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A B S T R A C T   

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 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 ap
proaches. 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.   

1. Introduction 

The retina is daily exposed to bright light, which coupled with its 
own highly active and energy-demanding metabolism, ultimately 
generating oxidative damage, and facilitate the formation of reactive 
oxygen species (ROS). The accumulation of ROS alters the composition 
and structure of retinal nucleic acids, proteins, and lipids, eventually 
compromising the homeostasis and health of photoreceptors and other 
retinal neurons [1]. Thus, the retina requires accurate stress resilience 

mechanisms and compensating antioxidant responses to ensure cell 
survival and physiological homeostasis [2]. 

In the retina, the resident microglia as well as the macroglia, play a 
pivotal role in counteracting stress stimuli by orchestrating defensive 
actions, tissue repair and immunoregulation. Their activation is char
acterized by proliferation and morphological changes, in a process 
called gliosis [3,4]. At the intracellular level, the endoplasmic reticulum 
and mitochondria are key hubs involved in sensing oxidative stress [5]. 
In addition, there are different specific protective mechanisms against 
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stress, such as the regulation of glutathione metabolism balance [6] and 
the formation of mRNA stress-granules and P-bodies, two structures that 
protect non-translated mRNAs after damaging stimuli [7,8]. Dysregu
lation, impairment or chronic activation of the antioxidant mechanisms 
in the retina is at the basis of many retinal neurodegenerative disorders. 

Mutations in CERKL cause two related but distinct inherited retinal 
dystrophies: Retinitis Pigmentosa and Cone-Rod Dystrophy, both of 
them causing irreversible attrition of photoreceptor cells, which even
tually results in total blindness [9–12]. Previous studies have postulated 
CERKL as a resilience gene against oxidative stress in the retina by 
participating in autophagy [13–15], apoptosis inhibition [16,17], 
mitochondrial dynamics and function regulation [15,18,19], and stress 
granules formation [20]. On the latter, CERKL has been shown to 
interact with different proteins that compose mRNA stress-granules and 
P-bodies [20]. Importantly, CERKL downregulation affects mitochon
drial homeostasis and impairs mitochondrial response against oxidative 
stress, while CERKL overexpression protects cells from acute oxidative 
stress [18]. Nevertheless, the specific pathogenesis mechanisms of 
CERKL mutations have not been fully determined yet. 

To thoroughly understand the molecular role and mechanisms in 
which CERKL is involved, and since the human retina of patients cannot 
be biochemically studied nor challenged, we studied a knockdown/ 
knockout Cerkl mouse model (CerklKD/KO or KD/KO). This model ex
hibits a remaining expression of 18% of some Cerkl isoforms, as those 
expressed from the proximal promoter are completely ablated [21]. 
Patients carry many different combinations of CERKL mutations, many 
as compound heterozygotes, with one allele producing a truncated or no 
protein at all (mRNA containing premature STOP codons are degraded 
by nonsense mediated decay) and other alleles that alter some but not all 
CERKL protein isoforms. In this context, our compound heterozygote 
mouse KD/KO model is genetically very similar to the mutations iden
tified in human patients, and more relevant to our work, the slow pro
gression of the retinal degeneration in our KD/KO retinas mimics that 
shown in human patients carrying CERKL mutations, being the final 
outcome retinal neurodegeneration and vision loss [21]. 

Light stress treatment has been largely employed to induce oxidative 
stress and thus promote retinal neurodegeneration to study the molec
ular mechanisms evoking this process in retinal dystrophies [22,23]. 
Taking advantage of the KD/KO mouse model, the main goal of this 
work has been the characterization of the response to acute 
light-induced stress upon Cerkl downregulation by exposing KD/KO al
bino mice to light stress and evaluating different parameters through 
RNA sequencing (RNA-Seq), protein and metabolites analyses as an 
early response to stress injury, as well as retinal morphology and 
remodelling two weeks after light stress damage. Our data revealed that 
KD/KO retinas show exacerbated oxidative stress response in basal 
conditions and thus, could not respond properly to light stress due to the 
impairment of different antioxidant mechanisms, such as glutathione 
balance and PABP mRNA-stress granules formation. Subsequently, 
several cell death pathways were triggered in KD/KO retinas resulting in 
neurodegeneration and retinal remodelling. Our results offer a highly 
detailed characterization of the basal REDOX status and oxidative/light 
stress response in the CerklKD/KO mouse model, with the final aim to 
identify altered actionable antioxidant pathways as key targets for po
tential therapeutic intervention. 

2. Materials and methods 

2.1. Animal handling 

WT/WT and KD/KO albino mice (B6(Cg)-Tyrc-2J/J) were bred and 
housed in the animal research facilities 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 h 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 Experi
mentation (AEC) of the Generalitat de Catalunya (protocol C-449/18 
(animal handling) and protocol C-220/18 (light stress assays)), ac
cording to the European Directive 2010/63/EU and other relevant na
tional guidelines. Each cohort (genotype and condition) had equivalent 
proportion of male and female mice, as autosomal recessive retinitis 
pigmentosa affects similarly both biological sexes. 

2.2. Genomic DNA and genotyping by PCR 

DNA for genotyping was extracted from ear punches. Primers for 
genotyping and PCR conditions were described in Ref. [21]. 

2.3. Light-stress treatment 

Light stress experiments were performed on albino adult mice (4–6- 
months-old), where retinas are more sensitive to light injury due to the 
absence of pigmenti in the retinal pigment epithelium (RPE). Animals 
were anesthetized using a mixture of Ketamine (100 ng/kg)/Xylacine 
(10 ng/kg). One eye was covered to avoid the light insult (control) and 
the other was treated with a drop of 10 mg/mL cyclopentolate to dilate 
the pupil prior 3000-lux white light exposition for 1 h. At the end of the 
treatment, mice were immediately sacrificed to obtain the retinal tissue 
for the stress-early response study. On the other hand, for the stress-late 
response study, both eyes of the same mouse were subjected to light 
stress (3000 lux for 1 h). Two weeks after treatment, mice were sacri
ficed to obtain the retinal tissue. 

2.4. Primary ganglion cell culture 

Coverslips were freshly coated with 60 μL of poly-ornithine (Sigma 
Aldrich, Saint Louis, Missouri, USA), air dried and subsequently washed 
with MilliQ water. A drop of 10 μg/mL Laminin (Roche, Saint Louis, 
Missouri, USA) in complete neurobasal medium (Neurobasal™-A me
dium, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 
0.06% D-Glucose, 0.0045% NaHCO3, 1 mM L-Glutamine and 1% Peni
cillin/Streptomycin was added on pre-treated coverslips and incubated 
overnight at 37 ◦C. After three washes with complete neurobasal me
dium, coverslips were used for primary RGCs culture. E16 mouse retinas 
(3 animals per genotype) were dissociated using the Neural Tissue 
Dissociation Kit (Miltenyi Biotec, Bergisch, Gladbach, Germany) 
following the manufacturer’s instructions with minor modifications. In 
brief, after Enzyme mix 2 incubation, 2 vol of complete neurobasal 
medium were added for gentle dissociation with the pipette. Cells were 
pelleted by 5 min centrifugation at 0.3 rcf and resuspended in complete 
neurobasal medium. Approximately 100000 cells/well were seeded 
onto coated coverslips in a 24 well/plate. Neuronal supplements and 
factors were added: 1 × B27 (Invitrogen, Carlsbad, California, USA), 5 
μM Forskolin (Sigma Aldrich, Saint Louis, Missouri, USA), 50 ng/mL 
Human BDNF (Peprotech, Rock Hill, NJ, USA), 20 ng/mL Rat CNTF 
(Peprotech, Rock Hill, NJ, USA). RGCs at 7 DIV were subjected to 
oxidative stress by treatment with 0.5 mM sodium arsenite for 45 min. 
Afterwards, cells were fixed with 4% PFA for 20 min, washed 3 times 
with 1 × PBS and cryoprotected (30% Glycerol, 25% Ethyleneglycol and 
0.1 M PBS) for further experiments. 

2.5. Immunofluorescence, confocal microscopy, and colocalization 
analysis 

In immunocytochemistry experiments, cells were blocked using 2% 
sheep serum and 0,3% Triton-X-100 (St. Louis, MO, USA) in 1 × PBS 
during 1 h at RT. Subsequently, cells were incubated with primary an
tibodies overnight at 4 ◦C in blocking solution. Primary antibodies used 
were the following: CERKL2 (1:200, in house, [21]), CERKL5 (1:100, in 
house, [21]), PABP-488 (1:50, sc-166381 AF488, Santa Cruz Biotech
nology, Dallas, TX, USA). After three washes with 1 × PBS, cells were 
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incubated with the secondary antibody Alexa Fluor 568 anti-Rabbit IgG 
(1:400, A-11011, Thermo Fisher Scientific) in blocking solution during 
1 h at RT. Nuclei were stained using DAPI (1:1000, 10236276001, Roche 
Diagnostics, Indianapolis, IN, USA) and after rinsing with 1 × PBS (3 ×
5 min), samples were mounted using Mowiol 4–88 (Merck, Darmstadt, 
Germany). 

For immunohistochemistry (IHC) of retinas, adult albino mice eyes 
were fixed overnight at 4 ◦C with 4% PFA, incubated with 30% sucrose 
overnight and embedded in OCT (ANAME, Quijorna, Madrid, Spain). 
Cryosections (12 μm) were collected and kept frozen at − 80 ◦C until 
used. For IHC, cryosections were air-dried for 10 min, rehydrated with 1 
× PBS, permeabilized using 0.5% Triton X-100 for 15 min and blocked in 
blocking solution (1 × PBS containing 10% Normal Goat Serum and 
0,3% Triton X-100) for 1 h at RT. Primary antibody incubation was 
performed overnight at 4 ◦C in blocking solution. After three rinses with 
1 × PBS (10 min each) cryosections were incubated for 1 h at RT with 
the corresponding secondary antibodies conjugated to a fluorophore. 
Finally, the slides were washed with 1 × PBS (3 × 10 min) and cover- 
slipped with Mowiol 4–88 (Merck, Darmstadt, Germany). Primary an
tibodies and dilutions used were: RPE65 (1:500, sc-390787, SantaCruz 
Biotechnology), PABP (1:200, ab21060, Abcam), mouse anti-GFAP 
(1:300, MAB360, Millipore), Cone Arrestin (AB15282, Millipore), 
Phospho S358 MLKL (1:100, ab187091, Abcam), Bassoon (1:300, 
GTX13249, GeneTex), Cryaa (1:200, ab5595, Abcam), Crybb2 (1:200, 
sc-376006, SantaCruz Biotechnology). Secondary antibodies and di
lutions used were the following: Alexa Fluor 488 anti-Rabbit IgG (1:400, 
A-11070, Thermo Fisher Scientific), Alexa Fluor 568 anti-Mouse IgG 
(1:400, A-11004, Thermo Fisher Scientific), DAPI (1:1000, Roche Di
agnostics, Indianapolis, IN, USA). 

Images were obtained in high-resolution microscopy (THUNDER 
Imager Live Cell & 3D Cell Culture & 3D Assay, Leica Microsystems, 
Wetzlar, Germany) and confocal microscopy (Zeiss LSM 880, Thorn
wood, NY, USA). Image analyses were performed using ImageJ (FIJI) 
software (National Institutes of Health, Bethesda, MD, USA). In this 
study, image intensity is considered proportional to the concentration of 
protein so, in order to provide a relative quantitative comparison, all the 
images were normalized to the same dynamic range. For analysis of total 
concentration of protein, the threshold value was adjusted to select the 
whole area of interest (e.g., the RPE) with signal, then the integrated 
density values were corrected using the CTCF formula (CTCF 
=Integrated Density – (Area of selected cell X Mean fluorescence of 
background readings)). Regarding the granules analysis, the threshold 
value was set to show only the brighter spots coming from the stress 
granules to further analyze the individual particles. 

2.6. RNA isolation from mouse retinas and RNA-Seq 

Three retinas per genotype and condition were homogenized using a 
Polytron PT1200E homogenizer (Kinematica, AG, Lucerne, 
Switzerland). Total RNA was isolated using the RNeasy mini kit (Qiagen, 
Germantown, MD), following the manufacturer’s instructions with 
minor modifications (treatment with DNAse I during 1 h). Total RNA 
was quantified by Qubit® RNA BR Assay kit (Thermo Fisher Scientific) 
and the RNA integrity was estimated by using RNA 6000 Nano Bio
analyzer 2100 Assay (Agilent). 

RNA-Seq libraries were prepared with KAPA Stranded mRNA-Seq 
Illumina® Platforms Kit (Roche) following the manufacturer’s recom
mendations. Briefly, 100–300 ng of total RNA were used for poly-A 
fraction enrichment with oligo-dT magnetic beads, following mRNA 
fragmentation by divalent metal cations at high temperature. Strand 
specificity was achieved during the second strand synthesis performed in 
the presence of dUTP instead of dTTP. Blunt-ended double stranded 
cDNA was 3′adenylated and Illumina platform compatible adaptors with 
unique dual indexes and unique molecular identifiers (Integrated DNA 
Technologies) were ligated. The ligation product was enriched with 15 
PCR cycles and the final library was validated on an Agilent 2100 

Bioanalyzer with the DNA 7500 assay. The libraries were sequenced on 
HiSeq 4000 (Illumina) with a read length of 2x76bp+8bp+8bp using 
HiSeq 4000 SBS kit (Illumina) and HiSeq 4000 PE Cluster kit (Illumina), 
following the manufacturer’s protocol for dual indexing. Image analysis, 
base calling and quality scoring of the run were processed using the 
manufacturer’s software Real Time Analysis (RTA 2.7.7). RNA-Seq li
braries and sequencing initial analysis were performed in the CNAG 
(Centro Nacional de Análisis Genómico, Barcelona). Differential 
expression analysis and heatmaps from RNA-Seq data were performed as 
in Ref. [15]. Gene Ontology (GO) Biological Process enrichment analysis 
was performed using Enrichr web server (https://maayanlab.cloud 
/Enrichr/) [24–26]. Gene pathway and functional clustering analyses 
were performed using GeneAnalyticsTM (geneanalytics.genecards.org) 
and iDEP1.1 software [27]. The complete list of the RNA-Seq analysed 
genes is in the RNA-Seq Supplementary Data. 

2.7. Western blotting 

Adult 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 in
hibitors (Complete; Mini Protease Inhibitor Cocktail Tablets; Roche)] 
containing phosphatase inhibitors. 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 ◦C with primary antibodies. After incubation 
with horseradish peroxidase-labeled secondary antibodies for 1 h 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. α-TUBULIN or GAPDH loading 
controls were used to normalize protein values. The primary antibodies 
were the following: GSR (1:1000, 18257-1-AP, Proteintech), GPX4 
(1:1000, 52455, Cell Signaling Technology), Caspase-7 p11 (1:1000, 
PA5-90312, Thermo Fisher Scientific), FTH1 (1:1000, 4393, Cell 
Signaling Technology), KEAP1 (1:1000, 8047, Cell Signaling Technol
ogy), TUBULIN (1:1000, T5168, Sigma), GAPDH (1:1000, ab8245, 
Abcam). The secondary antibodies were: HRP-labeled anti-mouse 
(1:2000, A5906, Sigma) and anti-rabbit (1:2000, NA934-100UL, GE 
Healthcare). 

2.8. Retinal explants and ROS-Glo H2O2 assay 

Eyes were enucleated from adult mice and dissected in 1 × PBS 
containing 1% penicillin/streptomycin. Retinas were obtained after an 
incision in the pupil, cutting through the ora serrata and pulling from the 
posterior part of the eye. Then, 3 patches per retina were collected and 
cultured for 24 h in cell culture inserts (PICM03050, Millipore, Darm
stadt, Germany) floating inside 6-multiwell plates containing retinal 
explant complete medium (Neurobasal™-A medium (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA) supplemented with 0.06% D- 
Glucose, 0.0045% NaHCO3, 1 mM L-Glutamine, 1% Penicillin/Strepto
mycin and 1 × B27 (Invitrogen, Carlsbad, CA, USA)). A total of 8 patches 
from 4 retinas per genotype were treated with 0.5 mM sodium arsenite 
for 24 h to perform oxidative stress treatment. Afterwards, all patches 
were distributed onto a 96-multiwell white plate (Greiner, Vienna, 
Austria) and ROS-Glo H2O2 Assay (Promega, Madison, WI, USA) was 
performed following the manufacturer’s instructions. 

2.9. Glutathione metabolism determination 

Five retinas per genotype and condition were analysed. Reduced 
glutathione (GSH), oxidized glutathione (GSSG), homocysteine and 
γ-glutamyl cysteine levels were determined as follows: each retina was 
homogenized in 100 μL of PBS-N-Ethylmaleimide (NEM) buffer (5 mM). 
To induce protein precipitation, perchloric acid was added at 4% final 
concentration, and samples were centrifuged at 10,000 rpm, 15 min at 
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4 ◦C. Supernatants were transferred to a new tube for analysis and 
pellets were resuspended in 100 μL of NaOH (1 M) to obtain the total 
protein content using the BCA Protein Assay Kit (ThermoScientific, MA, 
USA). Then, metabolites of the transulfuration pathway were analysed 
by UPLC-MS/MS as described in Ref. [28]. Data were normalized by 
grams of total protein content. 

2.10. Reverse phase protein in-house microarrays (RPPM) 

Five retinas per genotype and condition were collected from adult 
albino WT/WT and KD/KO mice into liquid nitrogen right after light- 
induced stress treatment and subsequently lysed in 90 μL of Tissue 
Protein Extraction Reagent (T-PER, 78501, ThermoFisher Scientific) 
containing a cocktail of protease (Roche) and phosphatase (Sigma) in
hibitors. Following protein extraction, samples were centrifuged at 
15,000 g for 30 min at 4 ◦C. The RPPM technique was used for quanti
fication of steady-state protein levels in the biopsies as recently 
described in detail [29–31]. Only monospecific antibodies recognizing 
the expected protein in cellular lysates were included in RPPM studies. 
Protein extracts from mouse retinas were diluted in PBS to a final protein 
concentration of 0.5 μg/μL before printing. Serially diluted protein ex
tracts (0–1.5 μg/μL) derived from C2C12 mouse myoblast cells were 
prepared to assess printing quality and the linear response of protein 
recognition by the antibodies used [29]. Standard curves of BSA (0–2 
μg/μl) and mouse IgGs (1–30 ng/μl) were also prepared as internal 
negative and positive controls, respectively. Approximately, 1.5 nL of 
each sample was spotted in triplicate onto nitrocellulose-coated glass 
slides (ONCYTE® SuperNOVA 8 pad—Grace Bio-Labs, 705118, Oregon, 
USA) using a iTWO-300P pico system printer (M2-Automation, Inc., 
Idaho, USA) equipped with a Piezo Driven Micro-Dispenser (PDMD) 
30–150 pL at constant chamber humidity (RH 52%) and temperature 
(16 ◦C), and plate temperature (10 ◦C). After printing, arrays were 
allowed to dry and further blocked in Super G Blocking Buffer (10501, 
Grace Biolabs, Madrid, Spain). After, the arrays were incubated over
night at 4 ◦C with the indicated dilutions of the primary antibodies. After 
incubation, the arrays were washed with PBS-T and further incubated 

with goat anti-mouse or goat anti-rabbit highly cross-adsorbed anti
bodies conjugated with CF™ 647 (1:500, SAB4600183–SAB4600185, 
Sigma Aldrich, Madrid, Spain). Pads incubated directly with secondary 
antibodies and with 0.0001% Fast Green FCF (F7252, Sigma Aldrich, 
Madrid, Spain) were used to evaluate potential unspecific binding to 
non-masked mouse IgGs and the total protein amount present in the 
spotted samples, respectively. Microarrays were scanned using Typhoon 
9410 scanner (GE Healthcare, Inc. Madrid, Spain). The mean fluorescent 
intensity of the spots was measured using GenePix® Pro 7 (USA) and 
normalized relative to the protein amount contained in the sample ob
tained from the FCF stained pad. After quantification, the relative 
fluorescent intensity was converted into arbitrary units of expressed 
protein/ng of protein in the extract using as standard the linear plot of 
the C2C12 cell line [29,30]. 

2.11. Statistical analyses 

Statistical analyses were performed using 1-way and 2-way ANOVA 
tests performing multiple comparison analysis. When data did not follow 
a normal distribution, Kruskal-Wallis test was used to determine statis
tical significance. ROUT test was used to determine statistical outliers 
(Q = 0.5%). Calculations were performed with GraphPad Prism statis
tical software, version 9. N is shown at each Figure legend. Statistical 
significance was set with a value of p ≤ 0.05, (*p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.005, ****p ≤ 0.001). Data were expressed as min to max 
boxplots showing all points. 

3. Results 

3.1. RNA-Seq analysis revealed differentially expressed genes associated 
with retinal dystrophies and phototransduction/visual cycle in KD/KO 
retinas 

Preceding research has associated CERKL protein to stress resilience 
and mitochondrial dynamics regulation, but its contribution to specific 
oxidative stress pathways still needs further investigation. In this study, 

Fig. 1. Genes associated to inherited retinal dys
trophies (IRDs) and phototransduction/visual 
cycle showed differential expression in KD/KO 
compared to WT/WT retinas (A) Heatmap with hi
erarchical clustering of differentially expressed genes 
associated with IRD genes (in pink) and photo
transduction/visual cycle genes (in blue) in both 
control and light-stress (LS) conditions. (B) RPE65 
transcript and protein levels are significantly 
decreased in KD/KO retinal pigment epithelium 
(RPE) cells. Representative confocal images of RPE65 
immunodetection (red) and nuclei staining (DAPI, in 
blue) from WT/WT and KD/KO RPE in control and 
under light-stress conditions (scale bar: 10 μm). 
Quantification of RPE65 signal intensity shown in 
(C), solely in the area of interest, reveals a significant 
decrease in KD/KO compared to WT/WT RPE. n = 12 
ROIs from 4 animals per genotype and condition ** p- 
value ≤ 0.01. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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we aimed to determine CERKL role in the retina in response to acute 
light-stress insult. Retinas from WT/WT and KD/KO albino mice were 
exposed to 3000-lux white light for 1 h and assessed immediately after 
by RNA sequencing (RNA-Seq) analysis to explore their transcriptomic 
landscape in response to the light-stress treatment, as a first undirected 

wide approach. We identified a large set of differentially expressed (DE) 
genes between the assessed samples. A threshold of log2 Fold Change 
±0.5 was set to distinguish between up- and downregulated genes be
tween genotypes and conditions (Supplementary Figure 1). Notably, the 
more outstanding differences were found between genotypes rather than 

Fig. 2. Mitochondrial metabolism and antioxidant mechanisms are diminished in KD/KO retinas. (A) Heatmap with hierarchical clustering of differentially 
expressed genes associated with antioxidant responses. (B) Schematic representation of the assay including retinal patches obtention, sodium arsenite treatment and 
ROS-Glo H2O2 Assay. (C) Measurement of H2O2 levels by ROS-Glo H2O2 Assay reveals a significant increase in KD/KO retinal explants upon oxidative stress 
treatment. n = 6–8 retinal patches from 4 retinas per genotype and condition. (D) Alterations in the levels of different ATP synthase subunits in KD/KO retinas. 
Quantification of αF1, βF1 and γF1 proteins using reverse phase protein microarrays (RPPM). n = 5 animals per genotype and condition. (E) KD/KO retinas display a 
tendency to lower protein levels of PRX3 and PRX6 by means of microarray quantification. n = 5 animals per genotype and condition. * p-value ≤ 0.05. (Com
plementary data in Supplementary Fig. 3). 

Fig. 3. Glutathione metabolism alteration in KD/KO retinas. (A) Schematic representation of glutathione metabolism and synthesis pathway (enzymes in 
purple). Metabolites altered in KD/KO retinas are highlighted in blue. (B–I) Glutathione metabolism and synthesis pathways are impaired in KD/KO retinas. (B-E) 
Quantification of the reduced (GSH) and oxidized (GSSG) forms of glutathione, as well as the GSH/GSSG ratio and total quantity of glutathione (GSH + GSSG) in WT/ 
WT and KD/KO retinas in both control and light-stress conditions. (F, G) Measurement of homocysteine and γ-glutamylcysteine, precursors for the synthesis of 
glutathione, in WT/WT and KD/KO retinas in both control and light-stress treatment. n = 2–5 animals per genotype and condition. (H, I) GSR and GPX4 protein 
levels are significantly augmented in KD/KO retinas upon light-stress insult. (H) Representative Western-blot of GSR, GPX4 and GAPDH (as loading control) on 
retinal homogenates from WT/WT and KD/KO retinas in both control and light-stress conditions. (I) Quantification of GSR and GPX4 protein levels normalized with 
GAPDH levels. n = 4–5 animals per genotype and condition. * p-value ≤ 0.05, ** p-value ≤ 0.01, *** p-value ≤ 0.005, **** p-value ≤ 0.001. (Complementary data in 
Supplementary Fig. 4). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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between control/light-stress conditions. Besides, when analysing per 
genotypes, the number of downregulated genes in KD/KO retinas was 
approximately 5-fold higher than that of upregulated genes. Focusing on 
the upregulated genes in KD/KO in basal conditions, we observed a 
slight decrease in the levels of some genes when these retinas were 
subjected to light-stress insult (Supplementary Figure 1, upper panel). 

Taking advantage of the “omic” data obtained by RNA-Seq, we 
identified many dysregulated cellular pathways. Notably, approxi
mately 50% of all the upregulated Gene Ontology (GO) Biological Pro
cesses (32/75) in the KD/KO versus WT/WT retinas are directly related 
to stress response and pro-inflammatory pathways (Supplementary 
Table 1). In contrast, more than 60% of the downregulated GO Biolog
ical Processes (51/75) relate to organ development and differentiation 
pathways, including ocular development, visual cycle and sensory 
perception (Supplementary Table 2). Taken together, these data confirm 
that KD/KO retinas show both alteration of stress responses and dysre
gulation of homeostasis mechanisms. 

We then concentrated on the different clusters of genes specifically 
involved in maintaining retinal function. One of these DE gene clusters 
was particularly interesting because the genes were related to inherited 
retinal dystrophies, IRDs (e.g., Rpe65, Timp3, Mfrp) (Fig. 1A, in pink) 
and/or implicated in the phototransduction/visual cycle process (e.g., 
Lrat, Rdh12, Hspg2, Rdh1, Rgs9) (Fig. 1A, in blue). As expected, in the 
retinal disorder-related gene cluster, Cerkl stands out by its highly 
decreased expression in KD/KO retinas (Fig. 1A, highlighted in purple). 
Of note, light stress did not increase the expression of Cerkl in the wild- 
type retinas, indicating that it is very stable transcriptionally and its 
involvement in stress might be post-translationally regulated, as sug
gested in Ref. [18]. 

Interestingly, most of these ocular-associated genes were down
regulated in KD/KO retinas in both control and light stress conditions. 
We further validated our RNA results at the protein level by analysing 
the levels of RPE65 (a wellknown IRD gene) in the retinal pigment 
epithelium (RPE) of WT/WT and KD/KO retinal slices (Fig. 1B), and 
other proteins encoded by DE genes, such as CRYAA and CRYBB2, which 
encode crystallin proteins (Supplementary Figure 2). In agreement with 
the RNA-Seq data, the quantification of the fluorescent signal of RPE65 
–as well as those of the tested CRY– were diminished in KD/KO RPE 
(Fig. 1C). In summary, our results unveil a clear pattern of DE genes 
between WT/WT and KD/KO retinas, most of them being downex
pressed in KD/KO mice. The low expression level of relevant photore
ceptor and RPE genes confirms the retinal dysfunction in the KD/KO 
retinas. 

3.2. Antioxidant responses, mitochondrial function and glutathione 
metabolism are impaired in KD/KO retinas 

As CERKL is involved in the oxidative stress response, we evaluated 
whether different antioxidant response pathways were altered in the 
KD/KO retinas. The RNA-Seq cluster analysis identified a group of DE 
genes related to different oxidative defence mechanisms (Fig. 2A). 
Antioxidant genes, such as Sod3, showed a decreased expression in KD/ 
KO retinas, which could generate an increase in ROS, particularly after 
oxidative challenge. We thus assessed the antioxidant state of KD/KO 
retinas by performing retinal explants and exposing them to 500 μM 
sodium arsenite (NaAsO2) to induce oxidative stress. H2O2 levels were 
subsequently evaluated through the ROS-Glo H2O2 Assay (procedure 
represented in Fig. 2B), yielding significantly increased levels of H2O2 in 
KD/KO retinas as a consequence of oxidative stress treatment (Fig. 2C). 

Maintaining retinal ROS balance requires a refined equilibrium be
tween the endogenous –due to the high metabolic rate of the retina– and 
exogenous –mainly light and pollution– stress factors and the 
enzymatic/non-enzymatic mechanisms involved in the antioxidant 
defence. Photoreceptor energy-demanding metabolism is principally 
sustained by oxidative phosphorylation (OXPHOS). In fact, mitochon
dria are one of the principal hubs in sensing stress and initiating 

antioxidant response inside cells [32]. Previous work determined that 
many genes encoding proteins involved in mitochondrial dynamics and 
metabolism were altered in KD/KO retinas [15], but a complete meta
bolic analysis was not performed. Using reverse phase protein micro
arrays (RPPM), we assessed the levels of more than 40 proteins involved 
in different metabolic pathways in KD/KO versus WT/WT retinas after 
light-stress insult (Supplementary Figure 3). Focusing on OXPHOS 
proteins, we detected a decrease in the levels of the ATP synthase sub
units alpha (αF1) and beta (BF1) levels in KD/KO retinas, particularly 
after light-stress insult, whereas no differences in the levels of subunit 
gamma (γF1) were detected (Fig. 2D). All these alterations confirmed 
mitochondrial dysfunction in KD/KO retinas. Peroxiredoxins (PRXs) are 
a family of antioxidant enzymes composed of six isoforms (PRX1-6) that 
are expressed in the retina distributed among the different layers, cell 
types and organelles. For instance, PRX3 localizes to mitochondria and 
PRX6 is expressed in astrocytes and Müller cells [33]. Quantification of 
PRX3 and PRX6 protein levels through RPPM showed a trend to decrease 
in KD/KO retinas upon light-induced stress (Fig. 2E). 

Remarkably, most of the DE genes included in this RNA-Seq cluster of 
antioxidant defence (Fig. 2A) were related to glutathione (GSH) meta
bolism, such as Chac1 and Gsto1 (upregulated in KD/KO versus WT/ 
WT), and Gpx3, Gpx8, and Ggt1 (downregulated in KD/KO versus WT/ 
WT). The GSH-centered antioxidant system is one of the principal 
oxidative defence mechanisms of the retina by contributing to the 
maintenance and regulation of redox homeostasis (GSH synthesis is 
indicated in Fig. 3A). A decrease in GSH levels, as well as an imbalance 
in the ratio between the reduced (GSH) and oxidized (GSSG) forms, is 
associated to several retinal disorders, such as Retinitis Pigmentosa and 
age-related macular degeneration [6]. Taking this into consideration, 
we determined the levels of GSH and GSSG along with glutathione 
precursors levels. Our results showed a significant decrease of GSH 
levels as well as a significant increase in the levels of GSSG in KD/KO 
retinas compared to WT/WT, resulting in decreased GSH/GSSG ratio 
and a diminished amount of glutathione (GSH + GSSG) (Fig. 3B–E). 
Regarding the response to light-induced stress, GSH levels were signif
icantly decreased in both WT/WT and KD/KO retinas, while levels of 
GSSG remained similar in WT/WT after stress (Fig. 3B–C). Therefore, 
GSH/GSSG ratio was significantly decreased in light-stressed WT/WT 
retinas, whereas it was not different in KD/KO after light stress, probably 
because it was already reduced in control conditions (Fig. 3D). In 
contrast, the total amount of glutathione (GSH + GSSG) was signifi
cantly decreased in both WT/WT and KD/KO retinas as a consequence of 
light-induced stress (Fig. 3E). Besides, in response to stress the levels of 
some GSH precursors: homocysteine and γ-glutamylcysteine levels 
decrease in both WT/WT and KD/KO, retinas (Fig. 3F–G). No significant 
differences between experimental conditions were found in the rest of 
the precursors (Supplementary Figure 3). 

GSH/GSSG redox cycle was further studied by quantifying the levels 
of GSR and GPX4, enzymes directly involved in the reduction and 
oxidation of glutathione, through Western-blot analysis of WT/WT and 
KD/KO retinal lysates after light-induced stress. These results revealed 
KD/KO retinas displayed significantly higher levels of both GSR and 
GPX4 in response to light stress (Fig. 3H–J). 

To summarize, our findings unveil the impairment of different 
antioxidant responses in KD/KO retinas. In particular, ROS detoxifica
tion, glutathione synthesis and redox cycle are already altered in KD/KO 
in basal conditions, and further oxidative challenge increases this 
imbalance. 

3.3. KD/KO retinas and RGCs display an exacerbated PABP-mediated 
response 

One of the few stress-related genes that showed increased expression 
in KD/KO retinas is Pabpc4 (Fig. 2A). PABP is a main component of stress 
granules, membraneless organelles that are rapidly formed upon cellular 
stress to recruit untranslated mRNAs together with other proteins and 
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Fig. 4. PABP-mediated antioxidant response is exacerbated in KD/KO retinas and retinal ganglion cells (RGCs). (A) Representative confocal image of PABP 
mRNA-stress granules in the outer nuclear layer (ONL) of WT/WT and KD/KO retinas in control and light-stress conditions. Scale bar: 20 μm. (B) KD/KO retinas 
present higher number of PABP granules with increased levels of PABP. Quantification of the number of granules, total area, average size and PABP intensity in 
mRNA-stress granules. n = 12 ROIs from 4 animals per genotype and condition. (C) Representative confocal images of RGC somas for each studied condition. Scale 
bar: 10 μm. (D) PABP stress granules area is significantly increased in WT/WT RGCs upon sodium arsenite (NaAsO2) induced stress as well as in KD/KO RGCs at basal 
conditions. Quantification of PABP stress granules total area in RGCs somas. n = 30 neurons from 3 animals per genotype and condition. (E) CERKL isoforms 
containing exon 2 (αCERKL2) display higher colocalization at stress granules under stress conditions, as well as in KD/KO RGCs in basal conditions. Quantification of 
CERKL isoforms displaying exon 2 colocalization at stress granules and nuclei in WT/WT and KD/KO RGCs in control and stress conditions. n = 30 neurons from 3 
animals per genotype and condition. (F) CERKL isoforms that present exon 5 (αCERKL5) show higher colocalization at stress granules in KD/KO RGCs, and in WT/WT 
RGCs upon oxidative stress, as well as a significant decrease in the nuclear shift in KD/KO RGCs. Quantification of the intensity of CERKL isoforms expressing exon 5 
at stress granules and nuclei of WT/WT and KD/KO RGCs in both control situation and under oxidative stress treatment. n = 30 neurons from 3 animals per genotype 
and condition. * p-value ≤ 0.05, ** p-value ≤ 0.01, *** p-value ≤ 0.005, **** p-value ≤ 0.001 (Complete images in Supplementary Fig. 5). 

Fig. 5. Retinal remodelling two weeks after light- 
stress injury in KD/KO retinas. (A) Schematic rep
resentation of GFAP scores based on [34]. Reactive 
astrocytes and Müller glial cells are represented in 
green. ONL: outer nuclear layer, OPL: outer plexiform 
layer, INL: inner nuclear layer, IPL: inner plexiform 
layer, GCL: ganglion cell layer. (B) Glial branching 
reaches higher retinal layers in KD/KO. Representa
tive fluorescence microscopy images of GFAP-positive 
astrocytes (green) and nuclei staining (DAPI in blue) 
in WT/WT and KD/KO retinas 2 weeks after 
light-stress treatment. White arrows indicate 
GFAP-positive ramifications. Scale bar: 20 μm. (C) 
GFAP score quantification shows higher levels of 
GFAP branching in KD/KO retinas. n = 7–8 ROIs from 
4 animals per genotype and condition. (D) KD/KO 
retinas show a tendency to decreased number of 
photoreceptor nuclei rows two weeks after light 
insult. Quantification of photoreceptor nuclear rows 
(ONL) showing WT/WT and KD/KO values after light 
stress treatment. (E) No differences in the number of 
cones along the retina between all conditions and 
genotypes were observed. (F) Diminished number of 
synapses in KD/KO retinas as a late consequence of 
light stress. Representative confocal images of 
WT/WT and KD/KO retinal slices after stress damage 
immunodetecting BASSOON (red) and staining nuclei 
(DAPI in blue). Scale bar: 25 μm. High magnification 
images exhibit photoreceptor synapse buttons 
minutely. Scale bar: 15 μm. (G) Quantification of the 
number of synaptic buttons labeled with BASSOON 
normalized by the rows of photoreceptor nuclei. n = 8 
ROIs from 4 retinas per genotype and condition. * 
p-value ≤ 0.05. (Complementary data in Supplemen
tary Fig. 6). (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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protect them from degradation [7]. These stress assemblies play key 
roles in cell thriving and survival upon stress [8]. In previous studies, 
CERKL has been described to interact with different proteins involved in 
the formation of stress granules, such as eIF3B and PABP [20]. Taking 
advantage of the KD/KO mouse model, we aimed to examine the stress 
granule-mediated response to light-induced stress in KD/KO retinas. 
Analysis and quantification of PABP stress granules in WT/WT and 
KD/KO outer nuclear layer (ONL) after light insult revealed a significant 
increase in the number and total area occupied by stress granules in 
KD/KO ONL in control conditions, while the average size of stress 
granules is the same between genotypes and conditions (Fig. 4A–B). 
Moreover, we found a significantly higher intensity of PABP in stress 
granules in KD/KO retinas in basal conditions (Fig. 4B). 

Additionally, similar experiments were performed in WT/WT and 
KD/KO retinal ganglion cell (RGCs) primary cultures where oxidative 
stress has been induced with sodium arsenite (NaAsO2). PABP and 
CERKL were immunodetected to study stress granules formation and 
colocalization with CERKL in the somas of WT/WT and KD/KO RGCs 
(Fig. 4C, complete images of RGCs in Supplementary Figure 4), with two 
in house antibodies that recognize different CERKL isoforms [21]: 
αCERKL2 recognizes an epitope encoded in exon 2 (Fig. 4C upper panel, 
Supplementary Figure 5A) whereas αCERKL5 recognizes an epitope 
encoded in exon 5 (Fig. 4C lower panel, Supplementary Figure 5B). A 
significant increase in the total area occupied by stress granules in the 
cytoplasm of WT/WT RGCs was clearly detected as a response to 
oxidative stress. Interestingly, we observed a similar increase in KD/KO 
RGCs at basal conditions (Fig. 4D), in agreement with the results ob
tained in vivo in KD/KO photoreceptors (Fig. 4A–B). Colocalization 
analysis showed higher colocalization of isoforms detected by αCERKL2 
with stress granules in KD/KO RGCs compared with WT/WT in basal 
conditions, and a significant higher colocalization with stress granules in 
both WT/WT and KD/KO RGCs upon oxidative stress treatment 
(Fig. 4E). No changes in the localization of αCERKL2 at the nuclei were 
observed (Fig. 4E). On the other hand, CERKL isoforms that contain exon 
5-peptide displayed a similar pattern of colocalization with stress 
granules compared to CERKL2 in all conditions, but for a significant 
decrease of nuclear αCERKL5 localization in KD/KO RGCs (Fig. 4F). 

Therefore, PABP stress granules-mediated response is already highly 
activated in KD/KO whole retinas and in primary RGCs in basal condi
tions at similar levels to WT/WT retinas upon stress damage. Nonethe
less, KD/KO retinas cannot further respond to additional external 
oxidative stress stimuli. 

3.4. Retinal remodelling in KD/KO two weeks after light-induced injury 

In order to study late-onset effects of light stress damage in KD/KO 
retinas, we performed light stress treatment in WT/WT and KD/KO mice 
and assessed their retinas two weeks after injury. Glial cells participate 
actively in retinal homeostasis through morphological and biochemical 
changes. In reactive gliosis, GFAP-positive astrocytes specifically un
dergo hypertrophy by projecting ramifications from the inner up to the 
outer layers of the retina, and Müller glial cells also start expressing 
GFAP [4]. To analyze the level of gliosis, we have followed a pre-set 

scale with different scores of glia activation depending on the retinal 
layers reached by glial ramifications [34], in which higher scores mean 
more advanced gliosis (Fig. 5A). We detected GFAP-positive reactive 
cells in retinal cryosections of WT/WT and KD/KO mice two weeks after 
light-stress treatment (Fig. 5B, white arrows). Score analysis revealed an 
increased gliosis in light stress conditions that does not reach signifi
cance within each genotype. However, we did find significant higher 
levels of gliosis in KD/KO versus WT/WT retinas at basal conditions, 
meaning that Cerkl downregulation produces a strong glial activation 
without further stressing factors (Fig. 5C). 

Furthermore, we tested the effects of long-term light-induced dam
age in KD/KO retinas by performing comparative morphometric ana
lyses and layer structure assessment. Outer nuclear layer (ONL), inner 
nuclear layer (INL) and total retinal thickness as well as the number of 
photoreceptor nuclei rows were measured in WT/WT and KD/KO ret
inas. For most measurements, no significant differences between geno
type or condition were observed (Supplementary Figure 6). However, 
focusing on the number of photoreceptor nuclei rows after light stress, 
we detected a moderate decrease in the number of photoreceptor nu
clear rows in KD/KO compared to WT/WT retinas (Fig. 5D). This 
photoreceptor slight decrease most probably corresponds to rod’s death, 
as the number of cones per area is preserved in all genotypes and con
ditions (Fig. 5E). Nonetheless, when considering this discrete ONL 
thinning in the retinas of 6-months-old animals, we should take into 
account that the retinal degeneration in our KD/KO model progresses 
slowly and is detected at older ages (more than 12-months-old animals), 
and what we observe here in response to light stress are the initial steps 
leading to retinal degeneration. 

We also checked whether synaptic retinal remodelling might be 
occurring as a late response to light stress by quantifying the number of 
photoreceptor synapses in post-synaptic inner neurons through immu
nodetection of the synapse marker BASSOON in WT/WT and KD/KO 
retinas (Fig. 5F). Quantification of synapses in the outer plexiform layer 
suggested KD/KO retinas presented a significant decrease in the number 
of synapses per photoreceptor as a late consequence of light-induced 
stress (Fig. 5G). 

In summary, retinal remodelling is observed in KD/KO mice two 
weeks after light-stress treatment via both moderate photoreceptor loss 
and a decrease in the number of synapses per photoreceptor. 

3.5. Cell death mechanisms activation after light stress treatment in KD/ 
KO retinas 

As an ultimate outcome of defective antioxidant responses to 
oxidative damage, apoptotic and non-apoptotic programmed cell death 
pathways are eventually triggered, being the main cause of retinal 
neurodegeneration and vision loss in patients of retinal dystrophies [35, 
36]. Therefore, we checked the regulation of different degenerative 
mechanisms performing a cluster analysis of RNA-Seq results, which 
resulted in a group of DE genes associated with various cell death 
pathways (Fig. 6A). Among them, we found DE genes related to 
apoptosis (e.g., Casp7, Bcl2 and Casp6), necroptosis (e.g., Ripk1) and 
ferroptosis (e.g., Slc7a11 and Alox15). 

Fig. 6. Activation of different cell death mechanisms in KD/KO retinas upon light-stress damage. (A) Heatmap showing hierarchical clustering of differentially 
expressed genes involved in cell death pathways. (B, C) Activation of apoptosis in KD/KO retinas as a response to light stress through cleavage of CASPASE-7. (B) 
Western-blot of WT/WT and KD/KO retinal lysates immunodetecting CASPASE-7 and its cleaved isoform. GAPDH is used as loading control. (C) Quantification of 
cleaved-CASPASE-7:pro-CASPASE7 ratio (c-Caspase7/pro-Caspase7) shows a moderate increment in KD/KO retinas after stress treatment. (D, E) Necroptosis is 
triggered after MLKL phosphorylation in photoreceptor inner segments of KD/KO retinas under light-stress injury. (D) Representative fluorescent image of P-MLKL 
(green) in WT/WT and KD/KO retinas under light stress. DAPI is used to stain nuclei (blue). Scale bar: 50 μm. High magnification images show photoreceptor inner 
segment in more detail. Scale bar: 25 μm. (E) Quantification of P-MLKL fluorescence in the inner segment (IS) of WT and KD/KO photoreceptors after light-induced 
stress treatment. n = 24 ROIs from 4 animals per genotype and condition. (F, G) KD/KO retinas display decreased levels of FTH1 in both basal and light-induced 
stress conditions, reaching ferroptosis. (F) Western blot of WT/WT and KD/KO retinal homogenates after light-stress treatment immunodetecting FTH1, KEAP1 
and TUBULIN (loading control). (G) Measurement of FTH1 and KEAP1 protein levels normalized using TUBULIN in WT and KD/KO retinal lysates upon light damage. 
n = 5 retinas per genotype and condition. * p-value ≤ 0.05, ** p-value ≤ 0.01, *** p-value ≤ 0.005, **** p-value ≤ 0.001. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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Among the different programmed cell death mechanisms, apoptosis 
has been considered the main cell death pathway occurring in the retina 
[35]. In the apoptotic process, both intrinsic and extrinsic apoptotic 
signalling cascades ultimately activate caspase-3 and caspase-7 as final 
effectors. We checked out the activation of apoptosis by quantifying the 
levels of cleaved CASPASE-7 (c-Caspase7) in comparison to uncleaved 
CASPASE-7 levels (pro-Caspase7) through Western-blot analysis of 
WT/WT and KD/KO retinal lysates upon light-induced injury (Fig. 6B). 
These results revealed a moderate but non-significant increase in the 
cleavage of pro-apoptotic CASPASE-7 in KD/KO retinas after stress 
treatment (Fig. 6C). 

Moreover, other regulated degenerative mechanisms can be trig
gered in the retina, such as necroptosis and ferroptosis. In the nec
roptotic pathway, different kinases (RIPK1 and RIPK3) are activated in 
cascade to finally phosphorylate MLKL. Phosphorylated MLKL (P-MLKL) 
is then transported to the cell membrane, where it causes cell death by 
disruption of membrane integrity [37,38]. Thus, we assessed the loca
tion and quantity of P-MLKL in the photoreceptor membrane of WT/WT 
and KD/KO retinas after light-stress insult (Fig. 6D). In light-stressed 
KD/KO retinas the levels of P-MLKL localizing to the photoreceptor 
membrane were significantly increased in comparison to control 
KD/KO, indicating that necroptosis is triggered in KD/KO photorecep
tors as a consequence of light-stress injury (Fig. 6E). 

Ferroptosis is a programmed cell death pathway characterized by 
iron accumulation, oxidative stress, loss of mitochondrial integrity and 
low glutathione levels, which results in oxidation of nucleic acids, pro
teins, and lipids. All these ROS-derived alterations finally rise lethal 
calcium influx [39]. The iron responsive genes, such as FTH1 and other 
proteins involved in the ferroptotic cascade are induced by binding of 
NRF2 to the antioxidant responsive elements (AREs) in their promoters 
[40]. NRF2 is a master antioxidant transcription factor regulator whose 
levels are tightly controlled by the ubiquitin ligase KEAP1, which 
ubiquitylates NRF2, tagging it for proteasome degradation [41]. 
Notably, the NRF2/KEAP1 axis is slightly impaired in KD/KO retinas in 
basal conditions, as the transcriptional levels of Nfe2l2 (the gene 
encoding NRF2) are slightly but significantly reduced down to 80% in 
KD/KO retinas compared to WT/WT, whereas those of KEAP1 are 
increased around 1.3-fold (RNA-Seq Supplementary Data). Therefore, 
we assessed the levels of KEAP1 and FTH1 (a ferroptosis suppressor gene 
induced by NRF2) by Western-blot analysis of WT/WT and KD/KO 
retinal lysates after light stress (Fig. 6F). In agreement with the RNA-Seq 
data, quantification of the ubiquitin ligase KEAP1 levels revealed a slight 
increase in WT/WT retinas in response to stress, as well as in KD/KO 
retinas in control and stress conditions. As a consequence, the levels of 
FTH1 were significantly reduced in light-stressed WT/WT and control 
KD/KO retinas, compared to control WT/WT. In addition, KD/KO ret
inas showed further decrease in the levels of FTH1 upon light-induced 
stress (Fig. 6G). The final consequence of the observed alterations is 
the activation of ferroptosis. 

To conclude, multiple mediated cell death mechanisms are activated 
at different levels in KD/KO retinas in response to light-induced stress. 

4. Discussion 

Inherited retinal dystrophies (IRDs) are a heterogeneous group of 
disorders caused by mutations in more than 300 genes/loci (RetNet, the 
Retinal Information Network, 1996–2023, https://web.sph.uth.edu/Ret 
Net/). IRD-causative genes display many different functions in photo
receptor and other retinal cells, from specific structural roles (e.g., 
CEP290, PROM1), photoreception and phototransduction (e.g., 
Rhodopsin, PDE6B) or photoreceptor differentiation (e.g., NRL, NR2E3). 
Although the specific biochemical function is not always precisely 
determined (as is the case for EYS, FAM161A or RPGR, among others), 
the mutations in IRD genes cause the same phenotypic outcome: 
degeneration of photoreceptor cells and progressive visual decline, 
which eventually leads to blindness. Some IRDs are caused by failure in 

specific enzymatic and non-enzymatic protective antioxidant systems, 
thus inducing a higher susceptibility to oxidative stress caused by 
endogenous and/or exogenous damaging factors, such as the continuous 
impact of light [42,43]. In this context, CERKL has been described as a 
resilience gene against oxidative stress in the retina and other tissues, 
although its particular and specific function has not yet been fully 
elucidated. With this work, we aimed to deepen in the CERKL protective 
role in the retina, particularly in response to acute light stress treatment, 
first by identifying differentially expressed genes upon light stress 
robustly associated to Cerkl knockdown; and second, by assessing anti
oxidant mechanisms in the retinas in the CerklKD/KO (KDKO) model in 
order to identify potential actionable pathways for specific antioxidant 
therapeutic treatments. 

Notably, results from RNA-Seq showed consistent transcriptional 
differences between genotypes, but very slight variations in response to 
light stress. Although surprising at first sight, we should note that 
transcriptomic analysis was performed after 1 h of light stress, and most 
probably, early oxidative defence pathways or even cell death mecha
nisms (see below) activation after acute injury rely on post- 
transcriptional but not transcriptional events. Longer exposure to light 
might reveal further altered cell pathways, although chronic light stress 
most probably induces strong retinal remodelling and inflammation as 
reported in Ref. [22]. Overall, our results though reinforce that knock
down of Cerkl alters directly or indirectly the expression of multiple 
genes, being most of them downregulated, including many IRD and 
phototransduction/visual cycle genes, thus reflecting photoreceptor and 
RPE dysfunction. 

Previous studies reported that wild type CERKL was shown to be 
involved in the formation of RNA stress granules and P-bodies [20]. 
Here we report for the first time that mRNA stress granule response is 
exacerbated in KD/KO retinas in basal conditions, reaching levels 
similar to those of stressed WT/WT retinas. Surprisingly, acute light/
oxidative treatment did not cause an increase of stress granule response 
in KD/KO retinal cells, compared to the already overactivated response 
in basal conditions. On the other hand, a similar response was detected 
when assessing the GSH/GSGG ratio and the total quantity of gluta
thione in WT/WT vs KD/KO retinas. Again, in the absence of further 
environmental stressors, glutathione metabolism was already impaired 
in KD/KO retinas, showing similar levels of GSH/GSSG balance and 
glutathione total amount as WT/WT light-exposed retinas. 

Among all the enzymatic oxidative defence mechanisms, CERKL has 
been shown to interact with the antioxidant enzyme TRX2 to ensure its 
redox function [17]. In this work we have also found alterations in the 
levels of other antioxidant enzymes in KD/KO retinas, such as PRX3 and 
PRX5, particularly after light-induced stress. Concerning the enzymatic 
machinery involved in glutathione metabolism, our findings showed 
increased levels of different enzymes, such as GSR, GPX4 and CHAC1, in 
KD/KO light-exposed retinas. Overregulation of these proteins, partic
ularly GPX4 and CHAC1, is indicative of oxidative stress protection 
[44–46], whereas GPX downregulation is related to increased oxidative 
damage, as shown in rd1 mouse model retinas [47]. Thus, in KD/KO 
retinas, downregulation of PRXs and overregulation of glutathione 
related enzymes might also occur as a compensatory reaction to the 
lowered levels of GSH to assure the glutathione-based response to light 
stress. 

All these findings, together with those related to stress granule for
mation and the alterations detected in NRF2/KEAP1 axis, indicate that 
KD/KO retinas already suffer from endogenous oxidative stress in 
normal conditions and fail to further activate antioxidant mechanisms 
against external stress stimuli. 

The contribution of CERKL to mitochondrial dynamics and meta
bolism has already been assessed in previous work, in which CERKL/ 
Cerkl downregulation resulted in smaller and dysfunctional mitochon
dria, whereas CERKL overexpression protected mitochondrial 
morphology and function from oxidative stress [15,18,19]. Here, we 
also describe alterations in the levels of different subunits of the ATP 
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synthase upon Cerkl knockdown. As a vicious circle, energy-supply 
mechanisms produce ROS, but ROS can also damage energy-supply 
systems. On the other hand, if there is not sufficient energy produc
tion the repair systems cannot act properly, and the resulting imbalance 
eventually may lead to cell death [48]. Given that, apart from alterations 
in mitochondrial metabolism, we also describe increased levels of H2O2 
and ROS and dysregulated antioxidant responses in KD/KO 
light-exposed retinas, it is difficult to elucidate which is the first link in 
the chain initiating this vicious circle. 

CERKL is a gene with highly complex regulation, including different 
transcription start sites and alternative splicing events. As a result, at 
least four main protein isoforms can be found in the human, and three in 
the mouse retinas [49]. These isoforms display different protein domains 
and might thus play different roles. Interestingly, although Cerkl 
expression is not increased after light stress in the wild-type retinas, the 
subcellular localization of different CERKL protein isoforms shifts, thus 
reflecting post-translational regulation in response to stress. Thus, while 
CERKL isoforms containing either exon 2 and/or exon 5 are localized 
ubiquitously through the soma and dendrites of WT/WT RGCs, in 
KD/KO RGCs, a limited pool of exon 2-containing isoforms is detected in 
the nuclei, but most of the residual CERKL mainly localizes to stress 
granules, as a crucial CERKL-mediated stress response mechanism. 

As a common point in different neurodegenerative retinal disorders, 
glial cells are activated in response to damage and degeneration of 
retinal cells, eventually inducing an inflammation state in the retina 
[50]. Accordingly, our results showed an increment of gliosis in KD/KO 
retinas, regardless of light-stress treatment, that is indicative of chronic 
damage in KD/KO retinas, and results in deleterious effects that may 
contribute to retinal neurodegeneration [4]. Moreover, we observed a 
late light-responsive loss of synaptic contacts between photoreceptor 
cells and post-synaptic neurons in the KD/KO retinas (at two weeks 
post-injury), suggesting retinal connection remodelling as part of the 
neurodegenerative process as reviewed in Refs. [51,52]. 

As a final outcome of light-induced stress, impaired antioxidant re
sponses and gliosis, we observed activation of several cell death mech
anisms at different levels, including necroptosis, ferroptosis and 
apoptosis. Activation of necroptosis in KD/KO photoreceptors promotes 
cell death, as an expected response to light-stress damage [53]. More
over, the detected increase in ferroptosis in KD/KO retinas may be due to 
several alterations: i) significantly lower RNA levels of the antioxidant 
response master regulator NRF2 (log2 Fold Change of − 0.3383), ii) the 
slight increase in KEAP1 protein levels, the ubiquitin ligase that pro
motes NRF2 degradation [41]), and iii) the subsequent significant 
decrease of FTH1, an anti-ferroptotic protein involved in ferrous iron 
scavenging [54,55], as a consequence of the alteration of the glutathione 
system [44,46], leading to iron release. Finally, and in agreement with 
other IRD mouse models, apoptosis –although detectable– was not the 
principal cell death mechanism activated in KD/KO retinas [56]. 

Coherently, the inflammatory response mediated by glia is strongly 
associated with non-apoptotic cell death pathways, such as ferroptosis 
and necroptosis. Overall, KD/KO light-exposed retinas display several 
cell death mechanisms, which might be cell-specific. Further work is 
required to assess the relevance of each pathway in retinal degeneration. 

5. Conclusions 

Altogether, these studies provide further evidence of the importance 
of CERKL for the proper regulation, control, and balance of antioxidant 
systems in response to acute light stress in the retina. In addition, Cerkl 
downregulation causes retinal oxidative stress in basal conditions, and 
this chronic overactivation of different oxidative defence mechanisms 
does not allow to respond further upon stress injury. Eventually, the 
balance between antioxidant mechanisms and ROS levels is altered and 
triggers different cell death mechanisms in KD/KO retinas. Our findings 
(model in Fig. 7) shed light on the pathogenesis mechanisms of CERKL 
mutations, which eventually cause retinal degeneration and blindness 
by impairing the oxidative stress response in the retina. In this context, 
specific therapeutical approaches by gene therapy adding CERKL or by 
antioxidant treatments targeting key actionable pathways [57] seem 
promising strategies to halt IRD disease progression. 
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Fig. 7. Model of retinal degeneration in CerklKD/ 

KO due to oxidative stress response dysregulation. 
The WT/WT retina shows the laminar distribution of 
retinal neuronal cells (right panel). In contrast, KD/ 
KO retinas show: i) an upregulation of oxidative stress 
response (e.g., stress granule formation and gliosis) 
and ii) unbalanced glutathione metabolites, even in 
basal conditions. This dysregulated response is 
further exacerbated upon light-stress, with increased 
H2O2 → ROS production, which eventually leads to 
retinal degeneration. RPE: retinal pigment epithe
lium, 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.   
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