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Inherited Retinal Dystrophies (IRDs) are a clinically and genetically highly 

heterogeneous group of genetic pathologies characterized by progressive attrition 

of photoreceptor cells and other retinal neurons, which eventually leads to vision loss. 

The retina, the most affected tissue in IRDs, is the specialized region of the central 

nervous system capable of transducing light into neural signals. This neurosensory 

tissue is particularly susceptible to genetic and environmental alterations due to its 

highly active metabolism, external location, and daily light irradiation. Therefore, the 

disturbance of the balance between retinal resilience systems and endogenous and 

exogenous stress factors eventually leads to several alterations that underlie the 

pathogenesis of many IRDs, such as mitochondrial dysfunction, misregulated 

autophagy, and activation of cell death pathways. 

CERKL (CERamide Kinase-Like) mutations cause two different IRDs in humans: 

Retinitis Pigmentosa and Cone-Rod Dystrophy. While the precise role of CERKL 

remains unclear, numerous studies have proposed CERKL as a resilience gene 

against oxidative stress, by participating in the formation of stress granules, regulation 

of the antioxidant protein TRX2 and inhibition of oxidative stress-induced apoptosis, 

among other functions. Previous work from our research group led to the generation 

of the CerklKD/KO mouse model, characterised by a strong deficiency in the expression 

of Cerkl. This model mimics the disease progression of CERKL-associated Retinitis 

Pigmentosa-affected patients, showing a slow and progressive loss of 

photoreceptors and, ultimately, vision impairment. 

Taking advantage of the CerklKD/KO mouse model, we aimed to dissect CERKL 

function in mitochondrial metabolism and dynamics. Our findings describe a pool of 

CERKL isoforms colocalizing with mitochondria. In addition, we observed 

accumulation of fragmented mitochondria and mitochondrial bioenergetics 

dysfunction in CerklKD/KO retinas. Moreover, mitochondrial distribution and trafficking 

were reduced in retinal and hippocampal neurons upon Cerkl depletion, reflecting 

the important role of CERKL in the regulation of mitochondrial network morphology 

and energy production.  

Furthermore, we sought to analyse the impact of CERKL downregulation on stress 

response and activation of photoreceptor death mechanisms upon light/oxidative 



  

______22 ______ 
 

stress. Data collected from CERKL silencing and overexpression experiments in ARPE-

19 cells (derived from retinal pigment epithelium) revealed that CERKL exerts a 

protective role maintaining the mitochondrial network morphology against oxidative 

damage. Additionally, using CerklKD/KO albino mouse models, we assessed immediate 

(early) or after two weeks (late) retinal stress response to light injury, using data from 

transcriptomics, metabolomics, and immunohistochemistry images. Our results 

showed that Cerkl depletion causes an exacerbated response to stress in basal 

conditions, through alterations in glutathione metabolism and stress granule 

production. Consequently, upon light-stress exposure, CerklKD/KO retinas cannot cope 

with additional stress factors, resulting in increased ROS levels and the subsequent 

activation of several cell death mechanisms. 

To sum up, our studies indicate that Cerkl gene is a novel player in regulating 

mitochondrial organization and metabolism, together with light-challenged retinal 

homeostasis, thus suggesting that CERKL mutations cause blindness by impairing the 

mitochondrial homeostasis and oxidative stress response in the retina. These findings 

contributed to determine early phenotypic biomarkers of the Cerkl-depleted mouse 

retina, which will be compared and confirmed with those observed in retinal 

organoids derived from CERKLR257X patient-derived hiPSCs (currently under 

differentiation). Altogether, these studies will allow us to test the feasibility of genetic 

rescue using a proof-of-principle AAV-based gene augmentation therapy for CERKL-

associated IRDs, as well as novel gene delivery systems using gold nanoparticles as 

vectors. 
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The principal area of cooperation of this Thesis in the Sustainable Development 

Goals (SDGs) is related to the SDG 3: “Good health and well-being” according to the 

point 3.8: “Achieve universal health coverage, including financial risk protection, 

access to quality essential health-care services and access to safe, effective, quality 

and affordable essential medicines and vaccines for all”. Moreover, an important part 

of our findings was result of fruitful collaborations with groups with high expertise in 

other areas. Therefore, the objectives of this work are also related to SDG 17: 

“Partnerships for the goals” according to the point 17.6: “Knowledge sharing and 

cooperation for access to science, technology and innovation”. Finally, this PhD Thesis 

has been directed, supervised and tutorized by women, Dr Gemma Marfany and Dr 

Serena Mirra, and our research group has also been mostly composed of female 

scientists during many years, contributing to SDG 5: “Gender equity and 

empowering of girls and women” according to the point 5.5: “Assure effective and 

full participation of women and equity in leadership opportunities at all deciding 

levels in politic, economic and public life”.  

  



  

______24 ______ 
 

  



 

______25______ 
 

 

RESUMEN 

  



  

______26 ______ 
 

  



 

______27______ 
 

La retina, el tejido neurosensorial que transduce luz en señales nerviosas, es 

particularmente susceptible a alteraciones genéticas y ambientales, las cuales 

pueden sobrepasar los sistemas de resiliencia celular, provocando alteraciones 

patogénicas causantes de distrofias hereditarias de retina (IRDs). En humanos, 

mutaciones en el gen CERKL (CERamide Kinase-Like) causan Retinosis Pigmentaria y 

Distrofia de Conos y Bastones, dos IRDs caracterizadas por la muerte progresiva de 

fotorreceptores y pérdida de visión. Aunque su función exacta es desconocida, se ha 

propuesto que CERKL es un gen de resiliencia a estrés oxidativo.  

Usando el modelo CerklKD/KO, que expresa menos del 10% de Cerkl –y sufre la 

muerte progresiva de fotorreceptores con la consiguiente pérdida de visión–, nuestro 

objetivo ha sido la disección de la función de CERKL en el metabolismo y dinámica 

mitocondriales, tanto en condiciones basales como en respuesta al estrés 

oxidativo/lumínico. Hemos descrito la localización de un conjunto de isoformas de 

CERKL en mitocondria, además de la acumulación de mitocondrias fragmentadas y 

disfuncionales en retinas CerklKD/KO. Asimismo, las neuronas CerklKD/KO presentan 

alteraciones en la distribución y tráfico mitocondriales. Además, la sobreexpresión 

de CERKL in vitro protege la red mitocondrial del estrés oxidativo, reflejando la 

importancia de CERKL en la regulación de la morfología y bioenergética 

mitocondriales. También hemos evaluado la respuesta a estrés lumínico en ratones 

albinos CerklKD/KO, observando una respuesta exacerbada en condiciones basales, 

con alteraciones en el metabolismo del glutatión y producción de gránulos de estrés. 

Consecuentemente, ante estrés lumínico, las retinas CerklKD/KO no pueden sobrellevar 

un daño adicional, causando un incremento en especies reactivas de oxígeno y 

activación de mecanismos de muerte celular. 

En conclusión, nuestros estudios postulan el gen CERKL como un nuevo regulador 

de la organización y metabolismo mitocondriales, así como de la homeostasis retinal 

frente a estrés lumínico, indicando que las mutaciones en CERKL causan ceguera al 

desestabilizar estos sistemas en la retina. Estos resultados han contribuido a 

determinar biomarcadores tempranos en las retinas CerklKD/KO, que serán 

comparados y confirmados con los observados en organoides de retina derivados 
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de hiPSCs de pacientes. Así podremos evaluar el potencial rescate fenotípico tras 

aplicar terapia basada en AAV-CERKL. 
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1. The retina 

Vision plays a dominant and crucial role in human perception, contributing to 

about 90 % of the sensory information that is integrated in the brain. Additionally, 

almost one third of the cortical surface is dedicated to process visual information, 

underscoring the importance of the intricate work of the retina and associated tissues 

in this complex process (1).  

1.1. Structure and cell types 

The retina is the specialized tissue of the central nervous system (CNS) that 

transduces light stimuli into neural signals. This neurosensitive tissue is located in the 

posterior part of the eye, between the choroid and the vitreous chamber, and is a 

layered structure composed of six major classes of neurons alternatively arranged in 

cell somas and plexiform layers. In the most posterior part of the retina, the retinal 

pigment epithelium (RPE), a monolayer of pigmented epithelial cells, lays in intimate 

contact with the tips of photoreceptors —rods and cones—, whose somas are in the 

outer nuclear layer (ONL). Synaptic contacts between photoreceptors and 

postsynaptic neurons —horizontal, bipolar and amacrine cells—, found in the inner 

nuclear layer (INL), occur in the outer plexiform layer (OPL). Ganglion cells are the 

innermost neuronal cell type of the retina, located in the ganglion cell layer (GCL), 

and ultimately receive information from synapses in the inner plexiform layer (IPL) 

(Figure 1) (2,3). 

Vision begins with the light entering the eye and passing through all the retinal 

layers to eventually reach cone and rod photoreceptors cells, where photoreception 

occurs. Photoreceptor cells convert light energy into membrane potential changes to 

finally release neurotransmitters into the second order postsynaptic neurons, the 

bipolar cells, in the OPL. Synaptic contacts between photoreceptors and bipolar cells 

are modulated by horizontal cells. Bipolar cells then contact with amacrine and retinal 

ganglion cells within the IPL to integrate and process visual information. Finally, retinal 

ganglion cells, which render the sole output of the visual information, project their 

axons forming the optic nerve (ON) to higher visual centres in the brain (4,5).  
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Figure 1. Architectural arrangement of the eye and the retina. On the left side, simplified 

diagram of the eye indicating some elements (lens, vitreous chamber, retina, fovea, choroid, 

and optic nerve). On the right side, a high-magnified scheme of the retina with its layers and 

cell types, e.g. pigment epithelium, rods, cones, horizontal, bipolar, amacrine and ganglion 

cells, Müller glia and microglia. RPE: retinal pigment epithelium; Phr: photoreceptor layer; 

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

plexiform layer; GCL: ganglion cell layer; ON: optic nerve fiber. 

Apart from neuronal cells, glial cells are also crucial for retinal function. Within the 

retina, macroglia (Müller cells and astrocytes) and microglia (resident retinal 

macrophages) (Figure 1) play a crucial role in maintaining retinal homeostasis and 

conferring neuroprotection against transient pathophysiological situations via 

different intra- and intercellular changes, as well as morphological responses (6–8).  

1.2. Photoreceptor cells: rods and cones 

Photoreceptor cells, the principal photo-sensitive neurons of the retina, provide 

visual perception owing to the expression of opsins, the specialized visual pigments 

capable of detecting photons. There are two classes of photoreceptors: rods and 

cones, which differ in shape, structure, type of expressed opsin, light sensitivity, 

prevalence, and distribution, thus reflecting a high level of specialization. Remarkably, 

both types of photoreceptors are highly polarized cells and share common 

architectural regions, namely the outer (OS) and the inner (IS) segments, the cell 

body, and the synaptic terminal (Figure 2) (9). 
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Interestingly, rods and cones are named after their characteristic shape. Despite 

sharing common structural elements, the principal difference between rods and 

cones lies in their OS, a highly specialized sensory cilium that houses the 

phototransduction machinery. In rods, the OS is longer, more rigid, and fully packed 

with closed membranous disks, while cones present a shorter OS with membrane 

invaginations instead of intracellular disks. On the other hand, cell body and synaptic 

terminal are quite similar in both types of photoreceptor cells. The IS contains 

different organelles responsible for protein production, including endoplasmic 

reticulum, Golgi, and mitochondria. Proteins produced in the IS are transported to 

the OS through the connecting cilium (10).  

The specific photopigment of photoreceptors is found in the OS membranous 

disks or invaginations. Rods solely express rhodopsin, whereas cones express 

different opsins with distinct peaks of light sensitivity, for instance: S-opsin detects 

short (blue) wavelengths, M-opsin responds to medium (green) wavelengths, and L-

opsin is stimulated by long (red) wavelengths. The expression of each different opsin 

in cones gives rise to three classes of cones in humans: S-cones, M-cones, and L-

cones, while mice and other mammals only present the first two types of opsins. In 

contrast, zebrafish possesses a fourth opsin sensitive to ultraviolet (UV) light (11). 

Figure 2. Structural 

organization of photoreceptor 

cells: rods and cones. They 

mainly differ in the structure and 

disk organization of the outer 

segment (OS).  
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Because of these structural and enzymatic differences, rods are highly sensitive to 

dim light but display limited spatial resolution, contributing to scotopic vision. On the 

other hand, cones are responsible for photopic vision as they respond to increased 

levels of light, have high spatial resolution, and also detect different colours (12,13). 

Regarding prevalence and distribution across the retina, rods are the most 

abundant photoreceptor cells (around 95 % in humans and 97 % in mice) and are 

distributed almost ubiquitously throughout the retina. Conversely, cones are much 

less prevalent than rods and are organized in a mosaic-like pattern. However, in the 

macula and, particularly in the fovea, a highly specialized region of the central retina, 

the cone-rod ratio is dramatically shifted due to an important enrichment of cones, 

which grants high visual acuity. Among mammals, the fovea is present in humans and 

other primates (14). 

1.3. Retinal ganglion cells 

Retinal ganglion cells (RGCs) are the last input and solely output neurons of the 

retina that encode, integrate, and finally relay visual information through the 

projection of their very thin (0.5-1 µm) and long (50 mm) axons to the lateral 

geniculate nucleus in the thalamus and the superior colliculus in the midbrain. To 

execute this process, specific subcellular compartmented structures are needed: 

dendrites, soma, non-myelinated axon, and myelinated axon (15). 

After the reception of visual inputs from photoreceptor cells, bipolar and amacrine 

cells synapse with RGCs dendrites in the IPL. RGCs somas, located in the GCL, receive 

electrical signals from the dendrites and convey them through their axons to higher 

visual centres. Remarkably, these projection neurons do not present myelin in the first 

but long region of their axons (intraocular and optic nerve head portions) to preserve 

retinal transparency. High energy production requirements are needed to assure 

efficient and functional transmission of potential actions through non-myelinated 

axon regions, making RGCs particularly susceptible to metabolic alterations (16,17).  

Despite sharing the mentioned common structural domains, RGCs can be 

classified into several subtypes by their anatomical, functional, and molecular 

signature. Santiago Ramón y Cajal was a pioneer at describing in detail 
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morphologically different subclasses of RGCs. In the last years, functional and 

molecular analyses have complemented morphological studies, giving rise to up to 

40 classes of RGCs (18–21). 

1.4. Retinal Pigment Epithelium 

The retinal pigment epithelium (RPE) consists of a monolayer of pigmented 

epithelial cells strategically situated between the tips of photoreceptor cells and the 

choriocapillaris, a dense network of highly permeable capillaries that directly 

nourishes the RPE and outermost neuroretina. Although it does not participate in 

light detection and signal integration and transmission, the RPE plays essential roles 

for retinal function and homeostasis (22). 

The RPE transports nutrients and ions between the choriocapillaris and 

photoreceptors. Therefore, the RPE contributes to the nourishment of 

photoreceptors by taking up nutrients such as glucose, retinol, and fatty acids from 

the blood and delivering them to photoreceptor cells. The RPE also handles removal 

of photoreceptors waste products through the trafficking of water, electrolytes, and 

metabolic end products from the subretinal space to the choroid. The continuous 

stabilization of ion composition in the retinal surface enables correct photoreceptor 

excitability (23). 

RPE cells exhibit a polarized basal-apical structure. In the apical surface, RPE cells 

extend microvilli to envelop the OS tips of rod and cone photoreceptor cells, while 

the basal surface presents complex infoldings, a typical specialization of cells 

involved in transport. The interaction between the RPE and the tips of photoreceptors 

is of special relevance to ensure retinal function. Photoreceptor cells are daily 

exposed to intense levels of light, which leads to accumulation of photo-damaged 

lipids and proteins. As light transduction in photoreceptors depends on the correct 

structure and function of multiple proteins and lipids, the OS undergoes a constant 

renewal process to maintain the excitability of photoreceptors. In this process, the 

RPE phagocytes the shed membranes from the tips of photoreceptors OSs, which 

contain the highest concentration of radicals and photo-damaged proteins and 

lipids, whereas at the cilium base, the OS is newly built. In the RPE, phagosomes 

containing OSs are fusioned with endosomes and later with lysosomes, which contain 
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the enzymes necessary to digest the phagocyted content (Figure 3). In this process, 

some relevant molecules, such as retinal, are returned to photoreceptors, completing 

the visual cycle (explained in more detail in Introduction Section 1.5.) among others 

(24). 

 

Furthermore, the RPE secretes a variety of growth factors that help to preserve the 

structural integrity of photoreceptors and choriocapillaris endothelium. Secretion of 

immunosuppressive factors by the RPE also provides immunoprivilege to the eye. 

Finally, the presence of pigments in the RPE, such as melanin and lipofuscin, 

contributes to increase optical quality by absorption of scattered light focused onto 

the retina by the lens, thereby helping to reduce the oxidative damage of the 

neuroretina (25). 

RPE-photoreceptors relationship requires an intricate balance and the failure of 

any of the RPE numerous functions can lead to retinal loss of function, degeneration, 

and eventually blindness (23). 

1.5. Phototransduction and visual cycle 

When light enters through the eye, the lens focuses it onto the retina where it is 

detected by photo-sensitive proteins (rhodopsin in rods and opsins in cones), 

embedded into the membrane of the disks or invaginations of photoreceptor OSs. 

These photo-sensitive proteins initiate a cascade of events that finally regulates the 

Figure 3. Phagocytosis of rod and cone 

photoreceptors OSs by RPE cells. The tip 

of the OS is phagocyted, then the 

phagosome is fusioned with endosomes 

and, later, with lysosomes to digest its 

content.  
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release of neurotransmitter into postsynaptic neurons —bipolar and horizontal cells 

(26,27). 

Both rhodopsin and cone opsins display the common chromophore 11-cis-retinal, 

which is isomerized into all-trans-retinal by light, inducing a conformational change 

in the photoreceptive molecule necessary for initiation of phototransduction. Then, 

the activated form of the visual pigment carries out the exchange of GDP for GTP on 

the α-subunit of transducin, a trimeric G-protein. The transducin α-subunit bound to 

GTP dissociates from the β and γ-subunits to activate a phosphodiesterase (PDE), that 

catalyses the hydrolysis of cGMP. The decreasing levels of cGMP results in the closure 

of cyclic nucleotide-gated channels and, consequently, the cessation of Na+ and Ca2+ 

influx. This eventually provokes the hyperpolarization of the photoreceptor cell and 

the consequent inhibition of neurotransmitter release at the synapse (26–29). 

To maintain the phototransduction cascade and photoreceptor excitability, as well 

as to keep the continuity of vision, clearance of all-trans-retinal and replacement with 

fresh 11-cis-retinal is mandatory. Interestingly, photoreceptor cells are unable to 

reisomerize all-trans-retinal back into 11-cis-retinal, whereas RPE cells possess the 

ability to perform this conversion. Therefore, the constant exchange of retinal 

between photoreceptor cells and the RPE, known as the visual cycle of retinal, is 

absolutely required for retinal function (22,23). 

The visual cycle of retinal consists of several steps catalysed or facilitated by 

enzymes, transporters and retinoid-binding proteins situated both in the RPE and 

photoreceptor cells. Firstly, all-trans-retinal is released from bleached visual pigments 

inside OS disks and transported to the cytoplasm by the specific ATP binding cassette 

transporter (ABCR). Next, it is reduced by retinol dehydrogenase 8 (RDH8), among 

other all-trans-RDHs, within photoreceptor OS and further trafficked to the RPE 

bound to the interphotoreceptor retinoid binding protein (IRBP). Inside RPE cells, all-

trans-retinol is esterified by lecithin:retinol acyltransferase (LRAT). The resulting all-

trans-retinyl esters are then hydrolysed and isomerised by the isomerohydrolase 

RPE65, generating 11-cis-retinol. The 11-cis-retinol is subsequently oxidized by 11-

cis-retinol dehydrogenase enzymes (RDH5 and other 11-cis-RDHs) in the RPE and 
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shuttled back to the OS of photoreceptors to regenerate visual pigments, thus 

completing the visual cycle (Figure 4) (30,31). 

 

Figure 4. Graphic representation of the visual cycle of retinal. Light excites the 11-cis-

retinal bound to opsin, producing its isomerization into all-trans-retinal opsin. Then, all-trans-

retinal is liberated inside the OS disk and transported to the cytoplasm through ABCR. There, 

all-trans-retinal is reduced to all-trans-retinol by atRDH and trafficked to RPE cells bound to 

IRBP. In RPE, all-trans-retinol is esterified by LRAT. All-trans-retinyl esters are catalysed into 11-

cis-retinol thanks to RPE65. Finally, 11-cis-retinol is reduced to 11-cis-retinal by 11cRDH and 

returned to photoreceptor cells via IRBP to regenerate bleached opsins. atRDH: all-trans-

RDH, 11cRDH: 11-cis-RDH. 

The photoreceptor-RPE visual cycle is the best-known canonical mechanism of 

regenerating 11-cis-retinal. Nonetheless, there are other alternative pathways such as 

that which involves cones and Müller cells. To ensure the rapid renewal of 11-cis-

retinal in daylight conditions, Müller cells recycle the chromophore and selectively 

supply it to cones (32). 

1.6. Retinal dystrophies 

Inherited retinal dystrophies (IRDs) are a clinically and genetically heterogeneous 

group of genetic disorders characterized by progressive and irreversible 

degeneration of photoreceptor cells, RPE and other retinal neurons, which eventually 

causes loss of vision and blindness. IRDs have a prevalence of 1:3,000 people and 
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represent the leading cause of blindness across all age groups worldwide (33). To 

date, there are over 300 genes and loci known to be responsible of IRDs (Figure 5) 

(RetNet, the Retinal Information Network, 1996-2023, 

https://web.sph.uth.edu/RetNet/home.htm). IRD-causative genes perform different 

roles within the retina, including photoreceptor differentiation (e.g. NRL, NR2E3), 

specific structural roles (e.g. CEP290, PROM1), phototransduction and visual cycle 

(e.g. Rhodopsin, PDE6B, RPE65), and protective antioxidant systems. Notably, most 

IRD-related proteins are expressed in the same cell types and are located in the same 

organelles and intracellular structures in mice as they are in humans, which makes 

mouse a suitable model for studying IRDs (further explained in Introduction Section 

3.3) (34). Depending on the gene and the specific mutation, the inheritance pattern 

may vary (including autosomal dominant, autosomal recessive, mitochondrial, and X-

linked inheritance) as well as the age of onset, disease progression, and associated 

phenotypic traits (35).  

Clinical classification of IRDs is based on disease progression and the primarily 

affected retinal cell type, although there is an overlap between these phenotypic 

categories (Figure 5). Considering the progression of the pathology, IRDs can be 

stationary —as it happens in most patients with congenital stationary night blindness 

(CSNB)— or progressive —such as in retinitis pigmentosa (RP) or cone-rod dystrophy 

(CRD). Based on the cell type that is primarily involved in the pathogenesis (rod or 

cone photoreceptors), IRDs can be categorized into rod-cone dystrophies and cone-

rod dystrophies, respectively. In rod-cone dystrophies, e.g. RP and Leber congenital 

amaurosis (LCA), rods are affected first, leading to night blindness and tunnel vision 

as initial symptoms. On the contrary, cone photoreceptor cells are primarily affected 

in cone-rod dystrophies, initially giving rise to central vision loss defects that expand 

towards the mid-periphery. Late in the IRD disease progression, both cones and rods 

are affected, making it difficult to obtain a clear diagnosis. Although photoreceptor 

cell survival is predominantly affected in IRDs, many causative genes are not 

expressed by photoreceptor cells. In fact, RPE dysfunction —affecting visual 

chromophore recycling and its reincorporation into photoreceptor cells— is a major 

cause of IRDs, for instance in patients with LCA or RP caused by mutations in RPE65. 

Furthermore, some IRDs affect only the retina, while others present systemic features, 

https://web.sph.uth.edu/RetNet/home.htm
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e.g. Alström syndrome (hearing loss, obesity, cardiomyopathy), Bardet-Biedl 

syndrome (BBS) (polydactyly, obesity, reduced renal function), Joubert syndrome 

(JBS) (Cerebellar hypoplasia), Senior-Loken syndrome (SLS/NPHP) 

(nephronophthisis), and Usher syndrome (US) (sensorineural hearing loss) (Figure 5) 

(36,37). 

 

Figure 5. Schematic representation of IRDs and their causative genes. Genes implicated 

in diverse IRDs, including retinitis pigmentosa (RP), congenital stationary night blindness 

(CSNB), Leber congenital amaurosis (LCA), Alström syndrome, cone/cone-rod dystrophy 

(CD/CRD), Bardet-Biedl syndrome (BBS), Joubert syndrome (JBS), Senior-Loken 

syndrome/nephronophthisis (SLS/NPHP), and Usher syndrome (US). Asterisks (*) indicate 

mapped genetic loci without an identified gene. Information retrieved from RetNet, the 

Retinal Information Network (https://web.sph.uth.edu/RetNet/home.htm) in January 2024. 

https://web.sph.uth.edu/RetNet/home.htm
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Among the numerous retinal disorders included in IRDs, retinitis pigmentosa (RP) 

is the most common, affecting approximately between 1:3,000 and 1:5,000 live 

births, and is caused by mutations in more than 70 genes and loci (34).  

The extreme diversity of genes/loci and mutations that are causative of IRDs 

complicates the genetic diagnosis and further development of specific gene-

therapeutic approaches. Nevertheless, other treatment possibilities are being 

explored as a proof-of-concept to try to slow down or even halt the disease 

progression regardless of the affected gene (further explained in Introduction 

Section 4.3) (38,39). 

1.7. Retina and brain: two elements of the CNS 

“The retina is a window to the brain” is a widely known statement in the scientific 

community. This idea comes from the fact that, despite of its peripheral location, the 

neuroretina belongs to the CNS and its accessibility makes it amenable to 

manipulation and studies in order to dissect the deeper mysteries of the brain (40). 

Known as an extension of the brain, the retina consists of different neurons with 

strong resemblance to neurons from other parts of the CNS, such as cortical and 

hippocampal neurons. Particularly RGCs present typical neuronal morphological 

structures, including dendrites, a soma, and an axon. Therefore, extensively studied 

regions of the brain, e.g. hippocampus, can be utilized as neuronal models for retinal 

dystrophies affecting RGCs. While RGC primary culture and transfection is a difficult 

and not fully optimized technique, hippocampal neuron primary culture and 

transfection procedures are broadly used, enabling the handily addition of reporter 

genes, such as GFP, thus making live imaging techniques feasible (40–43). 

Among other similarities between the retina and the brain, the inner blood-retinal 

barrier, constituted by nonfenestrated endothelial cells connected by tight junctions 

and enclosed by Müller and astroglial cells endfeet, highly resembles the blood-brain 

barrier. Moreover, both regions of the CNS host specialized immune responses. 

Given the common features shared by the eye and the rest of the CNS, much 

information obtained from the retina could be applicable to the brain and spinal cord, 

and vice versa. Many neurological disorders, such as stroke, multiple sclerosis, 
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spinocerebellar ataxia, Parkinson disease and Alzheimer disease, present ocular 

manifestations that often precede symptoms in the brain. In addition, several retinal 

diseases display characteristics of neurodegenerative disorders. Therefore, ocular 

imaging techniques assessing the functional and structural state of the retina can 

offer noninvasive diagnosis and prognosis of CNS disorders. Indeed, this also 

suggests that treatments that are beneficial in brain diseases might be also applicable 

to retinal disorders, and vice versa (44–46). 
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2. Stressors and antioxidant responses in the retina 

The retina is constantly subjected to environmental insults and stressors, such as 

light and pollution, as a direct consequence of its peripheral location and specialized 

function. These external stressors, together with the high retinal energy-demanding 

metabolism, inherited genetic mutations plus age-associated alterations, promote 

the formation of reactive oxygen species (ROS). Accumulation of ROS impairs retinal 

function and increases the vulnerability of photoreceptors, RPE and retinal neurons 

to cell death. Therefore, efficient resilience mechanisms for maintenance of the retinal 

homeostasis and regulation of antioxidant responses are key to ensure retinal cells 

survival and proper function (47).  

2.1. Stress agents 

In all living cells, free radicals are generated as metabolic byproducts of oxidation-

reduction reactions. Free radicals can be divided into oxygen and nonoxygen 

radicals, which respectively are reactive oxygen species (ROS) and reactive nitrogen 

species (RNS). ROS/RNS include hydrogen peroxide (H2O2), hydroxyl radicals (·OH), 

superoxide anions (O2
·-), nitric oxide (NO·), and peroxynitrite (ONOO-). ROS conform 

the predominant category, giving rise to around 95 % of all free radicals (48). Free 

radicals can be produced via multiple pathways, including endogenous and 

exogenous stimuli, e.g. intensive metabolism, pollution, light radiation, chemical 

drugs, and smoking. Free radicals are extremely reactive and short-lived 

intermediates containing one or more unpaired electrons, which react with different 

biomolecules, such as nucleic acids, proteins, and lipids, leading to cell damage or 

functional impairment. At normal conditions, production of low levels of free radicals 

is involved in maintaining homeostasis, as well as in the regulation of gene 

expression, transcription factors, and epigenetic pathways (49). Nevertheless, 

accumulation of ROS or deficiency in antioxidant mechanisms results in an oxidation-

reduction unbalance and oxidative stress. Continuous oxidative stress may eventually 

damage cells and contribute to the progression of many neurodegenerative diseases 

(50). 

The retina is particularly susceptible to the production and further accumulation of 

ROS due to its neuronal complexity, high quantity of polyunsaturated fatty acids, 



INTRODUCTION 

______46 ______ 
 

external location, elevated metabolic demand, and daily light irradiation. Particularly, 

photoreceptor cells are constantly exposed to light, which can cause toxicity and 

oxidative stress, but they also demand high energetic production and constant 

protein turnover, which makes them especially vulnerable to mitochondrial and 

endoplasmic reticulum perturbations. Thus, a wide range of sophisticated retinal 

oxidative defence mechanisms (including enzymatic and non-enzymatic processes) 

are required, which need to be not only accurately regulated, but also extremely 

effective and efficient to cope with stress conditions, in order to mitigate and prevent 

potential damages. Under pathological conditions, the dynamic redox balance 

between free radicals’ production and antioxidant responses is disrupted, triggering 

multiple stress-related mechanisms that finally jeopardize retinal integrity, such as 

excessive oxidative stress, inflammatory responses, defects in autophagy and 

immune responses, mitochondrial dysfunction, endoplasmic stress, alterations in 

apoptotic cascades, and microglial activation and gliosis, among others (47,51–53). 

Further development of therapeutic interventions to promote the maintenance of 

redox balance may decelerate or even prevent the progression of ocular 

neurodegenerative diseases (54).  

2.2. Autophagy 

In all living cells, a finely regulated equilibrium between anabolism and catabolism 

is required to ensure cellular homeostasis. Autophagy is one of the principal catabolic 

pathways of all tissues and cells and is mediated by autophagy-related genes (ATG). 

This process facilitates the degradation of damaged cell components through the 

lysosomal pathway to provide energy as well as to preserve intracellular quality 

control. According to how the material to be degraded reaches the lysosome, 

autophagy can be classified into three main types. Microautophagy consists of the 

invagination of the endosomal or lysosomal membrane to surround the material 

destined for degradation (55). In chaperone-mediated autophagy, exclusive of 

mammalian cells, proteins harbouring a specific targeting amino acid sequence are 

specifically recognized and degraded (56). Finally, macroautophagy (often called 

general autophagy) is the best described class, which involves the engulfment of 

cytoplasmic material (encompassing lipids, proteins, whole organelles and even 
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parts of the nucleus) thanks to a double-membrane structure to form the 

autophagosome. Then, autophagosomes fuse with lysosomes in which acidic 

hydrolases degrade the engulfed material. Lysosomes ultimately release the resulting 

products of this process, which include amino acids, nucleotides, and lipids, to 

generate ATP and new “building blocks” for anabolic reactions, thus sustaining cell 

homeostasis and survival. Therefore, a basal level of autophagy is necessary to 

maintain cells free of damaged material, but the autophagic process can also be 

induced in response to environmental stimuli, such as starvation or oxidative stress 

(57,58). 

 

Figure 6. Macroautophagic process. In the induction step, inhibition of mTOR or activation 

of AMPK promotes the formation of ATG1/ULK1 and PI3K complexes to start engulfing 

protein aggregates, organelles, and intracellular component. Then, the autophagosome is 

formed after conjugation of ATG5-ATG12-ATG16L and LC3-II. Next, the autophagosome is 

fused with the lysosome to degrade its content and provide recycled products. 

Macroautophagy occurs following a series of subsequent steps. In response to 

mTOR inhibition or activation of AMPK signalling, the kinase ATG1/ULK1 forms a 

complex with the proteins ATG13, ATF101, and FIP200 (also named RB1CC1), 

resulting in the induction phase. Then, the ULK1 kinase forms the 

phosphatidylinositol 3-kinase (PI3K) complex, formed by VPS34, BECLIN1, VPS14, 

and VPS15, and facilitates the generation of phosphatidylinositol 3-phosphate (PI3P) 

at phagophore initiation sites. Next, ATG7 catalyses two reactions: the conjugation of 

ATG12, ATG5, and ATG16L, and also the conjugation of phosphatidyl-ethanolamine 

(PE) to LC3 (light chain 3 protein), to form LC3-II (the autophagosome-bound form of 

LC3). ATG9 enables the elongation of the autophagosome through assembly of 

protein-protein and protein-lipid complexes as well as delivery of lipids. The final 

phases of macroautophagy are mediated by proteins and other molecules involved 
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in the maturation of the autophagosome, but also fusion with endosomes and 

lysosomes for degradation and recycling of the engulfed material (Figure 6) (57,58). 

In the retina, autophagy plays a fundamental role to sustain intracellular quality 

control specially considering the influence of metabolic and environmental stress to 

this tissue. In fact, photoreceptor OS phagocytosis in RPE cells occurs via non-

canonical autophagy pathway, also known as LC3-associated phagocytosis (LAP). In 

this process, ATG5 and LC3 trigger the degradation of extracellular cargo, which is, 

in this specific case, the photoreceptor OS. LAP is not strictly considered autophagy 

because the degraded material is not derived from the cell itself. Nonetheless, after 

the formation of the phagosome, the consequent steps and involved proteins are 

common between LAP and the macroautophagic process (59). 

The impairment of autophagy in the retina leads to increased oxidative stress and 

contribute to photoreceptor cells damage and dysfunction, thus supporting the 

relevance of the autophagic pathway in the retina. On the other hand, several studies 

have described an overactivation of autophagy in different IRD mouse models, 

contributing to the loss of photoreceptor homeostasis. Therefore, the proper 

regulation of the autophagic pathway is considered indispensable to maintain visual 

function, since deficient autophagy affects the structure and function of 

photoreceptors. Importantly, enhanced autophagic process also leads to 

photoreceptor degeneration (59,60).  

2.3. Retinal metabolism: mitochondrial dynamics and homeostasis 

Over a century ago, the German scientist Otto Warburg postulated the retina as 

the most energy-demanding tissue of the body, even exceeding the energetic 

necessities of the brain, in order to maintain neuronal excitation and ensure 

phototransduction, neurotransmission, and normal cellular function (61). 

Interestingly, the retina displays two different anabolic mechanisms to produce 

energy depending on the cell type and the cell compartment. In photoreceptors, 

mitochondria are mainly located in the IS. Although they are the essential organelles 

involved in energy production, aerobic glycolysis is the main mechanism to fulfil the 

high metabolic demands in the OS. This process, also known as Warburg effect, may 

occur because of the absence of mitochondria in this subcellular compartment. 
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Additionally, this phenomenon serves as a mechanism to ensure membrane 

biosynthesis for the constant renewal of photoreceptor OS membranous disks 

(59,62). 

Mitochondria are crucial organelles for all eukaryotic cells and represent the major 

source for cellular energy production via oxidative phosphorylation (OXPHOS). These 

organelles are composed of an outer and inner membrane, which define two 

compartments, the intermembrane space, and the internal matrix space. Apart from 

OXPHOS, which resides in the inner mitochondrial membrane, mitochondria fulfil 

other relevant critical functions to preserve cell integrity and survival, including 

scavenging ROS, regulation of calcium homeostasis, biosynthesis of amino acids, 

cholesterol and phospholipids, nucleotide metabolism, and apoptotic signalling. 

Approximately 1-5 % of ROS are estimated to be generated by mitochondrial activity 

in physiological conditions. Malfunctioning of mitochondria leads to loss of 

mitochondrial membrane potential, decreased OXPHOS, damage of mitochondrial 

DNA, and ROS-induced ROS vicious circle, causing severe alterations in cell and 

tissue homeostasis, which places mitochondrial dysfunction at the basis of many 

neurodegenerative disorders, including retinal pathologies (63–66). 

Mitochondria are very dynamic organelles that constantly change their size, 

morphology, and intracellular location in response to endogenous and exogenous 

cues. Mitochondrial membrane dynamics, including fusion and fission, are 

indispensable processes for mitochondrial homeostasis and distribution. 

Mitochondrial fusion, which involves the physical merge of two mitochondria, allows 

intermixing and exchanging proteins, respiratory complexes, and mitochondrial DNA 

for functional complementation between different mitochondria. On the other hand, 

mitochondrial fission is necessary for the appropriate distribution of mitochondria 

along the cells, as well as for quality control and clearance of damaged mitochondria 

through mitophagy, the specific form of autophagy that targets mitochondria for 

degradation. The coordinated interplay between fusion, fission, transport and 

mitophagy constantly remodels the mitochondrial network to preserve proper 

energy production (67). 
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Mitochondrial fusion and fission are specifically orchestrated by four dynamin-

related GTPases: mitofusins 1 and 2 (MFN1 and MFN2), optic atrophy 1 (OPA1), and 

dynamin-related protein 1 (DRP1). MFN1 and MFN2, together with OPA1, mediate 

mitochondrial fusion. In mitochondrial fusion, OPA1, embedded in the inner 

mitochondrial membrane, interacts with MFN1 and MFN2, in the outer mitochondrial 

membrane, to couple the fusion between the inner and outer mitochondrial 

membranes. OPA1 presents eight isoforms comprising long and cleaved versions. 

Preserving the balance between long (L-OPA1) and short OPA1 (S-OPA1) isoforms  

—maintaining the pull of L-OPA1 isoform— is required for fusion to occur (68). 

Mitochondrial fission is mostly mediated by DRP1, which is mainly located in the 

cytoplasm. DRP1 is recruited to the outer mitochondrial membrane by the adaptors 

FIS1, MFF, MiD49 and MiD54 —situated in the outer mitochondrial membrane— to 

promote the phosphorylation and assemblance of DRP1 into spiral filaments around 

mitochondria to cause mitochondrial fission (69).  

Mitochondrial trafficking through microtubules, which is necessary to fulfil the 

energetic demands in the most requiring intracellular compartments, is controlled by 

the motor proteins kinesin and dynein, involved in anterograde and retrograde 

transport respectively. In mammalian cells, mitochondria are linked to the motor 

proteins by the molecular adaptors TRAK1 and TRAK2, which contact the GTPases 

MIRO1 and MIRO2 (70). Finally, mitophagy mediates the degradation of depolarized 

and damaged mitochondria via the PINK1-PARKIN pathway. When mitochondrial 

membrane potential is lost, PINK1 —in the outer mitochondrial membrane— recruits 

the cytosolic E3 ubiquitin ligase PARKIN to dysfunctional and damaged mitochondria 

to target them for proteasomal degradation and/or mitophagy (Figure 7) (71). 

Mitochondria are abundantly represented in the retina and optic nerve, because 

of their substantial metabolic needs. Indeed, within the retina, these organelles are 

particularly relevant in RPE, photoreceptor cells, RGCs, and Müller glia. Dysfunctional 

mitochondria in photoreceptor cells and RPE are widely known to underlie outer 

retinal pathologies. Therefore, alterations in RPE energetic metabolism profoundly 

influence photoreceptor viability. Conversely, mitochondrial dysfunction in Müller 
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glial cells and RGCs, as well as altered mitochondrial trafficking in the latter, have 

been suggested to relevantly contribute to inner retinal disorders (59,65,72,73). 

 

Figure 7. Mitochondrial dynamics. Mitochondria can undergo fusion, fission, transport 

and mitophagy events. MFN1, MFN2 and OPA1 are involved in fusion. FIS1 and 

phosphorylated (P) DRP1 mediate fission. Dynamin (DYN), kinesin (KIN), TRAK and MIRO 

control mitochondrial trafficking along microtubules. PINK1-PARKIN coordinate mitophagy. 

2.4. Endoplasmic reticulum stress and unfolded protein response 

The endoplasmic reticulum (ER), together with mitochondria, are central hubs 

governing protein and metabolism homeostasis. The ER is the subcellular 

compartment responsible for biosynthesis, post-translational modification, folding, 

and trafficking of proteins, as well as for storage of calcium. Therefore, in the ER there 

resides the stringent quality control of all plasma and secreted proteins folding, 

allowing only properly folded proteins to be released from the ER. Misfolded proteins 

are retained in the ER to be consequently degraded in order to prevent the 

accumulation of dysfunctional or potentially toxic proteins. If the ER protein quality 

control is disrupted and protein misfolding ensues chronically, cell death 

mechanisms are triggered. To detect protein misfolding within the ER, cells possess 

the Unfolded Protein Response (UPR), which consists of several intracellular signalling 
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pathways that eventually yield protective and proapoptotic processes in response to 

ER stress (74,75).  

The UPR is a primary cellular stress response that attempts to restore the protein 

homeostasis in the ER through different mechanisms, including reduction of protein 

translation, increased protein-folding capacity, and promotion of misfolded protein 

degradation. Moreover, a novel function of the UPR has been recently identified in 

the modulation of cell metabolism, redox regulation, autophagy, and mitochondrial 

function, whose overall disturbance also contributes to neuronal degeneration and 

dysfunction. Under stress conditions, excessive unfolded or misfolded proteins are 

accumulated in the ER, causing ER stress, and activating the UPR. Then, to alleviate 

ER stress, glucose-related protein 78 (GRP78, also named immunoglobulin binding 

protein, BiP), an ER resident chaperone, dissociates from different trans-ER proteins, 

such as activating transcription factor 6 (ATF6), inositol requiring enzyme 1 (IRE1), and 

PKR-like endoplasmic reticulum kinase (PERK). Subsequently, GRP78 recognizes and 

binds to unfolded and misfolded proteins to promote their correct folding and 

prevent protein aggregation. ATF6, IRE1 and PERK activate downstream cascades 

that work synergically to recuperate ER homeostasis through increasing protein 

degradation, attenuating protein translation and enhancing the production of 

chaperone proteins that facilitate proper protein folding. Nevertheless, if the UPR fails 

to restore ER homeostasis, cell death mechanisms are activated to eliminate 

damaged and stressed cells. Unresolved ER stress then activates pathological 

signalling pathways implicated in many neurodegenerative diseases, including 

retinal dystrophies (76,77).  

Importantly, photoreceptor cells present a continuous protein turnover to preserve 

the membranous disks of their OS and maintain their specific function, thus needing 

proper production and accurate folding of proteins. Many mutations associated with 

IRDs lead to the generation of misfolded proteins in the retina, activating the UPR 

(78,79). The best-known example of UPR-related IRD is observed in the most 

common mutation of rhodopsin, RHOP23H, a missense mutation that replaces a proline 

with a histidine in the position 23 of the protein, thereby impairing its binding with 

11-cis-retinal (80,81). This specific mutation leads to misfolding of rhodopsin and the 
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accumulation of the protein in the ER, located in the IS of photoreceptor cells, 

because only properly folded rhodopsin is efficiently trafficked to the membranous 

disks of the OS, where it is usually located to perform its function (82). As a 

consequence, ER stress and UPR are activated and eventually lead to apoptosis of 

photoreceptor cells (83). Therefore, targeting the UPR pathways may be an 

interesting therapeutic approach for protecting retinal integrity in early stages of 

retinal dystrophies by improving metabolic regulation and protein homeostasis. 

2.5. Glutathione metabolism 

Glutathione (GSH) and the related enzymes conform a pivotal antioxidant system 

to protect the retina against chemical and oxidative stress. Glutathione exists in its 

reduced (GSH) and disulfide-oxidized (GSSG) forms, although it is found mostly in 

the reduced state. GSH is predominantly present in the cytoplasm (80-85 %) and 

mitochondria (10-15 %). Among other functions, GSH is implicated in scavenging free 

radicals, regulating DNA and protein synthesis, signal transduction, proteolysis, and 

regulation of the immune response. Upon oxidative stress, GSH protects proteins by 

the reversible glutathionylation of active thiols. In addition, GSH helps to maintain the 

reduced state of antioxidant enzymes and eliminate damaging free radicals, such as 

hydrogen peroxide, using its own GSH-GSSG redox cycle (84,85). 

The biosynthesis of GSH is a multi-step process that requires the combination of 

three precursor amino acids —cysteine, glutamate, and glycine— to form the tripeptide 

GSH. This pathway is initiated with the transsulfuration of methionine into cysteine via 

several enzymatic steps. Successive demethylation and removal of the adenosyl 

moiety, catalysed by methionine adenosyltransferase (MAT), methyltransferase (MT), 

and S-adenosylhomocysteine hydrolase (SAHH), results in homocysteine. Then, 

cystathionine synthase (CBS) catalyses the condensation between homocysteine and 

serine to generate cystathionine. Next, cystathionase (CL) catalyses the cleavage of 

cystathionine, releasing free cysteine. The steps of this pathway between methionine 

and homocysteine are readily interconvertible, whereas the formation of 

cystathionine is irreversible. The subsequent step, catalysed by γ-glutamylcysteine 

synthase (GCS), involves the formation of γ-glutamylcysteine using cysteine and 

glutamate as precursors. Finally, glutathione synthase (GS) catalyses the reaction 
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between γ-glutamylcysteine and glycine to produce GSH. In the redox cycle of 

glutathione, the reduced form (GSH) can be oxidized by glutathione peroxidases 

(GPX) into its oxidized state (GSSG), which, in turn, can also be reduced to GSH using 

glutathione reductase (GR) enzymes (Figure 8) (86,87). 

 

Figure 8. Glutathione biosynthesis pathway. Metabolites (in green) and enzymes (in 

purple) involved in methionine transsulfuration, glutathione synthesis, and GSH redox cycle. 

Effective GSH metabolism, including GSH-related enzymes, is extremely relevant 

for the retina as protection against continuous oxidative stress exposure. It is 

particularly abundant in RPE, photoreceptors, Müller glia, and astrocytes. Alterations 

in the balance between GSH and GSSG, as well as in the enzymes involved in GSH 

redox cycle, such as GPX4, are associated with IRDs in both patients and mouse 

models. In contrast, addition of antioxidant molecules to preserve GSH levels or 

overactivation of GPX enzymes counteract oxidative damage protecting retinal 

structure and function (85,88–91). 

2.6. mRNA stress granules 

As a protective mechanism against adverse environmental conditions, such as 

oxidative stress, membraneless stress assemblies are rapidly and reversibly formed 

by aggregation of non-translating messenger ribonucleoproteins to protect 

messenger RNAs (mRNAs) encoding housekeeping genes. Stress assemblies play 

pivotal roles in cell survival upon stress damage, as well as in thriving of cells upon 

stress relief through their pleiotropic cytoprotective effects. The two best 

characterized stress assemblies are stress granules and the RNA-based processing-
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bodies (P-bodies), which are formed in response to stress events, including oxidative, 

endoplasmic reticulum, osmotic and nutrient stress, among many others. Of interest, 

both stress assemblies —stress granules and P-bodies— are heterogeneous with 

respect their formation pathways and their RNA and protein content, although they 

share common features and may interexchange material (92,93). 

On the one hand, P-bodies are composed of translationally inactive mRNAs and 

proteins associated with translation repression and mRNA turnover. They are usually 

composed of the proteins AGO1/3, DCP2, XRN4, EDC3, EIF4E-T, LSM1-7, SMG7, 

HNRNPM and CPEB1. Considering their concentration in RNA decay factors, P-

bodies have been proposed as sites of mRNA turnover and degradation. However, 

recent studies showed that mRNA degradation might not occur exclusively in P-

bodies and propose these structures as storage sites for repressed mRNAs that are 

released and subsequently translated at the appropriate time. Thus, P-bodies 

contradictorily present intact mRNAs and RNA decay factors, reflecting the possible 

protection of mRNAs by inhibiting degradation thanks to the presence of specific 

RNA-binding proteins and translational repressors (92,93). 

On the other hand, stress granules, which are reversibly formed upon the inhibition 

of RNA translation and polysome disassembly after stress damage, consist of 

polyadenylated mRNAs, the eukaryotic translation initiation factors eIF2A, eIF3, 

eIF4A/B, eIF4E and eIF4G, the RNA-binding proteins PAB1, Caprin, FMR1, TDP-43, 

Tia1 and G3BP1/2, as well as 40S ribosomes. These structures reverse the 

vulnerability of cells to different stress factors because they temporarily sequester 

crucial components for cell fate and survival inside their chamber structure, blocking 

the interactions of proteins with their substrates and altering their physiological 

localization too, thus promoting cell survival. Additionally, stress granules can plug 

holes in punctured organelles, such as damaged lysosomes, avoiding the leakage of 

their content into the cytoplasm. Nonetheless, recent advances indicate that, under 

persistent stress conditions, stress granules can trigger the formation of pathological 

proteins that eventually cause neurodegeneration. Therefore, impairment in stress 

granules dynamics exacerbates the susceptibility of neuron cells to stress in 

neurodegenerative disorders (94,95). 
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2.7. Microglial activation and gliosis 

The proper retinal function demands an exquisitely regulated cellular network, 

whose homeostasis is maintained thanks to microglial and macroglial cells, including 

astrocytes and Müller cells (7).  

The retinal microglia, considered the resident phagocytes of the retina, is 

responsible for immune surveillance and defence, playing a key role in the fate of 

photoreceptors in IRDs. In healthy conditions, microglia display a ramified 

morphology and constantly scan the surrounding area to clear metabolic products 

and tissue debris (96). Additionally, microglial cells secrete a wide range of 

antioxidants, anti-inflammatory cytokines, and growth factors, such as brain-derived 

neurotrophic factor (BDNF) and ciliary neurotrophic factor (CNTF), to nurse and 

protect photoreceptor cells (97).  

Astrocytes and Müller cells conform the retinal macroglia. Müller cells are in close 

contact with all retinal cells owing to their large size and distribution. Among their 

functions, Müller cells secrete neurotrophic factors, regulate the ion balance and pH, 

and uptake and clear neurotransmitters to preserve retinal homeostasis (98). 

Astrocytes are located in the most inner part of the retina and display a star-like shape 

with long processes to interact with both neurons and blood vessels. Astrocytes 

contribute to ionic homeostasis, modulation of synaptic transmission and formation, 

and neurotransmitter clearance (99).  

In a scenario of retinal injury or alteration, as observed in IRDs, both microglia and 

macroglia are activated. Microglial activation consists of a change of morphology 

from ramified to ameboid form that allows them to move toward the damaged region 

and proliferate to exert enhanced phagocytic activity. In this context, activated 

microglia secrete several pro-inflammatory cytokines, such as TFN-α, IL-1β and IL-6, 

as well as ROS and RNS (100). Astrocytes and Müller cells undergo gliosis, increasing 

the expression of gliosis-related genes. Müller cells are extremely sensitive to 

damage and can undergo gliosis before retinal neuronal cell death is detected. In 

response to damage, both Müller cells and astrocytes induce the expression of 

intermediate filament proteins, including vimentin, nestin, and glial fibrillary acidic 
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protein (GFAP). In addition, they suffer from hypertrophy, migration, and proliferation 

to protect neuronal cells (98,101–103). 

It is generally assumed that activation of microglia and macroglial gliosis aim to 

protect retinal neurons to restore homeostasis. Nevertheless, under persistent injury, 

this process can become a chronic condition that eventually results in deleterious 

effects for the retinal integrity. Therefore, the precise function of activated microglia 

and macroglia remains controversial (104). 
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3. CERKL 

This PhD thesis focuses on the gene CERKL, whose mutations are causative of two 

different IRDs: autosomal recessive retinitis pigmentosa (RP) and autosomal recessive 

cone-rod dystrophy (CRD). The study took advantage of a mouse model where Cerkl 

is depleted to dissect the specific role of CERKL in the retina and other neural tissues 

through molecular, cellular, and functional analyses. 

3.1. Discovery, mutations, and gene structure 

Paradoxically, the gene CERKL (CERamide Kinase-Like) was discovered in two 

different groups almost at the same time but using dissimilar procedures to pursue 

distinct aims (105,106). Nonetheless, the group led by Dr Roser González was the first 

to publish the identification of the gene in 2004 by genetic diagnosis of Spanish 

families suffering IRDs and identification of the causative gene by linkage analysis and 

positional cloning (105). In this linkage study, the locus 2q31-q33 was shown to 

cosegregate in the analysed families (105,107). Afterwards, this autosomic recessive 

RP locus, named RP26, was finely mapped and refined until a previously unannotated 

gene, CERKL, was identified. CERKL, located between the ITGA4 and the NEUROD1 

genes, was named CERKL because its cDNA, which spans 1,596 nucleotides and 13 

exons, showed homology with several eukaryotic ceramide, sphingosine, and 

diacylglycerol kinases, but particularly with the human ceramide kinase (CERK) (29 % 

amino acid identity and 50 % similarity) (105). In addition to the identification of the 

CERKL gene in 2004, the IRD-causative homozygous nonsense mutation CERKLR257X 

—also known as CERKLR283X— was determined in the consanguineous analysed 

patients. This mutation results in a premature stop codon in exon 5 (105). Up to the 

present time, several studies have described more than 40 IRD-causative mutations 

in the CERKL gene yielding nonsense and missense alterations, as well as aberrant 

splicing and small and gross insertions and deletions (Table 1). Notably, these 

mutations are present in homozygous or compound heterozygous patients. Hence, 

mutations in CERKL are responsible for autosomal recessive IRDs. 
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Table 1. Classification of IRD-causative identified mutations in the gene CERKL. 

Information retrieved from The Human Gene Mutation Database 

(https://www.hgmd.cf.ac.uk/ac/index.php) in November 2023. 

Nonsense and missense mutations 

Codon 
change 

Localization 
Amino acid 

change 
Phenotype Reference 

GAG-TAG c.193G>T p.E65* Retinal degeneration (108,109) 

CGT-AGT c.316C>T p.R106C Retinal degeneration (110) 

CGT-TGT c.316C>A p.R106S 
Retinitis Pigmentosa, 
autosomal recessive 

(109) 

GGT-GAT c.356G>A p.G119D Cone-rod dystrophy (111,112) 

CTC-CGC c.365T>G p.L122R Retinitis Pigmentosa (113) 

TGC-TGG c.375C>G p.C125W Cone-rod dystrophy (114) 

CTA-CCA c.398T>C p.L133P Retinitis Pigmentosa (115) 

TGG-GGG c.451T>G p.W151G Retinal dystrophy (116) 

CCG-CTG c.497C>T p.P166L 
Macular 

degeneration 
(117) 

AAA-TAA c.598A>T p.K200* Retinitis pigmentosa (118) 

CAG-TAG c.664C>T p.Q222* 
Retinitis Pigmentosa, 
autosomal recessive 

(119) 

GAT-GTT c.674A>T p.D225V Retinitis pigmentosa (120) 

GGA-AGA c.772G>A p.G258R Cone-rod dystrophy (121) 

CTG-CCG c.812T>C p.L271P Retinitis pigmentosa (122) 

CGA-TGA c.847C>T p.R283* Retinitis pigmentosa (105) 

ATA-ACA c.890T>C p.I297T 
Retinitis pigmentosa 

and rod-cone 
dystrophy 

(123) 

TGC-TGA c.999C>A p.C333* Cone-rod dystrophy (124) 

CGA-TGA c.1090C>T p.R364* 
Cone/cone-rod 

dystrophy 
(125) 

TGT-TGA c.1164T>A p.C388* 
Retinal 

degeneration, 
pericentral 

(126) 

CAG-TAG c.1270C>T p.Q424* Retinitis pigmentosa (127) 

CGA-TGA c.1381C>T p.R461* Retinitis pigmentosa (128) 

AGC-TGC c.1651A>T p.S551C 
Macular and 

cone/cone-rod 
dystrophy 

(129) 

     

     

     

     

https://www.hgmd.cf.ac.uk/ac/index.php
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Continuation Table 1 

Splicing mutations 

Splicing mutation Localization Phenotype Reference 

IVS1 ds +1 G-A c.238+1G>A Retinal degeneration (130) 

IVS1 ds +2 T-C c.238+2T>C 
Retinitis pigmentosa, cone-rod 

dystrophy 
(131) 

IVS2 ds +2 T-G c.481+2T>G Cone-rod dystrophy (127) 

IVS9 as -3 T-A c.1212-3T>A Retinitis pigmentosa (132) 

IVS11 as -3 C-G c.1347-3C>G Retinal dystrophy (133) 

Small deletions 

Mutation Localization 
Amino acid 

change 
Phenotype Reference 

CACTT^139 

GATCTtATTAATTTAA 
c.420delT 

p.(Ile141 
Leufs*3) 

Retinitis 
pigmentosa 

(118) 

ACTGT^149 

GACATatGGTTTAGACA 

c.450_451  

delAT 

p.(Ile150 
Metfs*3) 

Cone-rod 
dystrophy 

(134) 

GTA^204ACAA_EI_ 

GTAagTAATTTTCAG 

c.613+4_613+5  

delAG 
 

Retinitis 
pigmentosa 

(133) 

TA^204ACAA_EI_ 

GTAAgtaaTTTTCAGAAT 

c.613+5_613+8 
delGTAA 

 
Retinitis 

pigmentosa 
(135) 

TTTTCTAG_IE_ 

TGtT^254GTCTGTGTT 
c.759delT 

p.(Val254 
Serfs*12) 

Retinal 
dystrophy 

(116) 

AATGCT^278 

GGGAtGGAAACAGAC 
c.836delT 

p.(Met279 
Argfs*7) 

Retinitis 
pigmentosa 

(136) 

GAATC^285 

CTGACtCCTGTCAGAG 
c.858delT 

p.(Pro287 
Leufs*10) 

Retinitis 
pigmentosa 

(118) 

ATTGCAC^322 

ATTatAATGG_EI_GTAAG 

c.968_969 

delTA 

p.(Ile323 
Asnfs*46) 

 (137) 

GTTCTCA^348 

GCCatGTTTGGCTTT 

c.1045_1046  

delAT 

p.(Met349 
Valfs*20) 

Retinal 
dystrophy 

(108) 

AAA^383CTTAA_EI_ 

GTaagtCTTTTTCTTA 

c.1151+3_1151+6 
delAAGT 

 
Retinitis 

pigmentosa 
(133) 

GCAGAA^387 

GACTgtGAAATATCAT 

c.1164_1165  

delTG 
p.(Cys388*)  (138) 

CTGTT^493 

GAGGAaGTAAAAGTTC 
c.1482delA p.(Val495*) 

Retinal 
dystrophy 

(139) 
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Continuation Table 1 

Small insertions 

Mutation Localization 
Amino acid 

change 
Phenotype Reference 

GGGCATC^52  

TTCtGAGATCGGGA 

c.156_157 

insT 
p.(Glu53*) 

Retinitis 
pigmentosa 

(136) 

GCGAG^66CGAGC 
gagcACTGCGGTGG 

c.197_200 

dupGAGC 

p.(Leu68 
Serfs*15) 

Macular 
degeneration, 

cone/cone-
rod dystrophy 

(132) 

TGAGACT^490  

TACttacACTGTTGAGG 

c.1467_1470 
dupTTAC 

p.(Thr491 
Leufs*4) 

Retinitis 
pigmentosa 

(140) 

ATCAGT^547  

CTTTctttATGGAGGAAG 

c.1639_1642 
dupCTTT 

p.(Tyr548 
Serfs*19) 

Retinitis 
pigmentosa 

(115) 

Gross deletions 

Mutation Localization Phenotype Reference 

gDNA Exon 1-2 Retinal degeneration (141) 

gDNA Exon 2 Retinitis pigmentosa (132) 

gDNA Exon 2 
Macular degeneration, cone/cone-rod 

dystrophy 
(133) 

gDNA Exon 1 
Retinitis pigmentosa, cone-rod 

dystrophy 
(131) 

gDNA Exon 2 
Retinitis pigmentosa, cone-rod 

dystrophy 
(131) 

 

The human CERKL (hCERKL) gene, and its ortholog in mouse (mCerkl), display a 

highly complex regulation in the retina, with several transcription start sites, 

alternative splicing events and translation start sites, thus yielding more than 20 

different transcripts in the retina of both mouse and human. These variety of 

transcripts rises from the presence of differential transcription start sites (TSS): the 

commonly reported TSS at 5’UTR of hCERKL/mCerkl, the TSS of the adjacent 

upstream gene hNEUROD1/mNeuroD1, an internal TSS in exon 1 (in human), and 

another internal TSS in exon 3 (142). Apart from the reported 13 exons that code for 

hCERKL, there is an extra exon between exons 4 and 5, named 4b, unique to the 

primate genomes (Figure 9A). Given that, in the human retina four main isoforms 

were first determined: the full-length isoform, CERKLa, which spans the described 13 

exons (GenBank accession number AY357073); the longest isoform, CERKLb, which 

harbours the 4b exon (GenBank accession number AY690329); CERKLc isoform, 
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which results from an alternative splicing event that excludes exons 3, 4, 4b and 5 

(GenBank accession number AY690330); and CERKLd isoform, which is the outcome 

of alternative splicing from exon 3 to exon 6 (GenBank accession number AY690331) 

(Figure 9B) (143). Nevertheless, many additional isoforms are also generated using 

alternative translation initiation sites located downstream, with potential initiating 

methionines within exons 5, 6 (in mouse), 7, 10 and 13 (in human) (142). On the 

contrary, the ortholog gene in zebrafish (ZFcerkl) only gives rise to three transcripts 

(144). 

 

Figure 9. Gene structure and reported isoforms of human CERKL (hCERKL). (A) Structure 

of human CERKL showing all the exons (light blue squares) and UTRs (dark blue squares), as 

well as human NEUROD1 (hNEUROD1) 5’UTR (green square). Black arrows indicate 

differential transcription start sites. Splicing events are indicated in grey, while alternative 

splicing events leading to CERKLb (orange), CERKLc (pink) or CERKLd (red) are represented 

in colour. (B) Representation of the principal isoforms of CERKL including the protein 

domains encoded and the approximate molecular weight size. NLS: nuclear localization 

signal; PH domain: pleckstrin homology domain; DAGK domain: diacylglycerol kinase 

domain; NES: nuclear export signal; aa: amino acid; kDa: kilodalton. 

The estimated peptidic sequence of the CERKLa isoform codes for a 532-amino 

acid protein, with a molecular weight of 59.6 kDa. Various investigations predicted a 

putative pleckstrin homology (PH) domain and diacylglycerol kinase (DAGK) 

signatures, including an ATP-binding site, in the CERKLa protein isoform via sequence 
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homology studies (106,143,145). Furthermore, other functional analysis deducted 

two nuclear localization signals (NLS), one located at the beginning of exon 1 and 

other in the exon 2 (146); in addition to two nuclear export signals (NES) in the 

terminal part of the DAGK domain (145). The protein isoforms yielded from 

alternative splicing events display differential protein domains depending on the 

included or excluded exons. The CERKLb isoform incorporates 26 additional amino 

acids in-frame within the DAGK catalytic domain, whereas CERKLc and CERKLd 

isoforms are devoid of most of the DAGK domain (Figure 9B) (143). 

3.2. Basic research: tissue expression, subcellular localization, and functions 

hCERKL, mCerkl and ZFcerkl mRNAs have been primarily detected in the human, 

mouse and zebrafish retinas at different developmental stages (147,148), as well as 

in other tissues, including brain, kidney, liver, lung, ovary, spleen, and testis 

(105,106,142,144). mCerkl and ZFcerkl mRNAs are predominantly expressed in the 

ganglion cell layer of mouse and zebrafish retinas respectively, although it can also 

be faintly detected in the inner nuclear and photoreceptor cell layers (105,144). In 

more exhaustive studies, CERKL protein was immunodetected in mouse and 

zebrafish retinal cryosections localizing intensely in the OSs of cones, as well as faintly 

detected in rods. Additionally, CERKL was situated perinuclearly in some cells of the 

ONL, as well as in RPE, amacrine, bipolar, and retinal ganglion cells (142,147–149). 

CERKL subcellular location presents a highly dynamic pattern. Overexpression of 

tagged CERKLa, CERKLb, CERKLc and CERKLd isoforms in COS cells (fibroblast-like 

cell lines derived from monkey kidney tissue) showed similar subcellular distribution 

for all isoforms, localizing at the cytoplasm, endoplasmic reticulum, Golgi, 

mitochondria, nucleus, and nucleolus. In contrast, the CERKLR257X mutant was retained 

in the nucleus but did not localize at the nucleolus, and the CERKLR106S mutant 

(missense mutation affecting the second NLS) was accumulated in the cytoplasm 

(106,143,146,149). Consistently, immunodetection of endogenous CERKL protein in 

ARPE-19 (a cell line of human RPE cells) and 661W (an immortalized mouse 

photoreceptor cell line) cells revealed variable distribution between the cytoplasm, 

perinuclear region, and nucleus, although the nucleolar localization was not 

detectable (147). 
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Given its homology with CERK, CERKL was predicted as a lipid kinase enzyme. 

Nonetheless, numerous studies led by different research groups were not able to 

detect any lipid-binding capacity or lipid-phosphorylation activity of CERKL. 

Consequently, it has not been demonstrated yet that CERKL functions as a lipid kinase 

(106,143,146,150).  

Several studies have proposed CERKL as a stress-response protein, as it is able to 

protect cells from oxidative stress-induced damage and apoptosis (143,148,149). 

Interestingly, as many antioxidant proteins, CERKL expression is boosted in response 

to stress injury. Additionally, CERKL protein levels are enriched upon hypoxia due to 

deubiquitination and inhibition of pVHL-mediated proteasomal degradation 

(148,149). In fact, overexpression of CERKL provides protection against oxidative 

stress, while CERKL downregulation promotes higher susceptibility to damage in cell 

culture (143,149). Although the exact stress-protective mechanism of CERKL remains 

elusive, various investigations reported that, in response to light/oxidative stress in 

vitro and in vivo, CERKL protein shifts its diffuse cytoplasmic location to form 

punctuated aggregates in the cytoplasm (148,149,151). In vitro analysis described 

colocalization of overexpressed CERKLa isoform with stress assemblies, including 

stress granules and P-bodies, upon oxidative stress conditions, while the CERKLC125W 

mutant (missense mutation in the PH domain) did not localize to stress assemblies or 

the nucleus. Furthermore, in the absence of stress, CERKLa isoform was also observed 

to interact with mRNAs, translation machinery, and microtubules (151). Moreover, 

CERKL protein interacts with the mitochondrial antioxidant enzyme TRX2 —via PH 

domain— and maintains it in its reduced form (149). Beyond that, CERKL regulates 

autophagy through the regulation of the stability and function of SIRTUIN-1 (SIRT1), 

a deacetylase of ATG proteins. Therefore, autophagy is downregulated in CERKL-

depleted ARPE-19 cells (152). 

CERKL also interacts with several neuronal sensor calcium (NCS) proteins, 

including guanylate cyclase activating protein 1 and 2 (GCAP1 and GCAP2), 

RECOVERIN, and calcium and integrin binding 1 (CIB1). The interaction between 

CERKL and GCAP1 or GCAP2 is specifically mediated by the PH domain of CERKL. 

Notably, this interaction is not essential to localize CERKL at the OS of cone 
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photoreceptor cells, although it might be indicative of the implication of CERKL in 

the regulation of light transduction and calcium signalling pathways, thus affecting 

photoreceptor cells survival (150). 

Besides CERKL function in the retina, recent studies have shown that CERKL 

contributes to antioxidant activities in other tissues. In cutaneous squamous cell 

carcinoma, CERKL is upregulated to maintain cellular sphingolipids and protect 

cancer cells from oxidative damage (153). Moreover, overexpression of CERKL in a 

mouse model of cerebral ischemia reperfusion relieved the induced oxidative 

damage and apoptosis (154). Recently, it has also been reported an unknown 

function of CERKL in association with antiviral response in zebrafish. The authors 

described that CERKL interacts with and regulates the ubiquitin-mediated 

degradation of the host-immune-response protein TBK1 (TANK-binding kinase 1) 

and the viral protein SVCV P (spring viremia of carp virus phosphoprotein). So that 

CERKL increases the stability and levels of TBK1 and directs SVCV P protein for 

degradation, thereby enhancing the fish immune response and declining viral activity 

(155).  

3.3. Animal models: mouse and zebrafish 

In pursuit of unveiling the role of CERKL in the retina and the pathogenic 

mechanisms in which it is involved, several knockdown (KD) and knockout (KO) 

animal models generated by deletion of different regions of the Cerkl gene have 

been characterized.  

In a first approach to generate a Cerkl KO mouse model, the exon 5 of Cerkl was 

deleted to produce a mutated and inactive CERKL protein, which lacks part of the 

DAGK domain and the putative ATP-binding site (156). Exon 5-directed deletion was 

performed using Cre/LoxP technology. It involved flanking the target region —exon 

5— with LoxP sequences (locus of x-over, P1) that were then recognized by Cre 

recombinase. This process generated a recombination between LoxP sequences, 

effectively eliminating the region in-between (157). However, this mouse model did 

not show any sign of retinal degeneration or impact in the levels of ceramide and 

ceramide-1-phosphate (Figure 10) (156). 
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Figure 10. Mouse models of Cerkl generated using gene-editing techniques. 

Representation of mouse Cerkl gene (mCerkl) including its exons (light blue) and UTRs (dark 

blue), as well as the mouse NeuroD1 (mNeuroD1) represented in green, in the upper part of 

the image. In the lower part of the image, graphical representation of the generation and 

alterations of the different mouse models to study CERKL. Left panel: deletion of exon 5 using 

Cre/LoxP technology generated a mouse model without retinal affectation (156). Middle 

panel: deletion of proximal promoter and exon 1 yielded a knockdown mouse model with 

mild retinal alteration (158). Right panel: knockout allele was generated using CRISPR/Cas9 

D10A tool. KD/KO mouse model suffers from retinal degeneration and vision impairment 

(159). 

Later, in our research group, the proximal promoter and exon 1 (2.3 kb) were 

excised using Cre/LoxP system with the aim of generating a Cerkl KO mouse model. 

Nonetheless, this targeted deletion resulted in a KD more than a KO model because 

of the presence of functional alternative promoters (unreported at that time) directing 

up to 35 % of Cerkl expression. The homozygous Cerkl KD model did not present any 

gross morphological or structural alteration in the retina, although clear and 
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consistent signals of retinal stress, gliosis and apoptosis were detected. Functional 

impairment at the GCL was also observed in this mouse model (Figure 10) (158). In 

addition, lipidomic analysis of Cerkl KD retinas yielded a decrease in specific 

sphingolipid content, particularly of the glucosyl/galactosyl ceramide species while 

the phospholipid and neutral lipid content stood unaffected (159). 

Finally, the complete locus of Cerkl was eliminated using CRISPR/Cas9 in our 

group (159). CRISPR/Cas9 editing technology has been widely applied to generate 

disease models, gene therapies, transcriptional modulation, and diagnostics. The 

CRISPR system (clustered regularly interspaced short palindromic repeats) consists of 

a single guide RNA (sgRNA) that recognizes a specific region of the target DNA and 

directs the Cas9 protein (CRISPR-associated protein), an endonuclease, to promote 

a DNA double-strand break at the target site. Then, the DNA can be repaired by the 

cell by either non-homologous end joining (NHEJ) or using a template of single-

stranded donor oligonucleotides (ssODNs) by homology directed repair (HDR) 

(160,161). In this study, in order to diminish the frequency of off-target effects, the 

D10A Cas9 nickase was used. This nickase produces DNA single-strand breaks, thus 

needing two sgRNAs to eventually generate a DNA double-strand break. So, four 

sgRNAs were needed, two located upstream the proximal promoter and two in the 

intron 12, as well as ssODNs to facilitate the generation of the recombinant deletion 

allele lacking 97 kb. Mating of heterozygous CerklWT/KO mice did not generate any pup 

homozygous for the Cerkl deletion, suggesting developmental lethality. Therefore, 

turning to account the previously generated Cerkl KD mouse model and this new 

complete deletion, a novel animal model was obtained by combining the two 

recombinant alleles: the double heterozygote CerklKD/KO (henceforth referred as 

KD/KO) mouse model, in which the expression of Cerkl is drastically reduced to less 

than 10 %. KD/KO retinas presented decreased number of cones and progressive 

loss of photoreceptor cells. Moreover, different morphological alterations were 

observed in the OS of photoreceptor cells, including poorly stacked membranous 

disks and longer OSs, suggesting defective RPE phagocytosis. Finally, 

electrophysiological recordings showed progressive vision impairment, closely 

mimicking the disease progression in human patients carrying mutations in CERKL 

(Figure 10) (159). 
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Figure 11. Zebrafish models of Cerkl generated using gene-editing techniques. 

Representation of zebrafish cerkl (ZFcerkl) including its exons (light blue) and UTRs (dark 

blue) in the upper part of the image. In the lower part, graphical representation of the 

generation and alterations described in the different zebrafish models to study CERKL. Left 

panel: knockdown model using morpholino (MO) against the splicing acceptor site in intron 

3-exon 4 (144). Middle panel: knockdown model generated through MO against exon 2 

(149). Right panel: ZFcerkl-/- model produced through TALEN system (163). 

Besides mouse models, several zebrafish models have been generated and 

studied. Given that mCerkl presents an elevated transcriptional complexity and 

ZFcerkl only generates three transcripts, zebrafish seemed a suitable and easy tool to 

generate cerkl KO models. Morpholinos (MOs) represent a simple manner of 

generating KD models in zebrafish. MOs are antisense oligonucleotides that 

precisely target translation or splicing of a specific mRNA, thus abolishing gene 

expression (162). Two different studies analysed ZFcerkl KD MO-zebrafish models 

and observed retinal cell death (144,149). Morphological analysis revealed defective 

lamination in all retinal layers, as well as reduced eye size (Figure 11) (144). 
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Furthermore, KD of ZFcerkl resulted in an augmentation of different oxidative 

damage biomarkers, such as 4-hydroxy-nonenal (Figure 11) (149). 

Ultimately, a KO zebrafish model was generated by using TALEN machinery 

(Transcription Activator-Like Effector Nuclease). TALENs are custom-designed 

endonucleases that target DNA sequences with high specificity and bind there to 

induce a DNA double-strand break at that precise location. Then, the cell can repair 

the double-strand break through NHEJ or HDR (164). By means of TALEN technology, 

the target-cut sites were located at the first exon of ZFcerkl to generate mutations by 

NHEJ and inactivate the entire protein. A 7-bp deletion producing a frame-shift 

alteration was generated and homozygous zebrafish carrying this mutation, 

ZFcerkl-/-, exhibited complete abolition of CERKL expression. ZFcerkl-/- animals 

showed reduced light response and retinal degeneration, being the rod 

photoreceptors affected first, and later, the cone photoreceptors. Additionally, the OS 

of photoreceptors displayed different alterations, including disorganized disks and 

detachment from RPE, suggesting a defect in RPE phagocytosis (Figure 11) (163). 

Besides, autophagy was impaired in ZFcerkl-/- retinas before degeneration (152). 

3.4. 2D and 3D iPSC-derived retinal models 

Aside from the clear advantages derived from the use of animal models in 

expanding the knowledge about developmental, physiological, and functional 

attributes of the retina, there are noticeable disadvantages, such as the 

physiologically differences between rodents and human, including the absence of 

fovea in rodents and differences in colour vision. Consequently, the scientific 

community is increasingly moving towards the use of in vitro induced pluripotent 

stem cell (iPSC)-derived 2D and 3D retinal models as an unlimited and ethically 

acceptable alternative. Hence, in less than a decade, 3D retinal organoids have been 

largely employed to study the pathogenic mechanisms of many IRDs and have also 

facilitated the development of novel therapies (165).  

The discovery of embryonic stem cells and the posterior generation of iPSCs from 

somatic cells has brought about a revolution in the scientific community to boost 

biomedical stem-cell research and production of stem cell-derived somatic cells or 

tissues (166). As pluripotent cells, iPSCs can give rise to all cell types of cell lineages 
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—comprising retinal cell types— when cultured and incubated with precise and 

appropriate fate-specification factors in an in vitro environment (167). Notably, human 

iPSCs (hiPSCs) derived from somatic cells conserve the genome of the donor 

individual, therefore, they maintain the same genetic background and cellular context 

to characterize the disease mechanisms of genetic disorders (168). This provides an 

excellent opportunity to perform a personalized characterization of patients, as well 

as to generate or correct concrete mutations using gene-editing techniques (169). 

In the retinal context, iPSCs can be differentiated into several retinal cell types to 

analyse the specific features and phenotypic traits in IRD-models. Therefore, the 

obtention of iPSC-derived 2D cultures of RGCs, photoreceptor precursor cells and 

RPE cells has meant a great progress in the field (170–172). However, iPSC-derived 

2D cultures do not completely mimic the structural, physiological, and functional 

features of the entire retina. Therefore, to address this limitation and recreate the 

natural cell interactions and signalling processes, 3D retinal organoids offer a reliable 

and effective model for studying and analysing retinal disorders (165).  

 

Figure 12. Comparison between the retina and retinal organoids. Both structures contain 

layer-organized cell types, although retinal organoids lack some cell types, such as microglia 

and RPE cells. Moreover, photoreceptors in retinal organoids present shorter OSs with 

disorganized membranous disks. Image inspired in (173). 

Retinal organoids require a prolonged culture to fully differentiate into a tissue that 

structurally, physiologically, and functionally highly resembles the natural retina 
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(further explained in Results Chapter 3). Retinal organoids present a laminar structure 

containing different cell types, including rod and cone photoreceptor cells, RPE cells, 

bipolar cells, amacrine cells, RGCs and Müller glia. However, the OSs are shorter, and 

the membranous disks are not properly stacked in photoreceptor cells from retinal 

organoids. When present, the RPE is juxtaposed to photoreceptor cells forming a 

clump, instead of a monolayer (Figure 12) (173). Nonetheless, retinal organoids 

represent an amenable and suitable tool to study retinal development, characterize 

retinal diseases and test the impact of novel therapies in human tissues (174). Thus, 

many authors have developed retinal organoid models of several IRD-causative 

genes, including mutations in CEP290, PDE6B, RPGR, RPE65 and ABCA4 (175–179).  
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4. Therapeutic approaches for inherited retinal dystrophies 

IRDs are the leading cause of blindness in the Western world and, until recently, 

they were considered untreatable. However, the retina is an exceptional model for 

developing therapies for hereditary rare diseases, thanks to its immunoprivilege and 

easy access for delivery of therapeutic agents. In addition, the efficacy of the 

treatment can be simply evaluated using non-invasive structural and functional assays 

(180). 

The heterogeneous nature of IRD-causative mutations requires different 

therapeutic approaches, including gene replacement/augmentation, gene 

silencing/editing of the mutated gene, or altering the expression of a modifier gene 

that improves cellular function by affecting the upstream or downstream pathways in 

which the causative gene is involved. In addition, several vectors, and routes of 

administration appropriate to target the affected region or specific cell type of 

interest have been and are still being developed (181). 

Gene augmentation therapies consist in supplying a “healthy” or functional copy 

of the damaged/dysfunctional gene of interest to increase the production of the 

functional protein and restore its normal function. This approach is the usual choice 

in loss-of-function mutations in recessive patterns of inheritance, such as the addition 

of RPE65 gene in LCA patients (182). In contrast, to address the effects of dominant 

mutations, where the produced altered protein interferes with the normal function of 

the wild-type protein, gene silencing strategies involving interference RNA (iRNA), 

microRNA (miRNA) or antisense oligonucleotides (AONs) are usually preferred. 

These strategies aim to repair or silence the mutated gene and mitigate the adverse 

effects of the mutant protein, e.g. AON-based therapy to correct splicing defects in 

ABCA4 gene (183,184).  

Gene-therapy systems can be delivered using several routes of administration, 

either systemic or localized. Localized routes are usually preferred to avoid unspecific 

effects in non-ocular tissues and reduce the risk of immunogenicity. Depending on 

the nature of the selected vector and therapy, invasive and non-invasive routes can 

be used. Nevertheless, invasive ocular delivery routes, such as subretinal injection, 

provide a more restricted delivery, increasing the bioavailability of the therapeutic 
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product in the target tissue. However, these methods typically need skilled and 

experienced surgeons and present higher risk of complications, including retinal 

detachment, infections, and haemorrhage (185). 

In this section, two leading vectors for gene-augmentation therapies will be 

discussed in detail: viral- and nanoparticle-mediated systems. Besides, other 

therapeutic strategies aside from gene-augmentation tools will be introduced briefly. 

4.1. Viral-based therapies 

In the last years, several viral and nonviral vectors have been analysed for their 

transduction efficacy in the retinal cells most affected in IRDs, namely, RPE and 

photoreceptor cells. To do so, gene transfer vectors usually display cellular specificity 

—tropism—, thus transducing only target cells. As IRDs require permanent correction, 

the transgene expression is usually needed to be long-lasting. Additionally, non-

integrative vectors are preferred in order to avoid the adverse effects of integration 

following insertional mutagenesis. Various recombinant viral vectors that are 

replication deficient and exhibit different cargo limits, integration capacities, cellular 

tropism, transduction efficiency, and risk of immune responses, have been extensively 

employed for delivering the healthy gene into diseased retinas (gene replacement 

therapy). These vectors include adenoviruses (Ads), lentiviruses (LVs), and mostly, 

adeno-associated viruses (AAVs) (Figure 13) (181). 

 

Figure 13. Illustration of the viral vectors used in gene therapy. From left to right, 

adenovirus, lentivirus, and adeno-associated virus.  

Ads are DNA viruses that can infect cells regardless of their replication state. They 

replicate in the nucleus without integrating in the host genome. Adenoviral vectors 

present a large cargo capacity (up to 36 kb) and transduce many different cell types. 
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Vectors derived from human Ad2 and Ad5 serotypes were tested as some of the first 

viral delivery systems for retinal gene therapies. However, the presence of 

neutralizing pre-existing antibodies in the host usually leads to the clearance of these 

vectors (186,187).  

LVs are retroviruses with a packaging capacity of 8 kb. Nevertheless, they exhibit 

two main drawbacks. First, LVs integrate into the host genome, carrying the risk of 

insertional mutagenesis. This limitation can be overcome with the use of integration-

deficient LVs, which have been successfully tested in mice (188). Second, LVs do not 

effectively transduce photoreceptor cells, yielding infection percentages that are 

insufficient for therapeutic purposes, although they are capable of transducing RPE 

cells (189). 

AAVs are single-strand DNA parvoviruses with a cargo capacity of 4.7 kb. They have 

been extensively used in gene therapy approaches for IRDs, due to their negligible 

pathogenicity, positive immunogenic profile, non-integrating nature without the rep 

protein, stable transgene expression and expansive retinal tropism. There are 13 

different serotypes of AAVs isolated from primates (AAV1-AAV13) displaying 

differences in the capsid conformation and other features, particularly concerning 

tropism. Furthermore, AAVs can be modified by pseudotyping of cross-packaging, a 

process in which the viral genome of an AAV serotype with a transgene is packaged 

into the capsid of a different serotype, e.g. AAV2/8 is a pseudotype containing the 

genome of AAV2 serotype into the AAV8 capsid. The choice of the serotype and 

pseudotype is relevant for the optimal design of the therapeutic strategy (190). Up to 

now, the serotypes or pseudotypes AAV2/5, AAV2/8, and AAV8 have been used in 

dozens of clinical trials to treat IRDs (Table 2). Interestingly, the first approved gene 

therapy, under the name of Luxturna, used AAV2 system to treat autosomal recessive 

RPE65-associated LCA and proved that gene-augmentation and viral-delivery could 

be safe and effective (182,191,192). Recently, the pseudotype AAV2/7m8 has been 

reported to have superior transduction in retinal organoids (193). Moreover, different 

approaches have been developed to overcome the limited packaging capacity of 

AAVs, such as dual AAV vectors or intein technology, in which the final RNA or protein 

—respectively— are “fragmented” and delivered by different vectors administered at 
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the same time to achieve an in vivo “reconstruction” of the therapeutic molecule (194–

196).  

Table 2. Currently active clinical trials using AAV delivery system for IRDs, indicating the 

number of the clinical trial (NCT number), as well as the treated condition, causative gene 

and intervention. Information retrieved from ClinicalTrials.gov (https://clinicaltrials.gov/) in 

November 2023. 

NCT Number Conditions 
Causative 

gene 
Interventions 

NCT04517149 
X-Linked Retinitis 

Pigmentosa 
RPGR BIOLOGICAL: 4D-125  

NCT00999609 
Leber Congenital 

Amaurosis 
RPE65 

BIOLOGICAL: AAV2-hRPE65v2, 
voretigene neparvovec-rzyl 

NCT05748873 Retinitis Pigmentosa 
RHO, 

PDE6A, or 
PDE6B 

DRUG: SPVN06 

NCT03584165 

Choroideremia 

X-Linked Retinitis 
Pigmentosa 

RPGR 
GENETIC: BIIB111 

GENETIC: BIIB112 

NCT03328130 Retinitis Pigmentosa PDE6B BIOLOGICAL: AAV2/5-hPDE6B 

NCT04945772 Retinitis Pigmentosa  
BIOLOGICAL: Gene Therapy 
Product-MCO-010 

NCT03316560 
X-Linked Retinitis 

Pigmentosa 
RPGR 

BIOLOGICAL: rAAV2tYF-GRK1-
RPGR 

NCT03326336 
Non-syndromic 

Retinitis Pigmentosa 
 

COMBINATION_PRODUCT: 
Gene therapy: GS030-DP AND 
Medical device: GS030-MD 

NCT04850118 
X-Linked Retinitis 

Pigmentosa 
RPGR 

BIOLOGICAL: rAAV2tYF-GRK1-
hRPGRco 

NCT05694598 
Bietti Crystalline 

Dystrophy 
CYP4V2 GENETIC: VGR-R01 

 

4.2. Nanoparticle-mediated delivery 

To overcome the hurdles of the limited capacity in AAVs and associated 

immunogenic responses, nanoparticles (NPs) offer a promising prospect as a nonviral 

system for delivery of therapeutic molecules to the retinal cells (197). According to 

their nature, NPs can be classified into organic and inorganic NPs. Organic NPs 

include lipid-based and polymeric NPs, whereas DNA-gold NPs, quantum dots, 

nanotubes and mesoporous NPs are considered inorganic NPs (Figure 14) (198). The 

different types of NPs allow the personalized optimization of delivery platforms, as 

https://clinicaltrials.gov/
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they possess the potential to enhance the solubility and stability of the cargos, elevate 

secure transport through biological membranes, and extend the circulation and 

tissue-specific expression of the therapeutic reagent, thus increasing the safety and 

efficacy of the delivered treatment (199). To date, several NP-based therapies and 

diagnostics have been clinically approved by the FDA (U. S. Food and Drug 

Administration) (200). 

 

Figure 14. Graphical representation of the different nanoparticles used as vectors in gene 

therapy. Lipid and polymeric nanoparticles are organic, whereas DNA-wrapped gold and 

mesoporous nanoparticles are inorganic.  

Lipid-based NPs are spherical structures formed by a lipid bilayer surrounding an 

internal aqueous compartment (201). Liposomes, a subtype of lipid-based NPs, have 

several clinical applications as they can carry hydrophilic, hydrophobic, and lipophilic 

drugs due to their flexible biophysical properties (200). Indeed, a clinically approved 

treatment for macular degeneration, vorteporfin, efficiently uses liposomes as 

delivery system (202). Lipid NPs, another subclass of lipid-based NPs, are extremely 

manipulable and modifiable structures and are generally used for nucleic acid 

delivery. However, their clinical applications are hindered by the difficulty to control 

their properties —size, uniformity, and stability— in vivo (203,204). 

Polymeric NPs are a heterogeneous group of structures synthesized from 

monomers and polymers of natural or synthetic sources. They are biocompatible, 

simple, water soluble, and stable, which makes them ideal delivery vehicles for gene 

therapy, although some risk of particle aggregation toxicity still remains. Therapeutic 

reagents can be encapsulated within polymeric NPs core, but they can also be 
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chemically conjugated or bound to the polymeric NP surface, enabling the delivery 

of hydrophilic and hydrophobic substances (205).  

Inorganic NPs are constituted of inorganic materials, including gold, silica, and 

iron, and can be formulated into various sizes, geometries, and structures. Inorganic 

NPs display unique optical, physical, electrical, and magnetic features depending on 

the base material, which offers a bright future for gene- and drug-therapy delivery 

applications (206). For example, gold NPs present free electrons on their surface in a 

constant oscillation state at a given frequency, which confers photothermal and 

plasmonic properties. As a result, gold NPs can be temporarily activated using light 

to penetrate the plasma membrane of the cells without disturbing it. In addition, they 

are non-toxic and offer a great flexibility in cargo packaging and tissue- or cell-

specificity (207). As another example of inorganic NPs, mesoporous silica NPs are 

porous structures made of silica with unique physicochemical characteristics. Their 

surface area, pore sizes, and volumes can be easily modified, conferring versatility in 

terms of therapeutic substance encapsulation. Additionally, they seem to exhibit low 

toxicity and biocompatibility (208). 

4.3. Other therapeutic strategies 

Besides the great advances in gene-augmentation therapies, the extensive genetic 

heterogeneity of IRDs necessitates progress in alternative therapeutical approaches. 

In this context, promising therapeutic strategies for IRDs encompass antisense 

oligonucleotides (AONs), CRISPR/Cas9, neuroprotection and optogenetic 

mechanisms. 

AONs are synthetic short single-stranded nucleic acids that complementary bind 

a mRNA to modify its translation, promote its degradation by RNase-H cleavage, alter 

splicing or promote exon skipping or insertion. In this manner, AONs change the final 

gene product before the pathogenic protein is produced. Despite of the gene-

silencing function of AONs, the most recent applications are focused on splicing 

activity to promote exon skipping and block splicing integration to avoid the 

disturbance of downstream reading frames and correct mutations that introduce a 

pseudoexon (209). Various preclinical and clinical studies have yielded favourable 

results of the use of AONs to correct splicing mutations in IRDs (184,210,211). 
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Although the backbone of AONs can be easily degraded within cells, several 

structural modifications have been developed to prolong AONs half-life and 

promote its function. In fact, recent work has shown that when the protein has an 

extremely low turnover, the therapeutic effect of AONs can least in vivo more than a 

year after the delivery (211). 

The continuous and expansive advancements in gene-editing tools offer a 

remarkable potential system for correcting mutations causing IRDs. In recent years, 

base and prime editing tools have emerged from CRISPR/Cas9 system. These new 

technologies not only have the capability to address all types of point mutations, but 

also to introduce insertions and deletions. However, the existence of off-target effects 

remains a challenge to be addressed (212). The application of this system to reverse 

IRD-causative mutations in hiPSC has demonstrated positive results (169,177).  

Irrespective of the causative mutation and gene, most IRDs share common 

pathogenic mechanisms and outcomes, namely the death of photoreceptor cells that 

eventually leads to sight loss. Personalized medicine is usually difficult to develop and 

only a few patients can exploit its benefits. Therefore, the development of mutation-

independent therapeutic approaches represents a valid alternative and/or 

complementary approach to gene-specific treatments. In this regard, therapies based 

on neuroprotection systems aim to minimize or delay cell attrition in diseased retinas 

by targeting common dysregulated pathways that cause retinal damage. 

Neurotrophic and antioxidant factors generally have short half-lives and require from 

frequent administration to preserve the appropriate therapeutic levels (213). To 

overcome this problem, several studies have taken advantage of the use of AAVs to 

overexpress a specific neurotrophic or antioxidant factor and their results indicate 

that neuroprotective therapies promote cell survival and retinal homeostasis in 

different IRD-related mouse models (214–216). 

Finally, for patients at advanced stages of the disease, where severe loss of 

photoreceptors has already occurred, the optogenetic approach renders a significant 

opportunity to restore some degree of vision irrespective of the causative mutation 

and affected gene. Optogenetics involves the ectopic expression of light-gate 

microbial channelrhodopsin proteins (ChRs) into surviving second- and third-order 
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retinal neurons, making them light-sensitive neurons (217,218). This therapeutic 

platform has already advanced into early clinical trials and have yielded beneficial 

results in many treated patients (219). 

In the recent years, the development of a comprehensive compendium of 

therapies for IRDs has significantly contributed to the evolution and cure of these 

diseases once considered incurable conditions. Despite these advancements, IRDs 

are a genetically and clinically heterogeneous group of pathologies, limiting the 

efficacy of precision medicine to a subset of patients. However, the field of 

therapeutic strategies is still in its infancy, and in the near future, an increasing number 

of novel therapies, using innovative vectors, are expected to be developed. This 

holds the promise of providing hope to a broader spectrum of patients. 
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Several years and intensive efforts have been dedicated to the understanding and 

dissection of CERKL function in the retina in health and disease. However, a 

substantial amount of information remains to be determined. Considering the 

collective background knowledge and previous results, the principal objective of this 

PhD thesis has been to assess the involvement of CERKL in the response to stress, 

focusing on mitochondrial dynamics and metabolism, as well as to obtain reliable 

phenotypic biomarkers of the disease progression in the CerklKD/KO mouse model to 

finally design gene addition therapeutic approaches aimed to rescue or ameliorate 

the phenotypic alterations associated to CERKL depletion. Therefore, the specific 

aims of this work are: 

1. Dissection of the role of CERKL in mitochondrial dynamics and metabolism. 

1.1. Analysis of mitochondrial dynamics and function in CerklKD/KO mouse retinas. 

1.2. Study of mitochondrial dynamics, trafficking, and function in CerklKD/KO 

hippocampal cells. 

1.3. Assessment of phagocytosis, ciliogenesis and mitochondrial morphology 

CerklKD/KO mouse primary RPE cells. 

2. To elucidate CERKL function in the oxidative stress response. 

2.1. Evaluation of mitochondrial homeostasis in vitro, in CERKL-depleted RPE cells 

subjected to oxidative stress. 

2.2. Examination of antioxidant responses and cell death mechanisms in vivo, in 

CerklKD/KO retinas after acute light stress. 

3. Differentiation of hiPSCs carrying mutations in CERKL into retinal organoids. 

3.1. Generation of an isogenic line of hiPSC carrying the CERKLR257X/R257X mutation 

via CRISPR/Cas9. 

3.2. Differentiation of CERKLR257X/R257X patient’s and CRISPR-derived hiPSCs into 3D 

retinal organoids. 
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4. To design and test a therapeutic approach based on gene therapy. 

4.1. Designing and optimization of AAV-mediated gene therapy in vitro and in 

vivo. 

4.2. Testing nanosome-mediated gene therapy in retinal explants as a proof of 

concept for nonviral gene-addition therapies. 
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Report of the Thesis directors 

The Thesis entitled: “CERKL as a modulator gene of mitochondrial dynamics and 

stress response in the retina”, presented by Rocío García Arroyo to opt for the PhD in 

Genetics has been supervised by us (Drs Marfany and Mirra) and performed in the 

Dept. de Genètica, Microbiologia i Estadística (Universitat de Barcelona). This Thesis 

is presented as a compendium of 3 completely original publications where Rocío 

figures as a first author and 1 more where she is second author (after one of the 

directors of her Thesis), all of them already published and available in Open Access. 

Additionally, Rocío has contributed to 2 other publications to different extents (see 

the Annex for a list of articles and details). During her PhD, Rocío has been granted 

different fellowships: the “Beca d’iniciació a la recerca” from the Institut de 

Biomedicina de la Universitat de Barcelona (IBUB), and the FI-DGR from the 

Generalitat de Catalunya. Besides, Rocío has attended several specific courses of 

specialization and has presented her work (both orally and as a poster) to several 

national and international congresses. Notably, she was selected for an oral 

presentation in the European Society for Human Genetics Congress, 2023. 

Concerning the articles presented as the main core of her Thesis, we can attest the 

relevant contribution of Rocío to: 

Publication 1 

Mirra S, García-Arroyo R, B Domènech E, Gavaldà-Navarro A, Herrera-Úbeda C, 

Oliva C, Garcia-Fernàndez J, Artuch R, Villarroya F, Marfany G. CERKL, a retinal 

dystrophy gene, regulates mitochondrial function and dynamics in the mammalian 

retina. Neurobiology of Disease, 2021 Aug; 156:105405.  

doi: 10.1016/j.nbd.2021.105405.   PMID: 34048907. 

Impact factor: 5.332 

Category: Neurosciences (Position 48/272, Quartile 1) 

During the experiments required for this publication, Rocío learnt most of the cell 

biology techniques that she used later in her PhD Thesis, particularly Western 

blotting, and the studies of mitochondrial fragmentation in axons of primary cell 
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cultures of retinal neurons. Her contributions are relevant in the generation of Figures 

3, 4 and some supplementary figures. 

 

Publication 2 

García-Arroyo R, Marfany G, Mirra S. CERKL, a Retinal Dystrophy Gene, Regulates 

Mitochondrial Transport and Dynamics in Hippocampal Neurons. International 

Journal of Molecular Sciences, 2022 Sep 30; 23(19):11593.  

doi: 10.3390/ijms231911593.    PMID: 36232896 

Impact factor: 6.208 

Category:  Biochemistry & Molecular Biology (Position 69/297, Quartile 1) 

This publication, in which Rocío signs as a unique predoctoral student with us as 

PhD directors, shows the skills acquired by Rocío during her PhD, and the quality of 

her work in live imaging and other types of image analyses. She not only prepared all 

the figures and analysed the data, but also wrote the first draft of the manuscript and 

draw the model. 

 

Publication 3 

García-Arroyo R, Gavaldà-Navarro A, Villarroya F, Marfany G, Mirra S. 

Overexpression of CERKL Protects Retinal Pigment Epithelium Mitochondria from 

Oxidative Stress Effects. Antioxidants (Basel). 2021 Dec 19;10(12):2018.  

doi: 10.3390/antiox10122018.   PMID: 34943121 

Impact factor: 6.313 

Category: Biochemistry & Molecular Biology (Position 60/295, Quartile 1) 

Again, most of the work in this manuscript was performed by Rocío. We 

collaborated with a group specialized in mitochondria respiration analyses that 

contributed to a specific Figure, but all the images and data produced were 
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interpreted by her. Rocío also draw the first draft of the manuscript and the model for 

the role of CERKL in the RPE. 

 

Publication 4 

García-Arroyo R, Domènech EB, Herrera-Úbeda C, Asensi MA, Núñez de Arenas 

C, Cuezva JM, Garcia-Fernàndez J, Pallardó FV, Mirra S, Marfany G. Exacerbated 

response to oxidative stress in the Retinitis Pigmentosa CerklKD/KO mouse model 

triggers retinal degeneration pathways upon acute light stress. Redox Biology. 2023 

Oct; 66:102862.  

doi: 10.1016/j.redox.2023.102862.   PMID: 37660443 

Impact factor: 11.4 

Category: Biochemistry & Molecular Biology (Position 20/285, Decile 1) 

This publication is at the core of our research work on the characterization of CERKL 

role in oxidative stress response and is the culmination of Rocío’s Thesis. As it covers 

many different biochemical and molecular functional aspects, this work was 

performed in collaboration with other highly specialized groups in transcriptomics 

and metabolomics. Rocío participated in the design and conception of most 

experiments required to confirm and assess different transcriptomic results, and 

therefore, she has contributed to all figures. She also wrote a first draft of the article 

and participated in the discussion and revision after submission for publication. 

 

Barcelona, February 2024 

 

 

 

Gemma Marfany Nadal     Serena Mirra   
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Publication 1 

 

Title 

CERKL, a retinal dystrophy gene, regulates mitochondrial function and dynamics 

in the mammalian retina 

 

Authors 

Serena Mirra, Rocío García-Arroyo, Elena B. Domènech, Aleix Gavaldà-Navarro, 

Carlos Herrera-Úbeda, Clara Oliva, Jordi Garcia-Fernàndez, Rafael Artuch, Francesc 

Villarroya, Gemma Marfany 

 

Reference 

Mirra S, García-Arroyo R, B Domènech E, Gavaldà-Navarro A, Herrera-Úbeda C, 

Oliva C, Garcia-Fernàndez J, Artuch R, Villarroya F, Marfany G. CERKL, a retinal 

dystrophy gene, regulates mitochondrial function and dynamics in the mammalian 

retina. Neurobiology of Disease, 2021 Aug; 156:105405. doi: 

10.1016/j.nbd.2021.105405. Epub 2021 May 25. PMID: 34048907. 

 

Abstract 

The retina is a highly active metabolic organ that displays a particular vulnerability 

to genetic and environmental factors causing stress and homeostatic imbalance. 

Mitochondria constitute a bioenergetic hub that coordinates stress response and 

cellular homeostasis, therefore structural and functional regulation of the 

mitochondrial dynamic network is essential for the mammalian retina. CERKL 

(ceramide kinase like) is a retinal degeneration gene whose mutations cause Retinitis 

Pigmentosa in humans, a visual disorder characterized by photoreceptors 

neurodegeneration and progressive vision loss. CERKL produces multiple isoforms 

with a dynamic subcellular localization. Here we show that a pool of CERKL isoforms 
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localizes at mitochondria in mouse retinal ganglion cells. The depletion of CERKL 

levels in CerklKD/KO (knockdown/knockout) mouse retinas cause increase of 

autophagy, mitochondrial fragmentation, alteration of mitochondrial distribution, 

and dysfunction of mitochondrial- dependent bioenergetics and metabolism. Our 

results support CERKL as a regulator of autophagy and mitochondrial biology in the 

mammalian retina. 

 

Personal contribution to this work 

This work was mainly performed by Dr Serena Mirra, although I actively 

participated in the development of many experiments and result analysis. My 

personal contribution to this publication has been: a) analysis of mitochondrial 

network in the whole retina and retinal ganglion cells (Figure 3C, 3D, 4A, 4B, 4F and 

Supplementary Figure 5); b) design and creation of the figures (Figure 3C, 3D, 4A, 

4B, 4F and Supplementary Figure 5); c) the discussion of the results; and d) critical 

reading of the manuscript. 



Chapter 1 

______99______ 
 

  



RESULTS 

______100 ______ 
 

  



Chapter 1 

______101______ 
 

  



RESULTS 

______102 ______ 
 

  



Chapter 1 

______103______ 
 

  



RESULTS 

______104 ______ 
 

  



Chapter 1 

______105______ 
 

  



RESULTS 

______106 ______ 
 

  



Chapter 1 

______107______ 
 

  



RESULTS 

______108 ______ 
 

  



Chapter 1 

______109______ 
 

  



RESULTS 

______110 ______ 
 

  



Chapter 1 

______111______ 
 

  



RESULTS 

______112 ______ 
 

  



Chapter 1 

______113______ 
 

  



RESULTS 

______114 ______ 
 

  



Chapter 1 

______115______ 
 

  



RESULTS 

______116 ______ 
 

  



Chapter 1 

______117______ 
 

  



RESULTS 

______118 ______ 
 

  



Chapter 1 

______119______ 
 

  



RESULTS 

______120 ______ 
 

  



Chapter 1 

______121______ 
 

  



RESULTS 

______122 ______ 
 

  



Chapter 1 

______123______ 
 

  



RESULTS 

______124 ______ 
 

  



Chapter 1 

______125______ 
 

 

 

 

 

 

 

 

 
 

1.2. CERKL is involved in 

mitochondrial dynamics and 

trafficking in the hippocampus 

1.2.  CERKL is involved in mitochondrial dynamics and trafficking in the 

hippocampus 

  



RESULTS 

______126 ______ 
 

  



Chapter 1 

______127______ 
 

Publication 2 

 

Title 

CERKL, a Retinal Dystrophy Gene, Regulates Mitochondrial Transport and 

Dynamics in Hippocampal Neurons 

 

Authors 

Rocío García-Arroyo, Gemma Marfany and Serena Mirra 

 

Reference 

García-Arroyo R, Marfany G, Mirra S. CERKL, a Retinal Dystrophy Gene, Regulates 

Mitochondrial Transport and Dynamics in Hippocampal Neurons. International 

Journal of Molecular Sciences, 2022 Sep 30; 23(19):11593. doi: 

10.3390/ijms231911593. PMID: 36232896; PMCID: PMC9570143. 

 

Abstract 

Mutations in the Ceramide Kinase-like (CERKL) gene cause retinal dystrophies, 

characterized by progressive degeneration of retinal neurons, which eventually lead 

to vision loss. Among other functions, CERKL is involved in the regulation of 

autophagy, mitochondrial dynamics, and metabolism in the retina. However, CERKL 

is nearly ubiquitously expressed, and it has been recently described to play a 

protective role against brain injury. Here we show that Cerkl is expressed in the 

hippocampus, and we use mouse hippocampal neurons to explore the impact of 

either over- expression or depletion of CERKL on mitochondrial trafficking and 

dynamics along axons. We describe that a pool of CERKL localizes at mitochondria in 

hippocampal axons. Importantly, the depletion of CERKL in the CerklKD/KO mouse 

model is associated with changes in the expression of fusion/fission molecular 

regulators, induces mitochondrial fragmentation, and impairs axonal mitochondrial 
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trafficking. Our findings highlight the role of CERKL, a retinal dystrophy gene, in the 

regulation of mitochondrial health and homeostasis in central nervous system 

anatomic structures other than the retina. 

 

Personal contribution to this work 

This article is part of the main core of my Thesis. My personal contribution to this 

publication has been: a) analysis of mitochondrial morphology and dynamics in 

CerklKD/KO hippocampal neurons (Figure 2 and 6); b) evaluation of mitochondrial 

trafficking in CerklKD/KO hippocampal neurons (Figure 4); c) assessment of 

mitochondrial bioenergetics and cytochrome release in CerklKD/KO hippocampi 

(Figure 7); d) design and creation of the figures; e) discussion of the results (Figure 

8); and f) draft writing and critical reading of the manuscript. 
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Analysis of mitochondrial network in KD/KO primary RPE cells 

After carefully assessing the mitochondrial network and dynamics in the 

neuroretina and hippocampal neurons, we aimed to further characterize the 

phenotypic alterations caused by Cerkl depletion in KD/KO primary RPE (pRPE) cells. 

pRPE cells constitute a valuable tool to handily evaluate several parameters important 

for the proper retinal function, including mitochondrial network organization, 

phagocytosis, ciliogenesis and cilium length.  

Morphological analyses of the mitochondrial network resulted in a statistically 

significant slightly increase in mitochondrial major (median WT/WT 1.155 μm; KD/KO 

1.230 μm) and minor length (median WT/WT 0.6774 μm; KD/KO 0.7068 μm) in 

KD/KO pRPE cells compared to WT/WT, although no alterations were observed in 

regard of mitochondrial area (Figure 15). Nevertheless, these minor differences in 

mitochondrial size are in the order of nanometres and, in fact, are statistically 

significant due to the large number of studied mitochondria. Additionally, the used 

imaging technique has limitations in detecting differences below 250 nanometres.  

 

Figure 15. Slight differences in the mitochondrial size in pRPE from KD/KO versus WT/WT 

retinas. (A) Representative immunostaining confocal images of WT/WT and KD/KO pRPE; 

showing mitochondria (Mitotracker, in red), α-tubulin (green) and nuclei (DAPI, in blue). Scale 

bar: 10 μm. (B-D) Immunofluorescence images from a single focal plane were used to 

quantify mitochondrial major (B) and minor length (C), as well as total mitochondrial area per 

cell (D). n = 6392-10447 mitochondria from 14-15 cells from 3 animals per genotype. **** p-

value ≤ 0.0001. 
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Thus, the reported nanometre-scale differences in KD/KO pRPE cells may not 

involve any biological relevance in mitochondrial homeostasis or metabolism. 

Study of phagocytosis and endocytic pathway in KD/KO primary RPE cells 

Previous phenotypic characterization of the KD/KO mouse model described an 

accumulation of phagosomes/lysosomes in the basal region of RPE cells (159). 

Considering that these results suggest alterations in phagocytosis and the endocytic 

pathway, we performed a functional phagocytosis assay using fluorescent latex beads 

on KD/KO pRPE cells to evaluate phagosome trafficking and maturation in vitro.  

Following a 24-hour incubation with the beads, latex spheres were engulfed by 

WT/WT and KD/KO pRPE cells. A pool of these engulfed beads followed the 

endocytic pathway, colocalizing with specific markers of early (EEA1) and late (Rab7) 

endosomes (Figure 16A). Quantification of the percentage of beads in early 

endosomes showed no differences between genotypes (Figure 16B). However, the 

percentage of beads in late endosomes significantly decreased in KD/KO pRPE cells, 

also diminishing the ratio of beads contained in late endosomes versus early 

endosomes (Figure 16C, 16D). Nonetheless, Western blot analysis of EEA1 and Rab7 

from WT/WT and KD/KO pRPE lysates showed no statistically significant differences 

in their protein levels between genotypes (Figure 16E).  

Therefore, the observed alterations in the early to late endosome maturation after 

phagocytosis in KD/KO pRPE cells cannot be directly attributed to differences in the 

number of endosomes of each type. 

KD/KO primary RPE cells display alterations in cilium length 

The cilium has a pivotal role in retinal physiology, particularly in photoreceptor 

cells, equipped with a highly specialized neurosensory cilium, namely the OS. In the 

retina, RPE cells also present a primary cilium, which acts as an antenna detecting 

external cues and triggering cellular responses by activating signal transduction 

cascades (220). Using pRPE cultures from WT/WT and KD/KO mice, we assessed 

ciliogenesis and primary cilium length after 24 and 48 hours of serum deprivation, 

which induce differentiation and promotes cilium formation (Figure 17A). 
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Figure 16. KD/KO pRPE cells present altered endosome maturation. (A) Representative 

confocal images of WT/WT and KD/KO pRPE cells treated with latex fluorescent beads 

(green) immunodetecting EEA1 (red) and Rab7 (grey). Scale bar: 10 μm. High magnification 

images indicate the colocalization between the latex beads and EEA1 or Rab7. Scale bar: 5 

μm. (B-D) Percentage of beads in early (B) and late endosomes (C), as well as the ratio 

between them (D). n = 24-27 pRPE cells from 3 animals per genotype. (E) Western blot, 

immunodetection and quantification of EEA1, Rab7 and GAPDH in homogenates from 

WT/WT and KD/KO pRPE cultures. n = 3 animals per genotype. ** p-value ≤ 0.01; *** p-value 

≤ 0.001. 
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Figure 17. Cilium length is affected in KD/KO pRPE cells. (A) Representative confocal 

images of WT/WT and KD/KO pRPE cells after 24 hours of serum deprivation. Cilia were 

immunostained to visualize γ-TUBULIN (green) and acetylated (Ac) α-TUBULIN (red). Scale 

bar: 50 µm. High magnification images showing cilia with higher detail. Scale bar: 5 µm. (B) 

The percentage of ciliated cells do not differ between genotypes or conditions. n = 30-32 

ROIs from 3 animals per genotype and condition. (C) Cilium length is significantly shorter in 

KD/KO pRPE cells at 24 hours of differentiation, although it reaches the length of that of 

WT/WT at 48 hours of differentiation. n = 192-230 cilia from 3 animals per genotype and 

condition. * p-value ≤ 0.05; *** p-value ≤ 0.001; **** p-value ≤ 0.0001. 

After 24 hours of differentiation, both WT/WT and KD/KO pRPE cells exhibited a 

primary cilium, measurable as shown in Figure 17A. The number of ciliated cells was 

not different between genotypes at 24 and 48 hours of differentiation, indicating that 

the ability of pRPE cells to produce (24 hours) and maintain (48 hours) a primary 

cilium remained unaffected by Cerkl depletion (Figure 17B). However, at 24-hour 

differentiation stage, KD/KO pRPE cilium length was significantly shorter compared 

to WT/WT. Nevertheless, KD/KO cilia demonstrated a subsequent increase in length 
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at 48-hour differentiation, reaching values similar to those observed in WT/WT. Within 

the same genotype, the length of the cilium increased with longer differentiation 

times, allowing more time for ciliary growth (Figure 17C).  

Overall, these findings indicate that KD/KO pRPE cells can indeed form a primary 

cilium, but the process of ciliary growth appears to be delayed. 
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MATERIAL AND METHODS 

Animal handling 

C57BL/6J CerklWT/WT and CerklKD/KO mice were bred and housed in the animal 

research facility of the Faculty of Pharmacy at the University of Barcelona. Animals 

were provided with food and water ad libitum and maintained in a temperature-

controlled environment in a 12/12 hours light–dark cycle. All animal handling and 

assays were performed according to the ARVO statement for the use of animals in 

ophthalmic and vision research, as well as the regulations of the Ethical Committee 

for Animal Experimentation (AEC) of the Generalitat de Catalunya (protocol C-

449/18), according to the European Directive 2010/63/EU and other relevant 

national guidelines. Each cohort had equivalent proportion of male and female mice, 

as autosomal recessive retinitis pigmentosa affects similarly both biological sexes. 

Genomic DNA and genotyping by PCR  

DNA for genotyping was extracted from ear punches. Primers for genotyping and 

PCR conditions were previously described in (159). 

Primary Retinal Pigment Epithelium culture 

The eyeballs from three 6-to-8-weeks-old mice per genotype were collected and 

stored in ice prior to dissection of the RPE. Each eyecup was rinsed in cold 1× PBS 

containing 1 % penicillin/streptomycin and 33 μg/mL tobramycin. Next, eyes were 

transferred into a 0.4 mg/mL collagenase/2 % dispase solution to extract the cornea 

and flatten the eyecup. Then, the eyecup was rinsed with 1× PBS and Versene (0.48 

mM EDTA in 1× PBS) prior to the 10-minutes incubation at room temperature with  

2 % dispase. After a rinse with 1× PBS, the retina was detached from the posterior 

eyecup, and the eyecup was further incubated with 2 % dispase for 10 additional 

minutes at 37 ºC. Subsequently, the RPE was scrapped off from the eyecup in a 6-well 

plate well (Thermo Fisher Scientific, Waltham, MA, USA; 140675) and 2 mL of 

complete medium (1 % penicillin/streptomycin (Life Technologies, Carlsbad, CA, 

USA) and 10 % foetal bovine serum (FBS) (Life Technologies, Carlsbad, CA, USA; 

15140-122) in DMEM (ATCC, Manassas, VA, USA; 30-2002)) were added. Media was 
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changed after 72 hours and the six pRPE cell lines were maintained and grown with 

complete medium.  

For the different experiments, 1.5×104 cells were seeded onto 24-well plate wells 

(Sigma, San Luis, MO, USA; CLS3527-100EA). For differentiation, cells were incubated 

in serum-deprived medium (1 % penicillin/streptomycin and 0.2 % FBS in DMEM) for 

24 or 48 hours prior to fixation. 

Phagocytosis assay  

After the first 24 hours of differentiation, 5×106 0.1 µm-diameter fluorescent latex 

beads (Sigma, San Luis, MO, USA; L9904) were added to the media in each well for 

a 24-hour-long incubation at 37 °C.  

Immunocytochemistry  

After fixation with 4 % PFA for 15 minutes at room temperature, cells were 

permeabilized during 20 minutes with 0.2 % Triton X-100 (Scharlab, Hamburg, 

Germany; TR04441000) in 1× PBS and blocked with 1× PBS containing 5 % normal 

goat serum (Life technologies, Carlsbad, CA, USA; 16210064) for 1 hour at room 

temperature. Then, cells were incubated with primary antibody (anti-α-TUBULIN 

(Sigma; T5168; 1:1000), anti-acetylated-α-TUBULIN (Sigma; SAB5600134; 1:1000), 

anti-γ-TUBULIN (Sigma; T6557; 1:500), anti-EEA1 (Abcam, Plc, Cambridge, UK; 

ab2900; 1:200) and anti-Rab7 (Abcam; ab50533; 1:200)) in blocking solution 

overnight at 4 ºC and secondary antibody (AlexaFluor 488 anti-Mouse (Thermo Fisher 

Scientific, Rockford, IL, USA; A11017; 1:500), AlexaFluor 568 anti-Rabbit (Thermo 

Fisher Scientific; A11011; 1:500), and Alexa Fluor 647 anti-mouse (Thermo Fisher 

Scientific; A21235; 1:500)) with DAPI (Sigma-Aldrich, St. Louis, MO, USA; 

10236276001; 1:1000) for 1 hour at room temperature. Finally, coverslips were 

mounted using Mowiol 4-88 (Merck, Kenilworth, NJ, USA) and visualized by means of 

confocal microscopy (Zeiss LSM 880, Thornwood, NY, USA). Confocal images were 

analysed using ImageJ software.  

To stain mitochondria, 1 µM MitoTracker™ Orange CMTMRos (Thermo Fisher 

Scientific, Rockford, IL, USA; M7510) was added to the cells and incubated for 20 min 

at 37 ºC before fixation. 
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Image analysis 

Quantitative analyses of mitochondrial morphology and area in pRPE cells was 

performed using an ImageJ software macro as described in (221). Briefly, using 

ImageJ software, a threshold was established to distinguish mitochondria from the 

background. Particle analyses from each individual mitochondrion (particle) were 

performed to determine mitochondrial major and minor lengths, as well as 

mitochondrial area. The total mitochondrial area in pRPE cells was calculated by 

adding each mitochondrion area for each cell and normalized using the total area of 

the cell. 

To assess the percentage of ciliated cells, the length from 60-100 cilia was 

measured in each pRPE line with the segmented line selection tool in ImageJ, 

accounting up to 192-230 measured cilia per genotype and time point. 

In the phagocytosis functional assay, colocalization analysis of the green signal 

from the beads with endosomes markers was performed in selected areas with 

ImageJ software. 

Western blotting 

Cell protein lysates were directly collected by adding 70 µL of 1× Loading Buffer 

(60 mM TrisHCl pH 6.8, 10 % glycerol, 2 % Sodium Dodecyl Sulphate, 0.1 % 

Bromophenol blue in Milli®-Q water) and 5 % β-mercaptoethanol, and boiled for 5 

minutes at 95 °C. Proteins were analysed by SDS-PAGE and transferred onto 

nitrocellulose membranes, which were blocked with 5 % non-fat dry milk in 1× PBS 

containing 0.1 % Tween 20 and incubated overnight at 4 ºC with primary antibodies. 

After incubation with horseradish peroxidase-labelled secondary antibodies for 1 

hour at room temperature, immunodetection was developed using the ECL system 

(Lumi-Light Western Blotting Substrate, Roche, Basilea, Switzerland; 12015200001). 

Images were acquired by ImageQuant™ LAS 4000 mini Image Analyzer (Fuji-film, 

Tokio, Japan) and quantified using ImageJ software. GAPDH loading control was 

used to normalize protein values. The primary antibodies were the following: anti-

GAPDH (Sigma; G9545; 1:1000), anti-EEA1 (Abcam; ab2900; 1:1000) and anti-Rab7 

(Abcam; ab50533; 1:1000). The secondary antibodies were: HRP-labelled anti-
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mouse (Sigma; A5906; 1:2000) and anti-rabbit (GE Healthcare; NA934-100UL; 

1:2000). 

Statistical analyses 

Data were analysed using GraphPad Prism software (GraphPad9 Software Inc., San 

Diego, CA, USA). Homoscedasticity and normality were verified using Bartlett’s test, 

and D’Agostino and Person’s test, respectively. In case homoscedasticity or normality 

were not fulfilled, logarithm or square root corrections were performed. When data 

were homoscedastic and followed a normal distribution, data were analysed by t-test, 

one-way ANOVA, or two-way ANOVA. Mann–Whitney and Kruskal–Wallis tests were 

used when data did not follow a normal distribution. 
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Reference 
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Oxidative Stress Effects. Antioxidants (Basel). 2021 Dec 19;10(12):2018. doi: 
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Abstract 

The precise function of CERKL, a Retinitis Pigmentosa (RP) causative gene, is not 

yet fully understood. There is evidence that CERKL is involved in the regulation of 

autophagy, stress granules, and mitochondrial metabolism, and it is considered a 

gene that increases resilience against oxidative stress in retinal cells. Mutations in 

most RP genes affect photoreceptors, but retinal pigment epithelium (RPE) cells may 

be also altered. Here, we aimed to analyze the effect of CERKL overexpression and 

depletion in vivo and in vitro, focusing on the state of the mitochondrial network 

under oxidative stress conditions. Our work indicates that the depletion of CERKL 

increases the vulnerability of RPE mitochondria, which show a shorter size and altered 

shape, particularly upon sodium arsenite treatment. CERKL-depleted cells have 

dysfunctional mitochondrial respiration particularly upon oxidative stress conditions. 
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The overexpression of two human CERKL isoforms (558 aa and 419 aa), which display 

different protein domains, shows that a pool of CERKL localizes at mitochondria in 

RPE cells and that CERKL protects the mitochondrial network—both in size and 

shape—against oxidative stress. Our results support CERKL being a resilience gene 

that regulates the mitochondrial network in RPE as in retinal neurons and suggest that 

RPE cell alteration contributes to particular phenotypic traits in patients carrying 

CERKL mutations. 

 

Personal contribution to this work 

This is one of the main articles of my Thesis. My personal contribution to this 

publication has been: a) design and testing of siRNA against CERKL (Figure 2A); b) 

quantitative analysis of mitochondrial morphology and area in ARPE-19 cells upon 

CERKL-depletion and overexpression in control and oxidative stress conditions 

(Figures 2 and 3); c) evaluation and quantification of mitochondrial superoxide in 

ARPE-19 cells upon CERKL-depletion and overexpression in control and oxidative 

stress conditions (Figure 4); d) preparation of CERKL-depleted ARPE-19 cells for 

assessment of mitochondrial bioenergetics (Figure 5); e) design and creation of the 

figures; f) the discussion of the results (Figure 6); and g) draft writing and critical 

reading of the manuscript. 
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Abstract 

The retina is particularly vulnerable to genetic and environmental alterations that 

generate oxidative stress and cause cellular damage in photoreceptors and other 

retinal neurons, eventually leading to cell death. CERKL (CERamide Kinase-Like) 

mutations cause Retinitis Pigmentosa and Cone-Rod Dystrophy in humans, two 

disorders characterized by photoreceptor degeneration and progressive vision loss. 

CERKL is a resilience gene against oxidative stress, and its overexpression protects 

cells from oxidative stress-induced apoptosis. Besides, CERKL contributes to stress 

granule-formation and regulates mitochondrial dynamics in the retina. Using the 
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CerklKD/KO albino mouse model, which recapitulates the human disease, we aimed to 

study the impact of Cerkl knockdown on stress response and activation of 

photoreceptor death mechanisms upon light/oxidative stress. After acute light injury, 

we assessed immediate or late retinal stress response, by combining both omic and 

non-omic approaches. Our results show that Cerkl knockdown increases ROS levels 

and causes a basal exacerbated stress state in the retina, through alterations in 

glutathione metabolism and stress granule production, overall compromising an 

adequate response to additional oxidative damage. As a consequence, several cell 

death mechanisms are triggered in CerklKD/KO retinas after acute light stress. Our 

studies indicate that Cerkl gene is a pivotal player in regulating light-challenged 

retinal homeostasis and shed light on how mutations in CERKL lead to blindness by 

dysregulation of the basal oxidative stress response in the retina. 

 

Personal contribution to this work 

This article belongs to the main core of my Thesis. My personal contribution to this 

publication has been: a) animal handling, breeding and light-stress procedure 

development; b) analysis and clustering of genes from RNA-Seq results (Figures 1A, 

2A, 6A, Supplementary Figure 1, Supplementary Tables 1 and 2); c) validation of RNA-

Seq results at protein and metabolic level (Figures 1B, 1C, 2B, 2C, 3H, 3I, 4A, 4B and 

Supplementary Figure 2); d) preparation of samples for metabolomic analyses 

(Figures 2D, 2E, 3, Supplementary Figures 3 and 4); e) assessment of retinal stress, 

inflammation and cell death mechanisms (Figures 5, 6 and Supplementary Figure 6); 

f) design and creation of the figures; g) the discussion of the results (Figure 7); and h) 

draft writing and critical reading of the manuscript. 

 

  



Chapter 2 

______191______ 
 

  



RESULTS 

______192 ______ 
 

  



Chapter 2 

______193______ 
 

  



RESULTS 

______194 ______ 
 

  



Chapter 2 

______195______ 
 

  



RESULTS 

______196 ______ 
 

  



Chapter 2 

______197______ 
 

  



RESULTS 

______198 ______ 
 

  



Chapter 2 

______199______ 
 

  



RESULTS 

______200 ______ 
 

  



Chapter 2 

______201______ 
 

  



RESULTS 

______202 ______ 
 

  



Chapter 2 

______203______ 
 

  



RESULTS 

______204 ______ 
 

  



Chapter 2 

______205______ 
 

  



RESULTS 

______206 ______ 
 

  



Chapter 2 

______207______ 
 

  



RESULTS 

______208 ______ 
 

  



Chapter 2 

______209______ 
 

  



RESULTS 

______210 ______ 
 

  



Chapter 2 

______211______ 
 

  



RESULTS 

______212 ______ 
 

  



Chapter 2 

______213______ 
 

  



RESULTS 

______214 ______ 
 

  



Chapter 2 

______215______ 
 

  



RESULTS 

______216 ______ 
 

  



Chapter 2 

______217______ 
 

  



RESULTS 

______218 ______ 
 

  



Chapter 2 

______219______ 
 

  



RESULTS 

______220 ______ 
 

  



Chapter 2 

______221______ 
 

 



RESULTS  

______222 ______ 
 

  



Chapter 3 

______223______ 
 

CHAPTER 3 

 

Generation of CERKLR257X 

hiPSC-derived 3D retinal 

organoids 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3. Generation of CERKLR257X hiPSC-derived 3D retinal 

organoids 



RESULTS  

______224 ______ 
 



Chapter 3 

______225______ 
 

Background 

In collaboration with the group led by Drs Dunja Lukovic and Slaven Erceg in CIPF 

(Centro de Investigación Príncipe Felipe), in Valencia, our research group contributed 

to the generation of a stable line of human induced pluripotent stem cells (hiPSCs) 

from a patient carrying the mutation CERKLR257X in homozygosis and their healthy 

sibling (222). To deeply dissect the phenotypic alterations derived from the mutation 

CERKLR257X, patient’s and sibling’s hiPSC were differentiated into 3D retinal organoids. 

Analysis of initial timepoints showed correct differentiation and lamination of the 

retinal layers in both patient’s and sibling’s retinal organoids. In addition, CERKLR257X 

patient-derived retinal organoids presented aberrant PABP-mediated response to 

stress and increased cell apoptosis, especially in response to induced oxidative stress 

(223). These phenotypic features highly resemble the characteristic and already 

observed exacerbated stress response of the KD/KO mouse model, providing 

additional evidence to alterations in antioxidant defence mechanisms due to 

mutations in CERKL.  

Furthermore, preliminary RNA-Seq studies from this first differentiation batch of 

retinal organoids indicated that several genes were differentially expressed between 

genotypes, but also conditions (control versus oxidative stress) (Figure 18). Despite 

sharing many of the most enriched Gene Ontology (GO) biological processes 

(including impaired visual cycle and altered response to oxidative stress), most of the 

differentially expressed genes in retinal organoids were different from those 

observed in the RNA-Seq analysis of the KD/KO mouse model (Results Chapter 2.2, 

Publication 4), suggesting that distinct pathways are activated depending on the 

specific CERKL mutation and/or the organism species. However, these analyses were 

performed using a very limited sample size and should be replicated to achieve 

statistical significance. Additionally, the sanitary crisis derived from COVID-19 

pandemics caused the immediate halt of the retinal organoids’ differentiation, 

without the possibility to achieve late stages where neurodegenerative —rather than 

developmental— traits could be assessed.  
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Figure 18. Heatmap showing hierarchical clustering of differentially expressed genes in 

CERKLR257X patient’s and sibling’s retinal organoids. Each heatmap shows the differentially 

expressed genes that are up- or downregulated between genotypes or conditions (control 

versus oxidative stress). 
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Therefore, we will complement these preliminary results by differentiating 

CERKLR257X patient’s and sibling’s hiPSC into 3D retinal organoids. Moreover, to 

overcome the limitation of the reduced sample size, we will also generate a 

CERKLR257X hiPSC isogenic line using CRISPR/Cas9 system, to compare the 

phenotypic alterations derived from CERKLR257X mutation using two different genetic 

backgrounds after differentiation into retinal organoids. 

Strategy of CRISPR-Cas9 edition to generate of a CERKLR257X isogenic hiPSC 

line  

The obtention of a CERKLR257X isogenic iPSC line would allow to increase the 

biological replicates in posterior experiments and verify if the phenotypic alterations 

observed are caused by this specific mutation in CERKL, regardless of the genetic 

background.  

 

Figure 19. CRISPR/Cas9 edition strategy to introduce CERKLR257X mutation. In the upper 

panel, the selected gRNAs (guide 1 in green and guide 2 in blue) and their recognized PAM 

sequences (PAM-guide 1 in green and PAM-guide 2 in blue), which are near the target region 

(in grey) in the exon 5 of CERKL gene. After CRISPR/Cas9 edition, we expect the introduction 

of the CERKLR257X mutation (in red). 

Therefore, we designed a gene-edition strategy based on CRISPR/Cas9 system to 

recreate the CERKLR257X mutation in an isogenic hiPSC WT control line. Specifically, 

protospacer-adjacent motif (PAM) sequences (nucleotides: NGG) near the specific 

site of the mutation were identified and two guide RNAs (gRNAs) with high on-target 

and low off-target scores were selected (Figure 19). To induce the generation of this 

precise mutation, a single-stranded oligodeoxynucleotide (ssODN) template 
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including the CERKLR257X mutation was used to favour homology-directed repair 

(HDR) of the DNA double-strand break and, therefore, generate the desired knock-

in. 

Genotyping approach to test efficiency of CRISPR/Cas9 gene-editing system 

To distinguish between the wild-type and the correctly edited allele of CERKL, we 

have followed a genotyping outline described by Tuson et al. in 2004 (105). Briefly, it 

consists of a PCR using a primer that generates an enzymatic restriction site 

recognized by EcoRII enzyme in the wild-type allele, but not in the CERKLR257X allele. 

Consequently, upon enzymatic digestion with EcoRII, wild-type alleles will be cut 

producing two bands, whereas CERKLR257X alleles will remain undigested (Figure 20). 

Thus, solely performing a PCR followed by an enzymatic digestion, we were able to 

correctly genotype the colonies derived from CRISPR/Cas9 edition and, 

subsequently, select those that included the precise gene edition. 

 

Figure 20. Genotyping strategy to assess the introduction of the CERKLR257X mutation. In 

the left panel, sequence of CERKL showing the edition-target region (grey) and the primer 

used to introduce the point mutation (red) which generates a restriction site (blue). In the 

right panel, restriction site generated in the CERKLWT and CERKLR257X alleles (blue). EcoRII 

restriction enzyme only recognizes CERKLWT allele, generating a 135-bp + 22-bp bands. 

Our strategy for the gene edition was to produce ribonucleoproteins (RNPs) with 

the selected gRNAs and the protein Cas9 and deliver them into hiPSC by 

nucleofection. However, after carrying out the gene-edition experiment several times, 

we were not able to obtain any percentage of gene-edited cells in the mixed 

population of hiPSC neither by PCR followed by enzymatic digestion (Figure 21A) 

nor by Sanger sequencing (Figure 21B), even when we used both gRNAs.  
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Figure 21. Genotyping analysis of hiPSC after the CRISPR/Cas9 edition to generate the 

CERKLR257X mutation. (A) Agarose (4%) gel of PCR followed by EcoRII enzymatic digestion to 

genotype mixed populations after CRISPR/Cas9 edition. Line 1: control CERKLWT/WT hiPSC; 

line 2: patient’s CERKLR257X hiPSC; line 3: hiPSC resulting from CRISPR/Cas9 edition using 

guide 1; line 4: hiPSC after CRISPR/Cas9 edition with guide 2. The expected 157-bp band 

after the digestion in CERKLR257X allele is indicated with a blue arrow, whereas the 135-bp 

band resulting from CERKLWT allele is indicated with a red arrow. (B) In the upper panel, the 

sequence of CERKL showing the edition-target nucleotide (grey). Electropherograms 

showing sequences from sibling’s and CERKLR257X patient’s hiPSC were used as controls. 

None of the analysed samples from mixed hiPSC populations after CRISPR/Cas9 edition 

using gRNA1 or gRNA2 carried the mutation. 
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Notably, instead of the Nucleofector 4D, which was already used by other 

members of the group yielding high gene-edition efficiency, we had to use the 

Nucleofector II/2b device to deliver the RNPs to hiPSCs. The Nucleofector II/2b 

device is an older version of this technology and does not seem to be as efficient in 

delivering the CRISPR/Cas9 RNPs into cells as the Nucleofector 4D. Therefore, after 

purchasing the Nucleofector 4D, we are planning to repeat our gene-editing 

experiments using this new device. 

Differentiation of CERKLR257X patient’s hiPSC into 3D retinal organoids 

Although the patient’s hiPSCs had been already differentiated into 3D retinal 

organoids in collaboration with Dr Lukovic in Valencia, the differentiation period 

needed to be terminated due to COVID-19 sanitary crisis and thus, the phenotypic 

analyses were very preliminary. As a consequence, we aimed to repeat the 

differentiation of CERKLR257X hiPSCs into retinal organoids to perform detailed a 

molecular and functional characterization of early pathological biomarkers and 

disease progression. 

The protocol to obtain fully differentiated retinal organoids is very long (up to 300 

days) because retinal differentiation in vitro perfectly emulates the embryonic 

differentiation times, thus needing up to 8 months to obtain well differentiated retinal 

organoids. Retinal organoids’ differentiation begins with a bidimensional confluent 

culture of hiPSC that are incubated with media including neural- and retinal-fate 

factors (E6 and NIM media) to induce the formation of neuroretinal vesicles (NRVs). 

Then, between day 30 and 40 of differentiation, NRVs are dissected from the plate to 

constitute the tridimensional potential retinal organoids. Excised NRVs are next 

cultured using different media —rich in appropriate retinal induction and retinal 

maturation trophic factors (RDM, RMM1, RMM2 and RMM3 media)— during the next 

months to finally obtain differentiated retinal organoids with laminated structure and 

photoreceptor OSs (Figure 22). During the differentiation of patient’s and sibling’s 

retinal organoids, we observed that both lines were able to form NRVs that are now 

being differentiated into retinal organoids (Figure 22). 

Unfortunately, we received the patient’s hiPSCs in July 2023 and started the 

differentiation in September 2023. As a result, at the time of depositing this PhD 
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Thesis, retinal organoids have undergone only around 150 days of differentiation. 

This period, in which photoreceptors OSs are already formed, represents the first 

selected timepoint for our studies of retinal architecture and early pathogenic 

biomarkers in CERKLR257X retinal organoids. Therefore, no phenotypic characterization 

could be included in the written memory as a consequence of the limited time 

available. 

 

Figure 22. Timeline of 3D retinal organoids’ differentiation. Retinal organoids require 6 

different retinal-inducing media (E6, NIM, RDM, RMM1, RMM2 and RMM3) and the addition 

of specific trophic factors, such as BMP4 and retinoic acid, to get a fully differentiated 

structure. So far, both sibling’s and patient’s retinal organoids exhibit normal differentiation 

parameters at each timepoint. D: day of differentiation. 
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MATERIAL AND METHODS 

RNA-Seq analysis 

Gene Ontology (GO) Biological Process enrichment and gene pathway analyses 

were performed using Enrichr web server (https://maayanlab.cloud/Enrichr/) (224–

226) and GeneAnalyticsTM (https://geneanalytics.genecards.org). 

Human iPSC culture  

Healthy sibling’s and CERKLR257X patient’s human induced pluripotent stem cells 

(hiPSCs) (both derived from human fibroblasts reprogrammed by Dr Dunja Lukovic’s 

group (222)), as well as BJ hiPSCs (derived from human fibroblasts reprogrammed in 

Prof. Hardcastle’s and Prof. Cheetham’s groups) were cultured in mTeSR Plus Basal 

medium supplemented with 5× mTeSRTM Plus Supplement (Stemcell Technologies, 

Vancouver, Canada; 100-0276) on wells previously coated with GeltrexTM (Thermo 

Fisher Scientific, Rockford, IL, USA; A1413301) for 1 hour in a 5 % CO2 cell culture 

humidified incubator at 37 ºC. The medium was replaced by fresh medium three 

times per week after a wash with 1× PBS.  

Design of sgRNAs for CRISPR/Cas9 gene edition 

To generate CERKLR257X CRISPR-edited BJ hiPSCs, we designed two guide RNAs 

(gRNAs, also known as CRISPR RNA (crRNA)) using the CRISPR design software 

available in Benchling (https://benchling.com) maximising on-target efficiency and 

minimising off-target effects (227,228). Both gRNAs (gRNA_1: 

5’CTCTGACAGGAGTCAGGATT 3’; and gRNA_2: 5’TGAGAGCTCAGAAGAATGCT 3’) 

recognized a sequence near the target nucleotide to generate the desired point 

mutation (see Figure 19 in the Results section). To favour homology-directed repair 

(HDR) in the target site and introduce the desired mutation, generating a knock-in, 

we also designed two 127-bp single-stranded oligodeoxynucleotide (ssODN) repair 

templates that had the sequence of the desired mutation for each gRNA (ssODN_1: 

5’ AGCTCAGAAGAATGCTGGGATGGAAACAGACTGAATCCTGACTCCTGTCAGA 

GCACAGCTTCCACTTGGCTTAATACCAGCAGGCAAGGGAGTGGCTACAGATTCAT

TAAACTGACCCTTCTCCCTC 3’; and ssODN_2: 5’ AATCTGTAGCCACTCCCTTGCC 

TGCTGGTATTAAGCCAAGTGGAAGCTGTGCTCTGACAGGAGTCAGGATTCAGTCTG

https://maayanlab.cloud/Enrichr/
https://geneanalytics.genecards.org/
https://benchling.com/
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TTTCCATTCCAGCATTCTTCTGAGCTCTCAGAAGCAAAGCATGGGCTAC 3’). The 

127-bp ssODN templates were designed following previously optimised 

specifications, with 36-nucleotide-left and 91-nucleotide-right homology arms, as 

well as additional synonymous changes to eliminate the protospacer-adjacent motive 

(PAM) of gRNAs 1 and 2 and thus prevent reannealing and re-editing of the locus 

(229,230). gRNAs were ordered as two-component crRNA, the custom-designed 17-

20 nucleotides sequence complementary to the target DNA, and trans-activating 

CRISPR RNA (tracrRNA), which is the invariable sequence used as binding scaffold for 

the Cas9 nuclease. The ssODN templates were ordered as an Alt-R modified Alt-RTM 

HDR donor oligo in IDT Technologies (Coralville, IA, USA).  

hiPSCs nucleofection and analysis of individual colonies 

Nucleofection of BJ hiPSCs with CERKL-targeting ribonucleoprotein (RNP) and the 

ssODN template was performed according to IDT Alt-R CRISPR system. First, to 

improve cell viability and survival, hiPSCs were cultured in StemFlexTM medium 

(Thermo Fisher Scientific, Rockford, IL, USA; A3349401) supplemented with 10 µM 

ROCK inhibitor Y27632 (StemCell Technologies; 72308) for 2 hours prior to harvest. 

crRNA and tracrRNA were assembled in 1:1 equimolar concentrations to a final 

duplex concentration of 50 µM, equivalent to 130 pmol of crRNA:tracrRNA duplex 

per reaction. crRNA:tracrRNA mix was incubated at 95 ºC for 5 minutes and then 

cooled down to room temperature for 10-15 minutes. Next, Cas9 RNP complex 

assembly was performed by adding 125 pmol of Streptococcus pyogenes Cas9 

nuclease (IDT Technologies, Coralville, IA, USA; 1081058) per reaction, and 

incubated for 10-20 minutes at room temperature. Subsequently, 120 pmol of Alt-R® 

Cas9 Electroporation Enhancer (IDT Technologies, Coralville, IA, USA; 1075916) and 

200 pmol of the ssODN template (ssODN_1 for gRNA_1 and ssODN_2 with gRNA2) 

were added to Cas9:gRNA_1 and Cas9:gRNA_2 assemblies. Then, this mix was 

incorporated to 2×105 BJ hiPSCs resuspended in 100 µL of Human Stem Cell 

NucleofectorTM supplemented Solution (Lonza, Morrisville, NC, USA; VPH-5002) and 

transferred to a Nucleofector cuvette. Samples were subsequently nucleofected 

using a Lonza Nucleofector II/2b device (Lonza, Morrisville, NC, USA; AAB-1001), 

using the A-023 or B-016 nucleofection programs. After 10 minutes, hiPSCs were 
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seeded onto 24-well plates, previously coated for 2 hours at 37 ºC with 0.5 µg/cm2 

rhLaminin 521 (Thermo Fisher Scientific, Rockford, IL, USA; A29249), in StemFlexTM 

medium supplemented with ROCK inhibitor and 100 µg/mL primocin antibiotic 

(Invivogen, San Diego, CA, USA; ant-pm-2). Alt-RTM HDR Enhancer (1:100) (IDT 

Technologies, Coralville, IA, USA; 10007921), which maximises the CRISPR gene-

edition efficiency, was added in one extra well per gRNA. The following day, the 

medium was changed with fresh StemFlexTM medium with primocin.  

Once 70-90 % confluency was reached, half of the cells were passaged onto a 

rhLaminin 521-coated 6-well plate with StemFlexTM medium for 6 days and the other 

half was used for genomic DNA extraction to genotype the mixed cell population 

and check CRISPR/Cas9 editing efficiency. Six days later, cells were split again onto a 

rhLaminin 521-coated 6-well plate at different densities (4000, 2000, 1000, 500, 250 

and 125 cells/well) to obtain single-cell-derived hiPSC colonies using StemFlexTM 

medium and primocin antibiotic. Approximately 5-6 days later, individual hiPSC 

colonies were isolated with the P200 pipette and seeded on GeltrexTM-coated 24-well 

plates in mTeSR medium. hiPSC colonies were further cultured before extracting 

genomic DNA for genotyping. 

Genotyping PCR and enzymatic digestion 

Genomic DNA extraction from mixed population and single-cell-derived colonies 

of hiPSCs was conducted using the Monarch® Genomic DNA purification kit (New 

England Biolabs, Ipswich, MA, USA; T3010L) following the manufacturer’s 

instructions. Genotyping was performed by mutation restriction analysis according to 

Tuson et al. (105). Briefly, we used a forward primer (5’ 

GAAGAATGCTGGGATGGAAACGGAC 3’) that contained a mismatch nucleotide 

(underlined), creating a EcoRII (also known as AvaI) restriction site in the CERKL wild-

type sequence. Together with the reverse primer (5’ GTTGTGCTGTCTAGATTAGC 3’), 

a PCR was performed. The PCR program was as follows: 94 ºC for 5 minutes and 40 

cycles of 94 ºC for 30 seconds, 50 ºC for 30 seconds and 72 ºC for 10 seconds. The 

157-bp PCR products were digested using EcoRII enzyme (Fisher Scientific; ER0312) 

and analysed through 4 % low-melting agarose gel electrophoresis. 
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Sanger Sequencing 

Sanger sequencing was performed to verify the introduction of the desired point 

mutation after CRISPR/Cas9 edition. The sequencing reaction was performed using 

the BigDyeTM Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, 

Rockford, IL, USA; 4337455). The sequencing mix included 0.5 µM of each primer 

(CRISPR_forward 5’ TTGTGTTTGTGTTGTCTTACCCA 3’; CRISPR_reverse 5’ 

gctgtCTAGATTAGCAAGTAAGAAAGGA 3’), 1× BigDye Buffer (Applied Biosystems), 

1 µL of BigDyeTM Terminator v3.1 Ready, the appropriate amount of DNA and PCR-

grade H2O up to 10 µL. The sequencing PCR program was as follows: 94 ºC for 2 

minutes and 28 cycles of 96 ºC for 10 seconds, 50 ºC for 5 seconds and 60 ºC for 4 

minutes. Sequencing results were analysed using the alignment software available in 

Benchling (https://benchling.com), which aligns the obtained reads to a reference 

sequence. 

Differentiation of hiPSC into 3D retinal organoids 

hiPSCs were differentiated into retinal organoids as previously described (231). 

Briefly, cells were cultured on GeltrexTM-coated 6-well plates with mTeSR medium until 

they reached 90-95 % confluency. Then, at day 0 of differentiation, essential 6 

medium (E6; Life Technologies, Carlsbad, CA, USA; A1516401) was added to the 

cells (4 mL/well) and replaced with fresh E6 medium after 24 hours. From day 2, cells 

were cultured with 4 mL/well of neural induction medium (NIM) (1 % N-2 supplement 

(Life Technologies, Carlsbad, CA, USA; 17502048) and 1 % Pen/Strep, 1 % 

GlutaMAXTM (Life Technologies, Carlsbad, CA, USA; 35050038) in Advanced 

DMEM:F-12 (Life Technologies, Carlsbad, CA, USA; 12634010)). Medium was 

changed three times a week (4 ml on Mondays and Wednesdays, and 6ml on Fridays 

to double feed the cells). On day 7 of differentiation, 1.5 nM human bone 

morphogenetic protein-4 (BMP-4; Prepotech, Cranbury, NJ, USA; 120- 05) was added 

to cells in NIM and, the following day, half of the medium was replaced with fresh 

NIM. Then, until day 17, half-medium changes were done every other day to dilute 

BMP-4 concentration. Two weeks after, the appearance of neuroretinal vesicles (NRVs) 

can be checked. Between day 35 and 40, individual NRVs were dissected from the 

hiPSC-derived bidimensional cultures with the help of an inverted microscope (EVOS 

https://benchling.com/
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XL Core; Thermo Fisher Scientific, Rockford, IL, USA; #AMEX1000) inside the cell 

culture hood. Individually excised NRVs were cultured in 150-200 µL of NIM on ultra-

low attachment 96-well plates (Merck, Darmstadt, Germany; CLS7007) and half of the 

medium was replaced three times a week. To maximise NRV obtention, the 

checkerboard technique was used to scrap the remaining cells in the wells. This 

procedure consisted in breaking the hiPSC-derived bidimensional culture into 

smaller pieces and transferring them into a Petri dish, where they were grown in 

suspension with 10 mL of NIM (372). Approximately on day 37, NRVs were incubated 

in retinal differentiation medium (RDM) (2 % B27 supplement (Life Technologies, 

Carlsbad, CA, USA; 17504044), 1 % non-essential amino acids (NEEA; Life 

Technologies, Carlsbad, CA, USA; 11140050), and 1 % Pen/Strep in DMEM:F-12 (ratio 

3:1)), and half of the medium was changed every other day. On day 44, the medium 

was changed to retinal maturation medium (RMM) 1 (10 % FBS, 2 % B27 supplement, 

1 % GlutaMAXTM, 1 % Pen/Strep and 100 µM Taurine (Merck, Darmstadt, Germany; 

T8691) in DMEM:F-12 (ratio 3:1)), with half-medium change every other day. From 

day 50, RMM1 medium was supplemented with 1 µM fresh retinoic acid (RA; Merck, 

Darmstadt, Germany; R2625). From day 70, cells were cultured in RMM2, which has 

the same composition as RMM1 but introducing 1 % N2 supplement and reducing 

the concentration of RA to 0.5 µM. To promote photoreceptor differentiation, cells 

were grown in RMM3 from day 100, without RA and B27 supplement. After day 100, 

well laminated organoids were transferred from the 96-well plate and Petri dish to 

low-attachment 25-well square dishes (Thermo Fisher Scientific, Rockford, IL, USA; 

11339273) and incubated in 2 mL of RMM3 with half-medium changes twice a week. 

Unfortunately, at the time of the submission of this Thesis, we reached day 142 of 

differentiation. Therefore, the protocol had not been entirely completed, and the 

differentiation process was still ongoing. 
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Design of CERKLa AAV-based therapeutic strategy for CERKL-related IRDs 

In light of the absence of a treatment for CERKL-associated IRDs, we have explored 

the development of a CERKL AAV-based gene-augmentation therapeutic approach 

in collaboration with the research group led by Dr Ivana Trapani, at the Telethon 

Institute of Genetics and Medicine (TIGEM), in Naples, Italy.  

Adeno-associated viruses (AAVs) are thus far considered the leading platform for 

gene therapy of IRDs, due to their excellent safety and efficacy profile shown in 

dozens of clinical trials. Subretinal injection is the most effective route for transducing 

photoreceptor cells. Thanks to our recent molecular and cellular characterization of 

the KD/KO retina, which has been the main objective of this Thesis, the CerklKD/KO 

mouse model represents an invaluable model to test the feasibility of AAV-mediated 

CERKL transfer in degenerating photoreceptors with therapeutical propose. 

This gene-replacement treatment will serve as a feasible proof-of-concept aimed 

at preventing, halting, or potentially reverting the retinal alterations observed in 

KD/KO mice, but also in patient-derived retinal organoids offering a potential 

treatment for patients carrying mutations in CERKL. 

Cloning CERKLa into AAV backbone and testing its proper expression in vitro 

For the purpose of generating the vector for AAV-based therapy, we cloned the 

cDNA of CERKLa into the plasmid p8.GFP-3×FLAG, which contains the Green 

Fluorescent Protein (GFP) in frame with the epitope 3×FLAG (3×DYKDDDDK). A 

cassette exchange approach was designed to remove the GFP-encoding fragment 

and insert the CERKLa coding sequence, thus, finally obtaining a fusion protein 

between CERKLa and the 3×FLAG epitope cloned into the AAV2 backbone (Figure 

23). 

In brief, the original plasmid, p8.GFP-3×FLAG (Figure 24A, Lane 1), was digested 

using BsrGI and KpnI restriction enzymes to excise the GFP-coding fragment. This 

restriction produced two bands: the expected band size of the vector, with a lower 

size (4 kb, Figure 24A, Lane 3) compared to the linearized plasmid (4.6 kb, Figure 

24A, Lane 2) and the released GFP-coding fragment (Figure 24A, Lane 3). 
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Figure 23. Cloning procedure to introduce CERKLa cDNA into the p8.GFP-3×FLAG vector 

backbone. The p8.GFP-3×FLAG plasmid was digested using KpnI and BsrGI to excise the 

GFP-encoding DNA sequence. The CERKLa cDNA was amplified by PCR adding the 

restriction sites of KpnI and Acc65I (compatible with BsrGI) at its ends to insert it into the 

digested p.3×FLAG plasmid backbone, resulting in the p.CERKLa-3×FLAG construct. To 

evaluate the insertion and integrity of CERKLa coding sequence into the AAV vector 

backbone, the final recombinant plasmids were digested using Acc65I and BamHI. 

The CERKLa cDNA was amplified by PCR using specific primers to insert the the 

target sites of Acc65I and KpnI at the ends of CERKLa coding sequence (Figure 24A, 

Lane 4). Subsequently, we ligated the vector and insert DNAs to obtain the in-frame 

p.CERKLa-3×FLAG construct. 

Plasmid DNA from 12 colonies was isolated and analysed. We identified 5 clones 

that exhibited the expected restriction pattern corresponding to the p.CERKLa-

3×FLAG construct (Figure 24B), which after restriction digestion produced the 

expected 1.6-kb band of the CERKLa-3×FLAG-coding fragment. Subsequently, 

plasmids from positive clones were sequenced (Figure 24C) to confirm the in-frame 

insertion of the CERKLa fragment with the 3×FLAG epitope in three out of 5 clones.  
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Figure 24. Generation of the recombinant AAV-derived construct to express CERKLa. (A) 

Agarose (1 %) gel electrophoresis of digested vector and insert (CERKLa) DNAs. Molecular 

weight marker: Lambda DNA/HindIII (λH); Lane 1: p.3×FLAG obtained after digestion 

(BsrGI+KpnI) of p8.GFP-3×FLAG and purification of the vector backbone; Lane2: linearized 

p8.GFP-3×FLAG with BsrGI digestion as a size control; Lane3: digested p8.GFP-3×FLAG 

(BsrGI+KpnI), yielding the vector backbone and GFP bands; Lane 4: CERKLa cDNA amplicon 

PCR product digested with Acc65I and KpnI. (B) Agarose (1 %) gel electrophoresis of 

plasmids isolated from E. coli colonies after ligation and transformation. Molecular weight 

marker: Lambda DNA/HindIII+EcoRI (λHE). Lane 1: purified p.3×FLAG (control vector); Lane 

2: digested p8.GFP-3×FLAG (BsrGI+KpnI), yielding the vector backbone (4 kb) and GFP 

bands (730 bp); Lanes 3-13: Isolated plasmids from the 12 colonies (Clones 1-12) digested 

with Acc65I and BamHI to identify recombinant clones with the p.CERKLa-3×FLAG plasmid, 

note that some clone plasmids contain CERKLa (marked in pink). (C) Sanger sequencing 

electropherogram of the clones 1 and 6 showed the correct insertion of CERKLa into the AAV-

derived backbone in-frame with the tag 3×FLAG. 

Upon verification of the p.CERKLa-3×FLAG sequence, the three constructs were 

selected for in vitro expression assessment by immunocytochemistry (Figure 25A) 

and Western blotting (Figure 25B). Both techniques evidenced that 2 out of the 3 

plasmids successfully expressed the fusion peptide CERKLa-3×FLAG (63 kDa), 
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confirming the correct expression of the construct. These validated constructs were 

subsequently employed to generate recombinant AAV2/8_CERKLa-3×FLAG by the 

group of Dr Ivana Trapani. 

 

Figure 25. p.CERKLa-3×FLAG is properly expressed in vitro. (A) Immunocytochemistry of 

HEK293 cells transfected with p8.GFP-3×FLAG (control) and p8.CERKLa-3×FLAG construct 

isolated from clones 1, 4 and 6 (C1, C4 and C6) immunodetecting GFP or FLAG (green) and 

counterstaining nuclei with DAPI (blue). (B) Western blot analysis of transfected-HEK293 

lysates immunodetecting FLAG, GFP and α-TUBULIN. 

AAV2/8_CERKLa-3×FLAG production and evaluation of its expression by 

subretinal injection 

Using the p.CERKLa-3×FLAG plasmid, which contains the CERKLa cDNA in-frame 

with the tag 3×FLAG inside the backbone of a AAV-derived vector, the research 

group led by Dr Ivana Trapani in TIGEM produced the recombinant AAV2/8_ CERKLa-

3×FLAG virus. Then, they assessed the transduction efficiency of AAV2/8_ CERKLa-

3×FLAG by subretinal injections in 1-month-old WT/WT mice. Four weeks after the 

injection, they evaluated the expression of the fusion protein CERKLa-3×FLAG by 

Western blot analysis in AAV-injected retinas and eyecups (RPE). As expected, 

CERKLa-3×FLAG expression was detected in some injected retinas, although it was 

particularly intense in the RPE (eyecup) (Figure 26), indicating that AAV2/8_CERKLa-

3×FLAG efficiently transduces mouse retinas and RPE. 
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Figure 26. AAV2/8_CERKLa-3×FLAG is transduced and expressed in vivo after subretinal 

injection. Western blot analysis of protein lysates from retinas (R) and eyecups (E) injected 

with either AAV2/8_CERKLa-3×FLAG (AAV2/8_CKL3Φ) or PBS (negative control), as well as 

HEK293 cells transfected with p.CERKLa-3×FLAG (p.CKL3Φ) as positive control. 

Immunodetection using α-FLAG antibody revealed expression of CERKLa-3×FLAG protein 

(pink arrows) in some injected retinas and eyecups (RPE). 

AAV2/8_CERKLa-3×FLAG vector was provided by Dr Ivana Trapani to explore its 

potential therapeutic effects in the KD/KO mouse model. In our group, we performed 

subretinal injections of AAV2/8_CERKLa-3×FLAG, together with AAV2/7m8_GFP 

(expressing GFP in an AAV with a different serotype to avoid cell entry competition), 

as a positive control of injection. First, we assessed the efficiency of the injection 

(AAV2/8_CERKLa-3×FLAG : AAV2/7m8_GFP were coinjected at ratio 5:1), in 1-

month-old WT/WT and KD/KO mice. However, we were not able to detect CERKLa-

3×FLAG protein expression in nearly any retina or RPE (eyecup) extract. Nevertheless, 

transduction efficiency through subretinal injection seemed reasonably competent, 

as almost all the injected retinas and RPE homogenates presented strong GFP 

expression (Figure 27). Therefore, we surmised that there might be some problem 

specifically affecting AAV2/8_CERKLa-3×FLAG vectors proper transduction. 
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Figure 27. AAV2/8_CERKLa-3×FLAG is not efficiently expressed in vivo after subretinal 

injection in our hands. Western blot analysis of protein lysates from retinas (R) and eyecups 

(E) from WT/WT and KD/KO mice co-injected with AAV2/8_CERKLa-3×FLAG 

(AAV2/8_CKL3Φ) and AAV2/7m8_GFP, or with PBS (negative control). Protein lysate from 

HEK293 cells transfected with p.CERKLa-3×FLAG (p.CKL3Φ) was included as positive control. 

Immunodetection using α-FLAG and α-human CERKL (hCERKL) antibodies revealed 

expression of CERKLa-3×FLAG fusion protein (pink arrows) in only one injected retina. 

Although most of them were correctly injected and expressed GFP. 

What factors are hindering the functionality of AAVs? 

After the unexpected results using AAV2/8_CERKLa-3×FLAG in vivo, we analysed 

which was the factor contributing to their non-functionality, considering the following 

aspects: 1) the presence of DNA inside AAV capsids; 2) the correct transduction, 

transcription, and translation of AAV2/8_CERKLa-3×FLAG; 3) whether human CERKL 

(p.CERKLa-3×FLAG plasmid) could be properly expressed by mouse cells; 4) if the 

tag included in the CERKL-derived fusion peptide had an impact on the expression 

of the CERKL-3×FLAG fusion protein (Figure 28). 

The p.CERKLa-3×FLAG construct was previously tested in vitro using HEK293 cells 

(a human cell line of embryonic kidney cells) and successfully expressed CERKLa-

3×FLAG protein that could be easily detected by immunocytochemistry and Western 

blot analyses (Figure 25). Nevertheless, we wondered if the differences between 

human and mouse CERKL coding sequence might affect the correct expression of 

human CERKL in mouse cells because of differential codon usage between species. 
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We concluded that this was not the case because, in previous work, we had 

successfully overexpressed human CERKLa-GFP in mouse cells (Results Chapter 1, 

Publication 2). Based on our previous results overexpressing CERKLa-GFP, we 

hypothesized whether the tag, 3×FLAG or GFP, could influence human CERKL 

expression in mouse cells. To test this hypothesis, we overexpressed hCERKLa-

3×FLAG and hCERKLa-GFP constructs in mouse primary RPE cells and observed 

expression of both CERKL-derived fusion proteins (Figure 29), indicating that human 

CERKL can be properly expressed by mouse cells, irrespective of the tag. 

Consequently, we concluded that the problem might reside in the AAV2/8_CERKLa-

3×FLAG virus rather than in the p.CERKLa-3×FLAG construct. 

 

Figure 28. Graphical summary of the potential steps involved in the production and 

correct expression of AAV2/8_CERKLa-3×FLAG. A list of potential checkpoints was 

considered: 1) Could mouse cells properly express human CERKL protein? 2) Did 

AAV2/8_CERKLa-3×FLAG vectors contain DNA? 3) Did AAV2/8_CERKLa-3×FLAG efficiently 

transduce cells and introduce their DNA? 4) Could viral DNA be transcribed to RNA? 5) Was 

viral-derived RNA finally translated into CERKLa-3×FLAG protein? 
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Figure 29. Human CERKL can be expressed by mouse cells. Immunocytochemistry 

images of primary mouse RPE cells transfected with p8.GFP-3×FLAG (positive control), 

p.CERKLa-GFP and p.CERKLa-3×FLAG constructs to induce the production of human CERKL 

protein with different tags (GFP or 3×FLAG). We detected positive cells in all conditions 

(white arrows indicate hCERKLa-positive cells). Scale bar: 100 µm. 

To explore the hypothesis of some alterations in the AAV2/8_CERKLa-3×FLAG 

virus, we first confirmed the presence of CERKLa-3×FLAG-coding DNA inside AAV 

capsids by PCR (Figure 30). The amount of DNA included in the PCR was normalized 

considering the viral titer for AAVs and the DNA concentration and plasmid size for 

the constructs. Our results indicated that the annotated viral titer was correct.  

Next, to test the transduction, transcription, and translation competence of 

AAV2/8_CERKLa-3×FLAG virus in vitro, we infected ARPE-19 cells with 

AAV2/8_CERKLa-3×FLAG, as well as with AAV8_GFP as positive control. Moreover, 

AAV2/7m8_GFP vectors were used as an alternative AAV capsid compared to 

AAV8_GFP. To assess AAV transduction, genomic DNA extraction from AAV-infected 

ARPE-19 cells was followed by PCR analysis. PCR results showed the presence of 

CERKLa-3×FLAG DNA in transduced ARPE-19 cells (Figure 31). Additionally, we 

observed the correct DNA incorporation of AAV8_GFP and AAV2/7m8_GFP vectors 

in ARPE-19 cells (Figure 31). Therefore, all tested AAV vectors proficiently introduced 

their DNA into ARPE-19 cells. 
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Figure 30. AAV2/8_CERKLa-3×FLAG vectors contain CERKLa-3×FLAG-coding DNA. 

Agarose (1 %) gel electrophoresis showing PCR products after amplifying CERKLa-3×FLAG 

(CKL3Φ) or GFP-coding DNAs in AAV2/8_CERKLa-3×FLAG (AAV2/8_CKL3Φ) or AAV8_GFP 

viral vectors, as well as in p.CERKLa-3×FLAG or p8.GFP plasmids. Water was added as 

negative control of the PCR. 

 

Figure 31. AAV2/8_CERKLa-3×FLAG vectors are able to transduce ARPE-19 cells. 

Agarose (1 %) gel electrophoresis showing PCR products after amplifying CERKLa-3×FLAG 

(CKL3Φ) or GFP sequences in DNA extracts from ARPE-19 cells infected with 

AAV2/8_CERKLa-3×FLAG (AAV2/8_CKL3Φ), AAV8_GFP and AAV2/7m8_GFP (positive 

control) vectors. DNA extracted from AAV2/8_CERKLa-3×FLAG virus was used as positive 

control to amplify CERKLa-3×FLAG; and DNA extracted from AAV2/7m8_GFP virus was used 

as positive control to amplify GFP. Water was used as negative control of the PCRs. Note that 

there is a slight contamination in the negative control of the GFP amplification. 

Next, we evaluated the transcription of viral DNA into RNA through RNA extraction, 

cDNA production and PCR. Unfortunately, our results revealed the absence of 

CERKLa-3×FLAG cDNA in ARPE-19 cells transduced with AAV2/8_CERKLa-3×FLAG 

(Figure 32), indicating that AAV2/8_CERKLa-3×FLAG DNA is not efficiently 
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transcribed into RNA. On the other hand, the DNA from AAV8_GFP and 

AAV2/7m8_GFP viruses was properly transcribed into RNA (Figure 32). 

 

Figure 32. AAV2/8_CERKLa-3×FLAG-DNA is not transcribed in ARPE-19 cells. Agarose (1 

%) gel electrophoresis showing PCR products after RNA extraction and cDNA amplification 

from ARPE-19 cells infected with AAV2/8_CERKLa-3×FLAG (AAV2/8_CKL3Φ), AAV8_GFP 

and AAV2/7m8_GFP (positive control) vectors. GAPDH amplification was performed to verify 

the presence of cDNA in the analysed samples. DNA extracted from AAV2/8_CERKLa-

3×FLAG virus was used as positive control to amplify CERKLa-3×FLAG (CKL3Φ); and DNA 

extracted from AAV2/7m8_GFP virus was used as positive control to amplify GFP. Water was 

used as negative control of the PCRs.  

Finally, we studied AAV2/8_CERKLa-3×FLAG expression at the protein level by 

immunocytochemistry (Figure 33A) and Western blot analyses (Figure 33B). As 

expected after not being able to detect viral transcription, these assays yielded 

negative results. While ARPE-19 cells transduced with AAV8_GFP and 

AAV2/7m8_GFP vectors were GFP-positive, AAV2/8_CERKLa-3×FLAG-infected cells 

did not show any expression of CERKLa-3×FLAG protein (Figure 33). Notably, in line 

with previous reports (193,232), we observed higher transduction and protein 

expression efficiency when using AAV2/7m8_GFP, compared to AAV8_GFP (Figure 

33) . 
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Figure 33. AAV2/8_CERKLa-3×FLAG-transduced cells do not express CERKLa-3×FLAG 

fusion protein. (A) Immunocytochemistry of ARPE-19 cells infected with AAV2/8_CERKLa-

3×FLAG (AAV2/8_CKL3Φ), AAV8_GFP or AAV2/7m8_GFP vectors immunodetecting GFP 

(green) and FLAG (red), as well as counterstaining nuclei with DAPI (blue). Scale bar: 25 µm. 

(B) Western blot analysis of protein lysates from ARPE-19 cells infected with AAV2/8_CERKLa-

3×FLAG (AAV2/8_CKL3Φ), AAV8_GFP or AAV2/7m8_GFP vectors immunodetecting FLAG, 

GFP and GAPDH. 

Overall, our data implies AAV2/8_CERKLa-3×FLAG vectors do contain DNA but it 

is not transcribed into RNA, thus preventing the production of the protein. Therefore, 

we inferred that AAV2/8_CERKLa-3×FLAG vectors were “dead”, possibly as a result of 

the transport of the packaged virus from Naples to Barcelona. 

Viral production and expression assessment of AAV2/7m8_CERKLa-3×FLAG 

Given the unsuccessful results using AAV2/8_CERKLa-3×FLAG produced in 

Naples, we decided to produce these viral vectors in the viral production unit of 

Universitat Autònoma de Barcelona (UAB). Additionally, taking into consideration the 

observed higher efficiency of AAV7m8 capsid (Figure 33) and its ability to transduce 

retinal organoids (193), we decided to use the AAV7m8 capsid to generate 

AAV2/7m8_CERKLa-3×FLAG vectors.  

Before testing AAV2/7m8_CERKLa-3×FLAG in vivo by subretinal injection in mice, 

we first evaluated AAV2/7m8_CERKLa-3×FLAG transduction efficiency in vitro in 
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ARPE-19 cells. Immunocytochemistry (Figure 34A) and Western blotting (Figure 34B) 

analyses demonstrated that AAV2/7m8_CERKLa-3×FLAG was capable of 

transducing ARPE-19 cells, thus successfully producing CERKLa-3×FLAG protein 

(Figure 34). These results further supported the inference that AAV2/8_CERKLa-

3×FLAG viruses produced in Naples were damaged during transport, probably due 

to cold chain breech. 

 

Figure 34. The new AAV2/7m8_CERKLa-3×FLAG viruses efficiently transduce ARPE-19, 

which express CERKLa-3×FLAG protein. (A) Immunocytochemistry of ARPE-19 cells infected 

with AAV2/7m8_CERKLa-3×FLAG (AAV2/7m8_CKL3Φ) or AAV2/7m8_GFP vectors showed 

positive GFP (green) and FLAG (red) staining, nuclei were counterstained with DAPI (blue). 

Scale bar: 25 µm. (B) Western blot of protein lysates from ARPE-19 cells infected with 

AAV2/7m8_CERKLa-3×FLAG (AAV2/8_CKL3Φ) or AAV2/7m8_GFP vectors immunodetected 

with antibodies against FLAG, GFP and GAPDH. 

Consequently, now we can undertake one of the main goals of this project: the 

assessment of potential therapeutic outcomes of AAV2/7m8_CERKLa-3×FLAG using 

subretinal injections in KD/KO mice. To do so, we are currently proceeding with the 

breedings to obtain an appropriate number of WT/WT and KD/KO mice to perform 

the corresponding subretinal injections and analyse the phenotypic rescue at the 

adequate timepoints. 

  



Chapter 4 

______253______ 
 

DNA-wrapped gold nanoparticles as gene-delivery system: Background 

The development of gene-therapies for IRDs has been increasingly growing 

during the last years and the design and use of nanomaterials as vectors to deliver 

therapeutic genes are showing its huge potential in improving the efficacy and safety 

of current therapies and surgical procedures. Nanomaterial-based drug delivery 

methods allow to increase the bioavailability of bioactive molecules, prolong its 

release, and decrease either dose or injection frequency in vitro and in vivo compared 

to other delivery systems. In addition, delivery systems using nanomaterials may 

overcome the limited packaging capacity of AAVs, as well as associated 

immunogenic responses (233). 

Our research group, in collaboration with Dr Sonia Trigueros, an expert in the field 

of nanoparticles, gathered preliminary evidence of promising nano-based gene-

delivery approach for therapy. We showed that DNA-wrapped gold nanoparticles 

(AuNPs) efficiently achieved gene-delivery in vitro in ARPE-19 cells (234). These 

results shed light on the opportunity to use this technology as an alternative approach 

to viral vectors in gene-augmentation treatments for IRDs. 

As a continuation of these first gene-delivery attempts using AuNPs in ARPE-19 

cells, I have continued this research line using a more physiological tissue, mouse 

retinal explants, again in collaboration with Dr Sonia Trigueros. 

Transfection of retinal explants using DNA-wrapped gold nanoparticles 

Retinal explants represent a useful tool to study retinal architecture and physiology 

without disturbing the structure of the tissue and preserving cell-cell interactions. 

Maintaining retinal explants in culture is a delicate procedure. It requires sterile 

conditions for the dissection and incubation of the tissue, as well as experimented 

skills for the proper surgical isolation of the retina. In our experience, the maximum 

incubation time without bacterial contamination has been 24 hours.  

I first aimed to optimize the protocol for obtaining retinal explants and performing 

immunohistochemistry while maintaining the retinal structure. Once we achieved to 

preserve the retinal morphology, we transfected mouse retinal explants with DNA-

wrapped AuNPs. We considered GFP as a useful reporter gene to detect transfected 
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cells and thus transfected retinal explants with AuNPs-pEGFP-N2. GFP-positive cells 

were observed in retinal flat-mounts after 24 hours (Figure 35).  

 

Figure 35. Transfection of retinas ex vivo using DNA-wrapped AuNPs results in GFP-

positive cells. Transfection using AuNP-pcDNA3 (negative control) and AuNP-pEGFP-N2 in 

24-hours cultured retinal explants. Scale bar: 50 µm. 

Transfection with DNA-wrapped gold nanoparticles targets rod 

photoreceptors 

We were interested in assessing whether AuNPs showed some target specificity in 

delivering DNA to specific retinal cell types. To this end, we immunodetected the 

transfected reporter gene (GFP) together with cell-specific biomarkers. Although the 

levels of transfection are not high, we could observe that the GFP signal colocalized 

with the rod-specific biomarker IMPDH-1, indicating that DNA-AuNPs are able to 

transfect rods (Figure 36A). However, we were not able to detect colocalization 

between GFP and the cone-specific biomarker cone arrestin (Figure 36B). As the 

number of cones in the mouse retina is very low, and the transfection efficiency was 

also limited, we cannot conclude whether DNA-AuNPs targeted specifically rods but 

not cones, or was just a unique observation due to the low number of transfected 

cells that needs replication. 
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Figure 36. AuNP-pEGFP-N2 can transfect rod photoreceptor cells. (A) Representative 

confocal image showing GFP-positive cells colocalizing with rod-specific biomarker IMPDH-

1 (red). Scale bar: 10 µm. (B) Representative confocal image indicating no colocalization 

between GFP-positive cells and the cone-biomarker cone arrestin (red). Scale bar: 10 µm. 

In summary, our results provide solid evidence of photoreceptor cells transfection 

in retinal explants using DNA-wrapped gold nanoparticles, even though the 

efficiency is still low, suggesting that the usage of DNA-wrapped AuNPs might be a 

feasible delivery system for gene therapies in the retina. Nonetheless, further work is 

required both to improve the efficiency of this technique, as well as to accurately 

define the transfected retinal cell types by immunodetection using cryosections. 
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MATERIAL AND METHODS 

Animal handling 

C57BL/6J CerklWT/WT and CerklKD/KO mice were bred and housed in the animal 

research facility of the Faculty of Pharmacy at the University of Barcelona. Animals 

were provided with food and water ad libitum and maintained in a temperature-

controlled environment in a 12/12 hours light–dark cycle. All animal handling and 

assays were performed according to the ARVO statement for the use of animals in 

ophthalmic and vision research, as well as the regulations of the Ethical Committee 

for Animal Experimentation (AEC) of the Generalitat de Catalunya (protocol C-449/18 

for maintenance and C-15/22 for gene therapy), according to the European Directive 

2010/63/EU and other relevant national guidelines. Each cohort had equivalent 

proportion of male and female mice, as autosomal recessive retinitis pigmentosa 

affects similarly both biological sexes. 

Genomic DNA and genotyping by PCR  

DNA for genotyping was extracted from ear punches. Primers for genotyping and 

PCR conditions were previously described in (159). 

Cloning CERKLa into the p8 GFP-3×FLAG plasmid 

The p8.GFP-3×FLAG plasmid was digested with the restriction enzymes KpnI 

(Thermo Fisher Scientific, Waltham, MA, USA; FD0524) and BsrGI (New England 

BioLabs, Ipswich, MA, USA; R0575S) using Buffer C (PROMEGA, Madison, WI, USA; 

R003A) during two hours at 37 °C to free the GFP-encoding fragment. The resultant 

backbone (p.3×FLAG), required for AAVs construction, was purified using the kit 

NZYGelpure (NZYTech, Lisbon, Portugal; MB01101), according to manufacturer’s 

instructions, after 1 % agarose gel electrophoresis.  

PCR was conducted to amplify the CERKLa cDNA insert using the polymerase 

AccuPrimeTM
 Taq DNA High Fidelity (Invitrogen, Waltham, MA, USA; 12346-086) and 

appropriate primers (forward 5’ GGGGTACCCCAATACGACTCACTATAGGGAGACC 

3’, reverse 5’ TATAGGTACCTATAGTACTTTGGAATCATTTCTTCCAT 3’) containing 

restriction targets (underlined) for KpnI (5’ end) and Acc65I (3’ end). The PCR product 
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was purified with the NZYGelpure kit (NZYTech, Lisbon, Portugal; MB01101) 

according to the manufacturer’s indications and subsequently digested with KpnI 

and Acc65I (Thermo Fisher Scientific, Waltham, MA, USA; FD0904) using the 

FastDigest Green buffer (Thermo Fisher Scientific, Waltham, MA, USA; B72).  

Purified CERKLa cDNA insert and AAV-vector backbone were ligated in a 3:1 ratio 

with T4 DNA ligase (Invitrogen Waltham, MA, USA; IVGN2104) overnight at 17 °C. 

After bacterial transformation, the recombinant constructs were identified by 

differential restriction pattern using BamHI (Thermo Fisher Scientific, Waltham, MA, 

USA; FD0054) and Acc65I restriction digestion.  

Bacterial transformation and culture  

For bacterial transformation, DNA was introduced in competent DH5α Escherichia 

coli cells by heat shock (42 ºC for 90 seconds). Cells were then kept in ice for 2 

minutes, recovered at 37 ºC for 1 hour in Lysogeny broth (LB) and plated in LB-agar 

plates supplemented with kanamycin for incubation overnight at 37 ºC. Then, 

individual recombinant colonies were picked and transferred into 3-5 mL LB tubes 

with 25 µg/ml kanamycin and incubated overnight at 37 ºC in a shaker. The following 

day, plasmid purification was performed with QIAprep Spin Miniprep Kit (Qiagen, 

Germantown, MD, USA; 27104) following manufacturer’s indications. 

DNA sequencing  

Sanger sequencing was performed to verify the sequence integrity, orientation of 

the inserts and reading frame using the BigDyeTM Terminator v3.1 Cycle Sequencing 

Kit (Thermo Fisher Scientific, Rockford, IL, USA; 4337455). For each reaction, we used 

0.5 µM of each primer (forward and reverse) (Table 3), 1× BigDye Buffer (Applied 

Biosystems), 1 µL of BigDyeTM Terminator v3.1 Ready, the appropriate amount of 

DNA and PCR-grade H2O up to 10 µL. The PCR program was as follows: 94 ºC for 2 

minutes and 28 cycles of 96 ºC for 10 seconds, 50 ºC for 5 seconds and 60 ºC for 4 

minutes. Electropherograms were analysed using the alignment software available in 

Benchling (https://benchling.com), which aligns the obtained reads to a reference 

sequence. 

 

https://benchling.com/
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Table 3. Primers used for p.CERKLa-3×FLAG construct sequencing. 

Name Sequence (5’ → 3’) 

CERKL Exon 3 Reverse TGCAAGCTTCAACAGAGGTTCAAC 
CERKL Exon 6 Forward GTTCCTCATGTGATAACTGCAACTGC 

CERKL Exon 7 Reverse AAGCTTGCCAGCGGTGC 
CERKL Exon 11 Forward CGAAACACTTCTCGGCCAGAAT 

CERKL Exon 12 Reverse CCTCAACAGTGTAAGTCTCAACAAATGG 

 

Subretinal injection of AAV vectors 

One-month-old C57BL/6J CerklWT/WT and CerklKD/KO mice were anesthetized using 

a mixture of Ketamine (100 ng/kg)/Xylacine (10 ng/kg) by intraperitoneal injection. 

Then, with the help of a dissecting microscope, the eye was slightly pulled out to 

perform a conjunctivectomy at the level of the limbus, followed by a sclerotomy using 

a 30-gauge needle. Next, the 33-gauge needle (Hamilton, Reno, NV, USA; HAM 

7762-06) of a Hamilton syringe (Hamilton, Reno, NV, USA; HAMI7635-01) was 

introduced in the subretinal space created by the sclerotomy to deliver 1 µL of AAV 

solution (or 1× PBS in control injected eyes), containing a maximum concentration of 

1×109 viral particles per µL and a 1:5 ratio between AAV2/7m8_GFP and 

AAV2/8_CERKLa-3×FLAG, respectively. After removal of the syringe, 0.3 % 

gentamicin antibiotic cream was applied to the injected eyes. Injected retinas were 

harvested after careful dissection and isolation from RPE and assessed 1-2 months 

after subretinal injection. 

Cell culture, transfection and AAV transduction 

To confirm the correct expression of p.CERKLa-3×FLAG in human and mouse cells, 

we transfected HEK293 (human embryonic kidney cell line) and WT/WT mouse pRPE 

(stablished line, see Material and Methods from Results Chapter 1.3) cells using 

lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA; L3000015). ARPE-

19 cells were used to verify the transduction efficiency of AAV2/8_CERKLa-3×FLAG 

and AAV2/7m8_CERKLa-3×FLAG vectors. 

Prior to transfection and transduction assays, HEK293 and ARPE-19 cells were 

cultured and grown in complete medium (HEK293 complete medium: 1 % 
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penicillin/streptomycin and 10 % FBS in DMEM; ARPE-19 complete medium: 1 % 

penicillin/streptomycin and 10 % FBS in DMEM:F12 (ratio 1:1)) until needed.  

For transfection, a mix containing 25 µL of Opti-MEM Reduced Serum Medium 

(Thermo Fisher Scientific, Waltham, MA, USA; 31985070), 500 µg of DNA and 1 µL of 

P3000 reagent was added to a mix containing 25 µL of Opti-MEM Reduced Serum 

Medium and 1 µL of lipofectamine 3000 and incubated at room temperature for 10-

15 minutes. Finally, the DNA:lipofectamine 3000 mix was added to 1.5×105 cells 

(HEK293 or mouse pRPE) seeded onto a 24-well plate wells in complete medium and 

incubated for 72 hours at 37 ºC and 5 % CO2 in a humified cell culture incubator. For 

immunocytochemistry experiments, cells were seeded onto poly-L-lysin-coated 

coverslips. 

For AAV transduction, 1.16×105 ARPE-19 cells were seeded onto 24-well plate 

wells in 200 µL of DMEM:F12 (ratio 1:1). Cells were infected with the selected AAV 

using a 105 multiplicity of infection (MOI), equivalent to a total amount of 1.16×1010 

viral particles per well. After 2 hours of incubation at 37 ºC and 5 % CO2 in a humified 

cell culture incubator, 400 µL of ARPE-19 complete medium was added to the cells, 

which were further incubated for 72 hours to obtain genomic DNA and RNA or 

conduct protein analyses by immunocytochemistry and Western blot. 

Retinal explants culture 

Eyes were enucleated from adult WT/WT mice and dissected in 1× PBS 

supplemented with 1 % penicillin/streptomycin. Next, retinas were obtained after 

cutting through the ora serrata and pulling from the posterior part of the eye. Then, 

retinas were flattened after 3-4 radial cuts from the extremes to the centre and 

cultured with photoreceptors face up for 2 hours in cell culture inserts (Millipore, 

Darmstadt, Germany; PICM03050) floating inside 6-multiwell plates containing 

retinal explant complete medium (Neurobasal™-A medium (Thermo Fisher 

Scientific, Waltham, MA, USA; 10888022) supplemented with 0.06 % D- Glucose, 

0.0045 % NaHCO3, 1 mM L-Glutamine, 1 % Penicillin/Streptomycin and 1× B27 

(Invitrogen, Carlsbad, CA, USA; A3582801)) prior to transfection with DNA-wrapped 

gold nanoparticles. After transfection, retinal explants were further incubated for 24 

hours in a humidified cell culture incubator at 37 ºC and 5 % CO2. 
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Transfection with DNA-wrapped gold nanoparticles 

As previously described by Trigueros et al. (234), 100 µL of 40 nm gold 

nanoparticles (Sigma-Aldrich, St. Louis, MO, USA; S-741981) were mixed with 1 µg of 

plasmid DNA (pEGFP-N2 or pcDNA3) to produce plasmid DNA-gold nanoparticles 

hybrid structures. A 20 µL drop of DNA-wrapped gold nanoparticles (pEGFP-N2 or 

pcDNA3 as negative control) was added onto retinal explants. Photothermal plasmon 

resonance of the gold nanoparticles was activated by white light irradiation (235). 

Subsequently, retinal explants were relocated to the incubator for 24 hours prior to 

analysis of the transfection efficiency. The specific details of the DNA-nanoparticle 

wrapping reaction and transfection are currently subject to a patent and published 

under standard free patent procedures (236). 

RNA extraction and cDNA synthesis 

RNA extraction and purification from cells was performed using the RNeasy Plus 

Mini Kit (Qiagen, Hilden, Germany; 74134) according to manufacturer’s indications. 

After elution in 30 µL, 1.5 µL of AmbionTM DNase I (Thermo Fisher Scientific, Rockford, 

IL, USA; AM2222) was added to the samples and incubated for 1.5 hours at 37 ºC. 

Next, genomic DNA clean-up was performed using High Pure RNA Isolation Kit 

(Roche Diagnostics, Indianapolis, IN; 11828665001) following manufacturer’s 

instructions. To evaluate RNA purification, PCR was performed using 2 µL of RNA 

sample and primers against the housekeeping gene GAPDH (hGAPDH forward: 5’ 

CGACCA CTTTGTCAAGCTCA 3’ and hGAPDH reverse: 5’ 

TGTGAGGAGGGGAGATTCAG 3’). The PCR program was as follows: 94 ºC for 5 

minutes and 35 cycles of 94 ºC for 30 seconds, 64 ºC for 30 seconds and 72 ºC for 10 

seconds. Once the RNA sample was pure and free of genomic DNA contamination, 

copy DNA (cDNA) was generated by reverse transcription PCR (RT-PCR) using 15 µL 

of RNA with the qScript cDNA Synthesis Kit (QuantaBio, Beverly, MA, USA; 95047-

100) according to manufacturer’s specifications. Finally, cDNA synthesis was verified 

with GAPDH PCR as previously explained. 
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AAV-coding regions amplification by PCR 

To verify the presence of DNA inside AAV capsids in addition to AAV transduction 

and transcription, we performed PCRs to amplify specific CERKLa-3×FLAG or GFP-

coding sequences. 

Viral DNA was extracted from AAV capsids first by adding 1 µL of AmbionTM DNase 

I to 1.16×1010 viral particles, followed by incubation during 1 hour at 37 ºC to 

eliminate external DNA. Then, AmbionTM DNase I was inactivated and AAV capsids 

were denatured by incubation at 95 ºC for 10 minutes. To normalize the quantity of 

DNA in the following PCR, we added the same approximate amount of p.CERKLa-

3×FLAG and p8.GFP-3×FLAG plasmid DNAs (positive controls) compared to the 

number of viral particles, after considering the molecular size and concentration of 

each vector. 

Viral DNA, total DNA and cDNA from transduced cells were used to amplify 

CERKLa-3×FLAG or GFP-encoding sequences by PCR using appropriate pairs of 

primers (Table 4). The PCR program was as follows: 94 ºC for minutes and 35 cycles 

of 94 ºC for 30 seconds, 62 ºC for 30 seconds and 72 ºC for 35 seconds. PCR products 

were analysed by 1 % agarose gel electrophoresis. 

Table 4. Primers used to amplify CERKLa-3×FLAG or GFP-coding sequences. 

Name Sequence (5’ → 3’) 

p. CERKLa-3×FLAG 5’UTR Forward 1 GGTTTAGTGAACCGTCAGATCACTAGT 

CERKLa Reverse 1 CTTAGAATCACCCGCCGG 

CERKLa Forward 2 CAGTCTTTATGGAGGAAGCATGG 
p. CERKLa-3×FLAG 3’UTR Reverse 2 GGGCCACAACTCCTCATAAAGA 

GFP Forward AAGGACGACGGCAACTACAAG 
GFP Reverse CTTCTCGTTGGGGTCTTTGC 

 

Immunocytochemistry and immunohistochemistry 

After fixation with 4 % PFA for 15 minutes at room temperature, cells were 

permeabilized during 20 minutes with 0.2 % Triton X-100 (Scharlab, Hamburg, 

Germany; TR04441000) in 1× PBS and blocked with 1× PBS containing 5 % normal 

goat serum (Life technologies, Carlsbad, CA, USA; 16210064) for 1 hour at room 

temperature.  
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Retinal explants were fixed within the culture insert with 4 % PFA at room 

temperature for 1 hour. Retinal explant flat-mounts were permeabilized three times 

with 2 % triton X-100 (Scharlab, Hamburg, Germany; TR04441000) in 1× PBS for 10 

minutes and blocked using 10 % normal goat serum (Life technologies, Carlsbad, CA, 

USA; 16210064) in 1× PBS for 1 hour at room temperature. 

Then, cells or retinal explants were incubated with primary antibodies (anti-FLAG 

M2 (Sigma-Aldrich; F1804; 1:250), anti-GFP 488 (Thermo Fisher Scientific; A-21311; 

1:250), anti-IMPDH1 (inhouse antibody kindly gifted by Dr Ana Méndez; 1:250), and 

anti-cone arrestin (Millipore; AB15282; 1:250)) in blocking solution overnight at 4 ºC 

and secondary antibodies (AlexaFluor 488 anti-Mouse (Thermo Fisher Scientific, 

Rockford, IL, USA; A11017; 1:500), AlexaFluor 568 anti-Mouse (Thermo Fisher 

Scientific; A11004; 1:500), (PNA 647 (Invitrogen; L32460; 1:50), and AlexaFluor 568 

anti-Rabbit (Thermo Fisher Scientific; A11001; 1:500)) with DAPI (Sigma-Aldrich, St. 

Louis, MO, USA; 10236276001; 1:1000) for 1 hour at room temperature. Finally, 

samples were mounted using Mowiol 4-88 (Merck, Kenilworth, NJ, USA) and 

visualized by fluorescence microscopy (ZOE Fluorescent Cell Imager, BioRad, 

Madrid, Spain), high-resolution microscopy (THUNDER Imager Live Cell & 3D Cell 

Culture & 3D Assay, Leica Microsystems, Wetzlar, Germany) or confocal microscopy 

(Zeiss LSM 880, Thornwood, NY, USA). Fluorescence images were analysed using 

ImageJ software.  

Western blotting 

Adult mouse retinas were lysed in RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 

1 mM EDTA, 1 % NP-40, 0.25 % Na-deoxycholate, protease inhibitors (Complete; Mini 

Protease Inhibitor Cocktail Tablets; Roche)) containing phosphatase inhibitors. Cell 

protein homogenates were directly collected by adding 30 µL of 1× Loading Buffer 

(60 mM TrisHCl pH 6.8, 10 % glycerol, 2 % Sodium Dodecyl Sulphate, 0.1 % 

Bromophenol blue in Milli®-Q water) and 5 % β-mercaptoethanol, and boiled for 5 

minutes at 95 °C. Proteins were analysed by SDS-PAGE and transferred onto 

nitrocellulose membranes, which were blocked with 5 % non-fat dry milk in 1× PBS 

containing 0.1 % Tween 20 and incubated overnight at 4 ºC with primary antibodies. 

After incubation with horseradish peroxidase-labelled secondary antibodies for 1 
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hour at room temperature, immunodetection was developed using the ECL system 

(Lumi-Light Western Blotting Substrate, Roche). Images were acquired by 

ImageQuant™ LAS 4000 mini Image Analyzer (Fuji-film) and quantified using ImageJ 

software. GAPDH loading control was used to normalize protein values. The primary 

antibodies were the following: anti-GAPDH (Sigma; G9545; 1:1000), anti-FLAG 

(Thermo Fisher Scientific; PA1-984B; 1:500), and anti-GFP (Abcam; ab290; 1:1000). 

The secondary antibodies were: HRP-labelled anti-mouse (Sigma; A5906; 1:2000) 

and anti-rabbit (GE Healthcare; NA934-100UL; 1:2000). 
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1. What is the physiological function of CERKL? 

Since the discovery of the CERKL gene twenty years ago, multiple studies driven 

by various research groups have attempted to elucidate the function of CERKL using 

both animal and in vitro approaches without obtaining a clear and definite response. 

Nonetheless, all these investigations have largely contributed to the understanding 

of the nature of CERKL physiological role, clarifying the indubitable impact of CERKL 

in the accurate functioning of the retina. At the beginning of this Thesis, previous work 

had already associated CERKL with several mechanisms important to maintain retinal 

homeostasis, including protection against apoptosis, formation of stress granules, 

regulation of autophagy and modulation of mitochondrial antioxidant systems 

(143,149,151,152). 

Here, we have further characterized the retinitis pigmentosa mouse model 

CerklKD/KO, or KD/KO in short (which retains less than 10 % of Cerkl expression and 

undergoes progressive retinal degeneration and vision impairment (159)), in order 

to unravel the function of CERKL in a physiological environment devoid of this gene 

by carefully identifying and dissecting the altered pathways involved in CERKL-

associated retinal degeneration.  

1.1. CERKL modulates mitochondrial network dynamics and energetic 

metabolism  

Considering the previously described interaction of endogenous CERKL with the 

mitochondrial antioxidant protein TRX2 in NIH3T3 cells (mouse fibroblast cell line) 

(149), our initial aim consisted in dissecting CERKL-mitochondria interplay in the 

retina and analysing the impact of Cerkl depletion in mitochondrial homeostasis and 

function.  

We here describe the role of CERKL in modulating mitochondrial network 

dynamics. As previously commented in the introduction (Section 2.3), the 

mitochondrial network is an extremely dynamic entity that, in response to 

physiological cues, is continuously remodelling its morphology and subcellular 

distribution by means of several mechanisms, including fusion, fission, mitophagy 

and transport. The careful analysis of mitochondrial network morphology in different 
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retinal cell types —photoreceptor cells, retinal pigment epithelium (RPE) and retinal 

ganglion cells (RGCs)— has consistently revealed mitochondrial fragmentation 

associated with Cerkl depletion. In line with this observation, the assessment of the 

principal proteins associated to mitochondrial dynamics, along with the quantitative 

analysis of fusion/fission events using live-imaging techniques, indicated decreased 

mitochondrial fusion and overactivated fission due to Cerkl downregulation. A 

regulated balance between mitochondrial fusion and fission events is essential to 

maintain homeostasis and mitochondrial health, particularly in environmental or 

genetic stress conditions (237). Indeed, damaged mitochondria can be rescued by 

fusion with healthy mitochondria allowing functional complementation to restore 

their molecular content, membrane potential and homeostasis (238). In contrast, 

fission is usually associated with the segregation of unhealthy and dysfunctional 

mitochondria that are targeted to degradation through mitophagy (239). Notably, 

besides mitochondrial size reduction, we have also described accumulation of 

mitochondria in Cerkl-depleted photoreceptor cells, a result that points to an 

increased mitochondrial biogenesis or defective mitophagy. Conversely, and also in 

line with these results, overexpression of CERKL in 661W photoreceptor-derived cells 

caused a significant increase in mitophagy. 

Furthermore, the analysis of mitochondrial morphology in KD/KO RGC axons 

evidenced a heterogeneous distribution of mitochondria throughout the axonal 

length, with the more distal regions being enriched in smaller mitochondria. In 

agreement with that observation, mitochondrial trafficking was reduced in the axons 

of KD/KO hippocampal neurons, with decreased average velocity and accumulated 

distance. Particularly in neurons, mitochondrial trafficking is a pivotal mechanism 

underlying the correct subcellular distribution of mitochondria from the soma  

—where mitochondrial biogenesis occurs— to neurites and axons, in order to fulfil the 

subcellular needs and maintain neuronal survival and function (240,241). Hence, 

these findings reflect mitochondrial trafficking alterations due to Cerkl depletion, 

which probably culminate in the RGC cytoarchitectural changes observed in previous 

work, encompassing a more complex dendritic arbour and shortened axons (159), as 

well as functional impairment of the ganglion cell layer described in the CerklKD/KD 

model (158).  
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All the described alterations affecting mitochondrial dynamics are indicative of 

metabolic stress and homeostatic imbalance. The retina is a high metabolic rate tissue 

that relies in glycolysis and oxidative phosphorylation (OXPHOS) to provide for its 

high energy demands, although the latter has been demonstrated to be more 

advantageous in terms of energetic yield. In particular, photoreceptor mitochondria 

have been shown to perform close to their maximal respiratory capacity, with a limited 

reserve capacity of 25 % (242). Consequently, alterations in aerobic energetic 

metabolism can compromise photoreceptors survival. Our data from functional 

assays in the retina points to CERKL exerting an influence on mitochondrial 

respiration, but not in glycolysis or glucose oxidation. Here we demonstrate that Cerkl 

downregulation impairs mitochondrial bioenergetics in the neuroretina and RPE, 

coupled with differential alterations in various OXPHOS proteins. In this context, 

energy depletion may represent a metabolic trigger for the described wide spectrum 

of mitochondrial alterations that eventually cause oxidative stress in retinal cells. 

Moreover, and in agreement with the report that described CERKL-TRX2 

interaction (149), our immunostaining results verified the colocalization of a pool of 

endogenous and overexpressed CERKL isoforms with mitochondria in mouse retinal 

neurons and RPE cells. Using two inhouse antibodies, anti-CERKL2 and anti-CERKL5, 

which detect epitopes encoded by exon 2 or 5, respectively, we observed that the 

pool of endogenous CERKL isoforms containing exon 5 —thus recognized by anti-

CERKL5 antibody— strongly colocalized with mitochondria, while CERKL isoforms 

displaying exon 2 diffusely localized through the cytoplasm and colocalized with 

mitochondria to a lesser extent. Based on these findings, we speculated that the ATP-

binding site —encoded by exon 5— would be responsible for the interaction with 

mitochondria. In fact, the most prevalent mutation in CERKL, CERKLR257X (also called 

CERKLR283X), resides in exon 5, thus highlighting the relevance of this CERKL region. 

Unexpectedly, data collected from overexpression experiments in ARPE-19 cells 

using multiple alternatively spliced CERKL isoforms, revealed that overexpression of 

the CERKLc-GFP isoform (devoid of exons 3, 4, 4b and 5, thus lacking the DAGK 

domain and ATP-binding site), consistently localized at mitochondria, even at a 

higher concentration than CERKLb-GFP (the longest human isoform, which includes 
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exon 4b), which localized all over the cell. Hence, we hypothesized that the structural 

domain participating in CERKL-mitochondria interaction should be common 

between CERKLb and CERKLc isoforms. As both isoforms share the N- and C-

terminus, the common protein domains include the pleckstrin-homology (PH) 

domain, the two nuclear localization signals (NLS), the two nuclear export signals 

(NES) and the CERKL C-terminus. Given that several studies have widely discussed 

the binding properties of the PH domain to several membranes and lipids, including 

phosphoinositides and cardiolipin —two lipids present in mitochondria (243–245)—, 

we surmised that the PH domain might function as an anchor between CERKL and 

the mitochondrial membranes. Importantly, phosphoinositides are regulatory lipids 

that participate in the regulation of mitophagy, mitochondrial fission and energy 

production (245), whereas cardiolipin is a crucial mitochondrial lipid that contributes 

to properly structure the inner mitochondrial membrane. Of note, in response to mild 

stress, cardiolipin shifts its location from the inner to the outer mitochondrial 

membrane of damaged mitochondria, thus labelling them for mitophagy. 

Additionally, upon intense stress conditions, the outer mitochondrial membrane-

associated cardiolipin is oxidized favouring the release of cytochrome c and other 

apoptotic factors, triggering apoptosis (246). In light of these data, we contemplated 

that CERKL interaction with mitochondria might be mediated by these lipids, 

especially considering the role of cardiolipin as a stress sensor, to potentially recruit 

CERKL to mitochondrial membranes in response to damage. Nonetheless, further 

research is needed to identify the CERKL domain required for mitochondrial 

targeting and the specific mitochondrial lipid or protein implicated in CERKL-

mitochondrial association. 

To sum up, the accumulation of fragmented mitochondria, coupled with the 

alteration in mitochondrial dynamics (reduced fusion, increased fission, altered 

mitochondrial distribution and trafficking) and the impairment of OXPHOS due to 

CERKL downregulation, altogether highlight the importance of CERKL in the proper 

regulation of mitochondrial network and bioenergetics, as well as the possible 

contribution of CERKL-mitochondria interaction to the retinal disease genesis and 

progression. Ergo, these exhaustive analyses provide new insights into the altered 
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metabolic pathways in CERKL-associated IRDs and open new opportunities to test 

pharmaceutical therapeutic approaches (further discussed in Discussion Section 3.1). 

1.2. Autophagy activation is mediated by CERKL levels 

In a global scenario of metabolic stress due to the accumulation of damaged and 

dysfunctional mitochondria, activation of autophagy can contribute to restore cellular 

homeostasis by i) compensating metabolic imbalance by supplying nutrients and 

energy; ii) eliminating oxidative stress-damaged cellular components and organelles; 

and iii) inducing the p62-KEAP1-NRF2 axis to activate the antioxidant response. Our 

collected data from RNA-Seq, Western blotting and immunodetection analyses 

indicates an enhanced activation of autophagy —but not mitophagy— in retinas with 

severe depletion of Cerkl, although this effect was not maintained during ageing, 

suggesting that these changes might act as acute protective mechanisms to restore 

cellular homeostasis and/or initial manifestations of cell death commitment. 

Nonetheless, colocalization analyses demonstrated that CERKL was not directly 

interacting with autophagic structures (detected by LAMP1 and p62). Interestingly 

and unexpectedly, our reported data are completely opposite to other reports that 

describe autophagy impairment, rather than activation, upon CERKL downregulation 

in RPE human cells and zebrafish retinas. In this study, Hu et al described the 

interaction between CERKL and SIRT1, an important deacetylase that regulates the 

autophagic flux. Indeed, CERKL contributes to the stabilization of SIRT1 and as 

expected, CERKL downregulation causes a decrease in SIRT1 levels (152). This 

phenomenon was also observed in the KD/KO model, despite of the contradictory 

and paradoxical results regarding autophagy ultimate outcome. These conflicting 

findings suggest the contribution of additional molecular players in autophagy 

regulation in the mammalian retina and highlight the necessity of complementary 

studies to outline the function of CERKL-SIRT1 interaction on autophagy induction in 

the mammalian retina. We propose that CERKL might operate as a regulatory 

component of the autophagic pathway, as an initial sensor or mediator, without 

playing a physical direct role in the process itself.  
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1.3. CERKL as a stress-sensor and antioxidant-regulator protein 

CERKL has been proposed as an orchestrator of the oxidative stress retinal 

response, even though its precise molecular function remains enigmatic. Several 

studies have reported that the in vitro overexpression of CERKL —usually the full-

length isoform, namely CERKLa— protects cells against oxidative stress-induced 

apoptosis, while the downregulation of CERKL compromises cell viability 

(143,148,149). In our in vitro studies, we decided to overexpress CERKLb isoform —a 

primate-exclusive isoform— instead of CERKLa, to test if the addition of exon 4b, 

which displays an extra helix outside the main core of the protein predicted structure, 

within the DAGK domain (Figure 37) could confer complementary protective roles. 

Moreover, overexpression of the shorter alternatively spliced isoform, CERKLc, was 

also performed to check the rescue ability of this isoform from oxidative stress even 

though it lacks the DAGK domain and ATP-binding site (Figure 37). Our data revealed 

that the overexpression of both CERKLb and CERKLc isoforms in ARPE-19 cells 

provides protection against oxidative stress and preserves mitochondrial network 

morphology. These findings align with the formerly commented colocalization of 

CERKLc with mitochondria, reinforcing the idea that exon 5-encoding region is not 

required for the interaction with these organelles. Additionally, CERKLb and CERKLc 

overexpression decreases the basal levels of mitochondrial superoxide in both 

control and oxidative stress conditions, thus reducing mitochondrial damage. 

Therefore, we here describe an additional stress-protective mechanism of CERKL that 

contributes to the maintenance of mitochondrial network morphology and redox 

status.  

Previous investigations have unveiled the intricate transcriptional complexity of 

hCERKL/mCerkl gene in both human and mouse retinas, yielding more than 20 

different transcriptional isoforms (142). Our results from in vitro overexpression of 

both CERKLb and CERKLc isoforms showed no differences in their capacity to protect 

the mitochondrial network against oxidative stress, although their subcellular 

distribution and mitochondrial colocalization was slightly different, indicating that 

both alternatively spliced isoforms equally contribute to the protection against 

oxidative stress.  
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Figure 37. Similarities and differences in protein domains and 3D structure of alternatively 

spliced human CERKL isoforms. (A) Graphical representation of the protein domains (in 

colours) included in each alternatively spliced CERKL isoform. Each number indicates the 

exons present in each isoform. NLS: nuclear localization signal; PH domain: pleckstrin 

homology domain; DAGK domain: diacylglycerol kinase domain; NES: nuclear export signal. 

(B) Inferred 3D structure of each alternatively spliced CERKL isoform. The additional helix 

generated by exon 4b in CERKLb isoform is indicated by a white arrow. Structural analysis 

performed with Pymol software using rainbow illustration: blue corresponds to the N-

terminus and red to the C-terminus. Structural data retrieved from AlphaFold Protein 

Structure Database (https://alphafold.ebi.ac.uk). 

https://alphafold.ebi.ac.uk/
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However, affectations in the full-length protein —as it happens for instance in 

patients carrying CERKLR257X mutation, located in exon 5, skipped in some CERKL 

isoforms— cause retinal neurodegeneration and vision impairment, thus suggesting 

that the presence or absence of protein domains in the numerous CERKL isoforms 

might result in differential intracellular physiological roles. Thus, this evidence 

highlights the importance of the proper function of the full-length isoform of CERKL 

to preserve retinal homeostasis.  

In contrast with the results obtained from CERKL overexpression experiments, we 

observed that CERKL depletion aggravates the damage produced by light/oxidative 

stress. CERKL downregulation in vitro failed to maintain mitochondrial network 

morphology and bioenergetics, especially in response to oxidative stress. In 

agreement with other reports (148,149,151), we described the participation of 

different pools of CERKL isoforms in the production of stress assemblies in response 

to oxidative stress in WT/WT primary cultures of retinal ganglion cells (RGCs). 

Remarkably, Cerkl-depleted retinal neurons exhibited an exacerbated stress granule-

mediated response in basal conditions, reaching similar levels to those observed in 

WT/WT upon stress, both in vitro and in vivo. In fact, oxidative/light stress did not 

enhance this response in KD/KO, compared with the already overactivated basal 

response. A similar behaviour was also detected when analysing glutathione 

metabolism, which was already impaired in KD/KO retinas in basal conditions, 

exhibiting equivalent levels of GSH/GSSG balance and total quantity of glutathione 

as WT/WT light-stressed retinas. In addition, CERKL participates in the regulation of 

some enzymatic antioxidant systems, particularly, CERKL interacts with the 

thioredoxin enzyme TRX2 and maintains its antioxidant function (149). Our findings 

indicate alterations in the levels of other peroxiredoxin enzymes in KD/KO retinas, 

such as PRX3 and PRX5, especially in response to light-stress, suggesting that CERKL 

may be also involved in the proper modulation of thioredoxin/peroxiredoxin 

enzymes. Thus, our data revealed an exacerbated but impaired antioxidant response 

in KD/KO retinas in basal conditions, possibly in response to a stress 

microenvironment due to Cerkl deficiency. In any case, these alterations make KD/KO 

retinas unable to further activate antioxidant mechanisms against additional stress 
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factors, which could definitely tip the scales towards activation of programmed cell 

death mechanisms instead of cell survival. 

Furthermore, ROS levels were increased in KD/KO retinas upon stress conditions. 

An increase in ROS can damage mitochondria, which, at the same time, are the main 

source of ROS in cells, thus contributing to the generation of a vicious circle that ends 

up with ROS overproduction. In addition, the failure of the mitochondrial energy-

supply system affects the proper functionality of repair systems, finally resulting in a 

redox imbalance that may lead to cell death (247). Given that we have described 

alterations in mitochondrial bioenergetics but also in the antioxidant response and 

maintenance of ROS levels, it is difficult to elucidate which is the first step initiating 

this vicious circle. On the one hand, CERKL might play a direct role in mitochondria, 

thus causing mitochondrial dysfunction when downregulated (149). On the other 

hand, several studies have postulated CERKL as a molecular hub in sensing stress, 

contributing to the antioxidant response through participation in different 

mechanisms (143,151). Nevertheless, all these different pathways are interconnected 

and are affected in the same direction upon Cerkl deficiency, pointing out that CERKL 

may exert an upstream regulatory function controlling all these mechanisms in health 

and disease. In fact, we detected a boost in CERKL levels in response to stress injury, 

further supporting the antioxidant role of CERKL. Nevertheless, the overregulation of 

CERKL levels was detected at the protein rather than transcriptional levels, pointing 

to a post-translational negative regulation of CERKL degradation in response to 

stress, as previously described upon hypoxia (248), or other mechanisms to increase 

protein stability in oxidative stress conditions. 

In various neurodegenerative retinal disorders, a common feature is the activation 

of glial cells in response to the damage and degeneration of retinal cells, which elicits 

an inflammatory state within the retina (249). Our findings indicate an increase in 

gliosis in KD/KO retinas, irrespective of exposure to light-induced stress, probably as 

a consequence of the altered redox status and overactivation of antioxidant 

mechanisms that occurs due to Cerkl depletion, even in basal conditions. Indeed, 

gliosis implies chronic damage in KD/KO retinas, contributing to detrimental effects 

and potentially contributing to retinal neurodegeneration (6). Additionally, we 
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observed a late light-responsive loss of synaptic connections between photoreceptor 

cells and post-synaptic neurons in the KD/KO retinas (two weeks after injury), 

suggesting a remodelling of retinal connections as part of the neurodegenerative 

process, as discussed in other studies (7,250). 

After describing alterations in many relevant mechanisms included in the oxidative 

defence system, we evaluated the antioxidant response p62-KEAP1-NRF2 master 

regulator axis, which was already altered in the analysis of autophagy (view Discussion 

Section 1.2). In a normal response to stress, p62 binds KEAP1 —the NRF2-ubiquitin 

ligase that targets NRF2 for proteasomal degradation (251)— to free NRF2. 

Consequently, NRF2 levels increase and NRF2 enter the nucleus to activate the 

transcription of many antioxidant genes, to restore the redox imbalance and suppress 

apoptosis activation (252). Nonetheless, in KD/KO retinas the p62-KEAP1-NRF2 axis 

is impaired at several levels: i) p62 levels are reduced; ii) levels of KEAP1 are slightly 

augmented; and iii) RNA levels of NRF2 are significantly lowered in KD/KO retinas. 

Consequently, several cell death mechanisms, including necroptosis, ferroptosis and 

apoptosis, are activated as a final outcome of light-induced injury, altered antioxidant 

mechanisms and gliosis. Therefore, the impairment of antioxidant responses 

eventually triggers retinal degeneration in CERKL-mutant retinas.  

In summary, owing to our findings, we can conclude that Cerkl-depleted retinal 

cells are subjected to a basal overregulated stress status due to Cerkl deficiency and, 

consequently, are unable to cope with additional oxidative/light-stress damage, thus 

compromising retinal homeostasis. Furthermore, our data reflect the complexity of 

CERKL function within the retina, playing important roles in different cell types, from 

photoreceptor cells to RPE and RGCs. Therefore, in the exhaustive analysis of light-

induced stress response in the KD/KO model, we have contributed to the assembly 

of several puzzle pieces into the intriguing challenge of understanding CERKL 

function in health and disease.  

Figure 38. Graphical summary of the phenotypic features described in the CerklKD/KO 

mouse model in basal and stress conditions. In CerklWT/WT retinas, mitochondria are healthy 

and transported normally through axons (green arrows). CerklKD/KO retinas display a set of 

alterations, mostly related to mitochondrial dysfunction and exacerbated stress responses. 

Upon light stress, CerklKD/KO retinas suffer from increased ROS levels and neurodegeneration. 
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Overall, we have described several early phenotypic biomarkers contributing to 

the pathogenesis of CERKL-associated IRDs, including alterations in mitochondrial 

network dynamics and metabolism, autophagy overregulation, exacerbated 

antioxidant responses and activation of cell death mechanisms. Our proposed model 

is illustrated in Figure 38, which highlights the complex nature of CERKL in regulating 

different processes, but particularly in the modulation of stress resilience, 

mitochondrial network, and metabolic homeostasis. 

1.4. Is CERKL complete deletion lethal due to its physiological function in 

tissues other than the retina? 

In the last five years, a growing number of studies have focused on the involvement 

of CERKL in stress resilience and apoptosis in tissues other than the retina, such as 

brain and epidermis. Peculiarly, CERKL expression is upregulated in zebrafish against 

viral infection as well as in human carcinoma cells, in order to provide a protection 

mechanism against damage in both cases (153,155). An additional report showed 

that CERKL overexpression alleviated brain injury produced by ischemia-reperfusion 

damage (154). In line with these results, our data from experiments in KD/KO 

hippocampal neurons revealed reduced mitochondrial trafficking, alterations in 

mitochondrial network organization and impaired oxidative phosphorylation. 

Therefore, the role of CERKL in preserving cellular homeostasis may be relevant also 

in non-retinal tissues. Consequently, it might be speculated that the complete 

deletion of CERKL could result in lethality or unviability of the individual. It is worth 

noting that the complete deletion of CERKL locus in homozygosis has not been 

identified in any patient yet, neither CERKL mutations have been associated to 

diseases other than IRDs. Therefore, we cannot discard the potential lethality of the 

complete loss of CERKL function. 

On the other hand, previous analyses described the presence of evolutionarily 

conserved super-enhancer regulatory regions within CERKL locus that regulate the 

expression of CERKL, but also the upstream gene NEUROD1 (223). NEUROD1 is a 

neural and pancreatic transcription factor involved in cell cycle regulation, 

neurogenesis in the retina and neuronal development (253,254). NeuroD1 null mice 

are postnatally unviable due to severe diabetes, but the analysis of their neuronal 



 

______279______ 
 

cells indicated that the cell viability is compromised (255,256). Indeed, in the 

CerklKD/KO model the decreased expression of Cerkl highly correlates with a reduction 

in the expression of NeuroD1, pointing out that the phenotypical alterations 

observed in the KD/KO mouse model may be consequence of the hemizygous 

deletion in these regulatory sequences as well as of the synergic decreased 

expression levels of both Cerkl and NeuroD1. It is worth noting that targeted retinal 

deletion of NeuroD1 in homozygosis causes severe photoreceptor alterations, with 

retinas being completely devoid of photoreceptors at 4 months of age (253), a much 

more severe phenotype than that observed in our KD/KO model, which still retains 

reduced NeuroD1 levels. In conclusion, further research is required to fully 

understand the mechanism behind lethality in Cerkl knockout mice. 

 

2. CERKLR257X retinal organoids versus CerklKD/KO mouse model: two 

complementary approaches 

2.1. Similarities and differences 

The usage of both hiPSC-derived 3D retinal organoids and gene-edited mice are 

both well-established models at the service of basic and translational research and 

are ideally used as complementary approaches to answer important biological 

questions. The total deletion or strong deficiency of genes in mouse models is a gold-

standard technique to decipher the function of a particular gene in a whole 

physiological context. Animal models allow to analyse a large spectrum of 

physiological responses. Advances in retinal organoid technology provide the 

opportunity of modelling human retinal diseases in vitro, pinpointing the 

pathological mechanisms, and developing therapies for retinal degeneration (257). 

Thus, studies in animal models are excellently complemented with retinal organoids, 

a useful tool to model complex neurodegenerative diseases (such as IRDs) and 

confirm the functional data obtained in mouse. 

In most of the patients carrying CERKL mutations, the full-length isoform of CERKL 

is generally affected, resulting in a truncated or dysfunctional protein due to 

nonsense and missense mutations, splicing alterations or indels (the detailed list of 
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CERKL mutations is in the Introduction, Table 1). Particularly in the CERKLR257X 

mutation, the truncated protein isoforms may not even be produced due to 

nonsense-mediated mRNA decay. 

 

Figure 39. RNA isoforms and proteins derived from mCerklWT and mCerklKD alleles. In the 

upper panel, mCerklWT allele presents 4 transcription start sites (black arrows), although the 

internal ones (3a and 3b) are not used in the retina. The RNA isoform mCerkl1 is the full-

length isoform and contains all the exons. Alternative splicing events, represented in colour 

(pink, red and orange), give rise to mCerkl2, mCerkl3 and mCerkl4 isoforms. Non-canonical 

transcription start sites in NeuroD1 produce mCerkl16 isoform. The first in-frame methionine 

(Met, *) for mCerkl16 isoform is located in exon 5, generating a protein isoform displaying 

the C-terminus of the DAGK domain (in yellow) and the two NES (in orange). DAGK: 

diacylglycerol kinase; NES: nuclear export signal. In the lower panel, representation of 

mCerklKD allele and the derived RNA and protein isoforms produced from NeuroD1 

transcription start site. Information retrieved from (142).  

Which are the transcripts and proteins produced in our KD/KO model? To answer 

this question, we have to bear in mind the high transcriptional complexity of mCerkl. 
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In Figure 39 (upper panel), we have summarized the most abundant RNA isoforms in 

the wild-type retina generated from the alternative transcription start site from 

NeuroD1 (mCerkl16 isoform) and alternative splicing events (mCerkl2, mCerkl3 and 

mCerkl4 isoforms) (Figure 39, upper panel) (142). 

Instead, in the KD/KO mouse model, only Cerkl isoforms produced from the 

alternative NeuroD1 transcription start site are generated (mCerkl16 isoform) (Figure 

39, lower panel). This occurs because the KD/KO mouse is a double heterozygote 

that possesses a knockdown (KD) allele that lacks the Cerkl promoter and first exon 

(Figure 39, lower panel), and also a complete knockout (KO) allele with no Cerkl 

expression in trans. As a consequence, all the isoforms generated from the proximal 

Cerkl promoter are not produced (Figure 39, lower panel). However, KD/KO mice 

maintain approximately 10 % of Cerkl expression produced from the upstream non-

canonical transcription start site in NeuroD1 gene, yielding the mCerkl16 isoform 

(Figure 39, lower panel). Consequently, given that the first in-frame methionine  

—besides the initiating one in exon 1— is situated in exon 5, the mCerkl16 isoform 

should produce a protein isoform devoid of the first 4 exons completely, where most 

of the described protein domains are located (Figure 39, lower panel), thus opening 

new questions about its subcellular location and physiological functions. 

Interestingly, CERKL isoforms produced from 3a and 3b internal transcription start 

sites —highly used in kidney— should also start in the methionine located in exon 5, 

resulting in the same C-terminal protein isoform. Nonetheless, a current research line 

in our group is studying the use of non-canonical translational initiation sites situated 

upstream the methionine in exon 5 in CERKL gene, which could also contribute to 

understand CERKL complex transcriptional and translational regulation and unveil 

feasible and novel CERKL isoforms. 

It is worth noting here that none of the models, either the CERKLR257X patient’s 

retinal organoids or the KD/KO mouse model, can produce the full-length isoform of 

CERKL, despite of the differential expression of alternatively spliced isoforms. On 

account of this fact, we consider that the detailed and exhaustive characterization of 

the KD/KO model will be helpful to focus our future studies and analyses of CERKLR257X 

patient’s retinal organoids into specific pathways and metabolites, including the 
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organization and function of the mitochondrial network and the assessed antioxidant 

systems. However, considering the commented differences in the expression pattern 

of CERKL isoforms, as well as the secondary features derived from the whole deletion 

of Cerkl locus in the KD/KO model, in addition to the genetic background differences 

between species and physiological environments, we do not expect the same precise 

alterations in the CERKLR257X retinal organoids as those described in the mouse 

model. 

2.2. Future perspectives using CERKLR257X retinal organoids 

As the IRDs associated to mutations in CERKL, particularly retinitis pigmentosa in 

CERKLR257X mutation, are late-onset diseases, the selected timepoints for the 

assessment of proper differentiation and analysis of molecular, cellular, and functional 

phenotypic biomarkers were 150 and 200 days of differentiation. At the first 

timepoint, we aim to study the structural lamination of the retinal organoids, as well 

as the formation of photoreceptor OSs. In addition, at this timepoint, we can also 

assess CERKL expression in the human tissue and early phenotypic disease 

biomarkers. On the other hand, retinal organoids will already be fully differentiated 

when they reach the second selected timepoint (day 200 of differentiation), thus 

allowing us the study of physiological alterations in the retinal function by 

electroretinograms, on top of the analysis of phenotypic disease biomarkers and cell 

death activation. 

Besides the directed phenotypic evaluation of CERKLR257X retinal organoids 

exploiting the detailed characterization of the KD/KO model, this new 

methodological tool opens the possibility to assess additional features of CERKL in 

health and disease. Given the complex transcriptional complexity underlying CERKL 

gene, we also plan to perform long-read RNA-Seq to unravel the RNA isoforms of 

CERKL that are produced in healthy human-derived retinal organoids, but also in 

retinal organoids carrying CERKLR257X mutation. Moreover, although CERKL has not 

been proved as a lipid kinase, it is capable of binding lipids, such as glucosyl 

ceramide, galactosyl ceramide and sphingomyelin. Indeed, Cerkl deficiency leads to 

diminished levels of these sphingolipids in the CerklKD/KD mouse model (258). 
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Accordingly, another interesting experiment would consist of a lipidomic analysis of 

healthy and CERKLR257X retinal organoids. 

Furthermore, an additional compelling perspective would include the evaluation 

of stress response in retinal organoids by performing oxidative or light-stress injury. 

In the previous study of CERKLR257X patient’s retinal organoids, sodium arsenite 

treatment was performed to induce oxidative stress. However, this might not be the 

most physiological treatment to produce stress in retinal organoids, and possibly 

derives in activation of non-canonical antioxidant responses. Therefore, we 

contemplate the potential use of light at different wavelengths and intensities to 

induce light stress responses, as retinal organoids have been described to respond 

to light through miRNA expression (259). However, this methodological strategy 

requires optimization to induce oxidative stress responses without damaging retinal 

organoids architecture. 

Apart from all the possibilities emerging from the use of retinal organoids, 

differentiation of CERKLR257X hiPSC into RPE might represent a complementary 

approach to the analyses obtained from the neuroretina in retinal organoids, 

especially considering that CERKL exerts a relevant role in RPE cells. Our findings 

revealed alterations in the mitochondrial network, coupled with mitochondrial 

dysfunction and increased multinucleation, which is a clear sign of stress damage in 

vivo (260), due to CERKL strong downregulation in RPE. In addition, other authors 

have reported impairment of autophagy and phagocytosis in CERKL-depleted RPE 

cells (152,163). All these evidences point to the relevant physiological role of CERKL 

in RPE, especially in protecting the mitochondrial network and homeostasis against 

the injury of oxidative stress, thus highlighting the importance to assess the effects of 

CERKLR257X mutation in this cell type. 

Finally, once we have conducted a phenotypic characterization of CERKLR257X 

retinal organoids and RPE, different therapeutical strategies could be tested to revert 

the impaired pathways, such as the currently developing AAV2/7m8_CERKLa-

3×FLAG therapeutic approach to complement the results obtained from KD/KO mice 

and provide solid evidence of the effectiveness of this treatment to be tested in 

patients carrying mutations in CERKL. A complementary strategy would include the 
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use of CRISPR/Cas9 technology to correct CERKLR257X mutation in the patient’s hiPSCs 

and differentiate them into retinal organoids to assess the phenotypic rescue effect 

derived from the elimination of the causative mutation. However, the presence of off-

target effects should be evaluated by next generation sequencing prior to 

differentiation, as we also plan to do in the current generation of CERKLR257X isogenic 

hiPSC line using CRISPR/Cas9 system. 

Altogether, the use of hiPSC-derived retinal organoids and RPE presents new 

possibilities for understanding and deciphering the intricate function of CERKL in 

health and disease, by providing a physiological context closer to humans and 

patients. 

 

3. Exploring therapeutic approaches for IRDs 

3.1. Antioxidant treatment to enhance mitochondrial function and reduce 

redox imbalance 

Alterations in the proper regulation of redox balance and mitochondrial energy 

production underlie the pathophysiology of many IRDs, including CERKL-associated 

retinal disorders, as described in this PhD Thesis. Accordingly, neuroprotective 

strategies that aim to diminish oxidative damage and preserve photoreceptors 

survival offer a great opportunity to treat IRDs without developing gene therapy (53). 

At present, several neuroprotective compounds have been tested in research and 

(pre)clinical studies that yielded positive results (261). To assess the effects of 

neuroprotective therapy in CERKL downregulation, we supplemented CERKL-

depleted ARPE-19 with N-acetylcysteine, an antioxidant that enhances glutathione 

metabolism and neutralize ROS (262). However, N-acetylcysteine antioxidant 

treatment was not sufficient to restore mitochondrial function upon CERKL depletion, 

indicating that this compound was not directly acting in the specifically altered 

pathways by CERKL downregulation. 

Nonetheless, there are additional neuroprotective compounds to be tested upon 

CERKL deficiency. Considering the interaction and regulation of CERKL with TRX2, 

the addition of thioredoxin would be an approach of particular interest. Indeed, 
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thioredoxin therapy has been described as beneficial in the rd mouse IRD model by 

reducing gliosis, activating glutathione metabolism, and protecting against 

photoreceptor cell death (263). Moreover, the supplement of mitochondrial nutrients 

and metabolic intermediates would represent another remarkable strategy, as several 

studies have demonstrated its improvement in photoreceptor survival and function 

(264,265). Finally, the addition of NRF2 using AAV vectors promotes photoreceptors 

and RPE survival in various mouse models of IRDs (266). Therefore, given that several 

antioxidant agents would result beneficial for CERKL-associated IRDs, a screening 

analysis testing the positive effects of different neuroprotective agents could be 

performed using patient’s retinal organoids in order to evaluate the rescue effect in 

the phenotypic alterations. However, to date, no tested pharmacological agent has 

been shown to be effective enough in preventing or halting vision loss as to receive 

the approval by the FDA or the EMA. Much more basic work on the metabolic 

alterations of the retina has to be undertaken to identify safe and effective reagents 

to treat IRDs, either caused or not caused by CERKL mutations. 

3.2. Challenges and opportunities derived from CERKLa-based gene therapy 

using AAV vectors: from selecting the correct CERKL isoform to targeting the 

adequate host cells 

As previously commented, the production of the full-length isoform of CERKL, 

namely CERKLa, is generally affected in most patients carrying mutations in CERKL. 

This feature is replicated in the KD/KO mouse model, which is not able to generate 

the murine full-length isoform, known as mCerkl1. Moreover, both human (CERKLa) 

and murine (mCerkl1) full-length isoforms are very similar in length (532 amino acids 

in human, and 525 amino acids in mouse), amino acid primary sequence, protein 

functional domains and 3D predicted structure (Figure 40). Given these similarities 

and considering that the final goal of this gene-therapeutic strategy are the human 

patients, we decided to elaborate our gene-addition therapeutic approach using the 

cDNA of human CERKLa isoform.  
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Figure 40. Comparison between hCERKLa and mCerkl1 protein isoforms. Both isoforms 

display the same protein domains (in colours), and their inferred 3D structure is very similar. 

Each number indicates the exons included in each isoform. NLS: nuclear localization signal; 

PH domain: pleckstrin homology domain; DAGK domain: diacylglycerol kinase domain; 

NES: nuclear export signal. Structural analysis performed with Pymol software using rainbow 

illustration: blue corresponds to the N-terminus and red to the C-terminus. Structural data 

retrieved from AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk).  

In our first attempt to generate CERKLa-based gene replacement therapy using 

AAVs as vectors, we used the AAV8 capsid considering the previous experience and 

knowledge from our collaborators in TIGEM. The AAV8 capsid is able to efficiently 

transduce photoreceptor and RPE cells, where we had already described CERKL 

expression and function in maintaining cell homeostasis. Nonetheless, given the 

impaired transduction of AAV2/8_CERKL-3×FLAG vectors, the production of new 

AAV vectors carrying CERKL-3×FLAG was imperative to continue our experiments. 

This decision coincided in time with the initiation of the research line involving the 

differentiation of CERKLR257X patient’s hiPSC into retinal organoids, so we opted for 

the utilization of the AAV7m8 capsid due to its superior transduction efficiency in 

retinal organoids in comparison with the AAV8 capsid. Additionally, the AAV7m8 

capsid can efficiently transduce inner retinal cells, where CERKL is also expressed, 

including amacrine, bipolar, and retinal ganglion cells (RGCs). In fact, our 

experiments analysing CERKL downregulation in murine RGCs have revealed 

https://alphafold.ebi.ac.uk/
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alterations in the mitochondrial network organization and distribution, along with 

exacerbated stress granule-response to stress. These findings align with previous 

studies describing functional alterations in the ganglion cell layer in the CerklKD/KD 

mouse model.  

Overall, taking this evidence into consideration, substituting the capsid from the 

AAV8 to the AAV7m8 might result advantageous in terms of restoring CERKL 

expression and correct function in different retinal cell types, but also in patient’s 

retinal organoids, which could contribute to the global amelioration of the 

phenotypic traits associated to the disease. 

3.3. Upcoming prospects for CERKLa-based gene therapy 

Taking advantage of the previous detailed phenotypic characterization of the 

KD/KO model, we will focus on the most physiologically relevant biomarkers in order 

to determine if this therapeutic strategy is effective in either preventing or halting 

retinal neurodegeneration and restoring vision. In this regard, we have planned the 

future experiments that need to be performed to analyse the rescue effects of 

AAV2/7m8_CERKLa-3×FLAG in mice. To better test the beneficial outcomes of this 

therapeutic approach, as well as to mimic the potential administration in humans, this 

therapy will be applied in 1-month-old mice, once the retina is fully developed and 

considered as adult retina. 

Following the evaluation of the correct expression of the transgene in vitro, the first 

step will be to assess the correct expression of CERKLa-3×FLAG fusion protein 

derived from AAV2/7m8_CERKLa-3×FLAG transduction in vivo by subretinal 

injection. As gene overexpression using AAV vectors by subretinal injection requires 

at least 1 month for the proper expression of the transgene-encoded protein, this 

step will be validated in 2-month-old animals. 

Subsequently, the phenotypic rescue in the KD/KO model will be conducted in 

adult mice of the same age of those used for the phenotypic characterization 

analyses (3-4 months old). Analyses using the phenotypic biomarkers identified in this 

work (such as alterations in mitochondrial trafficking and metabolism and oxidative 

stress response assayed by immunostaining and immunoblot approaches, as well as 
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SeaHorse functional studies) will be conducted in mouse adult retinas to test the 

phenotypic rescue capacity of the subretinal injections of AAV2/7m8_CERKLa-

3×FLAG vectors in vivo. Finally, to assess the extent of the recovery of vision, which 

was impaired in old KD/KO mice (>12 months old), electroretinograms will be also 

performed. Due to the advanced age of these mice, this will be the last experiment 

to be conducted, albeit it is the most crucial for evaluating the rescue of retinal 

function and vision. Unfortunately, considering the extended waiting time required 

for these experiments, it has been impractical to include them in this Thesis. 

Nevertheless, the pursuit of this research line will continue in our research group. 

In any case, considering CERKL as a stress-sensor hub that modulates several 

antioxidant responses and important mechanisms to preserve homeostasis and cell 

survival in the retina, we propose that the addition of CERKL would be beneficial for 

other IRD-patients affected by mutations in other genes as well, as long as they share 

the same misregulated pathways. Thus, we might consider the CERKL-based addition 

therapy as a broad-spectrum therapy for IRDs, as proposed for other genes, e.g. by 

modulation of NRL-NR2E3 pathway (267,268). 

3.4. Gold nanoparticles as an alternative vehicle for gene-therapy products in 

IRDs  

The use of AAVs as a delivery system has meant significant progress in the field of 

gene therapy bringing light into the lives of multiple patients suffering IRDs. 

Nonetheless, the use of AAVs implies an associated risk of immunogenic responses, 

which substantially increases if a second dose of the AAV-associated therapy is 

required or when the delivery of another gene product is needed. These associated 

disadvantages have led the search of alternative and safer vectors for gene delivery. 

In this context, nanoparticles represent a feasible vehicle for gene therapeutic 

approaches due to their high safety profile and modifiability, offering a broad range 

of possibilities. Several studies have demonstrated that the use of gold nanoparticles 

(AuNPs), the type of nanoparticles employed in our experiments, in retinal cells does 

not evoke cytotoxic effects both in vitro and in vivo (234,269). 

Data collected from our experiments using DNA-wrapped AuNPs in retinal 

explants ex vivo as a proxy of gene therapy revealed detectable transfection in 
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photoreceptors, observing expression of the vector exclusively in rod photoreceptor 

cells. Nonetheless, the percentage of rod photoreceptor cells in the mouse retina is 

vastly superior compared to that of cones (only 3 % of cones). Therefore, although we 

were not able to detect GFP-positive cone photoreceptors, we cannot conclude that 

AuNPs cannot transfect cones due to their limited number in the retina. Another 

feasible explanation of AuNP rod-specific targeting may reside in the differences in 

the OS structural organization and varied packing density of membranous disks 

between rod and cone photoreceptors, as rods’ OSs are more densely packed than 

cones OSs. In any case, in order to verify whether AuNPs specifically target rods, but 

not cones, a retinal context with a more balanced proportion of both photoreceptor 

cell types would be required, or also, larger numbers of AuNP-transfected retinas. 

Overall, we have demonstrated the potential therapeutic use of AuNPs as a vector 

for gene delivery in IRDs. However, there are still considerable gaps in the 

understanding of AuNPs cell-specificity and increasing transfection efficiency. Thus, 

additional research is imperative to address these questions. 

 

4. Final remarks 

After many years of intensive effort, we have been able to thoroughly characterize 

the pathophysiological cellular mechanisms involved in CERKL-associated IRDs. 

Using the previously generated KD/KO mouse model, we have described increased 

autophagy, accumulation of fragmented mitochondria, impaired mitochondrial 

bioenergetics and trafficking, exacerbated stress response and activation of cell 

death mechanisms due to Cerkl depletion in different retinal cell types and 

hippocampal neurons. Hence, our findings highlight the relevance of CERKL in the 

regulation of a broad range of stress resilience mechanisms in the retina. The novel 

identification of early altered phenotypic biomarkers described in our studies will 

facilitate further analyses in CERKL-associated patient’s retinal organoids, which 

represent an essential tool to reach a more complete understanding of the 

pathophysiology in CERKL-associated IRDs. Furthermore, the accurate knowledge of 

the different phenotypic alterations caused by CERKL deficiency provides the ideal 
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scenario to test different therapeutic approaches, such as antioxidant and/or gene 

augmentation strategies, to rescue and revert the pathological phenotype. 
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Unravelling the function of CERKL in autophagy and mitochondrial homeostasis. 

- CERKL deficiency alters autophagy, mitochondrial dynamics and metabolism 

in the mammalian retina. 

˃ Retinas from CerklKD/KO mice exhibit increased autophagy in in vitro 

(retinal ganglion cell primary culture), ex vivo (retinal explants) and in vivo 

(mouse retinas) analyses. 

˃ Specific pools of endogenous CERKL isoforms colocalize with 

mitochondria in retinal ganglion cells and hippocampal neurons in 

primary culture, especially those detected by anti-CERKL5 antibody. 

˃ Mitochondrial mass is increased in CerklKD/KO retinas, although no 

alterations in mitochondrial biogenesis or mitophagy were observed. 

On the contrary, overexpression of hCERKLa-GFP promotes mitophagy 

in 661W cells. 

˃ Cerkl depletion in photoreceptor cells and retinal ganglion cells results 

in increased fragmented mitochondria, together with alterations in 

mitochondrial distribution through retinal ganglion cell axons.  

˃ Oxygen consumption and mitochondrial oxidative phosphorylation are 

impaired in CerklKD/KO retinas. 

˃ CerklKD/KO retinas present altered organic acids metabolism, in particular 

increased levels of succinate and pyroglutamic acid. 

˃ CerklKD/KO retinal pigment epithelium (RPE) cells possess fragmented 

mitochondria and multinucleation, whereas mitochondrial network is 

slightly altered in CerklKD/KO RPE cells in primary culture. 

˃ Endosome maturation is delayed in CerklKD/KO primary RPE (pRPE) cells. 

Additionally, CerklKD/KO pRPE cells can form a primary cilium, although 

the process of ciliary growth is also delayed. 
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- CERKL regulates mitochondrial morphology and trafficking in hippocampal 

neurons. 

˃ Overexpressed hCERKLa-GFP protein is associated with mitochondria 

trafficking in live axons of mouse hippocampal neurons, although it does 

not affect mitochondrial size, dynamics or transport. 

˃ Cerkl depletion increases mitochondrial fission by upregulating DRP1 

phosphorylation (P-DRP1) in addition reducing long:short OPA1 ratio 

and MFN2 levels. Consequently, CerklKD/KO hippocampal neurons display 

fragmented mitochondria whose axon trafficking is further reduced. 

˃ As observed in the retina, mitochondrial metabolism through oxidative 

phosphorylation is altered in CerklKD/KO hippocampi as well. 

 

Unveiling the role of CERKL in response to oxidative and light stress. 

- CERKL overexpression protects mitochondria from oxidative stress in ARPE-19 

cells. 

˃ Upon oxidative stress, CERKL silencing in ARPE-19 cells affects 

mitochondrial network and metabolism, while overexpression of 

hCERKLb-GFP and hCERKLc-GFP restores mitochondrial morphology, 

branching and redox status. 

˃ N-acetylcysteine antioxidant treatment is incapable to rescue 

mitochondrial damage in CERKL-silenced ARPE-19 cells. 

- The response to light-induced stress in CerklKD/KO retinas is exacerbated. 

˃ Several phototransduction/visual cycle-associated and IRD-causative 

genes are downregulated in Cerkl-depleted retinas, such as RPE65, LRAT 

and RDH5. 

˃ In absence of stress factors, CerklKD/KO retinas experience an exacerbated 

response to stress, encompassing increased levels of ROS, unbalanced 

glutathione metabolism, upregulated PABP-mediated response, and 

gliosis. 



 

______297______ 
 

˃ Cerkl-depleted retinas are not able to cope with light-induced stress, 

thus triggering retinal remodelling and activation of cell death pathways, 

including apoptosis, ferroptosis and necroptosis.  

 

Generation of CERKLR257X stable hiPSC line and differentiation to 3D retinal organoids. 

- Several genes are differentially expressed (up- and downregulated) in RNA-Seq 

results from previously differentiated CERKLR257X patient-derived retinal 

organoids. 

- CERKLR257X patient’s hiPSCs can be properly differentiated into 3D retinal 

organoids, and at day 150 show correct laminar structure and formation of 

photoreceptor outer segments. 

 

Development and validation of gene-augmentation therapeutic strategies. 

- Design and test of CERKLa AAV-based gene therapy. 

˃ The cDNA of CERKLa was cloned into a plasmid containing AAV 

backbone and the construct correctly produced the recombinant 

CERKLa-3×FLAG fusion protein in vitro. 

˃ AAV2/8_CERKLa-3×FLAG vectors efficiently transduced mouse retinas 

after subretinal injections. Nevertheless, we were not able to reproduce 

these results due to alterations in the viability of the AAV2/8_CERKLa-

3×FLAG vectors. 

˃ AAV2/7m8_CERKLa-3×FLAG virus competently transduces RPE cells in 

vitro and can produce the recombinant CERKLa-3×FLAG fusion protein. 

- DNA-wrapped gold nanoparticles as an alternative delivery system for gene-

augmentation therapies in IRDs. 

˃ DNA-wrapped gold nanoparticles are able to transfect retinas ex vivo. 

˃ DNA-wrapped gold nanoparticles can transfect differentiated 

photoreceptor cells, particularly rod photoreceptors.
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