce point de vue, afin d’apporter la preuve de concept dans notre modèle 

murin. De plus, une utilisation thérapeutique de cette stratégie, appliquée à l’Homme, requière 

également de vérifier certains points comme la spécificité du PTM envers la rhodopsine, et sa 

non-toxicité dans les photorécepteurs en cas d’absence de réaction avec l’ARN cible. Ainsi, 

bien qu'il reste de nombreux développements à entreprendre avant de pouvoir envisager une 

application clinique, nous avons démontré avec le présent travail que le trans-épissage est une 

stratégie très prometteuse dans la lutte contre les rétinites pigmentaires dues à une mutation de 

la rhodopsine, pour lesquelles aucun traitement n’existe à l’heure actuelle. 
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Preamble 

 

Retinitis Pigmentosa represent a group of inherited retinal degenerative diseases, which 

represents one of the most common genetic visual impairments worldwide. To date there is no 

treatment to prevent development of the disease, meaning that patients are sentenced to 

progressive vision loss, in some cases resulting in blindness. One gene, coding for rhodopsin 

and carrying at least one hundred known-point mutations, is alone responsible for more than 

30% of the autosomal dominant forms. Consequently several strategies targeting rhodopsin 

mutations are in progress today, in order to prevent or delay this retinal disorder. While such 

projects present interesting data, most of them are mutation-dependent and/or present 

potential off-target and toxicity side effects and/or do not respect the endogenous level of 

rhodopsin expression that can also be deleterious for the retina.  

 

Having identified these limitations, the purpose of my PhD project was thus to develop a 

new strategy to repair rhodopsin mutations, with the advantage of being able to target the 

biggest number of mutations with only one tool and of respecting the physiological 

expression level of the gene. The technology that I used was based on a rare but natural event 

in humans, called “trans-splicing”. 

 

To place my PhD project in context, I will firstly introduce you some general knowledge 

about the eye and the vision process paying particular attention to the photoreceptors, as these 

cells are primarily affected in retinitis pigmentosa. Then I will identify characteristics of 

retinitis pigmentosa, in terms of clinical symptoms, treatments and genetic involvement of 

rhodopsin, whose characteristics will be exposed in details, with a particular emphasis on its 

function, its structure and the mutations leading to the disease. In the second part, we will 

address strategies that are currently being developed to cope with rhodopsin mutations. I will 

then introduce trans-splicing in the third part, which is the strategy that we chose to develop 

in my PhD project. I will first of all cover the more classical cis-splicing in a cellular context, 

discussing the steps and regulation involved in this mechanism, before mentioning natural 

cases of trans-splicing and how researchers have commandeered this process to create 

SMaRT (Spliceosome Mediated RNA Trans-splicing) technology. I will summarize current 
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approaches using this technique, its characteristics and how to improve this method. The 

fourth part of my introduction will review viral vectors commonly used in gene therapies for 

ocular diseases, specifically AAV (Adeno-Associated Virus) vectors, which are the most 

popular in this field, and that we chose to transport the SMaRT molecule developed in my 

project. To finish, because each new therapeutic approach needs to be tested in biological 

models before clinical trials can commence in humans, we will address existing cellular and 

animal models of rhodopsin expression or mutated rhodopsin-induced RP. 	
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I. Retinitis pigmentosa induced by rhodopsin mutation 

I.1. Eye and vision 

I.1.a. Generalities 

Vision is one of our most important senses, allowing us to move in space, to distinguish 

faces and objects, and perceive the world around us. Photons constitute the light stimulus that 

are detected by our eyes, caught by the retina, transformed to an electrochemical signal and 

transmitted to the brain for its interpretation. From the visible part of the eye to its deepest 

structure (Figure 1), the light penetrates into the eye through the cornea, a clear and curved 

layer that protects it from physical damage and bacterial aggression. Then, the amount of light 

penetrating the eye is modulated by the dilatation or the constriction of the pupil, the central 

opening of the iris, which depends on the action of the papillary sphincter muscle and 

dilatator muscle respectively. The iris thus acts as a diaphragm and gives the color to the eye. 

The light then runs through the lens that acts like a thin biconvex capsule, able to change its 

shape through the action of the ciliary muscles, to focus the light onto the retina. Behind the 

lens stands the vitreous, a viscous transparent substance that participates in the maintenance 

of the intra-ocular pressure. Finally, photons are caught by the retina, the neuro-sensorial part 

of the eye. After signal transformation and processing by nerve impulses into the retina 

(described below) visual information is interpreted by the visual cortex, after its transit 

through the lateral geniculate nucleus (Figure 2). Due to the neuronal nature of most retinal 

cells and the presence of structures similar to those found in the brain such as the blood brain 

barrier, the eye is considered an extension of the brain, and a part of the central nervous 

system.  

I.1.b. The retina 

The neuroretina, composed of photoreceptors, horizontal cells, bipolar cells, amacrine 

cells and ganglion cells (Figure 3), is the essential tissue for the capture and transmission of 

the visual information. When photons enter into the eye, they pass through the retina and are 

captured by rod and cone photoreceptors, which transform them to an electrochemical signal, 

itself transmitted to bipolar cells. These last cells extend the signal transmission to ganglion 

cells, whose fibers form the optic nerve that drives the information into the visual cortex. 

Amacrine cells and horizontal cells participate in visual information processing by permitting 



 
 

Figure 1: Schematic representation of the human eye. 
When a photon enters into the eye, it goes across the cornea, the aqueous humor, the pupil, the lens 
and the vitreous before reaching the retina. Adapted from virtualmedicalcentre.com. 
 
 
 

 
 

Figure 2: The visual information pathway from eyes to visual cortex. 
A visual signal reaches the primary visual cortex from the eye, through the optic nerve, the optic 
chiasm, the optic tract, the lateral geniculate nucleus and the optic radiation. 
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a better propagation of the signal and improve contrast and definition of the visual stimuli, for 

example by lateral inhibition.   

The neuroretina would not be efficient without the presence of Müller cells, astrocytes 

and microglial cells, which represent the glial cells of the retina and contribute to maintaining 

the structure of this tissue. Last but not least of the retinal cells are those of the retinal 

pigment epithelium, which have many important functions, including recycling of 11-cis-

retinal, absorption of scattered light, providing photoreceptors with nutrients and oxygen, and 

phagocytosis of damaged photoreceptor outer segments.   

All these cells are organized in strata, the retina can be divided in 10 layers (Figure 3), 

from the vitreous to the choroid (i.e. from the inner to the outer retina): 

" The inner limiting membrane, a basal membrane composed of proteins from the 

extracellular matrix and feet of Müller glial cells, 

" The optic nerve fiber layer, constituted of the axons of ganglion cells, which gather to 

form the optic nerve, 

" The ganglion cell layer, represented by the cell body of ganglion cells, 

" The inner plexiform layer, which is an entanglement of axons and dendrites of 

ganglion, amacrine and bipolar cells, 

" The inner nuclear layer, which contains the cell bodies of bipolar, amacrine, horizontal 

and Müller cells, 

" The outer plexiform layer, composed of axons and dendrites of bipolar and horizontal 

cells and photoreceptors,  

" The outer nuclear layer (ONL), formed by the nuclei of photoreceptors (PR), 

" The outer limiting membrane, which is a “zonula adherens”, a region of adherence 

between two cell types, here between PR and Müller glial cells, 

" The segments of the PR, constituted of inner and outer segments (IS-OS), 

" The retinal pigment epithelium (RPE) composed of cells of the same name. 

I.1.c. Human photoreceptors 

Two types of PR are present in the retina: cones and rods, which take their names from 

their shapes (Figure 4). They are made up of  (i) a synaptic terminal connected to bipolar and 

horizontal cells, (ii) a cell body that contains the nucleus, (iii) an IS where metabolism, 

biosynthesis and endocytosis take place, explaining the presence of numerous mitochondria at 

this level, (iv) a connecting cilium, the bridge between segments, which shares morphology 

and composition of a primary cilia, and (v) an OS, composed of around 1000 flattened, 



 

Figure 3: Schematic representation of retina layers. 
Name of each retinal cells are indicated on the right, and denomination of retina layers on the left. 
Adapted from Swaroop et al., Nature Reviews Neuroscience, 2010. 

 

 

Figure 4: Structure of cone and rod photoreceptors. 
Photoreceptors are composed of three main parts: a somato-dendritic compartment, an inner and an 
outer segment. Adapted from visualdictionaryonline.com 
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lamellar-shaped membrane discs38, which considerably increase the total membrane surface of 

the cell. These very specific structures mainly contain opsins, light-sensitive molecules that 

are involved in the first step of the phototransduction cascade that transforms the light 

stimulus in an electrochemical signal. 

Cones and rods are both distributed quite uniformly on the surface of the retina, except in 

one particular region specific to humans and other higher primates, the macula. The macula is 

localized in the central retina, where cones are the majority PR. The central part of the macula 

is the fovea and is exclusively composed of cones (Figure 5), it represents the region where 

the acuity is maximal. Cones are thus essential to visual acuity, but require normal or high-

light conditions. In humans and some primates, each cone synthesizes one of the three cone 

opsins that possess maximal absorption at different wavelengths of light: (i) long wavelength 

sensitive opsin (OPN1LW) detects photons in the red region of the visible light spectrum, (ii) 

middle wavelength sensitive opsin (OPN1MW) for the green region of the spectrum, (iii) and 

short wavelength sensitive opsin (OPN1SW) for the blue region of the spectrum. These three 

kinds of proteins allow color vision, which is totally created by the brain, after combinatorial 

analysis of the input sent by these cells.  

In the other hand, rods are implicated in dim-light, and peripheral vision. They are the 

most numerous cells in our retina, counting for around 60 million per retina, nearly twenty 

times more represented than cones39. Rods contain only one kind of opsin, called rhodopsin, 

which represent more than 90% of rod OS proteins and absorbs light maximally at 495nm. 

While cones continue to function at more than one hundred million photons per second, rods 

saturate at several thousand photons, but the high density of rhodopsin combined with its 

sensitivity allows the retina to detect a single photon1. This important difference between rods 

and cones concerning the amount of light required to induce a response, allows to the retina to 

cover a large range of light intensities. Rods are PR required for dim-light, peripheral and 

high-sensibility vision, while cones are involved in normal or high light, acute, central and 

color vision. 

PR present a hazardous environment, resulting from a high exposure to light and a strong 

presence of free radicals due to their high oxygen consumption, but because these cells are 

post-mitotic neurons, they have developed a unique mechanism, to avoid damage. Indeed, PR 

and more precisely OS are continuously regenerated. Around 10% of OS disks are 

phagocytosed in a circadian manner every day by the RPE, and immediately replaced by new 

components produced at the base of the OS40, which necessitates the synthesis of up to 10^7 

new molecules of rhodopsin/OS/day. 



 

 

 

 

 

 

 

 

 
Figure 5: Representation of cones and rods repartition on the human retina. 

Rods represent the majority of retinal photoreceptors. They are absent from only two distinct regions: 
the fovea where cones are the only photoreceptors, and the optic disc, the blind point of the eye, which 
corresponds to the head of the optic nerve. 
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I.2. Retinitis pigmentosa 

Retinitis pigmentosa (RP) make up a heterogeneous group of inherited retinal 

degenerative disorders, firstly characterized by a loss of scotopic vision associated to a mid 

peripheral visual field failure and usually followed by a central vision loss, leading to 

blindness. A particularity of this disease is its very important heterogeneity in terms of 

severity, evolution speed, age of onset and gene mutation, which makes of it a complex 

disease to study. Although	
   considered	
   as	
   a	
   rare	
   disease	
   due	
   to	
   the	
   small	
   number	
   of	
  

patients	
  for	
  each	
  gene,	
  the overall prevalence of RP is around 1 in 4000, making it one of the 

most common causes of visual impairment in all age groups, and the most prevalent among 

the working population in developed countries41. 

I.2.a. Remodeling of the retina and clinical manifestations 

The retinal degeneration observed in RP is primarily due to the death of rod PR, which is 

then followed by the death of cone PR. The first observation is the shortening of the rod OS, 

often associated to connecting cilium dysfunction and sprouting of rod neurites, which 

appears before the apoptotic death of the cell. Cones then follow the same fate, but this is not 

the only cell lineage to be affected; the subretinal space disappears, due to the migration of 

RPE cells toward the inner side of the retina, the choriocapillaris (the vascular network 

located under the retina and responsible for providing oxygen and nutrients to the RPE/PR 

layers) degenerates and Müller cells enter in an active gliosis phase42. The culmination of all 

these phenomena lead to the outer retinal degeneration that causes the vision loss.  

Patients with RP firstly present a defective dark adaptation, accompanied by mid-

peripheral vision loss. These two symptoms are due to the death of rods and constitute the 

firsts manifestations of the disease that are often hardly noticeable by the affected individuals. 

The course of the disease leads more or less rapidly to constriction of the visual field, which 

occurs when most of rods have degenerated. Central visual acuity is often preserved until later 

stages of the disease, even if cones are also partly damaged. 

RP is mainly diagnosed by observation of the fundus appearance, and functional testing 

of the retina. Some changes are often observed in the fundus, but are not specific to RP, like 

arteriolar narrowing, retinal vessel attenuation, waxy pallor of the optic nerve, posterior 

subcapsular cataracts, dust-like particles in the vitreous, white dots deep in the retina…43 The 

most famous and typical modification observed in RP, giving its name to the disease, is the 

loss of pigment from the RPE, which form intraretinal clumps of melanin that appear like 
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black spots on the retina (Figure 6). Optical Coherence Tomography (OCT) can also be used 

to measure retinal thickness and thus follow the degeneration course. It consists in an 

interferometric technique, typically employing near-infrared light, to penetrate deeply into 

tissues. It captures micrometer-resolution images, which allow identification of each layer of 

the retina with RP patients presenting a reduction in thickness of ONL and PR segments 

layers.   

In addition to these purely descriptive aspects, functional criteria also participate to RP 

diagnosis. Testing of the visual field is used to determine presence of scotomas (blind spots) 

corresponding to regions where PR have degenerated. Electroretinograms (ERG) are also very 

informative regarding the functional state of PR. After dark-adaptation, electrical potentials in 

response to light are recorded by electrodes placed in contact with the cornea. Dim-light 

stimulation allows measurement of the rod efficiency, and cone function is measured in 

normal light conditions. Electrical signals are representative of the general state of the retina 

(focal ERG) or a particular region of this one (multifocal ERG). Patients with RP present rod 

and cone delayed responses with reduced amplitudes (Figure 7). 

I.2.b. Genetic involvement  

RP can be syndromic44 (affecting other neurosensory systems or even systemic, affecting 

multiple tissues), or non-syndromic (affecting only vision). About 20-30% of RP patients 

present syndromic RP, listed in more than 30 syndromes, which associate non-ocular 

disorders, including: 

" Usher syndrome, which represents 10-20% of RP, and is characterized by hearing 

loss45, 

" Bardet-Bield syndrome46,47, in which RP is variably associated with obesity, cognitive 

impairment, polydactyly, hypogenitalism and retinal disease, accounts for 5-6% of RP cases. 

" And many other rare syndromes including: 

- Refsum’s disease48, in which RP is systematically associated with anosmia and 

often other variable symptoms, 

- Bassen-Kornzweig syndrome, caused by abetalipoproteinaemia49, inducing among 

other symptoms: balance and coordination difficulties, developmental delay, muscle 

weakness… 

- α-tocopherol transport protein deficiency50, causing ataxia with vitamin E 

deficiency. 

In non-syndromic forms, RP is genetically heterogeneous, including autosomal dominant, 



 
 

 
 

Figure 6: Fundi of a healthy individual (left) and a patient with retinitis pigmentosa (right). 
In the image of the diseased eye, optic-disc pallor, attenuated retinal arterioles, and peripheral 
intraretinal pigment deposits in a bone-spicule configuration are seen. Extracted from Hartong et al., 
The Lancet, 2006. 
 

 

 

 

Figure 7: ERG responses from a healthy individual and a patient with early autosomal-
dominant retinitis pigmentosa. 

RP=retinitis pigmentosa. a=a wave. b=b wave. Vertical dotted lines (left and centre columns) and 
vertical shock artifacts (right column) represent stimuli. Arrows indicate response times (called 
implicit times). Extracted from Hartong et al., The Lancet, 2006. 
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autosomal recessive, X-linked, sporadic and very rare digenic forms. Autosomal dominant RP 

(adRP) is the most common form of the disease with a prevalence of around 20% as 

documented in the literature. There is great heterogeneity regarding the degeneration speed 

and impact on the retina depending on the gene and the mutation implicated, knowing that 25 

genes have been associated to adRP43 to date (RetNet, https://sph.uth.edu/retnet/) (Figure 8) 

with environmental factors also affecting outcomes. Genes already characterized in adRP 

mainly encode for proteins involved in phototransduction, visual cycle, PR structure or gene 

expression, but more surprisingly, there is also an important group of genes that encode for 

proteins implicated in splicing function (PrpF group) and there is no real evidence to date 

explaining precisely why a mutation on a ubiquitous protein, induces damages only in the eye. 

Moreover, the involved gene remains unknown in more than 40% of cases. In 1989, the 

rhodopsin gene (RHO)2 was for the first time found to be linked to adRP by MacWilliam and 

co-workers51. To date, RHO has been the gene most frequently implicated in adRP with a 

proportion of 30 to 40% of total adRP occurrences. More than one hundred point mutations of 

RHO directly associated to adRP have been described, each one being sufficient to develop 

the disease. 

I.3. Rhodopsin 

I.3.a. Rhodopsin synthesis, function and visual cycle 

While there are three different opsins in cone cells, the RHO gene encodes the only opsin 

of rod cells. It is firstly synthesized and post-translationally modified by N-Glycosylation into 

the rough endoplasmic reticulum. After its transport to the Golgi apparatus, proteins are 

assembled into vesicles, to be exported from the IS through the connecting cilium to attain the 

OS, where rhodopsin proteins (RHO) are directly integrated into newly synthesized disc 

membranes. RHO is a G protein-coupled receptor, with 7 trans-membrane domains, which 

must be associated to the 11-cis-retinal chromophore, a derivative of vitamin A, to be 

functional. This molecule is covalently bound via a protonated Schiff base to the polypeptide 

chain of RHO, creating the photopigment of the rods. When the light enters into the retina, 

photons are absorbed by the 11-cis-retinal, driving to its isomerization to all-trans-retinal 

isomer. This reaction is the first step of the activation of phototransduction cascade (Figure 9), 

which transforms the light stimulus caught by the retina into an electrochemical signal that 

will be transmitted toward the brain. Firstly, some modifications on RHO structure appear, 

leading to core opening, which permit identification of metarhodopsin I then II52. As an 



 
Figure 8: Genes associated with autosomal dominant retinitis pigmentosa (adRP). 

Adapted from sph.uth.edu/retnet/ and Fahim et al., GeneReviews, 1993. 
 
 

 

 

 

 

 

 

Figure 9: The phototransduction cascade in rod cells. 
In the dark, opsin is bound to 11-cis-retinal to form inactive rhodopsin (R) in the disc membranes. 
Basal activity of the guanylyl cyclase (GC) keeps cGMP levels high. The binding of Ca2+-bound 
calmodulin (CaM) confers high affinity for cGMP to cGMP-gated channels in the plasma membrane, 
allowing these channels to remain open. Both Na+ and Ca2+ enter the channels resulting in high Ca2+ 
levels and Ca2+-bound guanylate cyclase-activating protein (GCAP). Light (hv) results in 
photoisomerization of 11-cis-retinal to all-trans-retinal, forming activated rhodopsin (R*), which binds 
and activates the heterotrimeric G protein, transducin (αβγ). The GTP-bound transducin α subunit 
activates cGMP phosphodiesterase (PDE), which hydrolyzes cGMP to GMP, reducing the cGMP 
concentration and the binding of cGMP to the cGMP-gated channel. The probability of channel 
closing increases proportional to light intensity, reducing Ca2+ influx. Intracellular Ca2+ is further 
depleted by activity of the Na+-Ca2+, K+ exchanger. Low intracellular Ca2+ leads to active GCAP, 
which in turn activates GC to synthesize cGMP from GTP supplied by the guanine nucleotide cycle. 
This comprises guanylate kinase (GK) and nucleoside diphosphate kinase (NDPK). Release of Ca2+ 

from CaM leads to its dissociation from the cGMP-gated channels conferring a lower affinity for 
cGMP and further cloruse of the channels. Extracted from mutagenetix.utsouthwestern.edu 
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activated G-protein coupled receptor, metarhodopsin II then activates transducin, a trimeric G 

protein, composed of α, β and γ subunits. The activation of transducin induces the exchange 

of a guanosine diphosphate for a guanosine triphosphate (GTP) and the subsequent 

dissociation of transducin α-subunit-GTP from the rest of the complex. Transducin α-subunit-

GTP in turn allows the activation of the phosphodiesterase. This last step transforms the 

cyclic	
  guanosine	
  monophosphate (cGMP) present in rods into GMP, leading to closure of 

cGMP-gated Na+/Ca2+ membrane channels. Finally, this disruption in exchanges across the 

membrane promotes its hyperpolarization stopping glutamate release. Indeed, in a basal state, 

i.e. without light stimulus, glutamate is released and PR are depolarized; while light stimuli 

induce an hyperpolarization. Once activated, RHO also becomes the target of the kinase 

arrestin, which initiates and completes its inhibition. After a period of time, this complex 

dissociates, and RHO is dephosphorylated by a phosphatase. RHO is thus available again to 

bind 11-cis-retinal and to react to light-exposure after about 400s53. On its side, all-trans-

retinal is regenerated to be available again for binding to opsin by a series of reactions taking 

place both in the PR and the RPE cells, and which bear the name of "visual or retinoid 

cycle"54.  

I.3.b. Structure of rhodopsin 

As in all G protein-coupled receptors, RHO possesses a seven α-helical trans-membrane 

architecture, which varies in length from 20 to 33 residues. The trans-membrane region 

represents about 65% of the protein, while the rest of the amino acids are quite equally 

distributed in the N-terminal region located inside the discs, and the cytoplasmic C-terminal 

region (Figure 10).3 

RHO presents a highly conserved sequence between mammalian species, with around 

95% of amino acid sequence that is common from human to mouse, rabbit and rat (NCBI). 

The 37 first amino acids constitute the amino terminal domain, which is co-

translationally acetylated and glycosylated in the endoplasmic reticulum at two asparagine 

residues (Asn2 and Asn15). These modifications seems to be essential to folding and/or 

insertion of the protein to the membrane52. Amino acids 38 to 311 form the seven trans-

membrane helices and intra or extra-cellular loops between each of them. This sequence 

includes a disulfide bond necessary for the correct formation of the tertiary structure of the 

protein at the level of the retinal chromophore binding site (Lys 296) and transducin binding 

regions. The last part of RHO is the cytoplasmic carboxyl-terminus domain including two 



 
 

 

 

 

 

 

 

 
Figure 10: Organization of rhodopsin structure. 

Rhodopsin is a 7 α-helical trans-membrane G protein-coupled receptor, with a cytoplasmic C-terminal 
domain and a N-terminal domain located between discs of rod photoreceptor outer segments. 
Extracted from Hargrave, FASEB, 1992. 
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palmitoyl cysteine residues and a sequence of nine amino acids comprising several serine and 

threonine, which can be phosphorylated, creating a binding domain of arrestin52. The fifth last 

amino acids constitute the QVAPA domain, which is the autonomous OS-targeting signal, 

and is therefore essential to the transport of RHO to the OS55. 

I.3.c. Rhodopsin mutations and consequences 

More than 120 point-mutations have been described in RHO, each one leading to retinal 

degeneration, most of the time adRP, but also sometimes autosomal recessive RP or 

congenital stationary night blindness. These mutations are quite homogeneously distributed 

on RHO. The P23H mutation is the most frequent mutation in US Caucasians with a 

prevalence of about 10% of adRP patients (RetNet, https://sph.uth.edu/retnet/), while P347L 

and R135W are frequent mutations in European population56. 

Among numerous existing classifications that ordered RHO mutations, I choose to follow 

those of Mendes et al.4. This classification divides RHO mutations in 6 classes based on the 

cellular dysfunction and described in Table 1. 

Concerning the properties of these mutations, the fact that homozygous RHO-knockout 

mice present an almost complete loss of PR after 90 post-natal days while heterozygous ones 

showed only a mild PR degeneration57, suggests that RHO mutations should be dominant-

negative or gain-of-function mutations. Added to this is the wide description of gain-of-

function mechanisms that have been observed to date, one can in particular mention: 

" The unfolded protein response (UPR) activation. The UPR or ER stress is partially 

mediated by accumulation of mis-folded proteins. In RP cases, class II RHO mutations 

(including P23H) have been described to be retained in the ER in cellular models58,59, 

inducing the UPR activation60,61, which can lead to cell death by apoptosis. This could be an 

explanation for PR degeneration, but this observation is still under debate in the in vivo 

context62,63.    

" The aggresome formation. Several studies show in cellular models that class II RHO 

mutants (including P23H) develop a capacity to aggregate as a gain-of-function64,65. 

Aggresomes are pericentriolar inclusion bodies into which aggregated proteins are 

sequestered by active retrograde transport on microtubules. By creating aggresomes, RHO 

mutants could lead to a generalized impairment of the ubiquitin proteasome system and 

suggests a mechanism by which PR death might be induced. 

" Disruption of the post-Golgi traffic and OS targeting. Class I RHO mutants (including 

Q344Ter and P347L/S) present a defective or absent QVAPA domain, which is essential for a 



 
 
 
 
 
 
 
 

 
 

 

 
 
 

 
Table 1: Classification of rhodopsin mutations. 

Adapted from Mendes et al., TRENDS in Molecular Medicine, 2005. 

Classification Behaviour Site of point mutation Misfolds

Class I Fold normally but are not transported to the outer 
segment L328, T342, Q344, V345, A346, P347 No

Class II Are retained in the ER and cannot easily 
reconstitute with 11-cis-retinal

T17, P23, G51, T58, V87, G89, G106, C110, L125, A164, C167, 
P171, Y178, E181, G182, C187, G188, D190, H211, C222, P267, 

S270, K296
Yes

Class III Affect endocytosis R135 No

Class IV Do not necessarily affect folding but affect rod-
opsin stability and posttranslational modification T4 No

Class V Mutations show increased activation rate for 
transducin M44, V137 No

Class VI Show constitutive activation of opsin in the 
absence of chromophore and in the dark G90, T94, A292, No

Unclassified No observed biochemical or cellular defect or not 
studied in detail

N15, Q28, L40, F45, L46, P53, G109, G114, S127, L131, Y136, 
C140, E150, P170, G174, P180, Q184, S186, T193, M207, V209, 

P215, M216, F220, E249, G284, T289, S297, E341
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properly targeting to the PR-OS. These mutants are thus retained into others compartments of 

the cell55,66, and by this way should induce PR death by interfering with cellular processes or 

submerging the normal vesicular traffic machinery. 

" Abnormal arrestin binding and impaired endocytic activity. Mutations at the R135 

residue that constitutes the class III mutants, recruit arrestin in the absence of 11-cis-retinal, 

and the complex formed by the two proteins might alter the morphology of endosomal 

compartments and damage receptor-mediated endocytic functions67. 

" Constitutive or dys-regulated activation. Several mutations have been described to 

generate a constitutively active RHO, for example a mutation on lysine 296 (class II) that is 

the chromophore binding site. These mutants are suspected to be more or less directly linked 

to PR degeneration68,69. 

" Structural instability within the OS. As discussed previously, a lot of RHO mutations 

are not correctly folded and/or addressed to PR-OS, creating instability of the protein in the 

cell, and instability of the OS structure. Indeed, because RHO is essential to OS formation and 

maintenance57,70, mutations can lead to default in OS formation or degradation of OS, which 

can induced PR death. 

Some of these studies suggest that RHO mutants (including P23H) can also have a 

dominant-negative effect on WT proteins by disturbing its post-translational maturation, by 

retaining it in aggresomes, by amplifying its proteasome-mediated degradation and steady-

state ubiquitination. Dominant-negative and gain-of-function effects are not exclusive and can 

also act in concert leading to PR death. 

This heterogeneity in RHO mutations, concerning their localization on the gene sequence 

and their potential mechanism of action highlights the obvious difficulty in finding a global 

treatment effective for all these mutations, except in the case of developing a single tool able 

to replace the mutated rhodopsin gene in all the affected cells.   

I.4. Treatments of RP 

I.4.a. General current treatments of RP 

All approaches that are currently developed to avoid progression of RP can be classified 

in three groups depending on the progress of the disease: 

" Before the degeneration of PR and in the case of identification of the responsible 

genetic factor, strategies of gene replacement or nucleic acid correction can be promoted, to 
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prevent establishment of the disease. The most accomplished therapy by gene replacement 

developed for an eye-disease to date has been done in RPE cells, and is for Leber Congenital 

Amaurosis, a severe form of RP affecting children (exposed in details in part IV.2.b). Gene 

replacement is efficient for recessive diseases, for which it is sufficient to restore the 

expression of the normal gene, but this is usually not the case in the context of a dominant 

mutation. In this case, nucleic acid corrections are required (these strategies will be developed 

in part II).   

" If only few rods have degenerated, the other cells may be saved by neuroprotective 

treatments: 

- Neurotrophic factors. Numerous proof-of-concept of therapeutic efficiency of 

neurotrophic factors have been demonstrated in in vivo models of RP13,71,72, but they delay 

degeneration more than they prevent the disease. Nonetheless, they can be used to enlarge the 

therapeutic window. One of the advantages of this type of treatment is its non-specificity with 

regards to the disease-responsible gene. An intraocular implant secreting ciliary neurotrophic 

factor (CNTF)14 is currently in Phase II/III clinical trials for RP and Age-related Macular 

Degeneration73. Nevertheless, the results of these clinical trials do not support a beneficial 

effect on PR function. Moreover, neurotrophic factors are often pleiotropic and might have 

other effects on the retina that could question their long-term use.  

- Vitamin A and/or vitamin E supplementation. Oral vitamin A and/or E 

supplements can have beneficial effects on the natural course of RP (observation of slower 

declines of ERG amplitudes compared to untreated patients). However, clinical measures 

such as visual acuity and visual field appear unaffected by supplementation. Vitamin E seems 

to presents a significant negative effect at higher doses74 and vitamin A had potentially 

dangerous side effects for older and pregnant patients 75–77. These treatments both require a 

regular monitoring of patients. 

- Docosahexaenoic acid. This omega-3 fatty acid is highly enriched in PR 

membranes and it thus suspected to be important for PR function. Even if relationship exists 

between concentration of docosahexaenoic acid in red-blood cells and RP course, a benefit of 

its supplementation has not been demonstrated78. 

- Lutein. A phase I/II clinical study showed a significant effect on visual field, and 

might improve visual acuity, but have no effect on contrast sensitivity79. Associated with 

vitamin A, Lutein supplementation showed a slower loss of mid-peripheral visual field on 

average among nonsmoking adults with RP. 
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" When all rods have degenerated, several more general therapeutic strategies are 

currently being developed: 

- Cell therapy, by transplantation of stem cells, for replacement of lost PR15–18 

and/or RPE80.  

- Treatment of remaining cones with Rod-derived Cone Viability Factors 

(RdCVFs) to prevent cone degeneration81,82. 

- Optogenetic approaches that aim at rendering non PR-retinal neurons light-

sensitive. One can thus envisioned to transform bipolar19,20 or ganglion cells into PR, or even 

to re-sensitize cones to light after degeneration of their segments21, 

- Artificial retinal implants, that can electrically stimulate the remaining part of the 

retina 23,24. 

 Despite promising results, none of these approaches are able to definitively cure RP. 

I.4.b. Treatments of RP in the particular case of RHO mutation 

Because RHO mutations have either gain-of-function properties or dominant-negative 

effect (see part I.3.c), it is very difficult to prevent disease progression only by re-introduction 

of WT proteins. Nevertheless, it has been found to be surprisingly efficient in case of P23H 

mutation83, however this strategy is not applicable to the majority of RP-induced RHO 

mutations.  

Several groups have tried to prevent RP by targeting rhodopsin gene or RNA. At DNA 

level, Zinc Finger Artificial Transcription Factor (ZF-ATF) reduce WT and mutant RHO 

expression, and Zinc Finger Nuclease (ZFN) can partially induce the repair of DNA 

sequences. 

At RNA level, RNA interference coupled or not to a "silencing-resistant" wild type RHO 

sequence has shown efficiency on RHO knock-down and interesting results on disease course. 

In the same objective, the use of ribozymes has given proof of therapeutic efficiency in in 

vitro and in vivo models. All these techniques, adapted to RHO mutations will be discussed in 

details in the following section. 

In the particular case of class II RHO mutants, such as P23H, which present mis-folding 

and seem to be involved in UPR and ER stress, some studies have demonstrated a potential 

therapeutic value of retinoid and chaperone expression on reducing these cellular mechanisms 

and RP slow down84–87, certainly by reducing PR apoptosis. Because these mechanisms are 

not all specific to RHO, it is necessary to take into account that modifying these pathways 

could have unwanted side effects on the cell. 
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II. Current strategies to prevent mutant rhodopsin 
expression  

II.1. Rhodopsin DNA sequence correction 

II.1.a. DNA repair by Homologous Recombination (HR)   

To date a lot of strategies are used to silence or modify the expression of a target gene, 

but those that are developed in order to repair the mutated sequence are relatively rare. DNA 

corrective strategies are all based on the use of HR.  

DNA is permanently exposed to endogenous and exogenous factors that can create 

Double Strand Break (DSB), including for example: nucleases and metabolic products such as 

reactive oxygen species, ionizing radiation, ultraviolet light, chemical agents used in anti-

cancer therapy. Even physical stress during mitosis is suspected to be involved in DSB. DSB 

are also induced more “willingly” by the cell, for example for genetic mixing and proper 

chromosome segregation during meiosis88,89. To repair these DSB, the cell machinery uses 

two main mechanisms: HR and Non Homologous End Joining (NHEJ). NHEJ naturally 

ligates two broken ends together. It has frequently been considered as the error-prone DSB-

repair pathway that generates small insertions or deletions.  However, the error rate is only 

about 10-3 per joining event between fully compatible DSB ends90. Unlike NHEJ, HR 

provides a modified homologue sequence that facilitates recombination at the broken site, and 

allow the replacement of the mutated sequence by the normal one (or vice versa)91,92 (Figure 

11). HR occurs in three steps: (i) the resection of the DNA 5’end, (ii) strand invasion into a 

homologous DNA duplex and strand exchange, and (iii) resolution of recombination 

intermediates.  

II.1.b. HR-induced endonucleases  

HR naturally only occurs at a rate of 10-6, as a result different kinds of endonucleases 

have been developed and engineered to stimulate this mechanism by creating DSB and to 

bring a more important specificity to the reaction93,94. Among them, Meganucleases, Zinc 

Finger nucleases (ZFN), Transcription Activator Like Effector nucleases (TALEN), and 

Clustered Regulatory Interspaced Short Palindromic Repeats (CRISPR) systems will be 

described, due to their involvement in past or ongoing studies in RHO repair strategies. 



 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 11: Steps of double strand break (DSB) repair by homologous recombination (HR). 
Extracted from Christian Biertümpfel illustration at Max Planck institute of biochemistry. 
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" Meganucleases, also called homing endonucleases. The Meganuclease family gathers 

5 classes based on structures and sequences: LAGLIDADG, GIY-YIG, HNH, His-Cys box 

and PD-(D/E)XK95. The first one is the most common and the most described in the literature, 

generally encoded in introns or inteins. These proteins, naturally present in all kingdoms of 

life, cut double strand DNA with a great specificity due to a large recognition site ranging 

from 12 to 40 bp. The obvious drawback of natural Meganucleases is the requirement to have 

a cleavage site near the region of interest, which is naturally extremely rare because of the 

great specificity of their recognition site and the small natural repertoire of Meganucleases 

which is around 300 proteins, most of them being still uncharacterized96. Nevertheless, it is 

possible to create artificial Meganucleases by, for instance, fusing domains of several proteins 

(also called domain swapping) or mutating specific residues95, but efforts are still required to 

obtain an artificial Meganuclease for each target site, that also conserves the specificity and 

efficiency of the natural ones. 

Concerning RHO, Cellectis has filed a patent on a batch of Meganuclease variants 

cleaving a DNA target sequence from RHO (number of patent: WO2011141825 A1). 

Moreover, Chan et al.5 have already demonstrated the efficiency of Meganuclease cleavage in 

PR in vivo, after transduction with a recombinant AAV encoding the Meganuclease. 

Unfortunately there is no natural Meganuclease cleavage site in the rhodopsin gene and they 

had to introduce one in their model. Nevertheless, they highlight the potential of HR repair in 

post-mitotic cells, even without introducing a DNA sequence to correct the DSB. They 

therefore suggested engineering a Zinc-Finger Nuclease, in order to cleave specifically RHO 

and to promote DSB repair by HR with the help of a non mutated RHO sequence also brought 

into the cell by gene transfer. 

" Zinc Finger Nucleases (Figure 12). ZFN represent the first group of engineered 

nucleases composed of a sequence-specific DNA-binding domain fused to a nonspecific DNA 

cleavage module. The first one is usually composed of several zinc-finger units, each one 

containing about 30 amino acids, in a ββα configuration, with some amino acids in contact 

with 3-4 bases of the target DNA sequence. It is possible to obtain a more specific molecule 

by gathering several zinc finger motifs, usually at least six are used to recognize a sequence of 

18 bp. The DNA cleavage module is usually that of a FokI endonuclease. ZFN are active as a 

dimer, with two zinc finger binding sites separated by a 5-7bp sequence, containing the 

cleavage site of FokI97.  

In 2010, Greenwald et al. established the first use of a ZFN for a retinal disease gene, by 

engineering a ZFN designed to bind and cleave a sequence of the human RHO, associated to 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 12: Engineered nucleases developed to induce a DSB in DNA sequence. 
The first generation of engineered nucleases--zinc finger nucleases (ZFNs)--have successfully 
implemented the power of genome engineering in various cells and organisms. Recently, new 
generations of engineered nucleases--TAL effector nucleases (TALENs) and RNA-Guided 
ENdonucleases (RGENs)/Cas9 nucleases--have been developed, leading to the expansion of 
applications in research and industry. Extracted from http://www.toolgen.com. 
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an ectopic donor DNA fragment homologous to the human RHO sequence, and modified to 

be insensitive to the ZFN 6. They showed in P23H HEK cell lines that the ZFN correctly 

cleaved RHO, and induced an increase of 11.7 fold of HR. ZFN could thus be a good strategy 

to repair mutations on RHO, taking into account that more than 120 mutations have been 

described to date. Only one RHO-specific ZFN may be sufficient, but only if the frequency of 

the induced HR does not dramatically decrease with the increase in distance from the DSB.  

Moreover, these approaches usually still induce off-target effects, such as unspecific 

cleavage sites, that can be toxic for the cell. Another drawback is the fact that conventional 

DNA or RNA-based methods for delivering ZFN into the cell (using viral vectors) are 

restricted to certain cell types, and can induce side effect like insertional mutagenesis, 

toxicity, and low efficiency97. Direct delivery of ZFN into the cell can be a solution but 

requires a good control of the cell targeting.  

" Transcription Activator Like Effector Nucleases (Figure 12). TALE proteins have 

been discovered more recently, and are naturally expressed by Xanthomonas bacteria. TALE 

proteins possess DNA-binding domains composed of a series of about 30 repeat domains of 

33-35 amino-acid-sequence-motifs, each one containing 2 hypervariable residues that 

recognize a single base pair. Like ZF domains, TALE proteins can be associated to 

endonucleases, recombinases, transposases, to name a few in the same way. TALEN are 

active as dimers, and often coupled with a FokI endonuclease domain, to promote cleavage of 

the DNA targeted at the spacer sequence between the two TALE DNA binding domains97.  

Despite the fact that TALEN opens the door to an alternative platform for engineering 

DNA-binding proteins more easily, this technology presents two other new drawbacks, firstly 

the necessity to start the binding site with a T base, and secondly the difficulty inherent in 

cloning TALE repeated sequences. Moreover, TALEN possess too many repeated sequences 

to be delivered by lentiviral transduction, being subject of rearrangements, and their large size 

preclude their delivery by AAV vectors. 

" Clustered Regulatory Interspaced Short Palindromic Repeats system (also called 

RNA-Guided Endonucleases) (Figure 12). CRISPR systems arose in bacteria as a kind of 

immunity against foreign DNA from phages and plasmids98. Indeed, short sequences of 

foreign DNA called spacers, are introduced into the host genome at the CRISPR loci, before 

being transcribed and processed into short CRISPR RNA (crRNA).  These last ones enable 

the silencing of foreign DNA, by its cleavage after the recruitment of CRISPR associated 

(Cas) proteins99. This is thus a programmable RNA-guided DNA endonuclease that requires 

co-delivery of plasmid encoding a Cas endonuclease (Cas9 is the simplest system often used), 
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and the crRNA components97. While this technology presents an interesting potential method 

to manipulate expression100,101, numerous studies are ongoing to evaluate the utility of this 

system, including potential off-target effects. 

One of the major drawbacks of all these strategies based on HR, is the necessity to bring 

into the cell the modified enzyme able to induce the DSB, also in addition to the correct 

homologous sequence to repair the targeted gene. The fact that two elements have to be 

introduced into the cell can represent a brake in term of the delivery method. Furthermore, in 

order to reduce possible off-target effects, it will be interesting to limit the duration of 

meganuclease expression in targeted cells, but while it is easily conceivable in mitotic cells, 

systems for transient expression in post-mitotic cells in vivo still need to be improved. 

Because nucleases can induce potentially toxic DNA double-strand breaks in the cell, and 

because this methodology requires the proper functioning of HR in the target cell, which is 

variable upon cell cycle, recombinases and transposases have been fused to ZF or TALE 

domains, allowing site-specific DNA integration, excision and inversion. Nonetheless, these 

new technologies require improvement in performance and flexibility of these enzymes102,103. 

II.2. Silencing of mutant gene expression coupled to expression 
of a normal copy  

II.2.a. Zinc Finger - Artificial Transcription Factors (ZF-ATF) 

As described previously, Zinc Finger DNA binding domains can be linked to enzymatic 

proteins such as nucleases, recombinases, transposases and so forth (See part II.1.b) but these 

binding motifs can also be used to specifically repress or activate gene transcription by 

coupling with a transcription factor. Indeed, the Zinc Finger DNA binding domain allows 

binding to a target promoter, and the transcription factor can then modify its activity, and thus 

repress or increase the expression of a specific gene. Several activator and repressor domains 

have already been described and are routinely used in ZF-ATF104. 

Mussolino et al.7 engineered a Zing finger based mutation-independent approach to 

repress human RHO expression in a P347S+/- humanized mouse model. They simulated a two-

step repression replacement method, with the silencing of RHO expression by an AAV vector 

on one hand and gene replacement on the other. In their study, they considered that the gene 

replacement function, which is to produce expression equivalent to a normal gene copy, is 

done by the endogenous mouse rhodopsin genes (Rho). They demonstrated the efficiency of 

ZF-transcriptional repressor on human RHO, with a decrease of RHO expression, and a 
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slowdown of PR degeneration. Nevertheless, the method has now to be tested in a 

heterozygous context, with a normal human allele and a mutant one, in a mouse knockout 

background model. Moreover, they only evaluated potential toxicity by histology and ERG, 

but they did not verify the absence of off-target by analyzing gene expression on DNA chips 

for example. 

Generally, a particular difficulty of this strategy is to correctly design Zing Finger 

binding domains, to allow their binding on a promoter, meaning that accessibility of the 

sequence and chromatin state have to be taking into account (by in silico studies or nucleases 

tests conducted prior, for example). 

II.2.b. RNA interference 

RNA interference (RNAi) is a well-conserved gene-defense mechanism across model 

organisms, already observed in plants105,106, but firstly described as RNAi by Andrew Fire and 

Creg Mello, in C. elegans in 1988107. It is based on the repression of gene expression by a 

short antisense RNA involved in transcriptional gene silencing at least in yeast108, but has 

been described in all organisms including mammals, to induce degradation of a targeted 

endogenous RNA, or to inhibit its translation by post-transcriptional gene silencing109.  

Among the expansive world of non-coding regulatory RNA, two pathways are to date 

widely described in animals: short interfering RNA (siRNA) and micro RNA (miRNA). The 

first ones are derived from viral infection or transcription of transposable elements and are 

formed from long double-stranded RNA molecules, while the second ones are triggered by 

long, single-stranded RNA sequences that fold into hairpin structures110. Following the 

transcription of the dsRNA and its export to the cytoplasm, the siRNA pathway includes 

support by an enzyme called Dicer, which cut the RNA into a small molecule of around 21 to 

23 nucleotides with a 3’overhangs of 2 nucleotides (this molecule corresponds to the siRNA). 

This step induces the formation of the RNAi-induced silencing complex (RISC) by recruiting, 

among others, Argonaute proteins. RISC separates the two strands of the siRNA, and uses it 

to scan mRNA. After identification of a perfect matching between the siRNA-mRNA duplex, 

the targeted mRNA is cleaved inducing its degradation. The miRNA pathway shares some 

steps and factors with the siRNA one, however it requires that firstly the long miRNA 

precursor is cut by the Drosha enzyme into miRNA before its export from the nucleus. RISC 

also differs a little from that of the siRNA pathway by its composition particularly in 

Argonaute proteins. The biggest difference between the two pathways is due to the non-

perfect homology between the targeted mRNA and the miRNA. This pathway can also induce 
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significant degradation of mRNA targets despite imperfect mRNA-miRNA base-pairing, but 

mostly, it leads to repression of translation by inhibition of translation initiation, elongation, 

premature termination or cotranslational protein degradation111.  

Faced with this new natural way of gene silencing, RNAi strategy has totally exploded in 

the past two decades and has become an indispensable tool in gene function analysis. RNAi 

protocols now used in therapeutic strategies gather 3 types of molecules:  

" miRNA under the control of a polymerase II promoter. 

" chemically synthesized siRNA. These are usually administrated via cell transfection, 

meaning that they are transiently efficient.  

" short hairpin RNA (shRNA), mimic pre-miRNA, and can be stably expressed after 

stable transfection, or transduction with a gene transfer vector. Nevertheless, shRNA are 

expressed under the control of a polymerase III promoter, and skip the first steps of the RNAi 

pathway. The solution will thus to deliver shRNA into an endogenous miRNA backbone112. 

The most important drawback of RNAi is certainly the potential off-target effects, which 

can be due to (i) sequence-based homology with non-target RNA, (ii) aberrant processing of 

small RNA (iii) general cell perturbations owing to the copious presence of RNA species. 

This strong expression of small RNA can also induce cell toxicity by saturation of the 

endogenous RNAi machinery113,114. Another difficulty met in the use of RNAi is the 

incomplete understanding of the mechanism involved in this RNA-induced silencing, often 

leading to unpredictable and disappointing efficiency115–117, which vary between experiments 

and laboratories. 

 In the particular case of rhodopsin, the first RNAi was developed to silence mouse Rho in 

a mutation-independent way: after validation of shRNA efficiency to induce more stable 

silencing compared to siRNA, mutated gene replacement was designed to maintain a natural 

rhodopsin expression level118. The same group then engineered shRNA targeting human RHO 

and tested it in humanized mouse models. They demonstrated an efficiency of at least 85% 

silencing of human RHO in cells transduced by an AAV2/5 encoding the shRNA, and a 

decrease of PR degeneration by histological analysis when the shRNA was coupled in the 

AAV vector to a shRNA-insensitive codon-modified human RHO replacement cDNA, in a 

P23H RHO+/- Rho+/- mouse model119. In order to evaluate the maximal beneficial effect of 

RNAi silencing/gene replacement strategy in rhodopsin context, they also studied the effect of 

mutated RHO silencing by AAV-shRNA injection in the RHO P347S+/- Rho+/+ mouse model. 

By this way, they suppressed mutated RHO expression, and considered that mouse Rho, 
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which is not targeted by the shRNA, acts as replacement gene. They obtained a significant 

retardation of the disease, observed by histology and ERG8.  

 In parallel, to avoid the necessity of providing two molecules, an allele-dependent RNAi 

approach to specifically silence the P23H RHO allele in a rat model was also developed120. 

Nevertheless, this study did not bring convincing results, certainly due to an insufficient 

silencing rate, unable to slow PR degeneration.  

Among all these studies, the most impressive one conducted with RNAi on RHO 

mutations was certainly the report of Mao et al.9, that showed a long-term rescue (until 9 

months post-injection) of retinal structure and function by a single injection of AAV2/5 

expressing both siRNA and rhodopsin replacement gene in a P23H transgenic mouse model. 

They obtained a real beneficial effect with an ERG response at 9 months post-treatment 

reaching 80% of the a-wave and 95% of the b-wave amplitudes compared to WT mice. 

Nonetheless, it is important to take into account that the RHO expression level necessary 

to conserve healthy PR can be dramatically dependent on the RHO mutation. Indeed, delivery 

of WT RHO is sufficient to preserve retinal function in the context of a P23H mutation83, 

which is not the case for a P347S mutation. This strategy needs to be tested in other animal 

models in the hope of extending its application to all RHO mutations. Moreover, due to the 

potential off-target effects of siRNA/shRNA, and even if the choice in AAV vector serotype 

allows us to restrict targeting to a specific cell type, it should be preferable to use a specific 

pol II promoter over an ubiquitous pol III promoter as is the case here, to increase specificity 

and limit RNAi-expressing cells. This can be done for example by using a miRNA encoded in 

the 3’UTR of the replacement gene sequence. By the same way, it will be possible to keep a 

single AAV vector expressing both molecules. 

 In this objective, miRNA was also tested recently to silence RHO expression in vivo, in a 

P347S RHO context, on a Rho-/- background10. By co-injection of two AAV2/9 in a ratio 1:2, 

respectively containing the miRNA sequence and the codon-modified replacement gene, they 

observed a rescue in AAV-miRNA-injected eyes, but without significant improvement when 

co-injected with the AAV-replacement gene. Moreover, they only observed a short-term 

rescue, probably due to the choice of the AAV vector.  

 Among all these approaches, some points remain under debate, such as: 

- mutation-independent or mutation-dependent strategy. If the first one allows generalizing 

the tool to all RHO mutations, there is also a requirement to be associated to the replacement 

gene expression unlike the second strategy, because RHO haplo-insufficiency presents a less 

severe phenotype than most other RHO mutations. 
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- the use of one or two AAV vectors to vehicle RNAi and replacement gene119,121. The use of 

two distinct vectors allows manipulation of the ratio between the two molecules, but including 

the whole system in a single vector ensures that both mechanisms are co-activated in each 

targeted cell.  

II.2.c. Ribozymes 

Ribozymes gather all RNA molecules that possess a catalytic activity, highlighting the 

fact that not only proteins possess an enzymatic function (or considered as) in cells. Several 

groups have engineered new self-cleaving ribozymes from natural ribozymes present in 

different model organisms, such as self-splicing group I introns, RNase P and small RNA 

associated with plant viruses122. They are based on hairpin and hammerhead ribozymes, 

which are today the most used to specifically inhibit gene expression, due to their small size 

and their great specificity. These two groups of ribozymes require a specific folding to 

promote site-specific cleavage of a target RNA phosphodiester bond, by a transesterification 

reaction. This particular secondary structure is induced by conformational changes in the 

presence of metal ions. Indeed, the hairpin ribozyme undergoes site-specific self-cleavage in 

the presence of magnesium ions, while hammerhead ribozyme require magnesium or other 

bivalent ions (including manganese, calcium and cobalt) to promote folding and act as co-

factors123,124. Hammerhead ribozyme requires a NUX sequence in the target RNA - where N 

is any nucleotide, U an uracil and X any nucleotide except a guanine - and a catalytic 

hammerhead sequence of 21 nucleotides, while hairpin ribozyme possesses a larger catalytic 

core with 34 nucleotides, and requires more specificity, with the following recognition 

sequence: NNYNGUCNNNNNN, where N is any nucleotide, and Y is a pyrimidine125.  

In a mutation-dependent approach, Drenser et al. firstly designed hairpin and 

hammerhead ribozymes against RHO P23H mutation, and a hammerhead one against the 

S334Ter mutation126. They showed that ribozymes can actively and specifically cleave 

synthetic or full length transgenic mRNA. Nevertheless, they also demonstrated that some 

parameters can dramatically influence the cleavage potential, such as magnesium 

concentrations and of course the nature of the NUX sequence127. Then the same group128 also 

demonstrated the efficiency of their ribozyme in a P23H rat model, after AAV injection. They 

obtained a specific decrease of P23H mRNA leading to prolonged survival of PR and ERG 

responses on long-term and even with late-stage gene transfer11. Nevertheless, they also 

observed a partial rescue with inactive ribozyme that they suggested to attribute to anti-sense 

effect125. Moreover, they demonstrated that efficiency of cleavage on NUX sequences is 
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extremely variable126, whereas a selective degradation of the mutant mRNA requires the 

cleavage site at less than 4 residues away from the mutated base. This last information brings 

the proof that not all possible target sites will result in optimal cleavage, depending on the 

NUX sequence because most mutations do not create NUX target motifs and are often not 

localized in an accessible region of the RNA. The mutation-dependent approach can thus be 

used only for some cases of RHO mutations.  

In parallel, mutation-independent ribozymes were also developed to cleave rhodopsin 

mRNA in vitro, such as monomeric or multimeric hammerhead ribozymes, designed to target 

accessible regions as predicted by computer program129–131. Gorbatuyk et al.131 firstly 

obtained a clear reduction of rhodopsin mRNA and reduction of b-wave amplitudes after 

injection of the ribozyme by AAV transduction in a Rho+/- mouse model at P6. However, no 

impact on ERG was observed in the same animal model injected at one month, or on WT 

mice, even if the RHO amount was reduced. After this first proof of mutation–independent 

ribozyme efficiency in vivo, it is now necessary to combine this molecule with an untargeted 

replacement gene. To date, the only in vivo work has been done by the same team, which 

tested another more efficient ribozyme, in a P23H rat model, expressing one transgenic copy 

of a mouse mutant allele, and one copy of WT rat allele. This ribozyme targets dog, mouse 

and human rhodopsin mRNA but not the rat one. In this experiment, the untargeted normal rat 

copy simulates the effect of the replacement gene. They demonstrated a significant 

preservation (around 50%) of scotopic ERG a- and b-wave amplitudes in injected eyes, one 

month after injection12. Nevertheless, ERG response continues to decline in injected eyes at a 

parallel rate than in control eyes.  

Ribozymes have the advantage of being more specific to one mutation, because of their 

short recognition sequence. This characteristic allows easier design of a ribozyme specific to a 

mutated allele than a RNAi, with only one base difference, but also brings the drawback of 

the off-target effects. Indeed, the recognition sequence of a ribozyme is more highly 

represented in the genome than those of a RNAi.  

 

These three last strategies allow silencing of the rhodopsin gene (mutated and normal 

copies or only the mutated one), but most of the time, require the insertion of a normal RHO 

allele, rendered insensitive to silencing by modification of its nucleic acid sequence, to 

promote the expression of this essential protein for PR survival. This suggests introducing a 

silencing molecule and gene replacement in the same time, in the same cells and inducing 

both mechanisms in a relative equivalent proportion. To do that, it would be necessary to 
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express both molecules into the same AAV vector. Nevertheless, the size of both sequences, 

together with the regulatory elements is too big to be packaged in only one AAV, and the 

delivery will be a crucial point to take into account for these strategies. 
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III. Trans-splicing of rhodopsin pre-mRNA 

The approach that we have used to correct rhodopsin mutations on RNA sequence is based 

on artificially induced trans-splicing reaction. This strategy allows reducing mutant rhodopsin 

expression while restoring normal rhodopsin one, in only one reaction and with only one 

molecular tool. It is widely inspired by natural trans-splicing events that occur in the cell, a 

rarely used alternative to cis-splicing. This is therefore a strategy that deflects cis-splicing, a 

process occurring in eukaryotic cells, and discovered concomitantly to the existence of introns 

(INTragenic RegiON132) in 1976 in the transcripts of adenovirus firstly133,134, and then in 

eukaryotic coding genes135,136.  

III.1. Cis-splicing: the prototypical splice reaction 

III.1.a. Splicing is a phase of pre-mRNA maturation 

Each protein of the cell is the result of the expression of a gene, which has required three 

major steps: 

" The transcription of the gene to produce a pre-mRNA, 

" The maturation of the pre-mRNA into a mature mRNA, 

" The translation of the mature mRNA in a functional protein. 

While transcription and translation have always been considered as the two major steps in 

gene expression, maturation of pre-mRNA is also an essential process necessary for the 

transition from the first to the second. It includes 3 crucial phases: 

" Capping of the 5’ end: a cap is formed by the addition of a guanine to the terminal 

base of the transcript, via a 5’-5’ link. This action is done by a guanylyl-transferase, shortly 

after transcription initiation, when the polymerase is doing a pause around 30 nucleotides 

after the initiation site. This guanine is then most of the time monomethylated at its 7 position, 

by a guanine-7-methyltransferase. The capping influences mRNA stability by protecting its 5' 

extremity from exonucleases, its splicing, export and translation. 

" Splicing: while RNA splicing was first considered only as an intermediate in protein 

synthesis, we know today that this step is also subject to very strict regulations and permits to 

create diversity in gene expression, which will be exposed in part III.1.c. Splicing consists to 

excise intronic sequences of the pre-mRNA, conserving only exonic sequences, which are the 
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support of the genetic information that must be translated. Because a classical pre-mRNA 

includes, on average, seven or eight exons at around 100 to 200bp, spread out over 15 to 20 

kb, we can easily imagine that a very complex process is implicated in splicing to avoid 

mistakes; this one will be exposed in the following part.  

" Polyadenylation of the 3’ end: 2 sequences are essential for polyadenylation: an 

AAUAAA motif, followed by a U-rich or GU-rich element. Several complexes are associated 

with a polyadenylation mechanism, which induces the cleavage of the pre-mRNA by an 

endonuclease, then the addition of around 200 adenosine by a poly(A) polymerase. This 

poly(A) tail controls also mRNA stability, and influences translation. 

III.1.b. Steps of the splicing mechanism 

To initiate a splicing reaction, several elements are required on the pre-mRNA: 

" The 5’ donor and 3’ acceptor splice sites that constitute the two exon-intron 

boundaries. Even if there exists consensus sequences around these two sites (Figure 13), 

surprisingly, the only nucleotides that are mandatory are GU on the 5’ site (the first two 

nucleotides of the intron) and AG on the 3’ site (the last two nucleotides of the intron), 

meaning that the cell machinery is able to recognize these two pairs of nucleotides sometimes 

separated by hundreds or even thousands of bases. Because the two sites have different 

sequences, this gives the orientation of the splice reaction. These sites are generic and not 

tissue-specific. Splice signals are read in pairs and in a relatively linear order. 

" The A branch site. This is an adenosine in the RNA intron, 18 to 40 nucleotides 

upstream of the 3’ splice site. This adenosine is surrounded by a consensus sequence quite 

variable in eukaryotes, except in yeast with the following consensus sequence: UACUAAC 

where A is the branch point (BP). 

" A polypyrimidine rich sequence (PPT for PolyPyrimidine Tact), just before the 3’ 

splice site, often composed of uracil repetition. 

Splicing is realized by the biggest ribonucleic enzymatic complex of the cell, called a 

spliceosome26. Like the ribosome, the spliceosome depends on RNA-RNA interactions as 

well as protein-RNA and protein-protein interactions. It is composed of more than 40 proteins 

in small nuclear ribonucleoproteins (snRNP), 5 small nuclear RNA (snRNA), 70 splicing 

factors and at least 30 other proteins, forming a complex of about 12 megadaltons. Each 

snRNP possesses a single snRNA (that gives its name to the snRNP) and several proteins, 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 13: Human consensus sequences of 5’ and 3’ splice sites and branch point. 
Adapted from an image of Laboratoire de Génétique de Maladies Rares – Montpellier. 
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including a common structural core of eight Sm proteins. “Pre-splicing complexes” are 

sequentially assembled on the pre-mRNA to form the active final spliceosome.  

The first step of RNA splicing is the binding of U1 snRNP onto the 5’ splice site, by base 

pairing. In parallel, the branch point binding protein SF1 interacts with the branch point 

sequence, and the protein U2AF binds to the polypyrimidine tract. SR proteins, which 

constitute a group of splicing factors that possess RNA-recognition motifs, act in 

strengthening these links. This is the formation of the “commitment complex” also called the 

E complex. This step leads to the folding of the RNA, allowing interaction between all these 

factors. The following step is the addition of U2 snRNP by base pairing between U2 snRNA 

and the branch point sequence. This constitutes the A complex. The binding of a trimer 

composed of U5 and U4/U6 snRNPs (usually found as a di-snRNP) forms the B complex, 

converting to the B* complex after U1 and U4 release. This last one allows restructuring in 

some snRNP and particularly in U6 that was sequestrated by U4, and leads by this way to the 

activated state of the spliceosome, called C1 complex. The two trans-esterification reactions 

can then occur. To begin, a nucleophilic attack of the A at the branch site on the 5’ donor 

splice site creates a branched structure called the lariat, in which the 5’ end trans-esterifies to 

be linked by a 2’-5’ bond to the adenosine of the branch point. Next, under the action of the 

C2 complex, the free 3’-OH extremity, created by the first reaction, reacts with the 3’splice 

site, leading to another trans-esterification. The two exons are thus joined and the intron 

contained into the lariat is “de-branched” before being rapidly degraded25,137. A lot of splicing 

factors play a role in the successful completion of these steps. Finally RNA helicases recycle 

snRNPs for the next spliceosome assembly (Figure 14). 

While more than 98% of splice sites follow the GU-AG rule (corresponding to 5’ and 3’ 

site sequence respectively), few introns possess AU-AC sites, and are spliced by an 

alternative spliceosome, the U12 spliceosome. This minor class of introns exists in a variety 

of genomes and is often found in the same gene as major introns. The vast majority of steps 

and factors involved in splice reaction are conserved, but some differences appear: (i) 

compared to the machinery described above, the processing machinery of minor spliceosomes 

are composed of U11, U12 (which respectively replace U1 and U2), U5 (the same as in the 

major spliceosome) and U4atac and U6atac, (ii) minor introns contain a highly conserved branch 

point: UCCUUPuAPy that pairs with U12, (iii) while in major spliceosomes U1 and U2 

independently bind its paired sequences, U11 and U12 form a complex before interacting with 

the RNA sequence to splice. 



 
 

 

 

 
 

 
 

Figure 14: Step-wise assembly of the spliceosome and catalytic steps of splicing. 
Spliceosome assembly takes place at sites of transcription. The U1 and U2 small nuclear 
ribonucleoproteins (snRNPs) assemble onto the pre-mRNA in a co-transcriptional manner through 
recognition of the 5ʹ  splice site (5ʹ ss) and 3ʹ ss, which is mediated by the carboxy-terminal domain 
(CTD) of polymerase II (Pol II). The U1 and U2 snRNPs interact with each other to form the pre-
spliceosome (complex A). This process is dependent on DExD/H helicases pre-mRNA-processing 5 
(Prp5) and Sub2. In a subsequent reaction catalysed by Prp28, the preassembled tri-snRNP U4–U6•U5 
is recruited to form complex B. The resulting complex B undergoes a series of rearrangements to form 
a catalytically active complex B (complex B*), which requires multiple RNA helicases (Brr2, 114 kDa 
U5 small nuclear ribonucleoprotein component (Snu114) and Prp2) and results in the release of U4 
and U1 snRNPs. Complex B* then carries out the first catalytic step of splicing, generating complex 
C, which contains free exon 1 (Ex1) and the intron–exon 2 lariat intermediate. Complex C undergoes 
additional rearrangements and then carries out the second catalytic step, resulting in a post-
spliceosomal complex that contains the lariat intron and spliced exons. Finally, the U2, U5 and U6 
snRNPs are released from the mRNP particle and recycled for additional rounds of splicing (dashed 
arrow). Release of the spliced product from the spliceosome is catalysed by the DExD/H helicase 
Prp22. Extracted from Matera and Wang, Nature Reviews Molecular Cell Biology, 2014. 
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III.1.c. Regulation of cis-splicing 

RNA splicing was firstly described though a simple step in RNA maturation allowing the 

excision of all introns. With more than 90% of genes alternatively spliced in mammals it is 

now obvious that splicing is used to generate gene expression diversity138,139. Because 

splicing sites are conserved across mammalian genomes, it seems likely that alternative 

splicing exists to preserve the regulation of gene expression at the level of RNA processing, 

and is not just a splicing mistake with exon skipping. Alternative splicing is generally tissue-

specific and can lead to intron retention, exon skipping, alternative polyadenylation… by 

alternative 5’ and 3’ splice sites, mutually exclusive exons or combinatorial mechanisms 

(Figure 15)25. This idea highlights the fact that one gene does not give only one mRNA, but a 

combination, including possible modifications in (i) mRNA stability and protein synthesis by 

adding stop codons, which can activate the nonsense-mediated mRNA decay, (ii) protein 

function by changing a part of its amino acid sequence, (iii) protein location by adding or 

deleting some localization site to name a few. 

Alternative splicing is mainly influenced by the effect of splicing regulators. It thus exists 

in all eukaryotic cells proteins that are able to recognize elements of exons or introns of the 

pre-mRNA, near the alternative splice site, and to influence positively or negatively the splice 

reaction. The binding sequences of these proteins on the pre-mRNA are called ESE (Exonic 

Splicing Enhancer), ISE (Intronic Splicing Enhancer), ESS (Exonic Splicing Silencer) or ISS 

(Intronic Splicing Silencer)140. SR proteins are among the best-characterized regulators: these 

proteins bind ESE, stabilizing by this way U1 on the 5’ splice site, and U2AF near the 3’ one. 

SR proteins are thus classified by essential splicing factors as described in part III.1.b, and 

alternative splicing regulators. Conversely, hnRNP A and B proteins binds ESS to suppress 

splice site selection and thus inhibit the reaction. 

Moreover, many other splicing regulators act with a positional effect, like proteins of the 

Nova and Fox families, which are RNA-binding splicing regulators that can promote or 

suppress splice site selection depending on their localization. For example, binding of these 

proteins upstream to the splice site generally results in suppression of the exon. Because all 

these factors are usually submitted to a tissue-specific expression, this can be another way to 

regulate splicing in a tissue-specific manner. 

Then, even if splicing and transcription are two distinct mechanisms that can take place 

independently in vitro, many splicing events are completed before the end of the transcription, 

meaning that these processes are temporally coupled. Indeed, it has been demonstrated that 



 

 

 

 

 

 

Figure 15: Patterns of alternative splicing. 
Constitutive sequences present in all final mRNAs are gray boxes. Alternative RNA segments that 
may or may not be included in the mRNA are hatched boxes. (A) A cassette exon can be either 
included in the mRNA or excluded. (B) Mutually exclusive exons occur when two or more adjacent 
cassette exons are spliced such that only one exon in the group is included at a time. (C, D) Alternative 
5′ and 3′ splice sites allow the lengthening or shortening of a particular exon. (E, F) Alternative 
promoters and alternative poly (A) sites switch the 5′- or 3′-most exons of a transcript. (G) A retained 
intron can be excised from the pre-mRNA or can be retained in the translated mRNA. (H) A single 
pre-mRNA can exhibit multiple sites of alternative splicing using different patterns of inclusion. These 
are often used in a combinatorial manner to produce many different final mRNAs. Extracted from 
Black, Annual Review of Biochemistry, 2003. 
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the C-terminal domain of the largest subunit of polymerase II (CTD for Carboxy-terminal 

domain) interacts with elements of the splicing machinery141. This idea emphasizes a potential 

influence of transcription on alternative splicing. Indeed, the transcription speed during the 

elongation phase could play a role on the choice of the subsequent splice sites. For example, 

slow transcription enables a splice reaction to occur when there is a weak splice site, before 

the transcription of a downstream splice site, which might be stronger and promote exon 

skipping. 

III.2. Trans-splicing between two RNA molecules 

III.2.a. Description of the mechanism 

Unlike cis-splicing, trans-splicing occurs between two different pre-mRNA. The molecular 

process is exactly the same, but the final mRNA is composed of the first exon(s) of one pre-

mRNA and the following(s) of the other, creating a chimeric molecule. Based on the same 

principle, ribozyme-mediated trans-splicing requires the action of an exogenous ribozyme142.  

This phenomenon was firstly discovered in tripanosoma143,144(Figure 16), and is now 

described in mammals145, even in humans146–150, and a databank screen suggests that many 

other examples of trans-spliced human RNA should be discovered151. 

Trans-splicing is another way to create diversity in protein production, but is also for 

molecular biologists a real tool to influence gene expression. In the SMaRT (Spliceosome-

Mediated RNA Trans-splicing) technology27, engineered  PTM (Pre mRNA Trans-splicing 

Molecule) which targets a mutated pre-mRNA, allows trans-splicing based replacement of the 

mutated sequence. PTM must specifically bind the targeted pre-mRNA, and stimulate splicing 

in trans more efficiently than in cis, to induce the replacement of downstream exons by PTM.  

Firstly engineered for 3’exon replacement, SMaRT technology has then been extended to 

5’exon replacement28,152,153 and internal exon replacement154 as described on Figure 17. 

Nevertheless, efficiency of 5’ and internal exon replacement remains to be improved. 

III.2.b. Previous studies led with trans-splicing approaches 

After an initial study leading to the proof of concept that artificially-induced trans-

splicing can efficiently promote a functional protein in vitro27, trans-splicing has been 

developed in different strategies, which can be classified in two groups: 

" The first one, and the most common, concerns the RNA repair strategy, which has 

been widely used: cystic fibrosis28–31, hemophilia A32, dysferlinopathies and titinopathies155, 



 
Figure 16: Schemes of trans-splicing mechanism. 

After transcription of the rhodopsin gene, the PTM binding domain recognized a sequence of the 
rhodopsin pre-mRNA first intron, which allowed promoting a splicing in trans instead of cis, leading 
to the production of a chimeric mRNA devoid of any mutation in exons 2 to 5. * represents a potential 
mutation. 
 

 
 

Figure 17: Versatility of mRNA reprogramming by targeted SMaRT. 
The figure shows a schematic of splicing reactions involving a three-exon pre-mRNA and PTMs. A 
conventional constitutive cis-splicing reaction leading to the production of the expected 1•2•3 mRNA 
is shown (i). Three targeted SMaRT reactions are shown. PTM[A] contains a functional 5′ splice site 
that can trans-splice to the 3′ splice site adjacent to exon 2 in the pre-mRNA target (ii). This trans-
splicing produces a chimeric A•2•3 mRNA by 5’ exon replacement. PTM[C] contains a functional 3′ 
splice site that can trans-splice to the 5′ splice site adjacent to exon 2 in the pre-mRNA target (iii). 
This trans-splicing produces a chimeric 1•2•C mRNA by 5’exon replacement. Finally, PTM[B] 
contains both 3′ and 5′ splice sites bordering an exon, and these splice sites can trans-splice with the 5′ 
splice site adjacent to exon 1 and the 5′ splice site adjacent to exon 3, respectively (iv). These two 
trans-splicing reactions lead to internal exon replacement and produce the chimeric 1•B•3 mRNA. 
Extracted from Garcia-Blanco, JCI, 2003. 
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X-linked immunodeficiency with hyper-IgM37, medullary thyroid carcinomas156, 

tauopathies157,158, sickle cell anemia and β-thalassemia159, spinal muscular atrophy33–36, severe 

combined immune deficiency160, dystrophia myotonica type 1161, Duchenne muscular 

dystrophy162,163, epidermolysis bullosa153,154,164–166, Huntington’s disease152, 

mucopolysaccharidosis type VII167. In vitro and in vivo results obtained in these studies are 

synthesized in Table 2. In these cases, the aim is to replace the sequence of the mRNA 

transcript that contains the disease-causing mutation, or to correct the disorder linked to 

aberrant splicing.  

" The second one has been developed to deflect endogenous mRNA production to 

synthetize a therapeutic protein in vivo, suicide gene therapy or molecular imaging. For 

example, Wang et al. have demonstrated that it is possible to produce in vivo functional 

proteins using a small amount of albumin mRNA168. As albumin is a highly abundant protein 

of mammalian cells, a trans-splicing rate of 3-6% as was observed, has no direct 

consequences on albumin level, but allows a significant amount of therapeutic proteins to be 

obtained. By the same approach, it has been shown that trans-splicing can be used to induce 

the production of a suicide protein, particularly used in cancer therapy169–171, or a reporter 

protein for in vivo imaging172,173. In contrast to mRNA repair approaches, the trans-splicing 

rate should be kept here to a minimum. Advantages, drawbacks and strategies of PTM design 

exposed below, are more applicable to strategies of mRNA repair, where trans-splicing rate 

need to be maximal. 

III.2.c. Strategies of PTM Design 

Trans-splicing might be considered as a kind of alternative splicing, where the splice 

machinery can make the choice between two potential acceptor splice sites, one in cis and the 

other in trans. The challenge is based on the efficiency of the PTM, and thus the ratio 

between trans-splicing and cis-splicing. Because it is often not possible to predict the trans-

splicing rate necessary to prevent the disease development, the main objective is to promote a 

maximum of splicing in trans. In order to unbalance the splice event in favor of trans-

splicing, the design of the PTM can be modified following several strategies: 

" Exactly as for cis-splicing, Puttaraju et al.27 have demonstrated that trans-splicing 

induced by PTM requires the presence of several structures into the PTM molecule, such as a 

functional BP, a PPT and AG at the 3’splice site. Moreover, to stabilize the PTM and because 



 
 

 

Table 2: SMaRT applications.  
In vitro and in vivo studies using SMaRT technology to repair pre-mRNA in different diseases 
contexts. 
 

 

 

 

Disease Gene Trans-splicing Authors Year vitro/vivo

Dystrophic Epidermolysis Bullosa COL7A1 3' Murauer et al. 2013 vitro

recessive dystrophic Epidermolysis Bullosa COL7A1 3' Murauer et al. 2010 vitro

Cystic Fibrosis CFTR 3' Liu et al. 2002 vitro

Cystic Fibrosis CFTR 3' Liu et al. 2005 vitro

Cystic Fibrosis CFTR 3' Mansfield et al. 2000 vitro

Frontotemporal dementia with parkinsonsm 
linked to chromosome 17 MAPT 3' Rodriguez-Martin et al. 2005 vitro

Frontotemporal dementia with parkinsonsm 
linked to chromosome 17 MAPT 3' Rodriguez-Martin et al. 2009 vitro

Severe combined immune deficiency DNA-PKcs 3' Zayed et al. 2007 vitro

Dystrophia myotonica type 1 DMPK 3' Chen et al. 2009 vitro

Medullary thyroid carcinomas RET 3' Kikumori et al. 2001 vitro

Hemophilia A FVIII 3' Chao et al. 2003 vitro+vivo

Spinal muscular atrophy SMN2 3' Coady et al. 2007 vitro

Spinal muscular atrophy SMN2 3' Coady et al. 2008 vitro+vivo

Spinal muscular atrophy SMN2 3' Coady et al. 2010 vivo

Spinal muscular atrophy SMN2 3' Shababi et al. 2011 vitro+vivo

Dysferlinopathies/ Titinopathies Dysferlin/ Titin 3' Monjaret et al. 2014 vitro+vivo

Duchenne muscular dystrophy mdx 3' Lorain et al. 2013 vitro+vivo

X-linked immunodeficiency with hyper-IgM CD40L 3' Tahara et al. 2004 vivo

Epidermolysis Bullosa COL17A1 internal Koller et al. 2011 vitro

Duchenne muscular dystrophy mdx internal Lorain et al. 2010 vitro

Cystic Fibrosis CFTR 5' Mansfield et al. 2003 vitro

Epidermolysis Bullosa Simplex PLEC1 5' Wally et al. 2007 vitro

Epidermolysis Bullosa Simplex K14 5' Wally et al. 2010 vitro

Huntington's disease HTT 5' Rindt et al. 2012 vitro

Sickle cell anemia and ß-thalassemia ß-globin 5' Kierlin-Duncan et al. 2007 vitro

Muccopolysaccharidosis type VII GUSB 5'-3'-internal Sachot et al. 2009 vitro
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it seems to slightly enhance trans-splicing efficiency28, a poly(A) tail is usually added into the 

PTM sequence. 

" Engineering of binding sequence that differ in size and location. An obvious clue in 

PTM design is that a great part of the success remains in the binding domain. Indeed, most of 

the groups working on trans-splicing have tried to modify the size and the location of this 

sequence, and observed direct consequences on trans-splicing efficiency and 

specificity28,156,164,174. Several screening systems have thus been implemented154,164,165 and are 

still in development today to select the most effective binding domain. 

" Designing the binding domain against a sequence included in a long intron. Indeed, it 

seems that trans-splicing efficiency increases with time of synthesis of the sequence between 

endogenous 5’ss and 3’ss of the target intron175. This is certainly due to the competition 

between cis-splicing that needs availability of both natural splice sites, and trans-splicing that 

is only possible after the binding of the PTM. 

" Addition of a stem-loop structure on the PTM, encompassing its splice site, to prevent 

nonspecific splicing. While in the hands of Puttaraju et al.27 this strategy seems to work, it is 

not always the case156,174, casting doubts about utility of this sequence.  

" Insertion of an intron in the replacement cDNA. Mansfield et al. and Lorain et al. have 

shown that the presence of an intron in the PTM can increase trans-splicing efficiency28,162.  

" Addition of ISE in the intronic sequence of the PTM. Consideration should be given to 

this point, due to the observation that ISE can promote splicing event (see part III.1.c). Even if 

it is still difficult to predict the effect of an ISE, depending on its sequence, its location 

regarding which exon to include and its potential to recruit splicing enhancer factors, some 

data are now available 176 and should be useful to increase PTM efficiency.  

" Targeting of sequences implicated in cis-splicing. Murauer et al.165 tried to block cis-

splicing by designing a binding domain complementary to the acceptor site present just 

downstream of the targeted intron. They described that blocking of the endogenous 3’ss led to 

an increase of trans-splicing efficiency. 

" Combination of PTM with splice-site blocking antisense oligonucleotide. Coady et 

al.35 and Shababi et al.33 have demonstrated the capacity of this last one in increasing the 

trans-splicing rate by its binding on the endogenous 3’ss. They have developed a single 

vector for antisense and PTM delivery and shown its efficiency in vivo34. These results 

highlight a great potential in trans-splicing improvement, but require caution concerning the 

potential exon skipping that could also be induced by the binding of the antisense 

oligonucleotide.  
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" The adjuvant effect of U7snRNA. U7snRNA is naturally a part of the U7 small 

nuclear ribonucleoproteins complex involved in the maturation of histone pre-mRNA and 

should be used to improve splicing manipulation. Antisense U7 snRNA has been applied 

when masking cis-acting sequences, to promote exon skipping177,178 or trans-splicing. An 

optimized U7snRNA seems to enhance 5’trans-splicing but has no effect on 3’trans-splicing 

or internal replacement36,167.  

In the case of RHO mutations, it is important to keep in mind that: 

" By targeting the first intron, only one PTM should be able to repair around 70-80% of 

all known RHO mutations. The cases concerned by the remaining 20-30% being widely 

represented by P23H mutation, for which a mutation dependent strategy can be developed.   

" The first intron extends on 1781 bp and is the longest one of RHO, giving some choice 

concerning the 150b binding sequence, and allowing us to take advantage of the delay 

between 5’ss and 3’ss synthesis. 

" The size of the RHO cDNA coding sequence from exon 2 to 5, to incorporate in the 

PTM, is only of 686 bp, which is a real advantage allowing supplementation of the basal 

molecule with elements that might increase trans-splicing rate while conserving a size 

compatible with AAV encapsidation. 

" The trans-splicing rate necessary to prevent the disease cannot be predicted, because it 

is totally depending on the RHO mutation, and its severity, meaning that a partial trans-

splicing rate might be sufficient to bring a therapeutic benefit.  

" Integrity of each rod PR cell is not absolutely required to conserve vision, meaning 

that even if the PTM transduction is not pan-retinal, it may be sufficient to stop the general 

degenerative process and maintain the vision in a steady state. 

 

Independently of the PTM design, another way to influence trans-splicing rate is to 

modify the ratio between the pre-mRNA target and the PTM27. Even if there is some 

limitation to this approach, due in part to the delivery of the PTM, it can play an important 

role on trans-splicing rate. Following the same idea, the way of delivery of the PTM is crucial 

to improve its specificity and efficiency. This parameter is discussed in the following part. 

III.2.d. Advantages and drawbacks 

Like all molecular mechanisms used to modify gene expression, SMaRT technology 

presents some drawbacks:  
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" The specificity of the PTM: it is essential to avoid off-target binding of the PTM and 

the production of aberrant proteins. Increasing the size of the binding site might limit off 

target binding. By lengthening the binding sequence to 150b, the probability of finding the 

corresponding sequence in a human genome is approximately 1.6x10^-81, meaning that the 

designed sequence is highly specific. However long binding sequence can only partially bind 

to the targeted mRNA and promote trans-splicing in spite of low homology. It is thus 

necessary to limit the delivery of the PTM to the targeted cells, and to control off-target 

effects as well as possible, even if these hybrid mRNA should be processed by as nonsense 

mediated decay or nonstop decay179. This point also highlights the importance of the 3’ splice 

site and its potency, which can induced more or less off-target156. Always in this objective, it 

is also important to take into account the expression level of the targeted mRNA, and to adapt 

PTM expression consequently, in order to avoid the presence of useless PTM into the cell. 

" Accessibility of RNA targeted sequence: despite several tools developed to predict the 

secondary structures of pre-mRNA (http://www.tbi.univie.ac.at/RNA/  - 

http://nhjy.hzau.edu.cn/kech/swxxx/jakj/dianzi/Bioinf4/miRNA/miRNA1.htm - 

http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form …), it remains quite difficult to 

estimate the final shape of RNA and thus to design binding sequences based on this 

information. 

" Production of truncated proteins due to the translation of the PTM alone. Because the 

PTM possesses all elements that are required to promote its translation, except the first exon, 

the possibility to obtain a truncated protein should be taken into account. Indeed, even if the 

PTM do not possess the first exon, because its transcription is induced by a RNA polymerase 

II, it seems that it can be naturally capped and thus stabilized180. Moreover, while the great 

majority of transcripts are translated from the first AUG included into the KOZAK sequence, 

secondary ATG can also be used to initiate the translation. 

" A common drawback of most nucleic acids modification approaches is that the 

continuous transcription of PTM is necessary to correct all new-targeted pre-mRNA. This is 

an important point in dividing cells, which can be solved by the PTM delivery as for example 

the integration of PTM DNA sequence into the cell genome after lentiviral transduction or by 

imaging to target tissue stem cells30. 

On the other hand, among advantages offered by SMaRT technology, there are: 

" Firstly, by targeting the first intron of the targeted pre-mRNA, and hence replacing all 

the subsequent sequence (depending of course of the cDNA size), only one PTM should be 

necessary to repair numerous mutations.  
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" The preservation in time, space and quantity, of the endogenous regulation of the 

target mRNA expression, because the PTM is in theory inert in the cell without the presence 

of its pre-mRNA target. The regulation of expression of the “chimeric” RNA is thus totally 

dependent on the natural regulation of the targeted pre-mRNA. This information is crucial in 

gene therapy, where the expression of a gene has to be constrained to a strict spatio-temporal 

pattern, and in the case of dominant diseases kept at a physiologic level.  

" The dual capacity of the PTM to reduce mutated protein synthesis and to promote the 

normal one in a single reaction. In contrast to all other approaches that require the delivery of 

two molecules, trans-splicing only requires the delivery of the engineered PTM, the two 

others component of the reaction (targeted pre-mRNA and spliceosome) being naturally 

produces by the cells. 

" As PTM includes only a part of the cDNA sequence needed for repair, SMaRT 

technology relies on a small size restorative molecule while all other gene therapy systems 

required a full-length cDNA. This facilitates the choice in viral vectors for PTM delivery in 

targeted cells. Indeed, the size of transgenic cassette is usually a major limitation in viral 

vector choice leading thus, for example, to the inability to use AAV vectors. Using SMaRT 

technology could therefore enlarge viral vector choice for diseases implicating genes that are 

usually considered too large to be included in an AAV vector. 
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IV. Viral vectors for gene therapy of ocular diseases 

IV.1. Advantages of the eye as target of gene therapy with viral 
vector 

The fact that the retina is part of this small closed organ, which is the eye, brings really 

interesting advantages in the context of gene therapy using viral vectors: 

" Firstly, because of its transparency and accessibility, viral injections are quite simple 

to realize. Moreover, thanks to technologies developed for in vivo imaging, outcomes can be 

easily and precisely followed-up.  

" Secondly, the size of the eye allows the use of high viral concentrations with a low 

injection volume. Furthermore, because this organ is a closed compartment, in which the 

neural retina is isolated from the general circulation by blood-retinal barriers, this avoids 

uncontrolled dissemination, particularly in the blood.  

" Thirdly, another property, made possible by the action of these barriers among others, 

is the immune privilege existing for the neural retina, meaning that there is a local inhibition 

of immune responses181.  

" Then, because the eye is compartmentalized, several injection routes are available: in 

the anterior chamber, in the vitreous and in the subretinal space (Figure 18). The choice of the 

injection route is of course dependent on the targeted cells, but the absence of direct 

communication between these different compartments allows concentrating the viral particles 

into a given location and to be more specific regarding targeted cells.  

" Finally, in the case of the retina particularly, most of the cells are post-mitotic neurons, 

meaning that non-integrative viruses can be used without the concern of transgene dilution 

through divisions, and the risk of insertional mutagenesis.  

IV.2. Choice of the viral vector for ocular diseases 

IV.2.a. Classical viral vectors used in gene therapies 

Transduction of cells is the adaptation of a natural process that has been diverted to create 

viral vectors applicable in a therapeutic context. To do that, all viral vectors developed have 

certain viral genes replaced by a gene of interest; consequently, the viral vector is still able to 



 

 

 

 

 

 

 

 

 

Figure 18: Schematic representation of intravitreal (left) and subretinal (right) injection in a 
human eye. 

Adapted from an image of Moorfields Eye Hospital and University College London. 
 
 

  



	
  INTRODUCTION	
   55	
  
	
  

transfer its genetic material into the target cell, but is now non-replicative. Proteins required 

for all processes linked to viral infection are thus encoded by viral genes brought 

independently of the recombinant viral genome. Building a viral vector for safe gene delivery 

in a specific cell type requires taking into account five main parameters: (i) the packaging 

capacity, i.e. the size of the transgene cassette that can be incorporated into the viral genome, 

(ii) the specific targeting to given cells, (iii) the stability of transgene expression over time, 

(iv) the potential immune reaction that may damage tissues, and (v) the potential oncogenic 

capacity occurring through vector genome integration. Properties of lentiviral, adenoviral and 

AAV (Adeno-Associated Virus) vectors, which have given proof of efficiency for ocular gene 

therapy, are summarized in Table 3.  

" Lentiviruses are enveloped RNA viruses, with a viral genome of around 10 kb (Figure 

19). The lentiviruses group includes the infamous human immunodeficiency virus, the 

etiologic agent of acquired immunodeficiency syndrome. Lentivirus vectors are usually 

produced by a co-transfection of several plasmids into the productive host cells: the first one 

encoding the envelope proteins, the second one all proteins required for reverse transcription 

and packaging of the viral genome, and the third encodes the vector genome, with the 

transgene cassette included between the two LTR (Long Terminal repeat Regions). Lentiviral 

vectors integrate into the host cell genome, allowing a sustainable expression over time, even 

in divided cells. Thanks to these properties, lentiviral vectors were used in the first true 

success story concerning gene therapy: the successful treatment of severe combined 

immunodeficiencies182,183. Unfortunately, transactivation of neighboring genes of the 

integration site by a native LTR sequence present in the first generation of this vector was 

also at the origin of side effects, leading to the development of leukemia-like conditions for 

several patients184. Since that, modifications have been done to improve their safety, such as 

the development of self-inactivating vectors185 or non-integrating vectors186. Nevertheless, 

concerning retinal cells transduction, while lentiviruses efficiently deliver genes to the RPE, 

their efficiency to transduce PR is more limited186–190, even with the VSV-G (Vesicular 

Stomatitis Virus-Glycoprotein) pseudotype, which is the most efficient when targeting the 

neural retina191. 

" Human adenoviruses are non-enveloped dsDNA viruses of 70-90nm that cause 

significant numbers of respiratory, ocular and gastrointestinal diseases (Figure 20). First 

generation of recombinant adenoviral vectors retained a significant portion of viral coding 

sequence in their genome and were described to elicit robust cytotoxic T lymphocyte–

mediated immune response192. Since this first generation of adenoviral vectors, many changes 



 
 

 
 

 
 

Table 3: Properties of classical viral vectors used in ocular gene therapies. 
 
 

 
 
 

 
 

Figure 19: The lentivirus: an enveloped RNA virus of around 100nm. 
Image from Visual Science Company. 

   

Lentivirus Adenovirus AAV

Viral genome RNA dsDNA ssDNA or scDNA

Packaging capacity 10 Kb 36 Kb 4,7 or 2,3 Kb

Targeting (subertinal 
injection) RPE and PR (low efficiency) RPE and PR (low efficiency) RPE and PR

Expression stability Long time expression thanks to 
integration

Short expression due to immune 
reaction. Longer with gutless 

adenoviruses

As long as studied in post mitotic 
cells

Side effects Potential oncogenic properties 
due to insertional mutagenesis

Strong immune reaction, reduced 
with gutless adenoviruses                                

Helper viruses required for 
production could be an issue

No known side effect
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have been done to improve their capacities and reduce their drawbacks, leading to the new 

group of adenoviral vectors called gutless, gutted or high capacity adenoviral vectors. Totally 

devoid of viral genes, they have a high capacity of packaging compared to other viruses 

(about 36kb), but they need a complex system involving a helper virus for the production of 

the viral particles. In turn, this absence of viral gene expression in the transduced cells leads 

to a decreased immune reaction. These helper-dependent adenoviral vectors have been tested 

to transduce cells in the retina, and they allow long-term transgene expression in RPE193, 

unlike previous ones that were implicated in a time-limited expression, probably due to 

immune or toxicity-related mechanisms. Nevertheless, they have shown a questionable 

transduction efficiency of PR (depending on the dose)194, limiting their utility for treating 

adRP.  

" AAV was firstly described in 1965 by Atchison et al.195 as DNA-containing particles 

present in adenovirus preparation. AAV are small ssDNA viruses of the Parvoviridae family, 

Parvovirinae subfamily and Dependovirus genus. AAV are still unassociated to disease in 

humans, which is a considerable advantage for therapeutic application compared to all other 

viral vectors. AAV infection of a cell in the absence of a helper virus results in the onset of 

the latent cycle in which the virus may integrate into human chromosome 19 or persist in an 

episomal form196. Indeed, AAV require a helper virus to replicate, such as the adenovirus or 

herpes virus. AAV are non-enveloped viruses, composed of a capsid surrounding a 4,7kb 

DNA viral genome (Figure 21). This last one carries several viral genes between the two 

palindromic inverted terminal repeats (ITR) including those of non-structural proteins (Rep) 

and capsid ones (VP). Rep proteins regulate every phase of the AAV life cycle such as 

encapsidation of mature DNA, while VP proteins constitute the 60-subunits of the 25nm 

icosahedral virion particle. More than 100 different natural serotypes of AAV have been 

isolated, and among them 10 have been more extensively characterized and classified. They 

differ on the composition of their capsids, and consequently, their affinity for cell surface 

receptors is modified, determining their tropism. The most studied serotype, AAV2, utilizes 

membrane associated heparan sulfate proteoglycan as its primary receptor, associated to co-

receptors, while other serotypes such as AAV1 and AAV5 seem to bind cells through sialic 

acids197.  

Recombinant AAV (rAAV) vectors have now been widely engineered to use this virus as 

a therapeutic vehicle. Most of rAAV are based on the AAV2 genome by replacing the entire 

viral genome with the expression cassette of the transgene of interest, and conserving only the 

two ITR. The nomenclature usually used indicates two numbers as followed: rAAV2/5, where 



 
 

 

Figure 20: The adenovirus: a non-enveloped dsDNA virus of 70-90nm. 
Image from Russell Kightley Science Images. 

 
 
 

 

 

Figure 21: The adeno-associated virus: a non-enveloped ssDNA virus of 25nm. 
Image from genetics-genomics.wikia.com. 
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the first one refers to the origin of the ITR of the recombinant genome, and the second one to 

the capsid. In addition to all natural serotypes, rational mutagenesis is now used to select 

more and more efficient rAAV to transduce a given cell type198. 

The efficiency of transgene expression by transduction of a rAAV is thus depending on 

three parameters: (i) the capsid serotype, (ii) the promoter used to control the transgene 

expression and (iii) the mode of administration.  

First studies directed to induce gene expression in the retina were done with rAAV2/2, 

and showed transduction of a large cell population of the retina, including ganglion cells, 

Müller cells, PR and RPE cells, which persists at least 80 days post-injection, without any 

sign of inflammatory response or toxicity, after subretinal injection in adult mice199,200. The 

gene expression can be restricted to PR, by using a rod-specific promoter such as the 

rhodopsin201. From these first results a wide diversity of combinations of natural AAV variant 

capsids associated to the genome of rAAV2, have been tested to transduce the retina (Table 4 

extracted from Stieger et al.202). Among them, several have demonstrated a great potential to 

transduce PR, depending on the promoter used and the delivery route: rAAV2/5 serotype 

transduces specifically RPE and PR, but more efficiently than rAAV2/2188. Moreover, the 

more recently developed rAAV2/7, rAAV2/8 and rAAV2/9 also very efficiently transduce 

RPE and PR in mice. Associated with a CMV promoter, these last ones present a distribution 

and an expression level apparently similar to those of rAAV2/5, except that rAAV2/9 also 

transduces Müller cells203. The same group provided the proof that when associated to a 

specific rhodopsin promoter and injected subretinally, rAAV2/7 and rAAV2/8 induce six- to 

eightfold greater transgene expression, making them the most efficient rAAVs to transduce 

PR cells of the mouse retina203. The use of rAAV2/8 to efficiently transduce PR has then been 

demonstrated in pigs204, dogs205 and non-human primates206. The group of R. Ali has also 

shown that modifying the single strand rAAV2/8 to a self-complementary one introduced to 

the viral vector provided a faster onset and higher level of transgene expression207. This 

modification consists in mutating one of the ITR of the recombinant genome, so avoiding its 

recognition by the virus endonuclease. This leads to encapsidation of double-stranded genome 

that bypasses the limiting step of second-strand synthesis occurring in the target cell. As a 

corollary, self-complementary AAVs have half the packaging capacity of conventional AAV.  

Certainly the main drawback of AAV is its packaging capacity and thus the size 

limitation of the transgene cassette.  

To overcome this issue, several groups208,209 have demonstrated that it is possible to 

drive the expression of a large gene after intermolecular concatamerization, transcription and 



 
 

 

 

 

 

 

 

 

 

Table 4: Cellular tropism of rAAV serotypes following subretinal injection. 
RPE= retinal pigmented epithelium, PR= photoreceptors, MC= Müller cells, INL= inner nuclear layer, 
GC= ganglion cells, n.d.= not determined. Extracted from Stieger et al., Methods in Molecular 
Biology, 2011. 

 

 

 

 

 

 

rAAV serotype Mouse Rat Dog Primate

rAAV 2/1 RPE - - -

rAAV 2/2 RPE, PR RPE, PR RPE, PR RPE, PR

rAAV 2/3 - - n.d. n.d.

rAAV 2/4 - RPE RPE RPE

rAAV 2/5 RPE, PR RPE, PR RPE, PR RPE, PR

rAAV 5/5 RPE, PR n.d. n.d. RPE, PR

rAAV 2/6 RPE n.d. n.d. n.d.

rAAV 2/7 RPE, PR n.d. n.d. n.d.

rAAV 2/8 RPE, PR RPE, PR, INL, GC RPE, PR, INL, GC n.d.

rAAV 2/9 RPE, PR, MC, INL n.d. n.d. n.d.
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splicing of 2 RNA produced from sequences of 2 independent AAV vectors, each one 

carrying a part of the expression cassette. As a result it is now possible to induce stable 

expression of a long gene by transduction of recombinant AAV. 

rAAV are thus viral vectors (i) able to specifically transduce a given cell type, including 

PR, thanks to serotypes diversity and tropism associated to each one, (ii) that allow a high 

expression level of the transgene, particularly when combined to a specific promoter, (iii) that 

induce only a low immunogenicity linked to their non-pathogenic nature, (iv) that present a 

persistent transgene expression in non-dividing cells (v) that are unable to produce insertional 

mutagenesis (no integration or only at a very low frequency). All these characteristics make 

of rAAV one of the most employed viral vector in gene therapy and the first one in the 

context ocular diseases. 

IV.2.b. Previous ocular gene therapies with rAAV  

The pioneering and the most famous ocular gene therapy, which paved the way, is the 

RPE65 gene replacement for Leber Congenital Amaurosis (LCA). LCA is the most severe 

retinal dystrophy, which appears during childhood. This disease can be induced by mutations 

in any one of at least 17 genes210,211, encoding various proteins implicated in retinal functions, 

including RPE65, the retinoid isomerase that converts all-trans-retinoids to 11-cis-retinal 

during pigment regeneration. Several groups have firstly demonstrated the proof-of-principle 

of RPE65 gene replacement therapy in Briard dogs212 and its efficiency on long-term 

restoration213 after subretinal injection of rAAV2/2. A lot of studies (summarized here214) 

have thus been leading before to begin phase I clinical trials in humans215–217 that are a 

success and provide stable clinical benefits218–221. Despite differences in promoter, dose, etc… 

all studies employed a rAAV2/2 vector carrying a normal human RPE65 cDNA, delivered 

subretinally, and showed significant beneficial effects on vision. These clinical trials have 

been shown to be safe, free of serious complications and efficient regarding progress in 

vision, which justify the beginning of a phase III clinical trial (NCT00999609). Other clinical 

trials of retinal gene therapy are today ongoing, based on AAV vector; such as a phase I 

clinical trials for MERTK-associated autosomal recessive retinitis pigmentosa, choroideremia 

and exudative age-related macular degeneration214.  
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V. Cellular and animal models of RP linked to rhodopsin 
mutations. 

V.1. Cellular model of rhodopsin expression 

V.1.a. Primary cultures of photoreceptors 

Unlike cone PR, from which a cell culture line, the 661W cell line222, has been derived, 

so far no one has managed to create a cell line featuring cellular and biochemical 

characteristics of rod PR cells, except for the Y-79 retinoblastoma cell line, which only 

expresses a subset of the rod-specific genes223. To study rod PR properties in vitro, methods 

have thus been developed to keep them in primary cultures. Nevertheless, these primary cell 

cultures can survive only 2 weeks, and remain heterogeneous cell cultures, in which rods are 

mixed with all other retinal cell types224; even in PR-enriched primary culture, cones are very 

numerous225. The advantage of working with primary PR cell cultures is to observe and study 

RHO in cells that express the protein physiologically; however, rods kept in primary culture 

lose their OS quite rapidly. This is an important drawback considering the fact that RHO is 

physiologically localized in disc membranes of rod OS. The only way to preserve PR 

properties in vitro is to make organotypic cultures of the entire retina, but these too can only 

be maintained for two weeks in vitro226. To study PR in vitro, it is also now possible to 

generate retinal PR or progenitor cells from embryonic stem cells227 or induced pluripotent 

stem cells228, and to select ES-derived or iPS-derived PR 229. Nevertheless generating these 

kinds of cells and keeping them in culture requires technically complex and laborious 

protocols. 

V.1.b. Cell lines developed to study rhodopsin mutations 

Due to the limitations of PR primary cultures mentioned above, most of the research 

groups are using classical cultures of immortalized cell lines transfected or transduced to 

express RHO. Among them, Sung et al.55,58 have tested, in two distinct studies, 34 mutations 

of RHO associated with adRP in HEK293S cells, by transient transfection. The authors 

demonstrated that WT RHO is correctly synthetized and folded in HEK293S cells by 

measuring the spectrophotometric absorbance of the photopigment after incubation with 11-

cis-retinal. In these cells, WT RHO is localized to the plasma membrane, showing that it is 

correctly transported. Moreover, they revealed that mutated RHO could differ from the WT 
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protein in its capacity to bind the 11-cis-retinal, as well as in its cellular localization, 

depending on the mutation. Other groups also demonstrated in HEK293 or COS cells that the 

P23H mutation seems to induce the retention of proteins in intra-cytoplasmic inclusions called 

aggresomes64,230. A few years later, classical cell lines transfected with mutated forms of 

RHO were also used to prove the involvement of some RHO mutations in the Unfold Protein 

Response pathway.231–233 

All these studies thus helped to determine a classification for RHO mutations, detailed in 

part I.3.c., to define role and properties of each part of the protein234 and determine potential 

mechanisms involved in PR cell death due to mutated RHO.  

These findings establish the fact that classical cell lines commonly used in cell culture 

such as HEK293 or COS cells can be useful to study and characterize RHO mutations. These 

cell lines present the advantage of being easily kept in culture, and easy-to-transfect and 

transduce. Nevertheless, it is important to keep in mind that HEK293 and COS cells differ 

greatly relative to rod PRs in their cellular structure, morphology and lineage, which can 

account for differences in terms of protein localization, interactions and signaling, as can be 

exemplified by localization of Q344Ter RHO that is similar to those of WT RHO in HEK293 

and different in rod PR55. 

V.2. Animal models of rhodopsin-induced retinitis pigmentosa  

V.2.a. Animal models of rhodopsin mutation-induced retinitis 
pigmentosa and more specifically mouse models 

Mouse models have been created to study the impact on rod PR of the lack of one or two 

alleles of RHO. Humphries et al.70 and Lem et al.57 showed that retinas without Rho initially 

develop normally, with the exception that the rod OS never forms. As the retina matures over 

the course of the following months, PR cells degenerate completely. The same evolution 

occurred in mice with only one allele of Rho, but happened with a slower time course, 

suggesting that RHO is essential in the development and maintenance of rod PR57. 

Conversely, another group also demonstrated that overexpression of Rho also leads to PR 

degeneration63. These studies highlighted the importance of RHO in rod homeostasis and 

brought first pieces of evidence that RHO modification dramatically influences the retinal 

state.   

In addition to a natural RP dog model induced by a RHO mutation235, many animal 

models expressing a mutated form of RHO have been generated to date, including in 
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drosophila236,237, zebrafish238, rat128,239, rabbit240, pig241,242and most frequently, 

mouse55,62,63,66,68,243–245. These models encompass mutations present in all domains of the 

protein, from the N-terminal part (P23H mutation) to the C-terminal part involved in transport 

of the protein (Q344Ter, P347S mutation) through the intermediate part (E150K, D190N, 

K296E mutations). Most of the models reproduce RP symptoms such as rod PR degeneration. 

P23H, P347S and Q344Ter mutations all lead to rod degeneration, even if the P23H and 

P347S mutated RHO are mainly localized near the rod OS62,66 while the Q344Ter mutation 

induces abnormal RHO accumulation in the plasma membrane of the rod cell body55. All 

these mouse models that accurately reproduce some of the RP symptoms observed in humans 

are thus essential to study the effect in vivo of mutations affecting the structure, transport, 

degradation and functionality of RHO, and to understand the mechanisms that can lead to rod 

degeneration. They are also an indispensable step in the development of tools and strategies to 

prevent retinal degeneration in RHO-induced RP patients. 

Among the mouse models described above, some express one or two mouse Rho mutated 

alleles55,62,243,245, while others present the mutated human allele(s). The former strategy 

employing mouse Rho can represent an obstacle for projects that aim to develop therapeutic 

tools adaptable for humans, particularly if these target nucleic acids, either at the gene or at 

the transcript level, due to a few differences that exist between human and mouse rhodopsin 

genes (Annex 1), particularly in the intron sequences.  

V.2.b. Comparison of mouse and human eyes 

The mouse is the organism in which most human disease models are generated, including 

ocular diseases, as previously mentioned. Despite the fact that the eye’s main properties are 

conserved between the human and the mouse, there are notable discrepancies that should be 

taken into account when using a mouse model to simulate a human ocular disease. The most 

important differences are listed below. 

" Firstly, the size of the organ: while the human eye measures ~24mm in diameter, that 

of the mouse is more than 7-fold smaller (3.4mm), which must be taken into account at the 

moment of the injection.  

" Relative to the eye size, the lens is bigger in the mouse compared to the human eye. 

The vitreous cavity volume in the mouse eye (~5µL) is thus 1000-fold less than in the human 

(~5.2 mL). This implies a highly limited volume that can be injected in the mouse eye (Figure 

22). 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Comparison of a human (left) and a mouse (right) eye. 
Adapted from virtualmedicalcentre.com. 
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" The composition of the retina, and more precisely at the level of PR, differs between 

humans and mice. While rods and cones are present in both species, with rods highly 

outnumbering cones, the imbalance between rods and cones is even more significant in the 

mouse eye due to the absence of the macula. Indeed, the human macula is densely packed 

with cones (see part I.1.c for more details on the macula).  

" The cone opsins are different between the two species: while humans have three 

different opsins defining three types of cone PR (see part I.1.c for details), mice display 

dichromatic vision with only two kinds of cone opsins, lacking the long wavelength sensitive 

opsin (OPN1LW), which catches photons in the red region of the visible light spectrum.  

" The maturation of the retina is much later in mice than in humans, with regards to 

embryonic development. This is particularly true for rods, which are generated around fetal 

week 10 in humans, while they are generated from embryonic day 12 to postnatal day 10 in 

mice246. This means that during the first post-natal days, mouse retinal cells are not 

completely formed and mature, unlike in humans. 

Despite these few differences between the human and mouse eye, mice present a very 

similar organ to that of humans, in terms of structure and function. The mouse eye thus 

represents a powerful model to reproduce human ocular diseases in order to characterize them 

and establish proofs-of-concept for new treatments. Moreover, among all animal models 

available in biology, mice present the advantages of being easy to reproduce and manipulate, 

and less expensive than others. A lot of methods and apparatuses have now been adapted to 

perform experiments on these animals. This explains why the mouse is the most broadly used 

animal model, with a wide variety of human disease mouse models, including ocular ones. 

Before translating from mouse models to human clinical applications, however, new 

treatments must be tested in bigger animals, such as dogs, pigs or often non-human primates. 

It follows that relevant models of the studied diseases have been developed in these species as 

well, although no such model has been established in our case. Indeed, no big animal model 

has been developed to date, expressing the whole human rhodopsin gene. Large animal 

models can thus be used only to implement biodistribution and toxicity tests, making the 

rodent models the most powerful ones established so far for the assessment of the therapeutic 

efficiency of our therapeutic strategy.      

As noted above, there being no treatment to date to prevent mutated autosomal dominant 

RP due to rhodopsin mutations, and the current strategies presenting several important 

drawbacks, SMaRT technology based on trans-splicing is a promising approach for dominant 

diseases. We thus decided to apply SMaRT technology to the rhodopsin case. 
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The following part of this thesis will summarize all the results obtained on that topic 

during my PhD project. It will be presented in three chapters described below, the first 

corresponding to a manuscript that is currently under review for publication in Molecular 

Therapy, the second to an article that has been published in the May 2014 issue of PLoS One, 

and the third one corresponding to additional results, some of which should give rise to a third 

publication. 

The first chapter will expose the results of the design, screen and optimization of	
  trans-

splicing molecules in in vitro models. We characterized the effects of trans-splicing by 

quantification at RNA and protein levels.	
  

Before testing the in vivo effect of the best molecule selected by in vitro experiments, we 

provided some improvements on an in vivo imaging technology used to probe for and monitor 

degeneration in mouse models.  

Finally, the third chapter will develop two groups of results that are still ongoing: the first 

concerns supplemental strategies to optimize the trans-splicing molecule in vitro, and the 

second is about first results of effect of trans-splicing on retinal degeneration in a humanized 

mouse model of rhodopsin mutation. 	
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I. Results of in vitro analysis of PTM efficiency. 

Repair of rhodopsin mRNA by spliceosome-mediated RNA trans-splicing: a new 

approach for autosomal dominant retinitis pigmentosa. 

Adeline Berger, Stéphanie Lorain, Charlène Joséphine, Melissa Desrosiers, Cécile Peccate, 
Thomas Voit, Luis Garcia, José-Alain Sahel, Alexis-Pierre Bemelmans. 

 

In order to correct rhodopsin mutations involved in RP, we used a therapeutic strategy 

called SMaRT (Spliceosome-Mediated RNA Trans-splicing). The idea was to induce a splice 

reaction in trans between the endogenous mutated rhodopsin pre-mRNA, and an exogenous 

PTM (Pre-mRNA Trans-splicing Molecule).  The first challenge of this project was to select a 

PTM able to favor splicing in trans of the endogenous rhodopsin pre-mRNA at a maximal 

rate. The sequence of our PTM was expressed by a plasmid composed of a binding sequence 

to specifically recognize the target pre-mRNA, an artificial intronic sequence to accept the 

splice reaction, and the cDNA sequence to replace that of the mutated pre-mRNA. To select 

the best molecule, we designed and screened 14 different PTM that differed only by their 

binding sequence, which we tested by transient co-transfection with a RHO expression 

construct in HEK293T cells. With the best PTM, we obtained a maximal trans-splicing rate of 

25% after quantification at the RNA level. We then improved this molecule by modifying the 

replacement sequence and reached a trans-splicing rate of 40%. We thus demonstrated that 

the target sequence of the PTM on the endogenous pre-mRNA was critical for PTM 

efficiency, as well as the replacement sequence of the PTM. Then, we created wild-type and 

mutated RHO cell lines by lentiviral transduction, to measure the PTM efficiency in a cellular 

model that stably expressed the target mRNA, a paradigm closer to physiological conditions. 

Because several RHO mutations including R135W induced a mislocalization phenotype in 

HEK293T cells, we quantified the efficiency of the best PTM at the protein level by studying 

the rescue of the phenotype after transfection of the PTM expression construct. We 

established that enough trans-splicing reactions occurred in these stable expression models to 

promote a partial rescue of the phenotype, which prompted us to study the PTM effect in vivo. 

This work represents the first application of SMaRT technology for an ocular disease, and the 

first study that presents a high-enough trans-splicing rate to expect a therapeutic effect in case 

of a dominant disease. 
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Abstract 

 

Promising clinical results achieved in recent years in the field of ocular gene therapy pave the 

way for gene supplementation in case of recessively inherited retinal degenerations. The 

situation is more complex for dominant mutations involving removal of mutated gene toxic 

product. To overcome this hurdle, we applied spliceosome-mediated RNA trans-splicing, a 

strategy of transcript repair, to rhodopsin, the most frequently mutated gene in autosomal 

dominant retinitis pigmentosa. We tested twenty different molecules to target pre-mRNA 

intron 1 by transient transfection of HEK-293T cells and subsequent trans-splicing 

quantification at the transcript level. This showed that some parts of the intron are more 

favorable than others to promote efficient trans-splicing, and that trans-splicing rate may be 

increased by modifying the replacement sequence. Then, we developed cell-lines showing 

stable expression of rhodopsin to assess relevant phenotypic criteria in relation to the 

pathological process of retinitis pigmentosa. Using this model, we have shown that trans-

splicing can partially restore proper localization of the protein to the plasma membrane of the 

cells. This work paves the way for in vivo application of trans-splicing in the case of retinitis 

pigmentosa caused by a rhodopsin mutation and in a broader framework for genetic diseases 

with dominant transmission. 
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Introduction 

Retinitis pigmentosa (RP) is a group of inherited retinal degenerative diseases, which 

represents one of the most common visual impairment worldwide and for which there is no 

treatment to date. RP is characterized by a progressive degeneration of rod photoreceptors 

leading to night-blindness and constriction of the visual field, followed by degeneration of 

cone photoreceptors inducing total vision loss. RP is genetically heterogeneous, including 

autosomal dominant, autosomal recessive, X-linked and sporadic forms involving mutations 

in more than 60 different genes that are expressed either in rod photoreceptors or in the retinal 

pigment epithelium (RetNet™, https://sph.uth.edu/retnet/). The rhodopsin gene (RHO) is 

alone responsible for 30 to 40% of autosomal dominant form of RP (adRP), with at least one 

hundred known-point mutations, and is thus the most frequently mutated gene in this disease 

(RetNet™). Rhodopsin (RHO) is the only photopigment of rod photoreceptor cells, in which 

it converts the light stimuli into electrochemical signals. These cells are necessary for dim 

light and peripheral vision, and essential for long-term maintenance of a functional retina1-2. 

The degeneration of rod photoreceptor cells induced by RHO mutations, is more or less rapid, 

depending on the aggressiveness of the mutation3. Different strategies are under investigation 

to prevent or slow down the disease progression, before or after beginning of the 

degeneration, mainly including gene replacement and neuroprotection through trophic factors. 

The first strategy consists usually to silence the mutant gene using for example RNA 

interference, in combination or not to supplementation with a silencing-insensitive RHO 

allele4-6, but this involves mastering the RHO expression level, and has the drawbacks to 

present some “off-target effects” and to potentially be toxic7. The second one has already 

shown its efficiency on photoreceptor protection in therapeutic trials8-10, but present major 

side effects like the disadvantage of not being specific to photoreceptor cells11, and toxic 

depending of the dose12. 

To design the ideal approach to prevent retinal degeneration due to RHO mutation, it is 

necessary to take into account that (i) most of RHO mutations are gain-of-function or 

dominant negative effect mutations, requiring not only to provide the normal protein 

synthesis, but also to reduce the mutant protein one, (ii) it is essential to keep RHO expression 

level close to the endogenous one to avoid deleterious effect on the retina13-14, and (iii) 

because more than one hundred known-point mutations have been found in RHO, a generic 

therapeutic tool is required, to target a wide array of RHO mutations. 
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Spliceosome-Mediated RNA Trans-splicing (SMaRT) technology allows respecting these 

major constraints15. Trans-splicing is a natural splicing mechanism firstly discovered in 

tripanosoma16-17 but also later found in rats18 and humans19-22. Poorly represented compared to 

cis-splicing, trans-splicing occurs between two distinct pre-mRNA and leads to a final mRNA 

composed of the 5’ part of the first pre-mRNA and the 3’ part of the second one. SMaRT 

technology uses this natural phenomenon to develop a powerful tool for RNA repair strategies 

by engineering molecules that are able to trans-splice a specific endogenous pre-mRNA 

(target mRNA), replacing by this way the sequence located before (3'-replacement) or after 

(5'-replacement) the trans-splicing site. Unlike ribozyme trans-splicing, SMaRT implicates 

the endogenous cell spliceosome machinery and only requires the introduction of an 

exogenous RNA termed PTM for pre-mRNA trans-splicing molecule. This PTM is composed 

of (i) a binding domain to specifically target the endogenous pre-mRNA, (ii) an artificial 

intronic sequence comprising all the necessary elements for splicing and (iii) the cDNA 

replacement sequence. 3’replacement trans-splicing has indeed already been used in vitro and 

in vivo, in a therapeutic context, for several genetic diseases, such as cystic fibrosis23-25, spinal 

muscular atrophy26-28, hemophilia A29, tauopathies30-31, epidermolysis bullosa simplex32, X-

linked immunodeficiency with hyper-IgM33, severe combined immune deficiency34, 

dystrophia myotonica type 135, frontotemporal dementia with parkinsonism linked to 

chromosome 1730, Duchenne muscular dystrophy36, dysferlinopathy37. Recently, trans-

splicing has also been considered for developing therapeutic strategies for cancer therapies38-

39, production of therapeutic proteins40 and molecular imaging41. 

Among advantages offered by SMaRT technology, there is the preservation in time, space and 

quantity, of the endogenous regulation of the target mRNA expression, because the PTM is in 

theory inert in the cell without the presence of its pre-mRNA target. Moreover, the 

replacement of the mutated sequence allows, in only one reaction, to reduce mutated protein 

synthesis and to promote the normal one, which is an important point, particularly in case of 

dominant disease. Because PTM includes only a part of the gene sequence to repair, another 

main advantage of SMaRT technology is the small size of the restorative molecule compared 

to all others gene therapy systems. Finally, by targeting the first intron of rhodopsin pre-

mRNA, and thus replacing exons 2 through 5, only one PTM should be able to repair around 

70-80% of all known RHO mutations.  

The present study reports the use of SMaRT technology as a therapeutic tool for mutations of 

RHO, and shows for the first time a level of efficiency that opens the door to its possible use 
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in a dominant disease context. Using an in vitro cellular assay, we screened fourteen PTM 

differing only by the target of their binding domain on rhodopsin pre-mRNA intron 1. We 

quantified the trans-splicing rate at the RNA level and showed that the best PTM reached a 

rate of 25%. Furthermore, we increased the efficiency up to 41% by adding additional intronic 

sequence into the partial replacement cDNA of the PTM. Finally, after developing HEK293T 

cells-derived lines expressing mutant RHO stably, we demonstrated that trans-splicing repair 

of rhodopsin mRNA led to synthesis of a correct protein, which is characterized by a 

relocation of RHO to the plasma membrane of the cells as assessed by imaging flow 

cytometry. 

 

Results 

PTM engineering and screening: influence of binding domain and replacement 

sequence. 

The PTM sequence encodes for (i) a binding domain, complementary of 150 nucleotides of 

rhodopsin pre-mRNA first intron, (ii) an intronic sequence constituted of all the necessary 

elements for spliceosome recruitment: a branch point, a polypyrimidine tract and a 3’ acceptor 

splice site, and (iii) the replacement exons 2 to 5 of rhodopsin cDNA, devoid of any mutation 

(Fig. 1a). All the challenge of this technology is to induce the PTM binding on rhodopsin pre-

mRNA, to promote splicing in trans instead of cis, leading to the repair of any mutation that 

could be present in exons 2 to 5 (Fig. 1b).  

Among the different strategies that can be developed in order to tip the balance in favor of 

trans-splicing, previous studies showed that length and position of the binding domain are 

essential points to engineer efficient PTM33-35,42. At first, we designed and tested 14 different 

PTM targeting RHO intron 1, differing only in their binding domain, all with a length of 150 

b but at different location on the intron. To evaluate trans-splicing efficiency we co-

transfected HEK-293T (293T) cells with the PTM-expressing constructs and a plasmid 

encoding the whole rhodopsin gene. We then quantified the trans-splicing rate by 

amplification of rhodopsin mRNA and specific restriction cutting allowing discrimination of 

the cis- and trans-spliced transcripts, thanks to a silent mutation introduced by site-directed 

mutagenesis in the replacement cDNA of the PTM construct (Fig. 2). This methodology was 

used throughout our study to quantify trans-splicing efficiency at the RNA level. 
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The first three PTM (1-2-3) that we tested targeted respectively the 5'-, the middle-, and the 

3'-part of intron 1 (Fig. 3a). Our results provided evidence that the binding sequence is crucial 

for trans-splicing events, showing efficiency ranging from near to zero% (PTM0: negative 

control devoid of binding domain, PTM2, PTM3) to 25% (PTM1, p<0.0001 assessed by 

Dunn's multiple comparisons test vs PTM0; Fig. 3b). To increase further trans-splicing 

efficiency, we next engineered new PTM targeting specific sequences of rhodopsin pre-

mRNA, surrounding PTM1 target site (PTM4-5-6-7-8-9-10, Fig. 3a) or directed against the 3’ 

acceptor splice site of RHO exon 2 (PTM14, Fig. 3a). Trans-splicing quantifications showed 

that PTM1 was still the most efficient PTM, but PTM7 and 8, whose binding domain 

sequence overlaps with that of PTM1, also showed a significant level of trans-splicing 

(p<0.05 and 0.01 respectively assessed by Dunn's multiple comparisons test vs PTM0; Fig. 

3b). This suggests that there is at least one region more favorable for trans-splicing on intron 

1 of RHO. 

Next, we wanted to assess that the trans-splicing reaction led to the correct mRNA sequence. 

To that aim, we sequenced the PCR product obtained from mRNA reverse transcription and 

amplification. This showed that correct sequence of the mRNA was respected at the trans-

splicing site, i.e. at the junction between exons 1 and 2. In addition, the electrophoregram of 

the Sanger sequence reaction demonstrated a mixture of cis- and trans-spliced transcripts at 

the site where the silent mutation was inserted (Fig. S1). 

Another group reported that modifications on PTM cDNA replacement sequence could also 

greatly influence the efficiency of trans-splicing43. We thus tried to improve trans-splicing 

rates obtained with the two most efficient molecules (PTM1 and 8) by adding natural or 

artificial intronic sequence in this part of the molecule. We reintroduced RHO intron 3 at its 

original place to create PTM19 and 22 respectively, or added an artificial intronic sequence 

between RHO exon 2 and 3 (PTM20 and PTM23) or inside exon 3 (PTM21 and PTM24) 

(Fig. S2a). Trans-splicing quantification showed that efficiency of PTM1 and 8 can actually 

be modulated positively or negatively, depending on the sequence and the localization of the 

added intron (endogenous intron 3, significant increase p<0.001, artificial intron between 

exons 2 and 3, significant increase p<0.0001, artificial intron inside exon 3, significant 

decrease p<0.01, assessed by Dunnett's multiple comparisons test vs PTM1 and 8 without 

additional sequence; Fig. 3c and Fig. S2b). These results showed that the cDNA replacement 

part of the PTM is also determinant for trans-splicing efficiency. The most efficient PTM 

obtained to date was thus the PTM20, which contains an artificial intron between RHO exon 2 
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and 3, with a trans-splicing efficiency greater than 40%, as assessed by transient co-

transfection of 293T cells with plasmids expressing respectively the RHO gene and the PTM. 

Finally, we wanted to check whether trans-splicing was dependent upon PTM expression 

level. To test this hypothesis, we transfected 293T cells with different ratio of the RHO 

expressing plasmid and the PTM1 expressing plasmid. As expected, this experiment 

demonstrated that trans-splicing rate was correlated to PTM expression level (Fig. 3d). 

Development of rhodopsin stable expression cell lines: trans-splicing in physiological 

conditions and quantification at protein level. 

To make the first PTM screen easier and faster, experiments reported above have been done 

in transient co-transfection conditions. However, this methodology might not be fully 

indicative of the in vivo situation. One can for instance speculate that using co-transfection 

could bring closer the PTM and the RHO constructs, thus promoting the trans-splice event 

easier. We thus created cell lines derived from 293T cells and expressing stably wild type 

(WT) or different mutant alleles of RHO. To that aim we took advantage of lentiviral vectors 

encoding the full gene. This small-size gene (5 Kb including 5' and 3'UTR) is indeed 

compatible with the packaging capacity of lentiviral vector, which integrates into genome of 

the host cells leading to stable expression of the transgene.  

It is well described that WT RHO is localized in plasma membrane in HEK-293S cells or 

COS-7 cells, while mutated RHO can be retained into the cell in different kinds of 

aggresomes, depending on the mutation44-46. 

We generated four different cell lines expressing respectively WT, P23H, R135W or P347L 

mutated RHO. These alleles were selected according to the following criteria. P23H mutation 

is the most studied and the most representative mutation in North American patients47-49, 

known to induce retention of the protein into the cell. However, by its location in exon1, it 

cannot be repaired by our PTM, and we used it as a control for a mutation leading to a strong 

phenotype. P347L mutation is certainly the second most prevalent mutation worldwide47-48, 

and the first in european patients50. Nevertheless this mutation does not induce RHO 

myslocalization in 293T cells. The third mutation studied, R135W, is also a frequent cause of 

RP in european patients50. It is localized in RHO exon2, thus amenable with our 3' 

replacement strategy and slightly modifies the export of RHO, which is described to be both 

localized to the plasma membrane and into the cell. 
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Following transduction of 293T cells with RHO-expressing lentiviral vector, we firstly 

observed that more than 95% of the cells expressed RHO (data not shown). Then, we studied 

RHO sub-cellular localization using immunocytofluorescence. As expected, WT and P347L 

RHO were present at the plasma membrane while P23H RHO was retained into the cell. 

Unexpectedly, R135W RHO was also very clearly retained inside the cell in our hands and we 

did not observe R135W protein at the plasma membrane (Fig. 4a). Moreover, to plainly 

establish RHO sub-cellular localization, we performed additional immunocytofluorescence 

labeling before and after cell permeabilization. This confirmed that P23H and R135W 

mutations led to retention of the protein in the cytoplasm (Fig. 4b). 

To objectively quantify the RHO phenotype, we used a flow imaging technique based on the 

ImageStreamX set-up, which can measure various cytological parameters on a large 

population of cells. Digital masks were applied to the cells to discriminate membrane and 

cytoplasmic RHO and compute an internalization score, determined automatically by the 

ImageStreamX device (Fig. 5a). Whereas WT and P347L RHO presented an internalization 

score of 0.41 and 0.34 respectively, those of P23H and R135W RHO were greater than 1, 

meaning that proteins were mainly intracellular (scores: 2.26 and 2.25 respectively) 

(p<0.0001 assessed by Dunnett's multiple comparisons test vs WT RHO; Figs. 5 b-c, S3). To 

quantify the effect of trans-splicing on RHO sub-cellular localization in these cell lines, we 

determined the internalization score in co-transfected cells with the PTM1- or PTM20-

expressing plasmid and a Cerulean-expressing plasmid, which allowed selection of 

transfected cells only. In the WT RHO cell line, the internalization score was unchanged 

irrespective of the PTM with which the cells were transfected while in the R135W RHO cell 

line, the internalization score showed a tendency toward reduction after transfection with 

PTM1, an effect that was even more pronounced with PTM20 (Fig. 5d). Considering that 

maximal expected variation of internalization score should be obtained between R135W RHO 

and WT RHO cells, we observed that, compared to PTM0, PTM20 did not change 

internalization score in WT RHO cells (2.18% decrease), whereas it led to 22.32% decrease in 

R135W RHO cells (p<0.05 assessed by T-test; Fig. 5e). This demonstrated that trans-splicing 

also occurs when the cells expressed the target pre-mRNA stably. Moreover, it showed that 

trans-splicing of the mRNA is accompanied by a synthesis of repaired protein, which presents 

a correct localization. 
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Discussion 

In this study, we demonstrated that dominant mutations of RHO can be repaired by RNA 

trans-splicing. Using two different cellular models of RHO expression we showed that a 

significant proportion - up to 40 % - of the mRNA can be repaired, leading to an improvement 

of the phenotype, characterized by sub-cellular localization of RHO. 

We started by engineering different PTM and screened them by transient co-transfection of 

293T cells. A significant advantage of our system is that the size of the RHO expression 

cassette (5375bp from the transcription start site to the end of the 3' untranslated region) 

allows us to easily produce an expression plasmid with the entire gene. We were thus able to 

test the PTM efficiency by co-transfection with a construct expressing the full RHO, instead 

of an artificial minigene, as usually used in trans-splicing studies. This procedure allows 

testing the effectiveness of PTM on their real target, i.e. the entire rhodospin pre-mRNA, 

which helps to ensure that the results obtained from the screen will be replicated in vivo, first 

in the animal model of the pathology, then in patients. The screen of 14 different binding 

domains showed that this part of the PTM is decisive for trans-splicing efficiency. Indeed, 

localization of the binding domain plays a crucial role and our results revealed a hotspot 

sequence for trans-splicing efficiency in the target intron. This hotspot may be directly linked 

to the sequence of the binding domain, or to the secondary structure of the PTM, but also to 

that of the target pre-mRNA that can be more accessible in that location. Interestingly, 

PTM14 that targets the endogenous 3’ acceptor splice site was not efficient, despite results 

obtained previously by other groups that used an equivalent strategy42,51. In our case, the 

small size of the overlapping sequence between PTM14 binding domain and exon 2 (only 5 

bp) can be at the origin of this result. Nevertheless, even if masking the endogenous 3’ 

acceptor splice site by the PTM binding might favours trans-splicing, it should be kept in 

mind that it could also induce exon skipping by promoting reaction of exon 1 donor splice site 

with the acceptor splice site of exon 3 or following. The binding domain is not the only 

parameter that affects PTM efficiency. We indeed showed that it is possible to play on the 

replacement cDNA by introducing sequences promoting splicing, such as introns. Depending 

on sequence and localization of this intron, it can promote or reduce the trans-splicing 

efficiency (Fig. S2). Even if splicing mechanism is more and more suspected to occur 

sequentially from the first to the last intron because of its coupling with transcription52, in vivo 

splicing products have already shown that the first intron is not inevitably the first to be 

removed53. We thus hypothesized that adding a supplementary intron in the PTM sequence 
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recruits the spliceosome and thus by proximity, favors its binding on the PTM 3’ acceptor 

splice site relative to the endogenous pre-mRNA one. Binding domain localization and 

supplementary intron are two examples of PTM modifications that can significantly improve 

trans-splicing efficiency, but other strategies could be implemented. One can for example 

imagine to play on the length of the binding domain, or to introduce intronic splicing 

enhancer (ISE) just after the binding domain. Facing with this complexity, different systems 

have been developed to facilitate the screening work32,51,54, but it is still clearly difficult to 

precisely predict a PTM effect in vivo, above all because these screening system have been 

tested on artificial mini-genes which might not reflect faithfully the physiological context.  

Another crucial point for trans-splicing efficiency is the ratio between the quantities of PTM 

and its target pre-mRNA. Intuitively, one might speculate that the higher the proportion of 

PTM is, the more the trans-splicing is favoured. To assess this hypothesis, we transfected 

293T cells with different ratios of the PTM-expressing plasmid and the RHO construct. This 

demonstrated that the trans-splicing rate is directly correlated with the quantity of PTM. 

These results confirm those obtained by Puttaraju and colleagues in a different system15. This 

has very important implication for the in vivo application, especially in the case of rhodopsin 

that is expressed at very high levels in rod photoreceptors55. To expect a therapeutic benefit in 

animal models, it will thus be mandatory to express high levels of PTM in the target cells. 

Hopefully, latest vector developments have shown that AAV can transduce rod 

photoreceptors very efficiently and safely56. In combination with a strong tissue specific 

promoter such as the rhodopsin one, it will most probably allow to reach therapeutic level of 

expression of the PTM in vivo. 

Next, we wanted to ensure that trans-splicing repair of mutant mRNA led to at least partial 

restoration of wild-type protein levels in cells based on a phenotypic index. To study RHO 

sub-cellular localization in a more physiological context than transient transfection, we 

created cell lines expressing the protein stably, thanks to integrating properties of lentiviral 

vectors. Transduced 293T cells proved to be a functional system, with almost all of the cells 

expressing RHO. Even if the localization phenotype observed in 293T cells was different 

from that described in rods photoreceptors57, this can be explained by the differential structure 

between these two cell types. Rods present indeed a very particular structure in which RHO is 

contained: phospholipid bilayers arranged in stacks of discs in the outer segment that have no 

equivalent in 293T cells. Nonetheless, the ImageStreamX set-up allowed us to quantify this 

phenotype and to show that the R135W RHO cell line can be partially rescued by trans-
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splicing. Two important points have been highlighted by the results: (i) the proof that trans-

splicing is efficient and quantifiable in conditions close to physiological ones, where PTM has 

to enter into the nucleus, be transcribed, bind and react with the endogenous pre-mRNA 

before its prospective cis-splicing, (ii) the demonstration of a trans-splicing repair at the 

protein level, leading to its re-localization in a physiological way.  

Our results bring the proof, for the first time, that trans-splicing can reach a significant 

enough rate to expect a therapeutic benefit in the context of a dominant disease. Indeed, 

considering the fact that patients suffering from dominant diseases are in most cases 

heterozygous, converting 40% of mutated mRNA back to normal will get the ration of mutant 

against normal protein to almost 1/4 vs 3/4. This ratio could even lean more in favor of the 

normal protein if it appears that the mutant is less stable. In conclusion, this work highlights 

that SMaRT can be a powerful tool, not only for recessive disease cases, but also for 

dominant ones, and shows that a lot of different tricks can be applied to increase trans-

splicing rate. Future evaluation will focus on in vivo evaluation using AAV vectors and 

humanized mouse models expressing a mutant allele of the complete human RHO. 

 

Material and methods 

Plasmid construction 

Plasmids' backbone used for RHO expression contained a self-inactivating lentiviral genome 

and were previously described58. Human Wild Type (WT) RHO was amplified from HEK-

293T cells genomic DNA using the following primers: 5’-

CACCAGAGTCATCCAGCTGGAGCC-3’ and 5’-GTCCTAGGCAGGTCTTAGGC-3’. The 

PCR product was subsequently sub-cloned in pENTR/D-TOPO plasmid according to the 

manufacturer's instructions (Life Technologies, Saint-Aubin, France), and sequence of the 

whole insert was verified. P23H, R135W and P347L mutations were inserted by site-directed 

mutagenesis (QuickChange kit, Agilent). Wild-type or mutant alleles of the human RHO were 

then introduced in the lentiviral shuttle plasmid by Gateway recombination (Life 

Technologies, Saint-Aubin, France) under the transcriptional control of the short form of the 

ubiquitous promoter elongation factor 1 alpha (EF1alpha) promoter. The transgene expression 

cassette was inserted in reverse orientation of the lentiviral genome to avoid rhodopsin intron 

splicing during vector production. 
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PTM were cloned into a shuttle plasmid for self-complementary AAV vector production that 

was previously described59. PTM expression was under the control of the ubiquitous 

cytomegalovirus (CMV) immediate early promoter, and terminated by the BGH (Bovine 

Growth Hormone) poly-adenylation signal. 14 different binding sequences targeting 

rhodopsin intron 1 were synthesized by Eurofins MWG Operon (Les Ulis, France) and cloned 

into the AAV-PTM expression plasmid using HindIII/SacII restriction sites. The final PTM 

(PTM 1 to 14) were composed of a binding sequence, followed by an artificial intronic 

sequence and the rhodopsin partial cDNA. The rhodopsin partial cDNA of PTM1 and PTM8 

were modified by addition of the endogenous rhodopsin intron 3 (PTM19, 22) or another 

artificial intronic sequence, inserted at nucleic acid position 172 (PTM20, 23) or 296 (PTM21, 

24) after the beginning of exon 2. The artificial intronic sequence36 was composed of several 

elements important for splicing: a branch point, a poly-pyrimidine tract and a 3’ acceptor 

splice site.  

Cell culture and transfection 

Human Embryonic Kidney cells (HEK-293T) were grown in Dulbecco’s modified Eagle’s 

medium (Gibco, Life Technologies, Saint-Aubin, France) supplemented with 10% heat-

inactivated fetal bovine serum (Gibco, Life Technologies, Saint-Aubin, France), 100 U/mL 

penicillin and 100µg/mL streptomycin (Gibco, Life Technologies, Saint-Aubin, France). 

HEK-293T cells were incubated at 37°C with 5% CO2. For transfection, HEK-293T cells 

were plated in 6-well plate at a density of 500,000 cells/well, transfected by 2.5µg plasmid 

DNA using the CaCl2 precipitate method the following day, and analysed 48 hours after 

transfection.  

Virus production and cell transduction 

Recombinant lentiviral particles were produced by transient transfection of HEK-293T cells 

as previously described58. Viral supernatants were concentrated by ultracentrifugation at 

70,000 g for 90 min at 4 °C. Finally, viral pellets were resuspended in a minimal volume of 

PBS to achieve a 1,000-fold concentration of the initial supernatant. Aliquots of 5–10 µl were 

then stored at −80 °C until further use. Total particle concentration of the viral stocks was 

estimated by quantification of the p24 capsid protein using RETRO-TEK HIV-1 p24 Antigen 

ELISA kit (ZeptoMetrix, Buffalo, New York, United States) according to the manufacturer's 

instructions. HEK-293T cells were transduced with a quantity of lentivirus corresponding to 2 

pg of p24 protein per cell. 
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Quantification of trans-splicing rate at RNA level 

A silent point mutation was introduced by site-directed mutagenesis (QuickChange kit, 

Agilent) in the partial rhodopsin cDNA of the PTM. This mutation was designed to change a 

BglI restriction site into NheI. For trans-splicing quantification, HEK-293T cells were lysed, 

mRNA were collected (Nucleospin RNA II extraction kit, Macherey-Nagel, Düren, Germany) 

and reverse-transcribed into cDNA (superscript II and OligodT, Life Technologies) before 

amplification of rhodopsin cDNA by end-point PCR. Primers used were: 5’-

GCACGCCTCTCAACTAC-3’ and 5’-TCTTGCCGCAGCAGATG-3’. PCR product was 

separated into two equal batches for restriction cutting using respectively BglI and NheI. 

Partial digestion was then quantified on a Bioanalyzer (2100 Bioanalyzer, Agilent 

Technologies, Les Ulis, France). 

Immunocytochemistry  

Single labelling protocol: Cells were plated in twenty-four-well plates on a glass coverslip 

and fixed in PFA 4% for 10 minutes twenty-four hours later. Cells were permeabilized 15 

minutes in PBS-1% NGS-0.2% triton before 1 hour incubation with rhodopsin primary 

antibody (Rho4D2 antibody MABN15, Merck-Millipore, 1/500 dilution in PBS-1% NGS) 

and then 45 minutes with Alexa-488 secondary antibody (Alexa Fluor A11001, Life 

Technologies, 1/1,000 dilution in PBS-1% NGS) followed by a 5 minutes incubation in PBS-

dapi (1/5,000 dilution). 

Double labelling protocol (before and after permeabilization): Cells were plated in twenty-

four-well plates on a glass coverslip and fixed in PFA 2% for 10 minutes twenty-four hours 

later. Coverslips were incubated for 1 hour with rhodopsin primary antibody (Rho4D2 

antibody MABN15, Merck-Millipore, 1/500 dilution in PBS-1% NGS) and then for 45 

minutes with Alexa-594 secondary antibody (Alexa Fluor A11005, Life Technologies, 

1/1,000 dilution in PBS-1% NGS). Cells were thus fixed again in PFA 2% 10 minutes, then 

permeabilized 15 minutes in PBS-1% NGS-0.2% triton. Coverslips were once again 

incubated 1 hour with rhodopsin primary antibody, followed by an 45 minutes with Alexa-

488 secondary antibody (Alexa Fluor A11001, Life Technologies, 1/1,000 dilution in PBS-

1% NGS), before a 5 minutes incubation in PBS-dapi (1/5,000 dilution).  

After mounting on a glass slide, cells were observed on an Olympus FV1000 laser-scanning 

confocal microscope. 
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ImageStream X imaging 

HEK-293T cells were transfected as described above. A reporter plasmid expressing a cyan 

fluorescent protein60 was used to label transfected cells. Cells were then pelleted and fixed for 

10 minutes in 4% PFA, followed by 15 minutes permeabilization in PBS-1% NGS-0.05% 

triton. After labelling with rhodopsin primary antibody (Rho4D2 antibody MABN15, 1/500 

dilution, Merck-Millipore) and Alexa-647 secondary antibody (Alexa Fluor A31571, 1/1,000, 

Life Technologies), cells were analysed on an ImageStreamX technology (AMNIS). 

Parameters used were: Cerulean detection: excitation by 488 laser (100mW), emission in 

Channel 02; Alexa-647 detection: excitation by 658 laser (120mW), emission in Channel 11; 

Magnification: x40; Core diameter: 8 µm; No compensation was necessary. 

The minimal number of events that was considered to be statistically representative was 500 

cells. All experiments were done with at least 500 cells. 

Statistics 

GraphPad Prism 6 (GraphPad Software, San Diego, USA) was used for data analysis and 

graphic representation. All values are reported as medians. Details of statistical analysis are 

given in each figures' legend.  
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Figure	
   1:	
   Schemes	
   of	
   a	
   Pre-­‐Trans-­‐splicing	
   Molecule	
   construct	
   and	
   trans-­‐splicing	
  
mechanism.	
  

(a)	
  After	
  transcription	
  of	
  the	
  rhodopsin	
  gene,	
  the	
  PTM	
  binding	
  domain	
  recognized	
  a	
  sequence	
  of	
  
the	
  rhodopsin	
  pre-­‐mRNA	
  first	
  intron,	
  which	
  allowed	
  promoting	
  a	
  splicing	
  in	
  trans	
  instead	
  of	
  cis,	
  
leading	
   to	
   the	
   production	
   of	
   a	
   chimeric	
   mRNA	
   devoid	
   of	
   any	
   mutation	
   in	
   exons	
   2	
   to	
   5.	
   *	
  
represents	
  a	
  potential	
  mutation.	
   (b)	
  PTM	
  expression	
  plasmid,	
   in	
  which	
  the	
  coding	
  sequence	
  of	
  
the	
  PTM	
  is	
  under	
  the	
  control	
  of	
  a	
  cytomegalovirus	
  promoter	
  (CMV	
  prom),	
  and	
  composed	
  from	
  5’	
  
to	
  3’	
  of	
  a	
  binding	
  domain	
  (BD),	
  an	
  intronic	
  sequence	
  (IS),	
  the	
  rhodopsin	
  replacement	
  cDNA	
  (ex2	
  
to	
   5)	
   and	
   the	
   Untranslated	
   Terminal	
   Region	
   (UTR)	
   of	
   the	
   bovine	
   growth	
   hormone	
   gene	
  
containing	
  the	
  polyadenylation	
  signal.	
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Figure	
  2:	
  Method	
  for	
  precise	
  quantification	
  of	
  trans-­‐splicing	
  rate	
  using	
  end-­‐point	
  PCR.	
  

(a)	
  PCR	
  amplification	
  of	
  cDNA	
  obtained	
  from	
  cis	
  and	
  trans-­‐spliced	
  rhodopsin	
  mRNA,	
  loaded	
  on	
  a	
  
2%	
  agarose	
  gel.	
  Expected	
  size:	
  771bp.	
   (b)	
  Restriction	
  cutting	
  of	
  PCR	
  products,	
  by	
   respectively	
  
NheI	
   and	
   BglI,	
   loaded	
   on	
   a	
   2%	
   agarose	
   gel.	
   Expected	
   sizes	
   of	
   restriction	
   fragments:	
   165bp	
   +	
  
606bp.	
   (c)	
   Schematic	
   representation	
   of	
   trans-­‐spliced	
   and	
   cis-­‐spliced	
   mature	
   mRNA,	
   with	
  
localization	
   of	
   Bgl	
   I	
   and	
   Nhe	
   I	
   restriction	
   sites.	
   Electrophoregrams	
   of	
   digested	
   products	
   after	
  
migration	
  on	
   capillary	
  electrophoresis	
   (corresponding	
   to	
  wells	
  4	
  and	
  5	
  of	
  panel	
  b).	
  Each	
  peak	
  
represents	
   a	
   DNA	
   product,	
   whose	
   quantity	
   is	
   accurately	
   determined	
   by	
   calculating	
   peak	
   area.	
  
The	
   two	
   most	
   extreme	
   peaks	
   of	
   each	
   electrophoregram	
   are	
   internal	
   controls	
   and	
   are	
   not	
  
included	
  in	
  calculation	
  of	
  the	
  peak	
  area.	
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Figure	
  3:	
  Effect	
  of	
  binding	
  domain	
  and	
  intronic	
  sequence	
  on	
  trans-­‐splicing	
  efficiency.	
  

(a)	
  Schematic	
  representation	
  of	
  binding	
  domains	
  localization	
  on	
  intron	
  1.	
  Each	
  binding	
  domain	
  
is	
   represented	
   by	
   a	
   dash	
   indicating	
   its	
   location	
   following	
   a	
   vertical	
   line	
   on	
   the	
   intron	
  
diagrammed	
   above.	
   (b)	
   Trans-­‐splicing	
   rate	
   of	
   PTM0	
   to	
   14.	
   PTM0	
   that	
   is	
   devoid	
   of	
   binding	
  
domain	
  served	
  as	
  a	
  negative	
  control.	
  Each	
  experiment	
  was	
  performed	
  with	
  a	
  minimum	
  of	
  three	
  
culture	
  wells	
  and	
  replicated	
  several	
  times.	
  The	
  number	
  of	
  replicates	
  is	
  indicated	
  under	
  the	
  x-­‐axis	
  
for	
  each	
  PTM.	
  Statistical	
  analysis	
  was	
  performed	
  by	
  comparison	
  of	
  PTM0	
  versus	
  all	
  other	
  groups	
  
using	
   Dunn's	
   test.	
   (c)	
   Effect	
   of	
   intron	
   addition	
   inside	
   the	
   replacement	
   cDNA	
   sequence.	
  Trans-­‐
splicing	
  rates	
  were	
  calculated	
  after	
  modification	
  of	
  PTM1	
  and	
  8	
  with	
  each	
  intronic	
  sequence	
  (see	
  
Fig.	
  S2).	
  Efficiency	
  of	
  each	
   intron	
  addition	
  was	
  normalized	
  against	
   trans-­‐splicing	
  rate	
  obtained	
  
for	
  PTM1	
  and	
  8	
  before	
  addition	
  of	
  the	
  intronic	
  sequence.	
  Statistical	
  analysis	
  was	
  performed	
  by	
  
comparison	
  of	
  PTM1	
  and	
  8	
  versus	
  all	
  other	
  groups	
  using	
  Dunnett's	
  test.	
  (d)	
  Variations	
  of	
  PTM1	
  
trans-­‐splicing	
   rate	
   as	
   a	
   function	
   of	
   its	
   quantity	
   in	
   transfection	
  mix.	
   The	
   cells	
  were	
   transfected	
  
with	
  the	
  same	
  amount	
  of	
  total	
  DNA.	
  The	
  proportion	
  of	
  PTM-­‐expressing	
  plasmid	
  with	
  regards	
  to	
  
total	
  DNA	
  amount	
  is	
  indicated	
  under	
  the	
  x-­‐axis.	
  

In	
  all	
   these	
  experiments,	
   trans-­‐splicing	
   rates	
  were	
  determined	
  at	
  RNA	
   level	
   after	
   transient	
   co-­‐
transfection	
  of	
  PTM	
  and	
  RHO	
  constructs	
  in	
  HEK-­‐293T	
  cells.	
  All	
  values	
  are	
  presented	
  as	
  medians	
  
+/-­‐	
  SD.	
  	
  



	
  RESULTS	
   83	
  
	
  

	
  

Figure	
   4:	
   Cellular	
   localization	
   of	
   WT,	
   P23H,	
   R135W	
   or	
   P347L	
   human	
   RHO	
   stably	
  
expressed	
  in	
  HEK-­‐293T	
  cells.	
  

HEK-­‐293T	
   cells	
   were	
   transduced	
   with	
   lentiviral	
   vectors	
   to	
   create	
   cell	
   lines	
   expressing	
   stably	
  
normal	
  or	
  mutated	
  RHO.	
   (a)	
  Confocal	
  microscope	
  slices	
  of	
   confluent	
  HEK-­‐293T	
  cells	
   following	
  
immunofluorescence	
   labelling	
  of	
   rhodopsin	
   (AF488,	
   green)	
   and	
   staining	
  of	
   the	
  nucleus	
   (DAPI;	
  
blue).	
   In	
   non-­‐transduced	
   cells	
   (NT)	
   no	
   RHO	
   is	
   detected.	
   In	
   cell	
   lines	
   expressing	
   WT	
   or	
   P347L	
  
RHO,	
   the	
   staining	
   is	
   localized	
   at	
   the	
   periphery	
   of	
   the	
   cells	
   and	
   the	
   cytoplasm	
   appears	
   almost	
  
devoid	
   of	
   staining.	
   On	
   the	
   contrary,	
   with	
   P23H	
   and	
   R135W	
   mutation,	
   the	
   staining	
   is	
  
concentrated	
  in	
  the	
  perinuclear	
  space.	
  (b)	
  Immunolabelling	
  of	
  a	
  representative	
  transduced	
  cell	
  
for	
  each	
  cell	
  lines,	
  before	
  and	
  after	
  permeabilization.	
  1st	
   line:	
  DAPI	
  staining;	
  2nd	
  line:	
  rhodopsin	
  
staining	
   before	
   permeabilization;	
   3rd	
   line:	
   rhodopsin	
   staining	
   after	
   permeabilization;	
   4th	
   line:	
  
merged	
  views.	
  Scale	
  bar:	
  10μm.	
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Figure	
  5:	
  Quantification	
  of	
  RHO	
  localization	
  by	
  ImageStream	
  technology	
  before	
  and	
  after	
  
trans-­‐splicing.	
  

(a)	
   Representative	
   example	
   of	
   a	
   bright-­‐field	
   image	
   of	
   a	
   cell	
   acquired	
   with	
   the	
   ImageStreamX	
  
(left).	
   This	
   image	
   is	
   used	
   to	
   automatically	
   define	
   masks	
   corresponding	
   to	
   the	
   cell	
   cytoplasm	
  
(middle)	
  and	
  to	
  the	
  plasma	
  membrane	
  (right).	
  (b)	
  RHO	
  internalization	
  score	
  calculated	
  in	
  each	
  
cell	
  line	
  in	
  function	
  of	
  fluorescence	
  quantified	
  in	
  the	
  two	
  masks.	
  An	
  internalization	
  score	
  above	
  1	
  
means	
   that	
   fluorescence	
   is	
   mainly	
   present	
   inside	
   the	
   cell.	
   Data	
   were	
   collected	
   from	
   3	
  
independent	
  experiments	
  in	
  which	
  at	
  least	
  500	
  cells	
  were	
  analyzed	
  (statistically	
  representative).	
  
Statistical	
   analysis	
   was	
   performed	
   by	
   comparison	
   of	
   WT	
   RHO	
   internalization	
   score	
   versus	
   all	
  
other	
  groups	
  using	
  Dunnett's	
  test.	
  (c)	
  Representative	
  rhodopsin	
  immunofluorescence	
  staining	
  of	
  
the	
   4	
   cell	
   lines	
   visualized	
   on	
   the	
   ImageStreamX.	
   (d)	
   WT	
   and	
   R135W	
   RHO	
   cell	
   lines	
   were	
   co-­‐
transfected	
   with	
   a	
   PTM	
   construct	
   and	
   a	
   plasmid	
   expressing	
   the	
   cerulean	
   fluorescent	
   plasmid	
  
(CFP).	
   Internalization	
   scores	
   were	
   determined	
   after	
   selection	
   of	
   transfected	
   cells	
   using	
   CFP	
  
fluorescence.	
   Data	
   were	
   collected	
   from	
   4	
   independent	
   experiments	
   (represented	
   by	
   the	
   4	
  
different	
  symbols)	
  and	
  each	
  point	
  corresponds	
  to	
  observation	
  of	
  at	
   least	
  500	
  cells	
  (statistically	
  
representative).	
   (e)	
   Effect	
   of	
   PTM20	
   in	
   WT	
   RHO	
   and	
   R135W	
   RHO	
   cell	
   lines,	
   expressed	
   in	
  
percentage	
  of	
  maximal	
  variation	
  obtained	
  with	
  PTM0	
  in	
  these	
  same	
  cell	
  lines.	
  Statistical	
  analysis	
  
was	
  performed	
  by	
  T-­‐test	
  comparison	
  of	
  the	
  two	
  groups.	
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Figure	S1:	Validation	of	conformity	of	the	rhodopsin	mRNA	obtained	from	cis	and	trans-­‐

spliced.	

HEK-­‐293T	cells	were	co-­‐transfected	with	the	RHO	construct	and	the	plasmid	expressing	PTM1.	

48	hours	after	transfection,	mature	mRNA	were	extracted	and	reverse	 transcribed,	 then	 RHO	

cDNA	was	PCR	amplified	and	sequenced	by	Sanger	technique	using	a	 forward	 PCR	 primer	

located	in	exon	1	of	RHO.	The	left	electrophoregram	shows	that	both	cis	and	trans-­‐spliced	mRNA	

generated	 the	 correct	 transition	between	RHO	exon	1	and	2.	The	G	highlighted	by	the	shaded	

box	is	the	first	nucleic	acid	of	exon	2.	Right	electrophoregram:	the	mutation	from	C	to	T	modifies	

the	Bgl	I	restriction	site	(GCCNNNNNCCG)	into	a	Nhe	I	restriction	site	(GCTAGC)	that	we	used	to	

quantify	trans-­‐splicing	rate	by	restriction	analysis	of	the	PCR	product.	The	grey	box	shows	the	

presence	of	two	peaks	at	this	position,	demonstrating	that	both	molecular	species	were	present	

in	the	mRNA	pool.	
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Figure	S2:	Effect	of	the	addition	of	an	intronic	sequence	into	the	replacement	cDNA	of	the	

PTM.	

(a)	 Schematization	 of	 the	 modification	introduced	in	the	replacement	cDNA	of	PTM1	and	8	to	

generate	 respectively	 PTM19	 to	 21	 and	 PTM22	 to	 24.	 (b)	 Trans-­‐splicing	 rates	 obtained	 after	

modification	of	the	replacement	cDNA	of	PTM1	(PTM19	to	21)	and	8	 (PTM22	 to	 24).	 Trans-­‐

splicing	 rates	 were	 quantified	 at	 RNA	 level,	 after	 transient	 co-­‐transfection	 in	 HEK-­‐293T	 cells.	

Statistical	analysis	was	performed	by	comparison	of	PTM1	versus	PTM19,	20	and	21	or	PTM8	

versus	PTM22,	23	and	24	using	Dunn's	test.	
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Figure	S3:	Visualization	of	RHO	cell	lines	phenotype	by	imaging	flow	cytometry.	

Representative	examples	of	10	cells	analyzed	by	imaging	flow	cytometry	with	the	ImageStreamX	

for	the	4	different	cell	lines.	For	each	cell	line,	the	cytoplasmic	digital	mask	(blue)	overlay	on	the	

bright-­‐field	view	(A),	the	plasma	membrane	digital	mask	(blue)	overlay	on	the	bright-­‐field	view	

(B),	 the	 rhodospin	 immunofluorescence	 labelling	 (red,	 C),	 and	 the	merged	view	of	bright-­‐field	

and	red	channel	(D),	are	shown.	
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II. Improvement and characterization of an in vivo 
imaging technology to measure potential effects of our 
therapeutic strategy in a humanized mouse model. 

Spectral-domain optical coherence tomography of the rodent eye: highlighting layers of 

the outer retina using signal averaging and comparison with histology. 

Adeline Berger, Sophie Cavallero, Elisa Dominguez, Peggy Barbe, Manuel Simonutti, José-
Alain Sahel, Florian Sennlaub, William Raoul, Michel Paques, Alexis-Pierre Bemelmans. 

 

Concomitantly to the in vitro screening to select the most efficient PTM, we started to 

characterize different mouse models of rhodopsin deficiency that subsequently could be 

useful to assess the therapeutic efficacy of our trans-splicing strategy in vivo. Following order 

to monitor the evolution of a degenerative retinal disease in vivo, and measure potential 

beneficial effects of a therapeutic approach, powerful imaging technologies are required. To 

that aim, we were interested in Spectral-Domain Optical Coherence Tomography (SD-OCT) 

that gave a cross-sectional visualization of the retina. This non-invasive technology allows 

one to observe and measure the evolution of each retina cell layer over time. Despite an 

increasingly widespread use in rodents, SD-OCT images were often of medium quality that 

increased difficulties in their interpretation. Notably, layers of the inner retina were quite well 

defined, while images of the outer part were trickier to interpret. We first developed a tool to 

process the images as to improve their quality. Thanks to this approach, we were able to 

clearly identify each outer retina layer after comparison between pigmented and albino mice, 

and with histological sections. We also clearly established that SD-OCT is a very accurate 

technology, at least as histology, and moreover avoids variations due to sampling and 

treatment of the sections. By following retinal degeneration in a RHO knockout mouse model, 

we demonstrated that SD-OCT is a powerful technology to study the evolution of a retinal 

disease over time in the same animal. This approach may require some complementation with 

other techniques, such as histology and ERG to obtain information concerning cellular details 

and functionality. Yet the work presented here brings the proof that SD-OCT is a potent in 

vivo imaging technology for the visualization of retinal cellular layers, particularly adapted to 

the follow-up of degenerative diseases and can be now used to follow with higher confidence 

the evolution of the outer layers of the rodent retina.  
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Spectral-Domain Optical Coherence Tomography of the
Rodent Eye: Highlighting Layers of the Outer Retina
Using Signal Averaging and Comparison with Histology
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INSERM-DHOS CIC 503, Paris, France,4CEA, DSV, I2BM, Molecular Imaging Research Center (MIRCen), Fontenay-aux-Roses, France,5CNRS, CEA URA 2210, Fontenay-aux-
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Abstract

Spectral-Domain Optical Coherence Tomography (SD-OCT) is a widely used method to observe retinal layers and follow
pathological events in human. Recently, this technique has been adapted for animal imaging. This non-invasive technology
brings a cross-sectional visualization of the retina, which permits to observe precisely each layer. There is a clear expansion
of the use of this imaging modality in rodents, thus, a precise characterization of the different outer retinal layers observed
by SD-OCT is now necessary to make the most of this technology. The identification of the inner strata until the outer
nuclear layer has already been clearly established, while the attribution of the layers observed by SD-OCT to the structures
corresponding to photoreceptors segments and retinal pigment epithelium is much more questionable. To progress in the
understanding of experimental SD-OCT imaging, we developed a method for averaging SD-OCT data to generate a mean
image allowing to better delineate layers in the retina of pigmented and albino strains of mice and rats. It allowed us to
locate precisely the interface between photoreceptors and retinal pigment epithelium and to identify unambiguously four
layers corresponding to the inner and outer parts of photoreceptors segments. We show that the thickness of the various
layers can be measured as accuratelyin vivoon SD-OCT images, than post-mortem by a morphometric analysis of
histological sections. We applied SD-OCT to different models and demonstrated that it allows analysis of focal or diffuse
retinal pathological processes such as mutation-dependant damages or light-driven modification of photoreceptors.
Moreover, we report a new method of combined use of SD-OCT and integration to quantify laser-induced choroidal
neovascularization. In conclusion, we clearly demonstrated that SD-OCT represents a valuable tool for imaging the rodent
retina that is at least as accurate as histology, non-invasive and allows longitudinal follow-up of the same animal.
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Introduction

Rodents are widely used animal models for the study of the
retina, both physiologically and during degenerative diseases. The
mouse and rat retinal anatomy is indeed similar in many aspects to
that of humans. In addition there is a wide variety of mouse strains
that reproduce many inherited retinal degeneration observed in
humans.In vivo, retinal function is usually evaluated by electro-
retinography [1]. This technique, although providing a reliable
functional index, does not allow assessing the actual degeneration
of the different neuronal layers in the retina. The most widely used
morphological approach in animal experimentation is histology on
transverse sections of the retina, on which it is possible to achieve
different quantifications and especially the thickness of retinal
layers. However, this technique has several drawbacks. First, it is a
rather tedious technique. Second, the fixation process can induce

artifacts causing contractions and/or expansions of tissue, which
then lead to significant measurement variability [2,3]. Third, this
technique is terminal by its nature, so it does not allow longitudinal
monitoring of animals. Transparency of ocular tissues has made
possible to develop alternative techniques, to directly visualize the
retina and longitudinally monitor the degeneration, such as
fundoscopy, confocal scanning laser ophthalmoscopy (cSLO) and
angiography [4,5]. Although these techniques allow visualizing the
posterior pole of the eye and identifying morphological abnor-
malities, they do not provide similar data to those obtained by
histology on cross-sections of the retina. The only technique that
can provide very similar images to transverse histological sections
of the retina is spectral-domain optical coherence tomography
(SD-OCT) [6]. This method is non-invasive, fast and produces
high-resolution cross-sectional images, which are generated by the
interference between a reference optical path and another one that
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is reflected back from the eye [7,8]. In humans, this technique is
currently the gold standard for longitudinal monitoring of retinal
degeneration in a large number of pathologies such as age-related
macular degeneration [9,10] and diabetic retinopathy [9,11]
among others. This technique has logically been applied to animal
species used in ophthalmic research, and equipments suitable for
the rodents’ eye examination have been developed. The Bioptigen
840 nm HHP is one of the most used. It provides ‘‘en face’’ views of
the posterior segment of the eye and scans of transverse sections
[12]. These scans are used to measure the various nuclear layers of
the retina: inner nuclear layer (INL), outer nuclear layer (ONL)
and ganglion cell layer (GCL). However, there are still uncertain-
ties about the histological correspondence of the outermost layers
of the retina, i.e. the inner and outer segments of the
photoreceptors (PR), the retinal pigment epithelium (RPE) and
the choriocapillaris.
In this report, we describe a method for averaging SD-OCT
images of the rodent retina that allows a better analysis of fine
structures in the outer layers. The higher signal-to-noise ratio of
these images allowed us to define in rats and mice interfaces
generated by the outer limiting membrane (OLM), the inner
segment, the outer segment, the RPE and Bruch’s membrane, the
choriocapillaris and the large choroidal vessels. In addition, the
comparison of pigmented and albino animals underlined the effect
of melanin pigment on SD-OCT imaging. The comparison of
these results with histological data demonstrates that averaging of
SD-OCT images allows thickness quantification of the various
retinal layers with greater precision. Finally, we show that the SD-
OCT acquisition method we have developed allows to identify
discrete events or retinal lesions induced by different types of light
insults.

Material and Methods

Animals
Six to 12 weeks-old C57BL/6JRj or C57BL/6NRj (withrd8
mutation) or BALB/cJ mice were purchased from Janvier SA (Le
Genest-Saint-Isle, France). Rhodopsin2/2 (rho2/2) mice were
provided by Dr Janis Lem (Tufts University, Boston, MA, USA).
Mice were maintained at the Institut de la Vision animal facility
under pathogen-free conditions. All animals were housed in a
12 h/12 h light/dark cycle with food and water availablead
libitum.

Ethics statement
All manipulations were performed in accordance with the
association for research in vision and ophthalmology (ARVO)
Statement for the Use of Animals in Ophthalmic and Vision
Research. In addition, all the experimental procedures were
permitted by the Institutional Animal Care and Use Committee,
‘‘Comité d’éthique pour l’expérimentation animale Charles
Darwin’’ (ID Ce5/2010/044), which also specifically approved
the study reported in the present manuscript.

SD-OCT imaging
Pupils were dilated with tropicamide (Mydriaticum, Théa,
France) and phenylephrin (Néosynephrine, Europhta, France).
Animals were then anesthetized by inhalation of Isoflurane
(Axience, France) and placed in front of the SD-OCT imaging
device (Bioptigen 840 nm HHP; Bioptigen, North Carolina,
USA). Eyes were kept moisturized with 9% NaCl during the
whole procedure. Image acquisitions were performed using the
following parameters: Rectangular scan/1000 A-scan per B-scan/
100B-scan 1 frame or 4B-scans 16 frames. Acquired images were

saved as .avi files and processed with Fiji software (available at
http://fiji.sc/Fiji). Firstly, image artifacts due to breathing
movements were eliminated by using the StackReg Plugin. Then,
using ‘‘Z project’’ function set to ‘‘Sum Slices’’, each movie was
converted into a single image by compiling a Z-projection of all
images of the movie. Thus, the final image results from the
maximum projection of sixteen or one hundred images sampled
every micron, which means 16 or 100 microns retinal width
depending on the selected parameter. This manipulation elimi-
nates most of the noise observed on individual images, which
helped to show very clearly the reflectance differences present at
the level of the outer retina (Fig. S1, Supporting Information S1
and S2). Thickness of retinal layers were manually measured on
this maximum projection image in an axis perpendicular to the
individual layers and 500mm from the centre of the optic nerve
using Fiji software [13].
Subretinal injections. Animals were anesthetized by intra-
peritoneal injection of ketamine (50 mg/kg, Virbac, France) and
xylazine (10 mg/kg, Bayer HealthCare, Germany), and their
pupils were dilated as described previously. Subretinal injections
were performed with a 33-gauge blunt needle mounted on a 10ml
syringe (Hamilton, USA). Briefly, a hole was created through the
sclera/choroid/retina layers using the sharp tip of a 32-gauge
needle, and the blunt needle of the Hamilton syringe was then
gently inserted into the vitreous through this hole. The needle was
then pushed further into the vitreous until crossing the retina to
the opposite side of its entry site into the eye. After injection, the
needle was left in place for an additional 10 seconds to prevent
leakage of the injected fluid. A successful subretinal injection was
checked by visualization of subretinal bleb. Mineral oil (Sigma-
Aldrich, France) was injected in the subretinal space to visualize
boundary between PR and RPE.

Light-challenge model
This protocol was adapted from our previous study [14]. Briefly,
3-month-old C57BL/6JRj mice were adapted to complete
darkness for 12 hours and pupils were daily dilated with 1%
Atropin (Novartis, France). Animals were then exposed to green
LED light (4500 Lux, JP Vezon équipements, France) for 4 days
and subsequently kept in cyclic 12 h/12 h normal animal facility
conditions. SD-OCT was performed 3, 7, 14 and 21 days after
light exposure.

Laser-photocoagulation and choroidal
neovascularization (CNV) scar quantification
Three-month-old male C57BL/6JRj mice were anesthetized by
intraperitoneal injection of ketamine (50 mg/kg) and xylazine
(10 mg/kg). Pupils were fully dilated with 1% tropicamide.
Coverslips positioned on the mouse cornea were used as a contact
lens. Laser-photocoagulations (400 mW, 50 ms, 100mm spot size)
were performed 1 to 2 disc diameters away from the papillae with
a Laser Yag 532 Eyelite (Alcon, USA) mounted on a slit lamp (BQ
900, Hagg-Streitt, France). Laser photocoagulation and rupture of
Bruch’s membrane were confirmed by immediate observation of a
bubble. Choroidal neovascularization (CNV) was quantified 7
days after Laser impact and reported as volume units (mm3).
Volumetric data obtained from SD-OCT sequences, viewed and
analyzed with Imaris software (Bitplane, CT, USA) were
compared to data obtained by direct measures of oblate spheroid
CNV from the same SD-OCT sequences treated by FIJI software
as described before. Extrapolated volume was calculated with the
following formula (4/3p*a*b2)/2 (in which a is the polar radius
and corresponds to the measure along the vertical axis and b is the
equator radius and corresponds to the horizontal axis). To
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determine the power of the extrapolation method compared to 3D
rendering method, a linear regression was performed with
GraphPad software (San Diego, USA).
Histology. Animals were euthanized by CO2inhalation.
Before enucleation, a mark with an ophthalmic cautery was made
at the nasal quadrant of the cornea, so as to subsequently
differentiate upper, lower, nasal and temporal quadrants. For
Historesin-sections processing, eyes were fixed by immersion in
0.5% glutaraldehyde and 4% paraformaldehyde in PBS for
2 hours, dehydrated by successive ethanol baths, and included in
Historesin (Leica Microsystems, Germany). Oriented sections
(5mm thickness) were cut with a microtome (Microm HM 355S,
Thermoscientific, USA) and stained with toluidin blue. Slides were
scanned with a Nanozoomer 2.0 HT (Hamamatsu, Japan). Each
retinal layer was measured manually. For cryostat-sections
processing, eyes were fixed in 4% paraformaldehyde in PBS
overnight, cryoprotected at 4uC in successive solutions of PBS
containing 10, 20 and 30% of sucrose and embedded in a 10%
gelatine/30% sucrose solution, before rapid freezing in an
isopentane bath cooled to240uC. Retinal sections (16mm
thickness) were cut with a cryostat (Microm HM560, Thermo
Scientific, USA) and stored at220uC until further use. For
nuclear labelling, sections were incubated 5 min with 4,6-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich, France), rinsed
and mounted under coverslips with Mowiol reagent. ONL
thickness was then automatically quantified by a program specially
developed on Metamorph software package (Roper Scientific,
France), coupled to Nikon Eclipse Tiinverted microscope.

Statistics
GraphPad Prism 5 (GraphPad Software, San Diego, USA) was
used for data analysis and graphic representation. All values are
reported as medians. Statistical analysis is described in legend
of each figure. All statistic tests have been implemented with an

a-risk of 0.05. Parametric tests have been used after assessment of
normal data distribution with the d’Agostino and Pearson
omnibus normality test. Statistical significance has been indicated
in each figure as following: * = p-value,0.05, ** = p-value,0.01,
*** = p-value,0.001, **** = p-value,0.0001.

Results

Accuracy and reliability of SD-OCT imaging
At first, we wanted to verify that the averaging technique that
we used to remove most of the noise from SD-OCT images
allowed us to obtain a data quantification that was at least as
informative as the one obtained through histological sections. We
compared SD-OCT and histological morphometric measures
obtained pre- and post-mortem in the same animals. All measures
were done at identical locations in SD-OCT images and in
corresponding histological sections. As illustrated in Fig. 1A and B,
while SD-OCT data showed very similar thicknesses in temporal
and nasal sides, more important variations could be observed in
histology for the same sample. Moreover, significant differences
have been observed between SD-OCT measures and histological
ones for the entire retina and some individual layers (Fig. 1C). This
could be explained by the treatment of samples for histology.
Indeed, we tried to keep our histological samples in good
conditions, but it is clear that the extraction and treatments of
samples can be responsible of a variation that cannot be excluded
in histology and which is preventable with SD-OCT. This
phenomenon could also be responsible of the lower reproducibility
observed here by histology compared to SD-OCT (Fig. 1D). This
highlights that SD-OCT allows a great confidence in data
reproducibility simply becausein vivomeasurements avoid
potential variations due to sample treatments necessary forex vivo
measurements.

Figure 1. Retinal layer thickness measures in C57BL/6JRj wild-type mice by SD-OCT and histology.Retinal thickness in nasal and
temporal sides in SD-OCT image (A) and in corresponding histological section (B). (C) Measures of retinal layers thickness by SD-OCT and histology in
C57BL/6JRj mice, n = 11, Mann Whitney test. (D) Retinal thickness evaluated by SD-OCT and histology in C57BL/6JRj mice. Each pair of point
represents the whole retina thickness of the same eye measured with SD-OCT (blue dots) and histology (orange dots). IPL: inner plexiform layer, INL:
inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer, OLM: outer limiting membrane, RPE: retinal pigmented epithelium. SD:
Standard Deviation. Scale bars: 50mm.
doi:10.1371/journal.pone.0096494.g001
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Retinal outer layers characterization in rodents
Although SD-OCT allows observation of all retina layers, the
outer part of the sensory retina remains less precisely described
than the inner one. In order to delimit these outer layers, we
compared SD-OCT images to histological sections in pigmented
and albino animals. Firstly, we improved the quality of images
generated by SD-OCT (Fig. S1) to align layers detected on SD-
OCT images and histological sections of the retina (Fig. 2A–D).
Comparison of histology and SD-OCT images in pigmented and
albino mice revealed the localization of the RPE and showed also
notable differences in the SD-OCT imaging of the choriocapillaris
(Fig. 2A–D). While in pigmented mice RPE and Bruch’s
membrane resulted in a white line and a black one from the
inner to the outer part of the retina, we observed the opposite in
albino mice (Fig. 2B and D), indicating that melanin is a major
factor of RPE reflectivity. Also, choroid and sclera appeared
clearly defined in albino mice, mainly because of a better light
penetration than in pigmented animals in which most of the light is
arrested by choroidal pigmentation. To confirm RPE localization,
we induced a retinal detachment by subretinal injection of 0.5mL
of oil just before SD-OCT imaging. As expected, detachment
occured immediately internal of these above-mentioned retinal
layers in pigmented and albino mice (Fig. 2E and F). This line of
fractionation induced by the retinal detachment allowed us to
precisely define the outer boundary of the PR segments layer,
while the inner boundary was itself clearly defined by the outer
limiting membrane (OLM), which appeared as a thin hyper-
reflective line on the outer edge of the ONL. This allowed us to
conclude that the segments of the PR appear as four successive
bands of different reflectivity. The first two layers immediately
below the OLM presumably correspond to the PR inner segments
and the following two layers to the PR outer segments. As
expected, no difference could be evidenced at this level between
pigmented and albino mice. Based on these results, we can
therefore precisely locate the interface between the PR layer and
the RPE, and the bands corresponding to the inner and outer
portions of the segments (Fig. 2G–J). Analysis of pigmented and
albino strains of rats showed similar results (Fig. S2).

In vivo follow-up in the retina
After having established reliability of SD-OCT for imaging of
healthy retina, we wanted to show the usefulness of this technology
to characterize the occurrence of physiological or pathological
events in the rodent retina. Firstly, we studied degeneration of PR
in aretinitis pigmentosamouse model.Rho2/2 mice are a retinal
degeneration model [15] that presents a loss of almost all
photoreceptors at post-natal day 90 (P90). We followed this
degeneration by SD-OCT from P21 to P180, and compared
quantification of INL and ONL thickness to those of C57BL/6JRj
control mice (Fig. 3A–D). While INL thickness variation was
equivalent betweenrho2/2 and control mice (Fig. 3E), ONL
thickness dramatically decreased until complete vanishing at P180
inrho2/2mice (Fig. 3F). As expected, the same observation was
done by histology after DAPI labeling and automated measure-
ments (Fig. 3G). Nevertheless, values’ dispersion was far more
important with histological measures than with SD-OCT imaging.
This highlights that SD-OCT is a valuable tool for in vivo
monitoring of retinal degeneration in the same animal.
After improving SD-OCT image quality, and followingin vivo
processes, we then questioned whether SD-OCT imaging might
also be useful to visualize discrete physiological or pathological
events. For example, we wondered if ‘‘rosettes’’ described in
C57BL/6NRj carrying therd8mutation in thecrb1gene [16],
were observable by SD-OCT imaging. As shown on Fig. 4A, we

Figure 2. Characterization of pigmented and albino retina
layers by SD-OCT.Histological sections of C57BL/6JRj pigmented
mouse retina (A) and BALB/cJ albino mouse retina (C). SD-OCT images
of pigmented mouse retina (B) and albino mouse retina (D). Retinal
detachment induced by subretinal oil injection in C57BL/6JRj pigment-
ed mouse (E) and BALB/cJ albino mouse (F). Schematic representations
of pigmented mouse outer retina (G) and albino mouse outer retina (I).
Zoom on pigmented mouse outer retina (H) and albino mouse outer
retina (J). GCL: ganglion cell layer, IPL: inner plexiform layer, INL: inner
nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer, OLM:
outer limiting membrane, IS: inner segments, OS: outer segments, RPE:
retinal pigmented epithelium, BM: Bruch’s membrane. Scale bar: 50mm.
doi:10.1371/journal.pone.0096494.g002
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indeed easily evidenced these features onrd8genotyped mice.
Another example is the light-challenge model, a type of light
exposition that we developed to study the relationship between
oxidative stress, neuroinflammation and photoreceptor apoptosis
in different mouse strains [14]. We thus monitored the changes
occurring in outer retinal structures during and after exposition to
toxic levels of light for 4 days, performed on C57BL/6Rj animals.
In albino animals, this type of exposition leads to a massive death
of the photoreceptors occurring through an apoptotic mechanism
[17]. However, this light regimen, which we call ‘‘light-challenge’’
instead of ‘‘light-damage’’, does not lead to such PR degeneration
in the pigmented animals used here. After 3 days of continuous
illumination (Fig. 4C panel D3), SD-OCT imaging showed layers
very similar to those of the control non-illuminated (Fig. 4B) even
if the white layer of outer segments seemed to disappear. At day 7
(i.e. 3 days after stopping continuous illumination) the two
different layers defining the outer segments were no longer
distinguishable (Fig. 4C panel D7 and Fig. S3). This phenomenon

was just temporary, because at D14 and D21, inner and outer
segments had regained their original appearance. One of the
hypotheses to explain this variation is a possible link with
inflammatory processes already described [14]. This observation
further confirmed the usefulness of SD-OCT imaging to monitor
in vivothe occurrence of discrete events in the rodent retina.
Finally, SD-OCT imaging can also provide detailed structure of
choroidal neovascularization (CNV) occurring above the RPE
(Fig. 5A) after laser photocoagulation. Laser-induced CNV indeed
mimics some major aspects of wet age-related macular degener-
ation [18]. We wondered whether extrapolated CNV volumes
obtained by direct quantification of SD-OCT images (after signal
integration as described in the methods section) were comparable
with volumetric data obtained from the same SD-OCT sequences
viewed and analyzed with Imaris software (Fig. 5C–F). Here we
showed that direct measures on SD-OCT sequences represented a
faster and reliable alternative to CNV analysis using a dedicated
3D rendering software (Fig. 5B). We sought here to provide a new

Figure 3. Characterization of a retinal degeneration mouse model by SD-OCT.SD-OCT images of control mice retina (A) andrho2/2mice
retina (B) from post-natal day 21 (P21) to 180 (P180). Magnification (X2.4) of P21 and P180 control mice outer retina (C) andrho2/2mice (D). (E)
Measures of INL thickness obtained from SD-OCT data in control andrho2/2mice (P21:p= 0.0123; P180:p= 0.7125). (F) Measures of ONL thickness
obtained from SD-OCT data in control andrho2/2mice (P21 and P180:p,0.0001). (G) Measures of ONL thickness obtained from morphometric
measurements on cryostat sections in control andrho2/2mice (P15 and P180: p = 0.0022). Statistical significance of the difference between groups
was analyzed at the initial time-point (P15 or P21) and the latest time-point (P180) studied by Student’sT-test for E and F (n = 23 per group) and by
Mann Whitney test for G (n = 6 per group). IPL: inner plexiform layer, INL: inner nuclear layer, ONL: outer nuclear layer, OLM: outer limiting membrane,
RPE: retinal pigmented epithelium. SD: Standard Deviation. Scale bars: 50mm.
doi:10.1371/journal.pone.0096494.g003
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procedure to optimize SD-OCT imaging and CNV quantification.
All together these data show that SD-OCT imaging is a powerful
tool to describe different phenomena affecting the retina and not
only reduction of layers thickness.

Discussion

During the last decade, SD-OCT imaging has taken a
prominent place in the clinic for the follow-up of patients with
retinal degeneration [19]. Application of this technology to rodents
has been developed more recently, in part probably because in first
intention histological tissue analysis seems more informative and
versatile. In this study, we aimed at investigating the specific
interest of SD-OCT for the study of rodent models of retinal

degeneration. We first developed a method for acquisition and
averaging of images that allowed to increase the signal to noise
ratio. With this method we could analyze on SD-OCT images the
nature of the different reflectance layers of the outer retina of
pigmented and albino strains of rodents. Comparison of the results
obtained after histological analysis or quantification of SD-OCT
imaging finally clearly demonstrated the accuracy and reproduc-
ibility of the latter for the quantification of retinal degeneration in
rodents. This was certainly due to tissue shrinkage or expansion
occurring during histological processing that was not consistent
from one sample to another or even within a given sample.
Fixation itself is the source of artifacts [3]. Thus, in our study, we
observed a tendency to tissue retraction with Historesin embed-
ding and microtome sectioning (Fig. 1), and rather a trend to
dilation following gelatin/sucrose embedding and cryostat sec-
tioning (Fig. 3). Similarly, Jiao and colleagues showed in a recent
study on rats that retinas processed by paraffin embedding
displayed a significant tissue retraction compared with those
treated by cryostat sectioning [20]. This clearly highlights one of
the advantages of SD-OCT imaging, which is to collectin vivo
data, allowing to monitor over time the same animal, and avoiding
potential variations due to sample treatments.
Interpretation of reflectance variations of the outermost retinal
and choroidal layers remains debated [21,22]. This is due to the
uncertainty that exists as to the exact boundary between the RPE
and PR and also the relatively noisy appearance of SD-OCT
images in rodents. In addition, the number of layers detected
between OLM and RPE through SD-OCT imaging (4 according
to our interpretation described below) do not match the number of
layers observed in histology (2, corresponding to the inner and
outer part of PR segments). We circumvented the first hurdle by
implementing an averaging of the acquisitions, which significantly
increased the signal-to-noise ratio compared to conventional
rodent SD-OCT images obtained with the Bioptigen 840 nm
HHP [23,24]. We then used an experimental artifice consisting in
detaching the neuroretina from the RPE by subretinal injection of
oil, to precisely locate the interface between the RPE and PR. This
allowed us to confirm the location of the inner segment and outer
segment (Fig. 2G and H) each corresponding to two bands of
different reflectance. This interpretation is consistent with that
recently proposed by Spaide and Curcio for the human peripheral
retina, obtained after comparison of histological findings from
dozens of publications with SD-OCT data [25]. For the inner
segment, the two bands most likely match to myeloid and ellipsoid
[26]. For the outer segment, the presence of two bands can be
explained by the microvilli of the RPE ensheathing only the most
peripheral part of the outer segment of the PR. In humans, these
microvilli can indeed extend for as long as half of the outer
segment [27]. The RPE and the PR layers are thus entangled into
one another, which may explain at least partly the poor contrast
observed by SD-OCT between these two layers. In contrast, the
basal pole of the RPE and the Bruch’s membrane appear perfectly
delineated. External to this structure, the presence of three layers
of different reflectance most likely corresponds to the choriocap-
illaris, choroid and sclera layers (Fig. 2G–J), although there is no
definitive clue allowing to clearly establish the boundaries of these
structures. Finally, the comparison between albino and pigmented
animals shows as expected that no reflectance difference is
observed in these two genetic backgrounds for the non-pigmented
cells layers. However, peripheral from the RPE, we observed a
greater light penetration and less defined boundaries in albino
animals (Fig. 2 and Fig. S2). In particular, the OCT imaging of the
choroid showed notable variations linked to the presence of
melanin: while whole choroidal thickness was better imaged in

Figure 4. SD-OCT imaging in other pathological models: rd8
mutation and light-challenge. (A) Typical ocular lesions ofrd8
mutation incrb1gene (C57BL/6NRj mice in which presence of therd8
mutation was confirmed by genotyping). (B–C) SD-OCT follow-up of the
outer retina during a light-challenge in C57BL/6JRj mice. Control
unexposed three month-old mouse has a normal appearance with 4
bands of different reflectance corresponding to the PR segments (B).
Mice were then exposed to light during 4 days as described in the
‘‘methods’’ section and the retina was imaged by SD-OCT at day 3 (D3),
7, 14 and 21 after starting the illumination (C). The light-challenge leads
to a temporary abolition of the distinction between the two bands
forming the outer segment, with a peak at D7 (right panels:
enlargement of the area enclosed by a white box on the left view).
INL: Inner Nuclear Layer, ONL: Outer Nuclear Layer, IS: Inner Segments,
OS: Outer Segments. Scale bars: 50mm.
doi:10.1371/journal.pone.0096494.g004
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albino eyes, the choroicapillaris was distinguishable only in
pigmented eyes.
Finally, a significant advantage of SD-OCT imaging compared
to conventional histological techniques when considering ethical
issues, is the ability to perform more easily longitudinal follow-up
of animal models. For example, for the study of the time-course of
retinal degeneration inrho2/2mice, a total of only 12 animals is
in theory necessary for acquisition of SD-OCT data (n = 6 per
group), whereas 48 animals are needed for histology data (n = 6
per group). Thus, the use of SD-OCT imaging allows a very
significant gain in the amount of work needed to achieve a more
reliable result. Moreover, this technique is applicable to a large
number of pathological situations. It allows not only to detect
subtle variations in retinal layers thickness, reflecting a possible
degeneration, but also to highlight other phenomena, such as the
change in reflectance of the segments layers observed after
exposure of the animals to light-challenge, even with moderate
levels of light. Presumably an acceleration of phagocytosis of
photoreceptors discs and/or a phenomenon of photostasis

associated with inflammatory processes are causing these changes
in reflectance. In the CNV model, our goal was not to compare
benefits obtained from histological findings or SD-OCT images,
which have been previously discussed. Previous studies [20,28,29]
showed that CNV size or thickness follow-up using SD-OCT was
comparable with data obtained from histological sections. Here we
sought to provide a non-invasive and optimized tool to quantify
CNV. Based on integrated SD-OCT images, we propose a simple
method of calculation that allows a fast and reliable CNV
quantification comparable with 3D rendering. Thus, SD-OCT
imaging can not only accurately quantify retinal layers thickness,
but also highlight more subtle phenomena reflecting metabolic
changes in the tissue. However, the histology remains an
indispensable complement to the study of animal models due to
the versatility of the techniques that can be implemented
(histochemical staining, immunolabeling, in situ hybridization,
etc.) and the fact that histology gives access to a cellular resolution
allowing for example to quantify the number of rows of PR’s
nuclei in the ONL. In addition histology is useful when the

Figure 5. Quantification of laser-induced choroidal neovascularization (CNV) in C57BL6/JRj.(A) Laser-induced CNV (Yag 532 Eyelite
parameters: 100mm, 50 ms, 400 mW) was visualized immediately after laser impact using SD-OCT imaging as described in the ‘‘materials and
methods’’ section. Based on this image, a CNV volume is extrapolated using the following formula (4/3p*a*b2)/2, in whichais the polar radius and
corresponds to the measure along the vertical axis andbis the equator radius and corresponds to the horizontal axis. (B) Linear regression showing
that data obtained from extrapolation or Imaris 3D reconstruction (described step by step hereafter) are statistically equivalent (r2= 0,94, n = 8). (C)
Imaris software allows a 3D rendering of SD-OCT imaging. Data shown here arise from the same SD-OCT sequence than shown in panel A. (D) The
neovascularization volume, just above the RPE cell layer, was delimitating manually (representative white dotted line in one slice) in about 20 slices
(over 100) along z-axis to create a 3D mask. Based on this manual delimitation the Imaris software computed a 3D mask shown in yellow (E). The final
visualization, that allowed CNV volume quantification, was obtained after automated mask thresholding (F). OPL: Outer Plexiform Layer, RPE: Retinal
Pigmented Epithelium, CHO: Choroid. Scale bar: 50mm.
doi:10.1371/journal.pone.0096494.g005
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peripheral retina is particularly affected, because this part of the
retina is barely accessible to SD-OCT imaging.
In conclusion, signal averaging of SD-OCT scans in rodent
increases its capacity to quantify the thickness of retinal layers with
a strong reproducibility. Moreover, it allows a better determina-
tion of reflectance’s correlation with anatomical structures of the
outer retina layers. All these features make of SD-OCT an ideal
tool for the exploration of various rodent pathological models that
can be followed-up longitudinally in the same eye.

Supporting Information

Figure S1 Enhancement of SD-OCT resolution by image
averaging.The fundus of a C57BL/6JRj mouse was imaged by
SD-OCT using the Bioptigen 840 nm HHP device. Individual
scans are relatively noisy and do not allow to precisely delineate
the different layers of the outer retina located peripheral to the
outer limiting membrane (A). After acquisition and averaging by
the ImageJ software of 16 images separated from each other by
1mm, these layers appear much more clearly (B). Scale bar =
50mm.
(TIF)

Figure S2 Comparison of SD-OCT images and histo-
logical sections of pigmented and albino rat retina.
Histological sections of Long Evans pigmented rat retina (A) and
Wistar albino rat retina (D). SD-OCT images of pigmented rat
retina (B) and albino rat retina (C). Zoom on pigmented rat outer
retina (E) and albino rat outer retina (F). GCL = Ganglion Cell
Layer, IPL = Inner Plexiform Layer, INL = Inner Nuclear Layer,
OPL = Outer Plexiform Layer, ONL = Outer Nuclear Layer,
OLM = Outer Limiting Membrane, IS = Inner Segments,

OS = Outer Segments, RPE = Retinal Pigmented Epithelium,
Bruch M = Bruch Membrane. Scale bar = 50mm.
(TIF)

Figure S3 Eyes of 3 animals at day 7 of light-challenge.
Right and left panels represent respectively right and left eyes of 3
C57BL/6JRj mice at day 7 after starting of light-challenge (i.e. 3
days after stopping continuous illumination). Scale bar = 50mm.
(TIF)

Supporting Information S1 SD-OCT.avi files before
processing with ImageJ.
(AVI)

Supporting Information S2 SD-OCT.avi files after pro-
cessing with ImageJ.
(AVI)
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The authors wish to thank Dr Jean-Rémi Fenolland for his help on the use
of the Bioptigen 840 nm HHP, Dr Jean Livet for advice on image post-
processing, Dr Bertrand Calippe, Sophie Lavalette and Luisa Riancho for
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Fig. S1: Enhancement of SD-OCT resolution by image averaging.  

The fundus of a C57BL/6JRj mouse was imaged by SD-OCT using the Bioptigen 840 nm HHP 

device. Individual scans are relatively noisy and do not allow to precisely delineate the different 

layers of the outer retina located peripheral to the outer limiting membrane (A). After 

acquisition and averaging by the ImageJ software of 16 images separated from each other by 1 

µm, these layers appear much more clearly (B). Scale bar = 50 µm. 
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Fig. S2: Comparison of SD-OCT images and histological sections of pigmented and albino 

rat retina.  

Histological sections of Long Evans pigmented rat retina (A) and Wistar albino rat retina (D). SD-

OCT images of pigmented rat retina (B) and albino rat retina (C). Zoom on pigmented rat outer 

retina (E) and albino rat outer retina (F). GCL = Ganglion Cell Layer, IPL = Inner Plexiform Layer, 

INL = Inner Nuclear Layer, OPL = Outer Plexiform Layer, ONL = Outer Nuclear Layer, OLM = 

Outer Limiting Membrane, IS = Inner Segments, OS = Outer Segments, RPE = Retinal Pigmented 

Epithelium, Bruch M = Bruch Membrane. Scale bar = 50 µm. 
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Fig. S3: Eyes of 3 animals at day 7 of light-challenge.  

Right and left panels represent respectively right and left eyes of 3 C57BL/6JRj mice at day 7 

after starting of light-challenge (i.e. 3 days after stopping continuous illumination). Scale bar = 

50 µm. 
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III. Complementary ongoing results. 

    (Materials and methods of this part are presented in Annex 2) 

III.1. Development of new PTM in vitro and strategies to 
overcome PTM drawbacks. 

III.1.a. A new PTM that repairs the fifth exon. 

  We have seen that among all strategies used to ameliorate the PTM efficiency, one can 

design the binding sequence of the PTM to hide the endogenous 3’ acceptor splice site of the 

following exon. Even if it was not a success in our case for exon 1 (PTM 14) another group 

has demonstrated the efficiency of this strategy165. Nevertheless, preventing cis-splicing could 

also induce exon skipping that could be at least as deleterious as mutations in the case of 

RHO. The only case in which this system is not litigious is its use on the acceptor splice site 

of the fifth exon. Indeed, exon 5 being the last one, cannot be targeted to induce exon 

skipping by masking acceptor site of intron 4. We thus designed a PTM (PTM15 – Figure 

23A) that possesses a binding sequence including three complementary bases to the beginning 

of the fifth exon. We included a 3’UTR different from that of the RHO expressing construct, 

to differentiate cis from trans-splicing products (Figure 23B). After transient co-transfection 

in HEK293T cells of PTM15 and RHO constructs, we observed that PTM15 was able to 

induce trans-splicing. Nonetheless, we also obtained PCR products that came from cis-

splicing events (Figure 23C). We now have to precisely estimate the trans-splicing rate by 

quantitative PCR to determine the real efficiency of the PTM15 and compare it to the 

previously characterized PTM. 

III.1.b. Production of a truncated protein in vitro after expression of 
the PTM alone. 

We speculated that the mutated rhodopsin protein would be less efficiently translated or 

more rapidly degraded in the cell. In this case it would in theory be possible to detect trans-

splicing efficiency by quantification of the protein. To that aim, we analyzed by Western Blot 

(WB) protein samples from WT or mutated RHO-transfected HEK293T cells. Under the 

specific conditions used in these experiments (without heating the samples), WT RHO that 

came from WT mouse retina showed a main pool of proteins between 35 and 40 kDa (Figure 

24B lane 1), corresponding to monomer forms of RHO (expected size = 39 kDa), while 



 
 
 

 
Figure 23:  Trans-splicing efficiency of PTM 15. 

A) The PTM 15 is composed, from 5' to 3', of a binding domain complementary to the end of the 
endogenous intron 4 and the beginning of exon 5 of rhodopsin, followed by an intronic sequence and 
the replacement sequence composed of exon 5 and 3’UTR. B) Localization of PCR primers 
(schematized by arrows) on cDNA obtained from cis-spliced and trans-spliced RNA. The blue primer 
is specific of cis-spliced UTR sequence while the green one is specific of trans-spliced UTR sequence. 
C) RT-PCR on RNA extracted from cells transfected by WT RHO construct alone (+WT), PTM15 
construct alone (+PTM15) or both constructs (+WT +PTM15). The legend color given for each lane 
indicates the primers used for PCR amplification (described on B). Both cis-spliced and trans-spliced 
products result from the action of PTM15. 
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multimeric forms were also present. The same profile was obtained for samples transfected 

with mutated RHO (Figure 24A lanes 4 and 5 – Figure 24B lane 5) except for the P347L 

mutation that was not recognized by our antibody (Figure 24A lane 6), whereas transfected 

WT RHO formed insoluble aggregates that were visualized as smears (Figure 24A lane 3 – 

Figure 24B lane 8). To precisely quantify the rhodopsin content, WB leading to a single band 

at the expected molecular weight of the monomeric form would be needed. However, despite 

all our efforts, we were not able to set up such experimental conditions, most probably 

because, upon denaturation, rhodopsin forms large aggregates that remain in the upper part of 

the gel. However, these WB allowed us to observe the profile obtained for transfected cells 

including those with the PTM20 construct alone. Indeed, because the PTM is a RNA 

molecule that can potentially be translated, other groups have sometimes observed abnormal 

and unexpected proteins that came from PTM translation155,174. Unfortunately, we also 

observed that transfection with PTM20 alone was responsible of the production of a protein of 

about 20 kDa (Figure 24B lane6). This means that without RHO expression, PTM20 was not 

inactive as expected, but was translated into a truncated RHO protein. 

III.1.c. Strategies to prevent production of truncated protein. 

Because a truncated RHO protein could be at least as harmful as mutation for PR, we 

tested two different strategies in order to avoid the production of this truncated protein from 

PTM20. Production of a protein means that PTM20 transcripts are stabilized before being 

translocated into the cytoplasm and translated. Stabilization of a mRNA involves the presence 

of a cap and a polyA tail at 5’ and 3’ extremities, respectively. The cap being added by 

proteins recruited by the carboxy-terminal domain of RNA polymerase II180, we firstly 

imagined to mediate expression of PTM20 under the control of a polymerase III promoter 

(Figure 25A), to avoid the adding of a cap and thus to avoid stabilization of the PTM if it is 

not engaged in a trans-splicing reaction – the cap being brought by target mRNA in this case. 

We thus generated a construct with PTM20 (PTM27) or PTM0 (PTM28) for the negative 

control, under the expression of the U6 promoter. Unfortunately, after transient transfection of 

one of these constructs associated with RHO expression, the trans-splicing rate obtained at the 

RNA level was close to zero (Figure 25C). The use of a polymerase III promoter thus was not 

efficient to produce PTM20. This last point must now be assessed by specific PCR between 

exon 2 and 5 after cell transfection with PTM 20 construct alone.  

The second strategy that we developed to avoid production of truncated protein was to 

prevent translation initiation. This one required an ATG initiation sequence, preferentially 



 

Figure 24: Characterization of RHO by western blot. 
A) Western blot on proteins extracted from HEK293T cells after transfection of normal or mutated 
rhodopsin constructs. NT= Non-Transfected cells. B) Western blot on proteins extracted from 
transfected HEK293T cells (lanes 4 to 8) or mouse retina (lanes 1 and 2). WT RHO (lane 1)= C57Bl6J 
mouse retina, KO RHO= rhodopsin knockout mouse retina, NT= Non-Transfected cells. 
Quantification of RHO is not possible on western blot due to smear obtained with WT RHO in cells 
(lane 3 on A and lane 8 on B). Transfection of PTM20 alone induces truncated protein production 
(lane 6 on B). 

 

Figure 25: Strategies developed to avoid translation of the PTM alone. 
A) Schematic representation of the transcription of PTM sequence by the polymerase III under the 
control of U6 promoter. B) Localization of secondary ATG (in grey) present in rhodopsin cDNA 
between exon 2 and exon 5. Exons are defined by different blue colors. The sequence closed to the 
KOZAK one surrounding the secondary ATG that presumably lead to translation initiation and 
synthesis of a partial protein product is highlighted in orange. C) Quantification at RNA level of trans-
splicing rate obtained with PTM25, 26, 27 and 28 (respectively PTM20 and PTM0 expressed under 
the control of U6 promoter). after transient co-transfection of PTM and RHO constructs in HEK293T 
cells. Results are normalized with value obtained for PTM20. D) Western blot on proteins extracted 
from transfected HEK293T cells (lanes 2 to 6) or mouse retina (lanes 7 and 8). NT= Non-Transfected 
cells, KO RHO= rhodopsin knockout mouse retina, WT RHO (lane 8) = C57Bl6J mouse retina. 
PTM27 and 28 do not induce trans-splicing reaction (C) and PTM25 and 26 also lead to truncated 
protein production (D). 
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included within a KOZAK sequence247. The lack of exon 1 in PTM20 implied that translation 

was initiated on a secondary ATG. We localized 14 ATG present between the beginning of 

exon2 and the end of exon5, including 11 in frame (Figure 25B), meaning that they could 

induce production of a protein that conserved the C-terminal of RHO and was thus detectable 

by our RHO antibody, as previously described. Among them, 4 ATG could induce synthesis 

of a protein of more than 15 kDa, and only one presented a surrounding sequence that shared 

9 bases with the 11 base KOZAK consensus sequence (only 5 or 6 bases for the three others). 

We thus modified this sequence by site-directed mutagenesis, introducing 2 silent mutations 

(PTM26) plus a third that induced a substitution from isoleucine to leucine to constitute 

PTM25 (Figure 25B). After transient co-transfection of one of these constructs associated 

with RHO, we observed a trans-splicing rate equivalent to that obtained with PTM20 at the 

RNA level (Figure 25C). Nevertheless, analysis of protein production from these molecules 

clearly gave the same profile as PTM20. Indeed, we observed by WB a protein of around 20 

kDa after transfection of PTM25 and PTM26 construct each alone. This strategy is thus 

inefficient to prevent truncated protein production from PTM. 

III.1.d. Analysis of PTM translation alone in vivo. 

Since the PTM induced synthesis of a truncated protein in vitro, we decided to test if it 

was also true in vivo. We subretinally co-injected P21 RHO knockout mice with AAV2/8 

bRho (bovin rhodopsin promoter)-PTM0 or PTM20 and AAV2/8 bRho-GFP in a 5:1 ratio. 

The use of this mouse model allowed elimination of endogenous RHO, and thus if rhodopsin 

protein was detected, it could come only from the translation of the PTM. Unexpectedly, we 

did not observe any truncated protein from PTM in transduced retina (Figure 26A), even 

though the transduction seemed to occur correctly as measured by detection of GFP in three 

of four transduced retina (Figure 26A), which corresponded to GFP intensities observed on 

eye fundus (Figure 26B). Because we injected 5 times more AAV-PTM than AAV-GFP, and 

knowing that both constructs shared the same promoter and the same vector, we were easily 

confident that PTM was expressed in GFP-positive eyes. We could thus imagine that 

truncated protein production observed in vitro did not occur in vivo because target cells (from 

HEK293T to rod PR) and/or vectors (from plasmid to AAV) differed.  

 
 



 
 
 
 
 

 
 
Figure 26: Subretinal co-injection of AAV2/8 bRho-PTM0 or PTM20 and AAV2/8 bRho-GFP in 

KO RHO mice to study the translation of PTM alone. 
A) Western blot of proteins extracted from KO RHO mouse retina, one week after co-transduction 
with AAV2/8 bRho-GFP and AAV2/8 bRho-PTM0 (lanes 2 and 3) or PTM20 (lanes 5 and 6) in a 1:7 
ratio. “Non injected” correspond to proteins extracted from non-injected RHO KO mouse retina. The 
upper panel corresponds to the RHO detection, the middle one to the GFP detection and the lower one 
to the β-actin detection, as a loading control. B) Eye fundus of transduced retina to detect GFP 
expression before proteins extraction used in western blot analyses (A). The 5 images were obtained 
using the same settings of the camera parameters. Numbers on the left of each image correspond to 
lane numbers on western blot illustration. No truncated protein is produced in vivo from the PTM20 
alone. 
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III.2. Study of the therapeutic effects of trans-splicing in a 
humanized mouse model.  

III.2.a. The humanized Rho+/- P347S RHO+ mouse model. 

The choice of our animal model was dictated by the necessity of a rhodopsin-induced RP 

model, which carried at least one mutated human RHO cDNA copy. To be closest to human 

patients, which are most of the time heterozygous, we generated a Rho+/- P347S RHO+ mouse 

model, by crossing two already well-described mouse models: Rho-/-57,248 and P347S 

RHO+/+66. Follow-up of the Rho+/- P347S RHO+ mouse retina (F1 generation) by SD-OCT 

showed a dramatic degeneration of the whole retina compared to WT at P60 certainly mainly 

due to that of ONL (Figure 27B) and almost absent PR segments (Figure 27A). The 

humanized Rho+/- P347S RHO+ mouse retina thus serves as a model of severe RP induced by 

a RHO mutation, characterized by rapid PR degeneration.  

III.2.b. Choice of parameters that regulate PTM expression in vivo. 

PTM expression can be modulated by four factors: delivery method, quantity of viral 

vector (i.e. volume of injection and titer of viral solution), choice of viral vector and type of 

promoter. We decided to subretinally inject AAV2/8 based on previous studies showing that 

this delivery route and serotype led to strong expression in PR203 . We tested two titers of viral 

solution, 1.5x10^11 and 10^10 vg/eye, and two promoters, bRho and CMV. Results obtained 

showed that both promoters allowed efficient PR targeting at both concentrations of viral 

particles (Figure 28). Nevertheless, we observed that even if PR were in all cases the cells 

expressing the transgene the most, Müller glial and bipolar cells at least expressed also GFP at 

both concentrations under the CMV promoter, and only at the highest one and in a few 

injected retina under the bRho promoter. It is important to note that the state of the retina may 

influence these results, as for example the quasi-total PR degeneration in the third panel of 

Figure 28. Interestingly, we demonstrated that AAV2/8 bRho-GFP subretinally injected at 

10^10 vg/eye generated a GFP expression profile specific to PR, at least in retinas that still 

presented a PR layer (Figure 28 4th panel). 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 27: Characterization of Rho+/- P347S RHO+ mouse model by SD-OCT. 

A) SD-OCT  images  of  a  C57Bl6J  WT  mouse  retina  (left)  and  a Rho+/- P347S RHO+  mouse  retina 

(right), both at P60. a= thickness of the whole retina; b= thickness of the ONL (outer nuclear layer) 

Scale  bar=  50µm.  B)  Comparison  of  whole  retina  and  ONL  thicknesses,  in  WT  mouse  retina  and 

Rho+/- P347S RHO+ mouse retina. Statistical analysis=Mann-Whitney test, n=8. 

 

  



 

 
Figure 28: Comparison of bRho and CMV promoters, and test of two viral vector titers in vivo. 

Analysis by confocal microscopy of histological sections of Rho+/- P347S RHO+ mouse retina 
subretinally injected by AAV2/8 bRho-GFP (lower panels) or AAV2/8 CMV-GFP (upper panels). 
Two titers of each AAV preparation have been tested and are mentioned on the top left corner of each 
panel. Sections have been labeled with DAPI (first column) and specific rhodopsin antibody (second 
column). The expression of GFP (without immunolabeling to intensify GFP detection) is also shown 
on the third column under low exposition time to avoid saturation, and on the fifth column after 
overexposition to visualize cells that express few quantities of GFP. The subretinal injection of 
10^10vg/eye of AAV2/8 bRho-GFP allows obtaining a specific expression in photoreceptors. 
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III.2.c. Effect of AAV2/8 bRho-PTM20 injection in Rho+/- P347S RHO+ 

mice. 

To study the effect of trans-splicing induced by PTM transduction in vivo, we co-injected 

a medium dose (8*10^10 vg/eye) of AAV2/8 bRho-PTM0 or PTM20 and AAV2/8 bRho-GFP 

in a 1:7 ratio, in P23 to P30 Rho+/- P347S RHO+ mice. One week later, quantification of trans-

splicing events at the RNA level showed significant differences between GFP or PTM0 

expression (values included in background) versus PTM20 expression, meaning that trans-

splicing occurred in vivo (Figure 29 B). Moreover, we observed that the trans-splicing rate 

correlated with GFP expression observed on the eye fundus (Figure 29A). Nevertheless, the 

follow-up by SD-OCT of a second series of experiments in these mice from P30 to P60 

showed that trans-splicing did not reduce or slow down PR degeneration compared to mice 

injected with PTM0 (data not shown). We concluded that maybe the trans-splicing rate was 

not enough to observe a therapeutic effect in the severe model of RP, or that AAV 

administration at P23 was already too late to prevent PR degeneration. We thus undertook the 

same injection at P3 to P5. Even if results sometimes allowed us to obtain pan-retinal 

expression of the transgene (Figure 30A), eyes were often damaged, with loss of lens 

transparency or abnormal pigmentation on eye fundus (Figure 30A). SD-OCT also revealed 

abnormalities in retinal layer structure and retinal detachment that did not spontaneously 

reverse (Figure 30B). We concluded that subretinal injections on P3 to P5 seemed to generate 

too many damages to follow potential benefits of a therapeutic strategy in the case of our 

model. 



 

 
 

Figure 29: Trans-splicing efficiency determined in vivo after injection of AAV2/8 bRho-PTM20 
in Rho+/- P347S RHO+ mice at P23. 

A) Eye fundus of transduced retina with AAV2/8 bRho-GFP and AAV2/8 bRho-PTM20 in a 1:7 ratio. 
One week after subretinal injection, a color fundus (left picture) and a green fluorescence fundus (GFP 
detection, right picture) were performed. Numbers on the left of each panel correspond to mice 
identification numbers and are reported in B. B) Quantification at RNA level of trans-splicing rate on 
whole retina transduced by AAV2/8 bRho-GFP alone (GFP) or co-transduced with AAV2/8 bRho-
PTM0 (PTM0+GFP) or AAV2/8 bRho-PTM20 (PTM20+GFP) in a 1:7 ratio. Statistical analysis: 
Dunn’s test. PTM20 induces trans-splicing events in vivo. 

 



 

 
 
 
 
 
 
 

 
Figure 30: Subretinal injections at P3 to P5 in Rho+/- P347S RHO+ mice. 

A) Eye fundus of transduced retina with AAV2/8 bRho-GFP. One month after subretinal injection, a 
color fundus (left picture) and a green fluorescence fundus (GFP detection, right picture) were 
performed. B) Observation of retina layers by SD-OCT one month after subretinal injection of 
AAV2/8 bRho-GFP in neonates. Retinas present some persistent detachment (left) or aberrant 
organization of layers (right). 
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I. The PTM sequence: the key to efficient SMaRT 
technology. 

As demonstrated in my PhD project and most SMaRT technology studies, the PTM 

sequence completely influences the trans-splicing efficiency. First of all, the size and the 

localization of the binding domain are crucial to promote trans-splicing. We have shown that 

a PTM can be totally inefficient (PTM2, 3, 11) or trans-splice ¼ of all rhodopsin RNA 

(PTM1) only by modifying its binding domain. This could be explained by several hypotheses 

that suggest the trans-splicing rate is most certainly influenced by combinatorial actions, 

including: (i) the size of the binding sequence, which determines its specificity and thus 

improves the binding probability if the sequence is highly specific (even if this is not the only 

parameter, regarding the fact that our PTM have all the same size and induce different trans-

splicing rates) (ii) the accessibility of the PTM binding sequence and of the complementary 

sequence on the target pre-mRNA, which have to be available, i.e. not involved in stable 

secondary structures, (iii) the localization of the binding domain, which can more or less 

induce the proximity of the donor splice site and the acceptor one of both pre-mRNA 

molecules, or hide the endogenous acceptor splice site. Concerning this last strategy, it is 

important to keep in mind that targeting the endogenous acceptor splice site could also induce 

exon skipping or intron retention, thus modifying the final mRNA sequence. Moreover, while 

some studies have shown a real interest in the use of this strategy165, others155 including ours, 

demonstrated that benefits are not systematic. Risks of targeting the endogenous acceptor 

splice site must be considered. 

Other modifications can be introduced into the PTM, such as addition of an intronic 

sequence, endogenous or artificial, into the replacement sequence28,162. In our hands it was a 

real success, improving the trans-splicing rate from 25% to 40%. Nevertheless we also 

observed that the localization and the sequence of the intron seriously impacted trans-splicing 

rate. Indeed, while the restoration of the endogenous intron 3 into the PTM sequence or the 

addition of an artificial intron between exon 2 and 3 increased trans-splicing efficiency, the 

same artificial intron introduced in the middle of exon 3 decreased the trans-splicing rate. 

This demonstrates that the sequence of the intron is not sufficient to induce alone the splicing 

event. As described in the introduction (part III.1.c), the splicing mechanism is regulated by a 

combination of factors that promote or inhibit spliceosome recruitment, depending on specific 

sequences and their environment. We can thus imagine that located between two exons, the 
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intron helps the recruitment of splicing factors, while inserted into an exon, it participates in 

splicing repression for example by recruiting splicing factors that activate or repress splicing 

depending on their localization (see Introduction, part III.1.c). Finally, we conclude that in a 

general way, the addition of an intronic sequence between two exons of the PTM replacement 

sequence facilitates the trans-splicing reaction but not always with the same efficiency. 

The last part of the PTM that can be modified is the artificial intronic sequence present 

between the binding domain and the replacement sequence. This one brings a functional 

branch point, a polypyrimidine tract and the 3’ acceptor splice site, which are essential 

elements to generate the splice reaction in trans. It should also be possible to introduce 

specific sequences that recruit splicing factors (ISE for intronic splicing enhancer) but it is 

important to keep in mind that the secondary structure of the RNA is crucial at the 5’end of 

the PTM to keep the binding of the endogenous pre-mRNA as efficient as possible.  

Unfortunately, concerning all these possibilities, there are currently no clear rules, and to 

date predictive tools are not potent enough to take into account all elements and predict the 

PTM efficiency with 100% confidence. In the current situation, the best way to select the 

most efficient PTM may be the use of screening systems, as developed by Koller et al.154,165. 

Nevertheless, as discussed previously, the binding domain is not the only element that can 

dramatically influence the PTM efficiency, screening systems allowing testing of the effect 

that intronic sequence addition can have, for example, would also be required. 

Another possibility is to favor PTM action by addition of a second RNA sequence, such 

as an ASO or a U7snRNA for example, which will inhibit cis-splicing or facilitate 

spliceosome recruitment. Nevertheless, even if they can be introduced into the same vector34, 

this firstly implies the necessity to transport and generate transcripts of both molecules. 

Moreover, this also raises the question of the specificity of both sequences. The possible 

benefit should thus be precisely evaluated, compared to the risk. 

	
  

II. How to achieve more trans-splicing than cis-splicing? 

An important property of trans-splicing is that it does not repress the natural cis-splicing 

(except under particular conditions as described above), meaning that the quantity of 

synthesized proteins is unchanged, which is an advantage of this technology, particularly 

when targeting rhodopsin mutations. Nevertheless, to reach a production of WT protein 
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widely superior to that of mutated ones, the trans-splicing has to be the major splice event. To 

promote that, several issues have to be avoided:  

- The coupling between transcription and splicing. Even if it is not essential for 

obtaining a splice event, splicing and transcription have been described to be relatively 

simultaneous (see Introduction, part II.1.c). This is due to the recruitment of elements for the 

splicing machinery by the carboxy-terminal domain of the polymerase II. A strategy to favor 

trans-splicing might be to slow down the transcription of rhodopsin pre-mRNA, or induce 

breaks in this step. However, it seems difficult to play on this ubiquitous mechanism by 

specifically acting on rhodopsin pre-mRNA, and a general modification on all pre-mRNA 

would be too dangerous for the cell. We can thus more easily imagine influencing the speed 

of action of PTM, by playing on its availability and its proximity with the target pre-mRNA 

as described below. 

- The availability of the PTM is directly linked to its quantity. As shown by our 

experiments (see Results, part I), the ratio between the PTM and the target pre-mRNA 

modifies the trans-splicing rate. In physiological conditions, this means one must strive to 

express maximal PTM in the target cells. 

- The last crucial point to increase trans-splicing efficiency is certainly to promote 

proximity between the PTM and the target pre-mRNA. Indeed, as for any tool that repairs 

RNA molecules, the first step is the recognition and the binding of the target pre-mRNA by 

the PTM. This implies that the PTM has to be localized near the transcription site of 

rhodopsin, to bind the RNA before cis-splicing occurs. By transfection or AAV transduction 

of the target cells, there is no control on the PTM transcription site, which can be anywhere in 

the nucleus. This certainly represents a major issue that reduces trans-splicing efficiency. To 

avoid losing PTM in the nucleus, we could imagine the future development of a viral vector 

that allows targeted integration. This last one would be useful to introduce the PTM sequence 

near its target gene, ensuring proximity between the two RNA. 

In addition to these possibilities, we have to consider that we are not able to predict the 

minimal trans-splicing rate required to prevent rod degeneration. Indeed, as previously 

described (Introduction, part I.3.c), phenotype and severity of rhodopsin mutations are really 

heterogeneous, meaning that even if in several conditions a trans-splicing rate close to 100% 

could be achieved, in other cases a moderate trans-splicing rate may be enough to trigger a 

substantial therapeutic benefit.    
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III. The main drawbacks of PTM. 

In my opinion, the two main drawbacks of SMaRT technology that could prevent its use 

in human therapeutic application relate to the PTM specificity, and its translation as a partial 

protein product.  

- Concerning the first issue, we have not studied the non-specificity of our PTM in 

details. We have demonstrated that without a binding domain (PTM0), the trans-splicing rate 

was not significantly different from the background meaning that the binding domain allows 

specificity of the reaction as expected. Moreover, by PCR amplification with primers in exon 

1 and 5, we obtained only one PCR product, corresponding to what was expected. This 

implies that there was no aberrant splicing of the rhodopsin pre-mRNA due to the presence of 

the PTM, as sometimes observed156. We thus did not observe non-specific trans-splicing, but 

this result has to be confirmed further by RACE PCR or RNA sequencing, to validate the fact 

that the PTM does not interact with any other pre-mRNA in the cell.  

- Regarding the translation of the PTM alone, we and others observed that this 

phenomenon is possible even if the PTM does not carry the major initiation ATG codon155,174. 

This implies the production of a truncated protein, which lacks the N-terminus. If maybe it 

can be translated without consequences in some situations, we can easily imagine that in the 

case of rhodopsin, in which point mutations in its N-terminal domain lead to severe 

degeneration, the lack of this sequence could be really damaging. Moreover, it is not 

conceivable to create a therapeutic tool that could induce production of truncated proteins. To 

avoid this phenomenon, we tried to prevent the PTM translation by identifying a secondary 

ATG, able to initiate the translation mechanism. We localized the presence of a KOZAK 

sequence around one of the potential secondary initiation ATG codons, and mutated it to 

avoid the translation initiation. A KOZAK sequence is a consensus sequence present in 

eukaryotes, flanking the initiation ATG. However, the silent or missense (isoleucine to 

leucine) mutations that we have introduced did not prevent the synthesis of the truncated 

protein. Maybe the truncated protein was still produced because we did not target the correct 

initiation ATG, despite the fact that we targeted the secondary ATG, with the sequence the 

closest to the KOZAK one and which gave an ORF corresponding to the protein size 

observed on western blot. It is possible to directly mutate the ATG sequence to be sure that 

translation initiation is blocked, but as ATG is the only methionine-coding codon, it requires 

the utilization of a missense mutation. However, this alternative is not applicable to develop a 
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therapeutic tool because of consequences on both secondary and tertiary structures of the 

protein, and thus its interaction and function, which could be important.  

Another possibility that we explored was to induce the transcription of the PTM under the 

control of a RNA polymerase III promoter. U6 is described as a strong and ubiquitous 

promoter, naturally used to control the transcription of non-coding small nuclear RNA by 

RNA polymerase III, what is diverted to produce shRNA. The idea behind using this 

promoter was to prevent the stability of PTM copies, which were not implicated in trans-

splicing reaction, and their export to the cytoplasm by limiting their capping. Indeed, the cap 

is systematically added on the 5’extremity of each RNA transcribed by the RNA polymerase 

II, because capping enzymes are recruited by the C-terminal domain of the RNA polymerase 

II. By inducing the transcription of the PTM by the RNA polymerase III, capping of the RNA 

should be absent or reduced allowing the degradation of uncommitted PTM in subsequent 

trans-splicing reactions by exonucleases and/or reduce the cap-dependent translation 

initiation. Unfortunately, we did not succeed in obtaining an appropriate trans-splicing 

efficiency in these conditions. This can certainly be explained by the limited capacity of RNA 

polymerase III to transcribe long RNA, regarding the fact that it is naturally used to transcribe 

small RNA.  

We can thus envision in the future the development of a system that following cleaving 

leads to the degradation of PTM specifically present in the cytoplasm, before the initiation of 

translation. Another possibility should be to induce the de-capping of PTM, but in a specific 

way, that seems to be difficult to achieve, knowing that the capping is a general mechanism of 

all RNA produced by RNA polymerase II. 

Nonetheless, we surprisingly observed that this phenomenon of PTM translation alone 

did not occur in vivo in Rho-/- mice. The subretinal co-injection of AAV2/8 bRho-PTM 0 or 

20 and AAV2/8 bRho-GFP showed that the transduction and the transgene transcription were 

efficient in rods, thanks to the direct visualization of GFP in vivo, whereas no truncated 

protein was detected by western blot in these retina. We can speculate on several hypotheses 

to explain this difference, considering the points summarized in Table 5. First of all, this can 

be easily explained by the change from an in vitro system to in vivo one. A lot of studies have 

demonstrated that phenomenon observed in vitro can be difficult or even impossible to 

reproduce in vivo, only because experiments done on isolated cells cannot take into 

consideration all environmental and biological interactions that occur in an entire living 

organism. We can also imagine that the species can influence the translation: the PTM is 

mainly composed of human rhodopsin RNA, which can possess sequences that are not 



 
 
 

 

 

 

 

 

 

 

 
 

Table 5: Comparison of parameters used for the study of the PTM translation 
in vitro and in vivo. 

  

HEK 293T cells Rho-/- mouse model

System in vitro in vivo

Species human mouse

Cell introduction 
pathway transient transfection transduction

Vector plasmid AAV

Promoter CMV bRho
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recognized the same way in mouse cells compared to human. However, the probability of this 

hypothesis is quite low considering similarities between human and mouse rhodopsin exons. 

Another possibility could be that the PTM was expressed less following AAV2/8-mediated 

transduction of mouse rods with the bRho promoter, than following transient transfection of 

HEK293T cells with the CMV promoter. This could be due to the partial transduction of the 

retina, associated with the difference between CMV and bRho promoters, even if rhodopsin is 

highly expressed in rods. Despite the fact that we used GFP to provide an idea of 

transduction, transcription and translation efficiencies, we cannot estimate the quantity of 

PTM in retina samples compared to those of cell extracts. It is thus possible that a truncated 

protein was present in vivo after PTM transduction, but at a very low level. We can also 

imagine that the structure of the cell, which differs greatly between HEK293T and rods, can 

be implicated in the difference found between in vivo and in vitro results. Indeed, the 

particular localization of an RNA into the cytoplasm can induce its degradation25. Neurons, 

and particularly rods, present an atypical organization that can require a specific localization 

of RNA to promote their translation. This localization being dependent of RNA-binding 

proteins and thus of the RNA sequence means PTM could be degraded into the cytoplasm 

while the entire rhodopsin RNA is not potentially explaining why the truncated protein was 

not observed in rods.  

Generally eukaryotic cells possess a lot of RNA control systems that HEK293T cells 

could have lost regarding the fact that this cell line has been kept in cell culture for years. 

Indeed, considering that (i) more than 90% of the genes expressed in mammals are 

alternatively spliced and it has been estimated that almost half of them generate at least one 

form with a premature termination codon, (ii) and more than three-quarters of RNA pol II 

transcripts may be formed of noncoding RNA and be subject to rapid degradation25, the 

eukaryotic cell has developed important RNA surveillance and degradation systems. A 

nuclear surveillance system checks newly synthesized RNA and transfers aberrant RNA 

(aberrantly processed, modified or misfolded) to the exosome that destroys them249, while 

nonsense-mediated decay, nonstop decay and no-go decay control the quality of translation in 

the cytoplasm250. All these systems are thus quite reassuring concerning the two main 

drawbacks of PTM described above. In case of PTM translation or off-target trans-splicing, 

we can hope that most of the time this will lead to generation of aberrant mRNA which can be 

detected by surveillance systems and degraded. Nevertheless, this will need to be assessed for 

each PTM design for which a clinical use is envisioned. 
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IV. Following-up potential beneficial effects in a 
humanized mouse model. 

After the selection of the most efficient PTM in vitro, and the observation that no 

truncated protein seems to be produced from the PTM alone in vivo, we tried to observe and 

to quantify trans-splicing effect on rhodopsin mutations and rod degeneration in vivo. To that 

aim, we first of all worked on optical coherence tomography (OCT) to improve the output of 

our set-up (see Results, part 2). Indeed, because retinitis pigmentosa is a degenerative disease, 

we wanted to follow up the evolution of photoreceptors in presence of our PTM. Of course 

ERG gives functional information about the retina, and histology allows comparison of the 

cell state at the final time-point of the in vivo study, but OCT is one of the most powerful 

imaging tools to observe evolution of a given population of neurons in the same animal over 

time. We improved the image resolution by processing movies, and were able to undoubtedly 

identify outer retinal layers by comparing albino and pigmented animals, and by subretinal 

injections of oil. We used this technology with our improvements to follow up the rod 

degeneration in Rho-/- mouse model already characterized by histology251, and demonstrated 

that OCT can be used to obtain highly accurate values of outer retina layer thickness.  

Next, we decided to test the PTM efficiency in vivo in mice bearing one wild type allele 

of mouse Rho and one mutant allele of human RHO, that we obtained in the first generation of 

a breeding between Rho-/- knockout mice and P347S RHO+/+ transgenic mice. The subretinal 

injection of AAV2/8 bRho-PTM20 at P23 to P30 induced a trans-splicing rate of around 10% 

by quantification at the RNA level. This result is really encouraging and most likely 

significantly underestimated because it represents the trans-splicing rate of the entire retina, 

not only the transduced cells. Indeed, contrary to our experiments using cellular models, we 

did not specifically select PTM-expressing cells to estimate trans-splicing rate in vivo, 

meaning that trans-splicing was necessarily much higher in transduced cells. 

 The strain used carries a WT and a mutated rhodopsin allele, which allows recreation of 

a heterogeneous context, as usually found in rhodopsin-induced RP patients. Nonetheless, the 

WT rhodopsin copy is a mouse one, while the mutated copy is a human one. The fact is that 

when we quantified the trans-splicing rate at RNA level, we only analyzed trans-splicing 

events on the human pre-mRNA because primers used for PCR amplification were specific of 

the human sequence (Annex 1). Considering the high heterogeneity between mouse and 

human rhodopsin introns, the PTM reacts only with the human pre-mRNA. We thus 



	
  DISCUSSION	
  AND	
  PERSPECTIVES	
   121	
  
	
  

quantified in vivo the total trans-splicing events. In the context of two copies of the human 

rhodopsin alleles, we can thus imagine that the trans-splicing rate could be reduced from half. 

Nevertheless, we do not know exactly how many P347S RHO+ transgenes are present in these 

mice (several transgenes could be inserted in tandem), which implies that the number of 

mutated pre-mRNA could be equivalent to or even higher than a 2-human alleles system. 

Moreover, in my opinion the limiting factor of trans-splicing here is certainly not the quantity 

of PTM, but rather the speed of action. If this hypothesis is true, we should be able to obtain 

the same trans-splicing rate in patients that we observed in our animal model.  

Because we do not know exactly what trans-splicing rate will be sufficient to prevent 

disease development, and it is certainly dependent on the implicated mutation, it is essential to 

study photoreceptor degeneration after PTM transduction, to conclude the potential benefits 

of trans-splicing. Unfortunately, the trans-splicing rate we observed in vivo was not sufficient 

to induce a phenotype rescue. Indeed, we observed no difference on OCT measurement one 

month after injection between mice treated with AAV-GFP alone or co-injected with AAV-

PTM0 or 20. Several hypotheses can explained this result: 

- The trans-splicing rate was too weak to generate enough repaired proteins to stop the 

photoreceptor degenerative process, 

- The transduced cells were too few to obtain a visible effect in vivo, 

- The Rho+/- P347S RHO+ mouse model present a degeneration too advanced at P23-

P30 (the time of injection) to stop the degenerative process. 

To address the third issue, we tried a subretinal injection at P3 to P5, and the 

consequences on the retina and the eye in general were dramatic, leading to reorganization of 

the retinal layers. Another possibility that we will develop in the future will be an intracardiac 

injection using pups (P3 to P5) with an AAV2/9 2YF bRho-PTM 20 (this serotype has 

already been described to efficiently target PR using this method252). By injecting 10% 

fluorescein in the heart of P3 to P4 mice, we have already clearly demonstrated the feasibility 

of the injection, and paved the way for AAV2/9 Y2F bRho-PTM20 injection (Figure 31). This 

strategy should allow targeting of the photoreceptors at an early stage, and in a pan retinal 

way.  

 



 
 
 
 
 
 
 
 

 
 

Figure 31:  Intracardiac injections of fluorescein in C57Bl6J mice at P4. 
A) 24 hours after intracardiac injection of fluorescein, one injected pup (on the left) and one non-
injected pup (on the right) were exposed to white light (left panel) or GFP filter to visualize 
fluorescein (right panel) on microm III. B) Observation of fluorescein in one injected pup on microm 
III with GFP filter. 
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V. Envisaging a therapeutic application in humans. 

My conclusion about our work on trans-splicing is that some questions about PTM 

specificity and translation still require exploration, but the results obtained in this study pave 

the way for a use of SMaRT technology to prevent retinitis pigmentosa due to mutated 

rhodopsin, for which there is still no treatment. Nevertheless, the proof of efficacy in vivo is 

still required before thinking about the next step.  

The classical approach to each new therapeutic tool is to achieve the proof of concept in 

cell and/or small animal models, before confirming results in a study using bigger animals, 

like non-human primates. Since there is no relevant model for our study in larger species 

(with the whole human rhodopsin gene) this step would only be useful to implement 

biodistribution and toxicity tests.  

Finally, considering that the 120 rhodopsin mutations are localized along all the protein 

sequence, and that P23H is one of the most prevalent particularly in American population, we 

can also imagine developing a 5’ trans-splicing tool to repair all mutations present in exon 1. 

Indeed, it is possible to create a PTM that promotes trans-splicing with the endogenous 

rhodopsin pre-mRNA and replaces the exon 1 (as described in Figure 32). Nevertheless, only 

a limited number of 5’ trans-splicing studies have been implemented to date28,152,167, meaning 

that only limited data has been collected on this strategy. Development of strategies to 

improve efficiency and prevent PTM translation are now required, considering that this PTM 

will obviously possess the translation initiation ATG codon (but will be devoid of any 

polyadenylation signal).  

 

VI. The future of therapeutic strategies to prevent mutant 
rhodopsin expression. 

Among current strategies developed today to prevent the RP development due to the 

expression of a mutated RHO, we can easily imagine a great future for several strategies: 

-the use of RNAi coupled to normal gene expression. The RNAi field has shown an 

explosive development these last decades in a lot of different disease contexts, evidence of the 

efficiency of this technology. The proof of principle of this strategy has already been obtained 

in the case of rhodopsin (see Introduction, part II.2.b), and will certainly provide an 



 
 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 32: SMaRT technology for rhodopsin RNA with 5’ trans-splicing approach. 
The PTM is composed of the 5’UTR and the exon1 of rhodopsin RNA, followed by a intronic 
sequence and a binding domain that targets the intron 1 of endogenous rhodopsin pre-mRNA. In this 
case, the PTM construct is devoid of polyadenylation signal. The trans-splicing reaction induced by 
the PTM allows generating a rhodopsin mRNA devoid of any mutation in exon1. 
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interesting therapeutic approach at least in the case of mutation-dependent systems, 

particularly for the P23H mutation. Nonetheless, potential off-target effects should be 

considered. 

-an endonuclease combined to a homologous sequence. Regarding the numerous 

endonuclease based-systems that exist, the most hopeful in a general way and which will be 

certainly for rhodopsin, is the CRISPR system. Nevertheless, this strategy is mutation-

dependent and thus requires the development of as many tools as there are mutations. 

Even if these approaches can reach clinical trials for humans, the necessity of a normal 

rhodopsin expression level should be kept in mind and could be one of the major issues. 

The fact that SMaRT technology respects the endogenous expression level, and that only 

two PTM would be sufficient to repair all rhodopsin mutations represent two essential 

advantages, which promise a great future for SMaRT technology even if the road ahead is still 

long.  

 

VII. Considering gene therapies for retinal diseases over 
the next few decades. 

Gene therapy for gene-replacement in retinal diseases has recently shown an important 

progression, with the pioneer study done on LCA, showing great beneficial effects on humans 

without notable side effects. This study brings proof that gene therapy can be safely applied to 

ocular diseases, and thus opens the door to gene therapy for all other monogenic retinal 

diseases. The gene-replacement strategy requires acting before the total degeneration of gene-

expressing cells occurs, and implies development of a specific approach for each disease-

causing gene. To increase the possibilities, gene therapies for neuroprotection and optogenetic 

approaches are currently progressing. These allow respectively (i) protection of remaining 

cells from the degenerative process to slow down the disease progression, and (ii) 

development in an unaffected cell type of properties lost in degenerative cells (Figure 33) as 

for example the possibility to integrate photons in bipolar or ganglion cells instead of PR. It is 

essential to combine these different approaches, to bring a therapeutic solution for each case 

of retinal disease, depending on the evolution step of the disease. All these strategies require 

nonetheless an efficient and safe vector and injection route. AAV vectors seem to be the most 

promising vector to target the retina. Moreover, the development of new AAV serotypes 

increasingly specific and efficient in targeting and transducing retinal cells opens the door to 



 
 

 
 
Figure 33: Stages of retinal degeneration and the forms of gene therapy that can be used in that 

stage. 
Extracted from Sahel and Roska, Annual review of Neuroscience, 2013. 
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new clinical applications in eye diseases. In my opinion, the main issue in the application of 

gene therapy in humans is now certainly linked to the injection route of the viral vector. 

Subretinal injections generate a retinal detachment that often does not persist, but can induce 

some damage if it occurs on the fovea253. The generation of AAV vectors able to efficiently 

transduce retinal cells after intravitreal injection is currently an ongoing work and represents a 

new step to make safer retinal therapeutic approaches.  

It seems clear that gene therapy will have a promising future in treatment of retinal 

diseases, considering the rapid progression in the last decades in terms of efficiency of 

targeting, transduction and safety. This strategy remains the only viable option that can act at 

the origin of the disease, by directly linking genotype and phenotype. 
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Annex 1: mouse versus human sequences of rhodopsin mRNA and proteins. 

 

 

 

• Comparison of mRNA sequences: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• Comparison of protein sequences: 

  

Human rhodopsin	
  Mouse rhodopsin	
   Specific primers	
  Differences	
  	
  

	
  
MNGTEGPNFYVPFSNATGVVRSPFEYPQYYLAEPWQFSMLAAYMFLLIVLGFPINFLTLYVTVQHKKLRTPLNYILLNLAVADLFMVLG	
  

MNGTEGPNFYVPFSNVTGVVRSPFEQPQYYLAEPWQFSMLAAYMFLLIVLGFPINFLTLYVTVQHKKLRTPLNYILNLAVADLFMVFG	
  

	
  

GFTSTLYTSLHGYFVFGPTGCNLEGFFATLGGEIALWSLVVLAIERYVVVCKPMSNFRFGENHAIMGVAFTWVMALACAAPPLAGWSRYI	
  

GFTTTLYTSLHGYFVFGPTGCNLEGFFATLGGEIALWSLVVLAIERYVVVCKPMSNFRFGENHAIMGVVFTWIMALACAAPPLVGWSRYI	
  

	
  

PEGLQCSCGIDYYTLKPEVNNESFVIYMFVVHFTIPMIIIFFCYGQLVFTVKEAAAQQQESATTQKAEKEVTRMVIIMVIAFLICWVPYAS	
  

PEGMQCSCGIDYYTLKPEVNNESFVIYMFVVHFTIPMIVIFFCYGQLVFTVKEAAAQQQESATTQKAEKEVTRMVIIMVIFFLICWLPYAS	
  

	
  

VAFYIFTHQGSNFGPIFMTIPAFFAKSAAIYNPVIYIMMNK	
  QFRNCMLTTICCGKNPLGDDEASATVSKTETSQVAPA*	
  
VAFYIFTHQGSNFGPIFMTLPAFFAKSSSIYNPVIYIMLNK	
  QFRNCMLTTLCCGKNPLGDDDASATASKTETSQVAPA*	
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 Annex 2: Supplemental materials and methods. 

Quantification of PTM15 trans-splicing 

PCR primers used to quantify the trans-splicing efficiency of PTM15: forward=5’-

aagagcgccgccatctacaa-3’; reverse cis-splicing=5’-acaagaaagctgggtcggcg-3’; reverse trans-splicing=5’-

tctgataggcagcctgcact-3’. 

Western blot 

HEK293T cells and retinal protein extracts were obtained from dissociation in a buffer containing: 

50mM HEPES, pH 7.4; 150mM NaCl; 10% glycérol; 1,5 mM MgCl2; 1% Triton X-100. The total 

protein concentration was measured using a Biorad protein assay, and 10 µg of total protein was used 

to detect individual proteins. Samples were not subject to heat denaturation. The detection of proteins 

was performed using the following antibodies: anti-rhodopsin (MAB5356  Millipore 1:2000), anti-

GFP (A11122 Molecular probes 1:2000), anti-actin (A5060 sigma) and anti-mouse IgG or anti-rabbit 

IgG, HRP-linked antibodies. 

AAV vector production 

AAV vectors express GFP or PTM under the control of the bovine rhodopsin (bRho) promoter. Self-

complementary genome-containing plasmids were constructed by deleting the D sequence and the 

terminal resolution site from one of the inverted terminal repeats. Briefly, AAV2 vectors were 

generated by packaging AAV2-based recombinant single-stranded (ss) or self-complementary (sc) 

genomes into the AAV9 or AAV2 capsids. Virions were produced by transfecting HEK293 cells with 

(i) the adenovirus helper plasmid (pXX6-80), (ii) the AAV packaging plasmid encoding the rep2 and 

the cap2 or the cap9 genes, and (iii) the AAV2 shuttle plasmid containing the gene encoding GFP or 

PTM in a ss or sc genome. Recombinant vectors (rAAV) were purified by ultracentrifugation on a 

discontinuous iodixaniol density gradient followed by dialysis against the formulation buffer of the 

vector stocks, namely phosphate-buffered saline containing 0.5 mM MgCl2 and 1.25 mM KCl (PBS-

MK; five buffer changes, 3 hours per round of dialysis). Physical particles were quantified by real-

time PCR. Vector titers are expressed as viral genomes per milliliter (vg/ml). 

Animals 

C57BL/6JRj mice were purchased from Janvier SA (Le Genest-Saint-Isle, France). Rho-/- knockout 

mice were provided by Dr Janis Lem (Tufts University, Boston, MA, USA) and P347S RHO+/+ were 

provided by Dr Peter Humphries (Trinity College Dublin, Ireland). We used the first generation of a 

breeding between Rho-/- knockout mice and P347S RHO+/+ transgenic mice to obtain Rho+/- P347S 

RHO+ mice. Mice were maintained at the Institut de la Vision animal facility under pathogen-free 



	
  ANNEXES	
   149	
  
	
  

conditions. All animals were housed in a 12h/12h light/dark cycle with food and water available ad 

libitum.  

Subretinal injection 

Animals were anesthetized by intraperitoneal injection of ketamine (50 mg/kg, Virbac) and xylazine 

(10 mg/kg, Bayer HealthCare), and their pupils were dilated with tropicamide (Mydriaticum®, Théa) 

and phenylephrin (Néosynephrine®, Europhta). Subretinal injections were performed with a 33-gauge 

blunt needle mounted on a 10 µl syringe (Hamilton, USA). Briefly, a hole was created through the 

sclera/choroid/retina layers using the sharp tip of a 30-gauge needle, and the blunt needle of the 

Hamilton syringe was then gently inserted into the vitreous cavity through this hole. The needle was 

pushed further into the vitreous cavity until going through the retina to the opposite side of its entry 

site into the eye. After injection, the needle was left in place for an additional 10 seconds to prevent 

leakage of the injected fluid. A successful subretinal injection was checked by visualization of a 

subretinal bleb. An anti-inflammatory and antibacterial ointment (Sterdex®, Novartis) was then 

applied locally. 

 

Intracardiac injection 

Pups were immobilized to localize the heart. A volume of 10 µL of fluorescein 10% was rapidly 

injected directly into the heart using a 0.3mL insulin syringe (Myjector®, Terumo®). After injection, 

pups were allowed to recover for several minutes on a 37°C heating pad before being returned to their 

cages. 

OCT measures  

Pupils were dilated with tropicamide (Mydriaticum®, Théa, France) and phenylephrin 

(Néosynephrine®, Europhta, France). Animals were then anesthetized by inhalation of Isoflurane 

(Axience, France) and placed in the front of the SD-OCT imaging device	
   (Bioptigen	
  840nm	
  HHP;	
  

Bioptigen,	
   North	
   Carolina,	
   USA).  Eyes were kept moisturized with 9‰ NaCl during the whole 

procedure.	
   Image	
   acquisitions	
   were	
   performed	
   using	
   the	
   following	
   parameters:	
   Rectangular	
  

scan/	
  1000	
  A-­‐scan	
  per	
  B-­‐scan/	
  100B-­‐scan	
  1	
  frame	
  or	
  4B-­‐scans	
  16	
  frames.	
  Acquired	
  images	
  were	
  

saved	
  as	
  .avi	
  files	
  and	
  processed	
  with	
  Fiji	
  software	
  (available	
  at	
  http://fiji.sc/Fiji).	
  Firstly,	
  image	
  

artifacts	
  due	
  to breathing	
  movements	
  were	
  eliminated	
  by	
  using	
  the	
  StackReg	
  Plugin.	
  Then,	
  using	
  

"Z	
   project"	
   function	
   set	
   to	
   "Sum	
   Slices",	
   each	
   movie	
   was	
   converted	
   into	
   a	
   single	
   image	
   by	
  

compiling	
   a	
   Z-­‐projection	
   of	
   all	
   images	
   of	
   the	
   movie.	
   Thus,	
   the	
   final	
   image	
   resulted	
   from	
   the	
  

maximum	
  projection	
  of sixteen or one hundred	
   images	
  sampled	
  every	
  micron,	
  which	
  means	
  16	
  

or	
  100	
  microns	
  retinal	
  width	
  depending	
  on	
  the	
  selected	
  parameter.	
  This manipulation eliminates 

most of the noise observed on individual images, which helped to show very clearly the reflectance 
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differences present at the level of the outer retina.	
   Retinal	
   layers	
   thicknesses	
   were	
   manually	
  

measured	
  on	
   this	
  maximum	
  projection	
   image	
   in	
  an	
  axis	
  perpendicular	
   to	
   the	
   individual	
   layers	
  

and	
  about	
  500µm	
  from	
  the	
  optic	
  nerve	
  using	
  Fiji	
  software. 

Micron III imaging 

Pupils were dilated with tropicamide (Mydriaticum®, Théa, France) and phenylephrin 

(Néosynephrine®, Europhta, France). Animals were then anesthetized by inhalation of Isoflurane 

(Axience, France) and Fundus photographs were taken with the Micron III retinal imaging microscope 

from Phoenix Research Laboratories (Phoenix, AZ). Eyes were kept moisturized with Lubrithal gel 

(Dechra, England) during the whole procedure.	
   

	
  



SUMMARY 

Gene therapy for autosomal dominant retinitis pigmentosa:  

repair of rhodopsin mRNA by SMaRT technology 
 

 Retinitis pigmentosa are hereditary retinal dystrophies involving degeneration of 
photoreceptors leading to blindness and for which there is currently no treatment. The most 
frequent cause of the disease is a point mutation in the rhodopsin gene, responsible for 
approximately 30% of autosomal dominant forms. In this case, a therapeutic intervention that 
restores the expression level of the normal protein is not sufficient because the mutant protein 
causes a gain of function or dominant negative effect, deleterious for photoreceptors. A 
change in rhodopsin expression level induces also damages to the retina. Therapeutic strategy 
should thus both suppress mutant protein expression and restore expression of the normal one 
to physiologic level. 

My PhD project was to develop a therapeutic tool, based on SMaRT (Spliceosome 
Mediated RNA Trans-splicing) technology to repair rhodopsin (RHO) pre-mRNA. This 
required introducing by gene transfer into the target cell an exogenous RNA, called PTM for 
Pre-mRNA Trans-splicing Molecule. This one was able to specifically bind the RHO pre-
mRNA and promote a splice reaction in trans, leading to the replacement of the mutated exon 
of this pre-mRNA by a normal one.  

Firstly, we engineered 14 PTM targeting different sequences of the first intron of RHO 
pre-mRNA. These PTM should thus be able to repair any mutation in exons 2, 3, 4 and 5. 
After transient co-transfection of HEK293T cells with a PTM-encoding plasmid and a wild 
type (WT) or mutant RHO-encoding plasmid, we quantified the trans-splicing rate at RNA 
level. The maximum trans-splicing efficiency was about 25%. We improved this score to 
40% by adding an intron into the replacement sequence of the PTM.  

In a second step, we created WT or mutated (P23H/R135W/P347L) RHO stable 
expression cell lines by lentiviral transduction. These ones presented RHO localization at the 
plasma membrane (WT/P347L RHO) or retained into the cell (P23H/R135W RHO) 
depending on the mutation. After transfection of these cell lines with a plasmid expressing the 
most efficient RHO-PTM, we determined with the ImageStreamX Mark II Imaging Flow 
Cytometer that trans-splicing was efficient enough to partially restore localization to the 
plasma membrane of repaired RHO. 
In parallel, we used mRho+/- RHO P347S+ mice, a humanized heterozygous mouse model, to 
test trans-splicing efficiency in vivo. Firstly, we implemented a processing of SD-OCT 
(spectral domain-optical coherence tomography) images that allowed precisely quantifying 
retinal degeneration in mice. Using this technology, we determined that our humanized mouse 
model of rhodopsin mutation was indeed subject to a very rapid degeneration of the 
photoreceptors. After subretinal injection of AAV2/8 bRho-PTM20, we finally demonstrated 
that trans-splicing occurred in vivo, and could repair RHO pre-mRNA, but that improvements 
are still required to observe a phenotypic rescue of photoreceptors degeneration in vivo. 
 
 




