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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 Cerk/"®“© 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 Cerk/© 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 Cerk/"®/%© 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



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 Cerk/**%©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, Cerk/?X© 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 CERKLF?*7% 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.

S I B



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”".
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La retina, el tejido neurosensorial que transduce luz en sefales 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 vision. Aunque su funcion exacta es desconocida, se ha

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

Usando el modelo Cerk/P%©, que expresa menos del 10% de Cerkl -y sufre la
muerte progresiva de fotorreceptores con la consiguiente pérdida de visién-, nuestro
objetivo ha sido la diseccion de la funcion de CERKL en el metabolismo y dindmica
mitocondriales, tanto en condiciones basales como en respuesta al estrés
oxidativo/luminico. Hemos descrito la localizaciéon de un conjunto de isoformas de
CERKL en mitocondria, ademas de la acumulacién de mitocondrias fragmentadas y
disfuncionales en retinas Cerk/[®%© Asimismo, las neuronas Cerk/®C presentan
alteraciones en la distribucién y tréfico mitocondriales. Ademas, la sobreexpresion
de CERKL in vitro protege la red mitocondrial del estrés oxidativo, reflejando la
importancia de CERKL en la regulacion de la morfologia y bioenergética
mitocondriales. También hemos evaluado la respuesta a estrés luminico en ratones
albinos Cerk/®?%©, observando una respuesta exacerbada en condiciones basales,
con alteraciones en el metabolismo del glutation y produccion de granulos de estrés.
Consecuentemente, ante estrés luminico, las retinas Cerk/®“° no pueden sobrellevar
un dafio adicional, causando un incremento en especies reactivas de oxigeno y

activacion de mecanismos de muerte celular.

En conclusién, nuestros estudios postulan el gen CERKL como un nuevo regulador
de la organizacion y metabolismo mitocondriales, asi como de la homeostasis retinal
frente a estrés luminico, 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 Cerk/"?%0, que seran

comparados y confirmados con los observados en organoides de retina derivados



de hiPSCs de pacientes. Asi podremos evaluar el potencial rescate fenotipico tras

aplicar terapia basada en AAV-CERKL.
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The retina

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)

( ) (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, Muller 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 (Muller 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).
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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 ym) 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 Ramdn 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).

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.

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
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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 a-subunit of transducin, a trimeric G-protein. The transducin a-subunit bound to
GTP dissociates from the B and y-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 Ca?*
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
RPE6S, 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).

11-cis all-trans
retinal retinol

all-trans
“«—  —  — retinal

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 Muller cells. To ensure the rapid renewal of 11-cis-
retinal in daylight conditions, Mdller 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
40
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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 ( )

(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, PROMT1), 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 ( ). 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 RPES5.

Furthermore, some IRDs affect only the retina, while others present systemic features,
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e.g. Alstrom syndrome (hearing loss, obesity, cardiomyopathy), Bardet-Bied|
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) ( )

(36,37).
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. 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), Alstrom 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.
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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 Miller 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 (H202), hydroxyl radicals ((OH),
superoxide anions (Oy"), 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,
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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).

Protein aggregates
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products
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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-Il. 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-Il (the autophagosome-bound form of
LC3). ATG? 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 ( ) (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
OXPHQOS, 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 MFEN1 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 OPAT (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
FIST, 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 TRAK1T 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 ( ) (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 Muller 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 Mdller
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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).
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Figure 7. Mitochondrial dynamics. Mitochondria can undergo fusion, fission, transport
and mitophagy events. MFN1, MFN2 and OPA1 are involved in fusion. FIST 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, IRET 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, RHO™3", 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 y-glutamylcysteine
synthase (GCS), involves the formation of y-glutamylcysteine using cysteine and

glutamate as precursors. Finally, glutathione synthase (GS) catalyses the reaction
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between y-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 ( ) (86,87).
MAT
~
Methionine S-adenosylmethionine
BHMT MT J
Homocysteine S-adenosylhomocysteine
Serine | cBs F—
i SAHH
Cystathionine GSSG
+CL fGPX GSR

. GCS . GSS
Cysteine —> y-glutamylcysteine —» GSH
Glutamate Glycine

. 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, Miller 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 mMRNA 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 elF2A, elF3,
elF4A/B, elFAE and elF4G, the RNA-binding proteins PAB1, Caprin, FMR1, TDP-43,
Tial 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 Mller 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 Muller cells conform the retinal macroglia. Miller cells are in close
contact with all retinal cells owing to their large size and distribution. Among their
functions, Muller 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 mostinner 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-a, IL-18 and IL-6,
as well as ROS and RNS (100). Astrocytes and Muller cells undergo gliosis, increasing
the expression of gliosis-related genes. Miller cells are extremely sensitive to
damage and can undergo gliosis before retinal neuronal cell death is detected. In
response to damage, both Muller 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 Cerk/
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
distinctaims (105,106). Nonetheless, the group led by Dr Roser Gonzélez 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 2g31-g33 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 CERKLR?>7X
—also known as CERKLF#3%- 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 ( ). 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.

dystrophy

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 Localization Amino acid Phenotype Reference
change change
GAG-TAG c.193G>T p.E6S* Retinal degeneration (108,109)
CGT-AGT c.316C>T p.R106C Retinal degeneration (110)
CGT-TGT c316C>A oR1065 ~ Ketinitis Pigmentosa, (109)
autosomal recessive
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 cA51T>G p.W151G Retinal dystrophy (116)
CCG-CTG c497C>T o.P166L Macular (117)
degeneration
AAA-TAA c.598A>T p.K200* Retinitis pigmentosa (118)
CAG-TAG C.664C>T 0.Q220+  Retinitis Pigmentosa, (119)
autosomal recessive
GAT-GTT Cc.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)
Retinitis pigmentosa
ATA-ACA c.890T>C p.1297T and rod-cone (123)
dystrophy
TGC-TGA c.999C>A p.C333* Cone-rod dystrophy (124)
CGA-TGA .1090C>T p.R364* Cone/cone-rod (125)
dystrophy
Retinal
TGT-TGA c.1164T>A p.C388* degeneration, (126)
pericentral
CAG-TAG c.1270C>T p.Q424* Retinitis pigmentosa (127)
CGA-TGA c.1381C>T p.R461T* Retinitis pigmentosa (128)
Macular and
AGC-TGC c.1651A>T p.S551C cone/cone-rod (129)
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Continuation Table 1

Splicing mutations

Splicing mutation Localization Phenotype Reference
VS1ds +1 G-A c.238+1G>A Retinal degeneration (130)
VST ds +2 T.C € 23842T>C Retinitis pigmentosa, cone-rod (131)
dystrophy
VS2 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 Phenotype Reference
change
CACTTA139 p.(lle141 Retinitis
GATCTtATTAATTTAA c.420dell Leufs*3) pigmentosa (118)
ACTGTA149 c.450_451 p.(lle150 Cone-rod (134)
GACATatGGTTTAGACA delAT Metfs*3) dystrophy
GTAN204ACAA_EI_ c.613+4_613+5 Retinitis (133)
GTAagTAATTTTCAG delAG pigmentosa
TAN204ACAA_EI c.613+5_613+8 Retinitis (135)
GTAAgtaaTTTTCAGAAT delGTAA pigmentosa
TTTTCTAG_IE_ p.(Val254 Retinal
TGETA254GTCTGTGTT c./59dell Serfs*12)  dystophy %)
AATGCTN278 p.(Met279 Retinitis
GGGAtGGAAACAGAC c836dell Argfs*7)  pigmentosa (¢
GAATCA285 p.(Pro287 Retinitis
CTGACtCCTGTCAGAG c.858dell leufs*10)  pigmentosa 1 1O)
ATTGCACA322 c.968_969 p.(lle323 (137)
ATTatAATGG_EI_GTAAG delTA Asnfs*46)

GTTCTCAAN348 c.1045_1046 p.(Met349 Retinal (108)
GCCatGTTTGGCTTT delAT Valfs*20) dystrophy
AAANIB3CTTAA_EI_ c.1151+3_1151+6 Retinitis (133)
GTaagtCTTTTTCTTA delAAGT pigmentosa

GCAGAAN387 c.1164_1165 N

GACTGtGAAATATCAT delTG p-(Cys3887) (138)
CTGTTA493 N Retinal
GAGGASGTAAMAGTTC  C14B2delA plVal®ah) g roppy,  (139)
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Continuation Table 1

Small insertions

Mutation Localization Amino acid Phenotype Reference
change
GGGCATCAS2 c.156_157 N Retinitis
TTCtGAGATCGGGA insT p(Glu53%) pigmentosa (136)
Macular
GCGAGN66CGAGC c.197_200 p.(Leu68 degeneration, (132)
gagcACTGCGGTGG dupGAGC Serfs*15) cone/cone-
rod dystrophy
TGAGACTN490 c.1467_1470 p.(Thrd91 Retinitis (140)
TACttacACTGTTGAGG dupTTAC Leufs*4) pigmentosa
ATCAGTAL47 c.1639_1642 p.(Tyr548 Retinitis (115)
CTTTcttATGGAGGAAG dupCTTT Serfs*19) pigmentosa
Gross deletions
Mutation Localization Phenotype Reference
gDNA Exon 1-2 Retinal degeneration (147)
gDNA Exon 2 Retinitis pigmentosa (132)
gDNA Exon 2 Macular deger:jera‘uon, cone/cone-rod (133)
ystrophy
Retinitis pigmentosa, cone-rod
gDNA Exon 1 dystrophy (131)
Retinitis pigmentosa, cone-rod
gDNA Exon 2 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 hNEUROD 1/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 ( ). 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, CERKLDb, 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).

A
hNEURQOD1 hCERKL
/‘\._\\
> P > .
5UTR ———%UTR 1 - 2 --—3 -—4—4pb--5 —6-- 7 —8—9—10-—--11---12 —13 3UTR
— > VvV VN VV VVV VIV OV
B NLS DAGK domain NES
PH domain ATP-binding site
CERKLa 1 2 3 4---5 6 7 89101112 13 532 aa-59.6 kDa
CERKLDb 1 2 3 44 5 6 7 891011 12 13 558 aa - 62.6 kDa
CERKLc 1 2 - 6 7 8910 11 12 13 419 aa - 47.4 kDa
CERKLd 1 2 3-=-===- 6 7 891011 12 13 463 aa - 52.5 kDa

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 (hNEURODT) 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 ( ) (143).

3.2. Basicresearch: 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 CERKL®?*”X mutant was retained
in the nucleus but did not localize at the nucleolus, and the CERKLR'% 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 661TW (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 CERKL2>W
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 ( ) (156).
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Mild retinal alterations
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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/Cas?
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 ( ) (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/Cas? 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 ssODNSs to facilitate the generation of the recombinant deletion
allele lacking 97 kb. Mating of heterozygous Cerk/"™© mice did not generate any pup
homozygous for the Cerkl deletion, suggesting developmental lethality. Therefore,
turning to account the previously generated Cerk/ KD mouse model and this new
complete deletion, a novel animal model was obtained by combining the two
recombinant alleles: the double heterozygote Cerk/?%© (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
( ) (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 ( ) (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 ZFcerk/ 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 ( ) (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).

Retina Retinal organoid

Pigment Epithelium

Rod

Cone

Horizontal cell

Mdller glial cell

-t Bipolar cell

- N
1 ( 3 4 . .
/‘ > Microglia

3 .l.__o-——-——— Ganglion cell
-

2

R A )
]

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 Miller 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).

' 4 \V\O
Adenovirus Lentivirus Adeno-associated virus

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 ( ). 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).

. 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.

Causative

NCT Number Conditions Interventions
gene
NCT04517149 X-Linked Retinitis RPGR  BIOLOGICAL: 4D-125
Pigmentosa
NCT00999609 Leber Conggmtal RPES BIOLQGICAL: AAV2-hRPE65v2,
Amaurosis voretigene neparvovec-rzyl
RHO,
NCT05748873 Retinitis Pigmentosa  PDE6A, or  DRUG: SPVN0O6
PDEé6B
Choroideremia )
NCT03584165 X-Linked Retinitis RPGR GENETIC: BIBTTT

. GENETIC: BlIB112
Pigmentosa
NCT03328130 Retinitis Pigmentosa PDE6B BIOLOGICAL: AAV2/5-hPDE6B

T BIOLOGICAL: Gene Therapy
NCT04945772 Retinitis Pigmentosa Product-MCO-010

NCT03316560 X-Lihked Retinitis RPGR BIOLOGICAL: rAAV2tYF-GRK1-
Pigmentosa RPGR

COMBINATION_PRODUCT:

Non-syndromic

NCT03326336 Retinitis Piament Gene therapy: GS030-DP AND
etinttis Figmentosa Medical device: GS030-MD
NCT04850118 X—Llr\ked Retinitis RPGR BIOLOGICAL: rAAV2tYF-GRK1-
Pigmentosa hRPGRco
NCT05694598 Bietti Crystalline CYP4V2  GENETIC: VGR-RO1

Dystrophy

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 ( ) (198). The

different types of NPs allow the personalized optimization of delivery platforms, as
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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).

Organic nanoparticles Inorganic nanoparticles
-
Lipid Polymeric DNA-wrapped gold Mesoporous
nanoparticles nanoparticles nanoparticles nanoparticles

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.

AON:Ss 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 AONSs, 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 Cerk/?© 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 Cerk/"®%© mouse retinas.

1.2.Study of mitochondrial dynamics, trafficking, and function in Cerk/<Pk©

hippocampal cells.

1.3. Assessment of phagocytosis, ciliogenesis and mitochondrial morphology

Cerk[*/%© 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

Cerkl[fP%O 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 CERKLF?*7¥/R257X muytation

via CRISPR/Cas9.

3.2. Differentiation of CERKLR?7XR257X phatient’s and CRISPR-derived hiPSCs into 3D

retinal organoids.



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

VIivO.

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

Report of the Thesis directors

The Thesis entitled: "CERKL as a modulator gene of mitochondrial dynamics and
stress response in the retina”, presented by Rocio Garcia Arroyo to opt for the PhD in
Genetics has been supervised by us (Drs Marfany and Mirra) and performed in the
Dept. de Genetica, Microbiologia i Estadistica (Universitat de Barcelona). This Thesis
is presented as a compendium of 3 completely original publications where Rocio
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, Rocio has contributed to 2 other publications to different extents (see
the Annex for a list of articles and details). During her PhD, Rocio has been granted
different fellowships: the “Beca d'iniciacid a la recerca” from the Institut de
Biomedicina de la Universitat de Barcelona (IBUB), and the FI-DGR from the
Generalitat de Catalunya. Besides, Rocio 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 Rocio to:

Publication 1

Mirra S, Garcia-Arroyo R, B Domeénech E, Gavalda-Navarro A, Herrera-Ubeda C,
Oliva C, Garcia-Fernandez 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, Rocio 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

Garcia-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 Rocio signs as a unique predoctoral student with us as
PhD directors, shows the skills acquired by Rocio 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

Garcia-Arroyo R, Gavalda-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 Rocio. 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. Rocio also draw the first draft of the manuscript and the model for

the role of CERKL in the RPE.

Publication 4

Garcia-Arroyo R, Domenech EB, Herrera-Ubeda C, Asensi MA, NUfiez de Arenas
C, Cuezva UM, Garcia-Fernandez J, Pallardd FV, Mirra S, Marfany G. Exacerbated
response to oxidative stress in the Retinitis Pigmentosa Cerk/?¥© 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 Rocio’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. Rocio 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
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1.1.CERKL regulates autophagy and .

mitochondrial dynamics in the

mammalian retina
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Publication 1

Title

CERKL, a retinal dystrophy gene, regulates mitochondrial function and dynamics

in the mammalian retina

Authors

Serena Mirra, Rocio Garcia-Arroyo, Elena B. Domenech, Aleix Gavalda-Navarro,
Carlos Herrera-Ubeda, Clara Oliva, Jordi Garcia-Fernandez, Rafael Artuch, Francesc

Villarroya, Gemma Marfany

Reference

Mirra S, Garcia-Arroyo R, B Domenech E, Gavalda-Navarro A, Herrera-Ubeda C,
Oliva C, Garcia-Fernandez 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




RESULTS

localizes at mitochondria in mouse retinal ganglion cells. The depletion of CERKL
levels in Cerkl/P%©  (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 | 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.
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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 localizes at mitochondria in mouse retinal ganglion
cells. The depletion of CERKL levels in Cerkl*/X° (knockdown/knockout) mouse retinas cause increase of auto-
phagy, mitochondrial fragmentation, alteration of mitochondrial distribution, and dysfunction of mitochondrial-
dependent bioenergetics and metabolism. Our results support CERKL as a regulator of autophagy and mito-
chondrial biology in the mammalian retina.

mitochondria, known as mitophagy, represents an important mecha-
nism for organelle quality control. Mitochondria are very dynamic or-

1. Introduction

Autophagy is an intracellular catabolic pathway where damaged
organelles, toxic aggregates or cell components are engulfed and
delivered to lysosomes for degradation and recycling, to produce energy
and nutrients that are necessary to maintain metabolic homeostasis,
particularly in conditions such as starvation or cellular stress (Boya
et al., 2013). Autophagy is finely regulated at the molecular level
through a set of Atg proteins, such as Beclin 1, which contribute to the
initiation and elongation of autophagosomes, and more downstream
factors, such as LC3 or p62 (Gatica et al., 2018). Selective autophagy of

ganelles that can fuse and divide, move throughout the cell and undergo
regulated turnover through mitophagy (Mandal and Drerup, 2019).
They can readily adapt to changes in cellular requirements after physi-
ological or environmental cues. When cells are subjected to mild stresses
such as nutrient deprivation, mitochondria fuse and form a branched
and interconnected network, as a means to increase ATP production and
recover cellular homeostasis. Conversely, in the case of severe stress,
mitochondria are fragmented to facilitate mitophagy (Zemirli et al.,
2018). Defects in general autophagy, mitophagy and mitochondrial

Abbreviations: IRDs, Inherited Retinal Dystrophies; RP, Retinitis Pigmentosa; CERKL, CERamide Kinase Like; CRD, Cone-Rod Dystrophy; DAGK, diacylglycerol
kinase domain; PH, Pleckstrin homology; RGCs, retinal ganglion cells; DIV, days in vitro; HCQ, hydroxychloroquine; AR, Aspect Ratio; FF, Form factor; RPE, retinal
pigment epithelium; OXPHOS, oxidative phosphorylation system; ATP, adenosine triphosphate; OCR, oxygen consumption rates; ECAR, extracellular acidification
rates.
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dynamics regulation have been associated with several pathological
conditions, such as neurodegenerative disorders, diabetes, age-
associated diseases, and lysosomal storage diseases (Yang and Klion-
sky, 2020; Mizushima and Levine, 2020).

The retina is endowed with an active metabolism and is particularly
vulnerable to genetic and environmental alterations that cause mito-
chondrial dysfunction, such as impaired energy production, mtDNA
instability, disturbance of mitochondrial dynamics and mitochondrial
quality control (Narayan et al., 2017). These alterations make photo-
receptors and retinal ganglion cells (RGCs) more susceptible to cell
death and contribute significantly to the onset of retinal neuro-
degeneration (Eells, 2019; Mirra and Marfany, 2019).

Inherited retinal dystrophies (IRDs) are a broad group of neurode-
generative disorders associated with reduced visual capacities or even
complete vision loss, which affect 1:3000 people worldwide. Retinitis
Pigmentosa (RP) is the most common IRD and it is characterized by
dysfunction and death of photoreceptor cells in the retina.

RP is caused by mutations in more than 70 causative genes. Among
them, CERKL (CERamide Kinase Like) was first identified in a RP Spanish
family (Tuson et al., 2004) and was later also associated to cone-rod
dystrophy (CRD) (Aleman et al., 2009). CERKL is expressed in several
tissues, such as brain, lung and kidney, but the retina is the tissue where
CERKL expression is the highest. CERKL belongs to the ceramide kinase
protein family, even though CERKL has never been shown to exert any
kinase activity (Bornancin et al., 2005; Tuson et al., 2009). CERKL
contains a diacylglycerol kinase domain (DAGK), a Pleckstrin homology
(PH) domain, an ATP-binding domain and two nuclear localization and
nuclear export signals implicated in the nucleus-cytoplasm traffic
(Bornancin et al., 2005; Ali et al., 2008; Inagaki et al., 2006; Riera et al.,
2013).

CERKL expression produces more than 20 transcripts in both human
and mouse (Garanto et al., 2011). This transcriptional complexity
translates to a wide range of proteins that can localize at different
cellular compartments, among them cytosol, nucleus, mitochondria,
Golgi vesicles and endoplasmic reticulum.

Previous functional studies performed on zebrafish embryos by
knocking down Cerkl showed an abnormal eye development, with
lamination defects in retina and increased apoptosis (Riera et al., 2013).
We also generated a Cerkl knockdown mouse model using cre/loxP-
mediated deletion of the first exon plus promoter. Notably, the model
retained 40% of Cerkl expression through the use of an alternative up-
stream promoter. Concerning the retina, no gross morphological alter-
ations were observed, although the RGCs function was altered in these
mice (Garanto et al., 2012).

Later on we generated a complete knockout of the Cerkl locus using
CRISPR/Cas9 (>97 kb deletion), which resulted to be lethal at embry-
onic stages in homozygosis (Domenech et al., 2020). Consequently, we
generated a new double heterozygote model, CerkI?’%° (KD/KO) in
which the protein expression level is below 10% of that of the wild-type
retina (Domenech et al., 2020). This mouse model showed a clear
phenotype of progressive retinal neurodegeneration that starts in young
mice (2-month-old) and slowly progresses with age. The retinal
phenotype of this KD/KO model is clearly detectable and includes
morphological alterations such as a decreased number of cones, photo-
receptor elongation, opsin mislocalization, alterations in the RPE
microvilli structure and phagocytosis, and activation of gliosis markers.
In young mice, there is not a detectable functional impairment of the
retina. However, the electrophysiological response is strongly impaired
in 18 month-old mice, thus suggesting a gradual and slow progression of
visual impairment, similarly to what occurs in most patients carrying
mutations in CERKL (Domenech et al., 2020).

CERKL has been described to bind several neuronal calcium sensors
(Nevet et al., 2012) and sphingolipids (Garanto et al., 2013), protecting
cells from oxidative stress (Tuson et al., 2009), and stabilizing the NAD-
deacetylase SIRT1 to regulate general autophagy (Hu et al., 2019).
Moreover, CERKL localizes at mitochondria where it interacts with
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mitochondrial thioredoxin 2 in NIH3T3 cells (Li et al., 2014). However,
the precise cellular and molecular function of CERKL in mammalian
retina is yet to be determined.

Here we describe a pool of CERKL isoforms localizing at mitochon-
dria in mouse RGCs primary culture. In addition, taking advantage of
KD/KO in vivo model, we studied the impact of CERKL expression levels
on mitochondrial function and mitochondrial network organization.
Our results showed that retinas from Cerkl*”/*? model are characterized
by increased autophagy that is not concomitant with increased
mitophagy. Additionally, depletion of Cerkl causes alteration of the
mitochondrial size and distribution, and dysregulation of mitochondrial
metabolism and other energy-related markers.

Overall, our studies describe CERKL as a relevant retinal gene
involved in the regulation of mitochondrial biology and metabolism,
and provide a solid link between inherited retinal disorders and the
alteration of cell metabolism and homeostasis in the mammalian retina.

2. Materials and methods
2.1. Animal experimentation

WT and CERKL transgenic lines in C57BL/6 J or Albino background
were genotyped as described previously (Garanto et al., 2012; Dome-
nech et al., 2020). Animal experiments 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 of Catalonia, according to the
European Directive 2010/63/EU and other relevant guidelines.

2.2, Genomic DNA and genotyping by PCR

DNA for genotyping was extracted from ear punches. Primers for
genotyping and PCR conditions are described in Domenech et al. (2020).

2.3. Retina isolation

After euthanizing the mice by cervical dislocation, eyes were
enucleated and disposed in cold PBS. The neural retina was separated
from the sclera, pigment epithelium and finally from the lens under a
binocular Leica lens and using a pair of thin tweezers.

2.4. Primary cultures

Primary retinal cultures were obtained from dissection of P0-2
mouse retinas. Single cell suspension was obtained using Neural Tis-
sue Dissociation Kit (Miltenyi Biotec, Bergisch, Gladbach, Germany).
150,000 cells were plated onto poly-D-ornitrhine-laminin coated cov-
erslips in Neurobasal™-A medium (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) supplemented with 0.06% glucose, 0.0045%
NaH2CO3,1 mM r-glutamine, B27 1x (Invitrogen, Carlsbad, CA), peni-
cillin/streptomycin (Invitrogen 1%), forskolin 5 pM (Sigma Aldrich,
Saint Louis, Missouri, USA), BDNF 5 ng/ml (Peprotech, 450-02) and rat
CNTF 20 ng/ml (Peprotech, 450-25). After 7 days of differentiation in
vitro (7DIV), cells were fixed in 4% PFA for 20 min and washed 3 times
with PBS 1x. If necessary, cells were stored for further experiments in
cryoprotector solution (30% Glicerol, 25% Etilenglicol 100% and 0.1 M
PBS). Selection of RGCs was performed as described in Domenech et al.
(2020). Autophagy flux experiments were performed in vitro by adding
hydroxichloroquine (HCQ, 30 pg/ml, Dolquine, Lab. Rubid, Barcelona,
Spain) for 6 h to the complete culture medium to block autophagosome-
lysosome fusion. To obtain hippocampal cultures E16 mouse brains were
dissected in PBS containing 3% glucose and the hippocampi were
dissected out. After trypsin (Invitrogen, Carlsbad, CA, USA) and DNAse
treatment (Roche Diagnostics), hippocampi were dissociated and cells
were seeded onto 0.5 mg/ml poly-i-lysine (Sigma-Aldrich)-coated cov-
erslips in neurobasal medium (Gibco, Grand Island, NY, USA) containing
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2 mM glutamax, 120/ml penicillin, 200/ml streptomycin and B27 sup-
plement (Invitrogen). Cells were maintained at 37 °C in the presence of
5% CO2 and were cultured for between 5 and 6 days.

2.5. 661 W culture and plasmid constructs

CERKL-GFP was obtained by cloning the coding region of
hCERKL532 cDNA (NM_201548.4) in pEGFPN2, by using Xhol and
BamHI restriction sites. Cone progenitor-derived 661 W cells were
cultured in DMEM (Invitrogen) supplemented with 10% fetal bovine
serum (FBS), 120 pg/ml penicillin and 200 pg/ml streptomycin (Life
Technologies), maintained at 37 °C in the presence of 5% CO and split
at a ratio of 1:5 once per week. Upon confluence, the cells were trypsi-
nized and 70,000 cells were seeded for each sterile glass coverslip pre-
viously coated wiyh poli-L lysine (Sigma-Aldrich). The cells were
transfected using Lipofectamin 2000 (Invitrogen) following the manu-
facturer’s instructions and processed 48 h after transfection.

2.6. Immunofluorescence, confocal microscopy, and colocalization
analysis

In immunocytochemistry experiments, cells were fixed in pre-chilled
methanol at —20 °C for 10 min, washed in PBS (3 x 5 min), per-
meabilized in 0.2% Triton X-100 (St. Louis, MO, USA) in PBS (20 min at
RT), and blocked for 1 h in 10% Normal Goat Serum (Roche Diagnostics)
in PBS. Primary antibodies were incubated overnight at 4 °C in blocking
solution. The primary antibodies used were the following: LC3 (AB BCN,
Genetex; 1:1000), p62 (Abcam, ab56416, 1:500), LAMP1 (Abcam,
[1D4B] ab25245, 1:500), CERKL2 and CERKLS (Domenech et al., 2020).
After incubation, coverslips with cells were rinsed in PBS 1x (3 x 5
min), incubated with the corresponding secondary antibodies conju-
gated to either Alexa Fluor 488, 568 or 647 (Life Technologies, Grand
Island, NY, USA) (1:400) at RT (1 h) in blocking solution. Nuclei were
stained with DAPI (Roche Diagnostics, Indianapolis, IN, USA) (1:1000),
washed again in PBS 1 x (3 x 5 min), mounted in Mowiol 4-88 (Merck,
Darmstadt, Germany).

For immunohistochemistry experiment, eyes from adult mice were
enucleated, fixed in PFA 4%, and embedded in OCT. Cryosections (12-
pm section) were collected and kept frozen at —80 °C until used. Cry-
osections were air dried for 10 min and rehydrated with 1x PBS (3 x 5
min) and blocked in blocking solution (1 x PBS containing 10% Normal
Goat Serum and 0.3% Triton X-100 [Sigma-Aldrich]) for 1 h at room
temperature. Primary antibody incubation was performed overnight at
4 °C. After three rinses with 1x PBS (10 min each), cryosections were
incubated for 1 h at room temperature with the corresponding second-
ary antibodies conjugated to a fluorophore. Finally, the slides were
washed with 1x PBS (3 x 10 min) and coverslipped with Fluoprep
(BioMerieux, Marcy-1'Etoile, France). The primary antibodies and di-
lutions used included: Sestrin2 (Proteintech, 10795-1-AP; 1:500), COXIV
(Invitrogen, 459,600; 1:500), LAMP1 (Abcam, [1D4B] ab25245, 1:500).

For whole-mount retina staining, retinas from adult mice were
placed on glass slides photoreceptors side up, flattened by cutting the
edges, fixed 1 h in 4% paraformaldehyde and rinsed with 1x PBS (3 x 5
min). The retinas were then blocked in blocking solution (1x PBS con-
taining 10% Normal Goat Serum and 2% Triton X-100) for 1 h at room
temperature and incubated with COXIV (Invitrogen, 459,600; 1:500)
primary antibody overnight. Then they were rinsed with 1x PBS (3 x 5
min) and incubated with Alexa Fluor 568 (Thermo Fisher Scientific,
Waltham, MA) for 1 h. Retinas were washed with 1x PBS (3 x 5 min),
mounted with Fluoprep (BioMerieux).

All the samples were analyzed by confocal microscopy (Zeiss LSM
880, Thornwood, NY, USA) and images were collected using ZEN-LSM
software. For quantitative analysis in both RGCs and 661 W cells, the
number of the fluorescent dots (LC3 dots and p62 dots) was counted
manually with ImageJ software (National Institutes of Health, Bethesda,
MD). Analysis of colocalization was performed with JACoP ImageJ
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plugin after images deconvolution, obtained using Huygens Deconvo-
lution Software.

2.7. Transmission electron microscopy

Mice were transcardially perfused with cold fixative solution (2.5%
glutaraldehyde, 2% PFA in 0.1 M phosphate buffer). Eyes were removed,
retinas were dissected and fragmented in 1mm?® pieces. Retinal frag-
ments were immersed in fixative solution (2.5% glutaraldehyde, 2% PFA
in 0.1 M phosphate buffer) and incubated at 4 °C overnight. Retinal
fragments were post-fixed in 1% osmium tetroxide 2% K4Fe(CN)g in the
dark for 2 h at 4° temperature, rinsed in double distilled water to remove
the osmium. Retinal fragments were dehydrated in ascending concen-
trations of acetone. Then was infiltrated and embedded in Epon (EMS).
Blocs were obtained after polymerisation at 60 °C for 48 h. Ultrathin
sections of 60 nm in thickness were obtained using a UC6 ultramicro-
tome (Leica Microsystems, Austria) and were stained with 2% uranyless
and lead citrate. Sections were observed in a Tecnai Spirit 120 Kv TEM,
images were acquired with a 1 k x 1 k CCD Megaview camera.

2.8. Quantitative analyses of mitochondrial morphology

Quantitative analyses of immunofluorescence images (mitochondrial
morphology in 661 W cells, RGCs cells and mitochondrial length in
RGCs axons) was performed using an ImageJ software macro as
described in Cherubini et al. (2015). Briefly, a binary image containing
black mitochondrial structures on a white background was obtained
from confocal images using the ImageJ software. From this binary
image, individual mitochondria (particles) were subjected to particle
analyses to acquire form factor (FF, (4n x Am/Pm?) where Pm is the
length of mitochondrial outline and Am is the area of mitochondrion)
and aspect ratio values (AR, the ratio between the major and minor axis
of the ellipse equivalent to the mitochondrion). Mitochondrial Area in
661 W cells was calculated for each cell using the ImageJ software and
normalized for the total area of the cell, labeled with citosolic GFP green
fluorescence. Quantitative analyses of TEM microphotography were
performed in 26,500 images to determine mitochondrial area, mito-
chondrial length, mitochondrial circularity and mitochondrial aspect
ratio, using the ImageJ software. Mitochondrial area represents the area
occupied by each single mitochondrion; mitochondrial length represents
major axis length of mitochondria; aspect ratio was obtained as major
axis/minor axis. 102-123 mitochondria were analyzed from 2 WT/WT
and 3 KD/KO.

2.9. Study of autophagy in ex vivo retinas

After adult retina dissection, half-retina sections were separately
processed for study (one-half for each experimental condition, with a
total of 4 experimental conditions per animal). Explants were cultured in
cell culture inserts (Millipore) under control conditions [Neurobasal
medium (Invitrogen) supplemented with 0.06% glucose, 0.0045%
NaH2COs, 1 Mm r-glutamine, 1x B27 (Invitrogen, Carlsbad, CA)] and
starvation conditions (Earle’s Balanced Salt Solution, EBSS) in the
presence or absence of HCQ (30 pg/ml, Dolquine, Lab Rubio, Barcelona,
Spain). Explants were maintained for 6 h at 37 °C in the presence of 5%
COa. Successively, retinal explants were processed for western blotting
analysis.

2.10. Western blotting

Adult retinas or retinal explants 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)]. Proteins were analyzed by SDS-PAGE and
transferred onto nitrocellulose membranes, which were blocked with
5% non-fat dry milk in Tris-HCl-buffered saline (TBS) containing 0.1%
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Tween 20, and incubated overnight at 4 °C with primary antibodies.
After incubation with horseradish peroxidase-labeled secondary anti-
bodies for 1 h at room temperature, membranes were revealed with 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. TUBULIN or GAPDH
loading controls were used when needed. The primary antibodies used
were the following: Beclinl (Abcam, ab207612; 1:1000), LC3 (AB BCN,
Genetex; 1:1000), VDAC (Calbiochem, (Ab-5) (185-197); 1:7000),
TUBULIN (Sigma, T5168, 1:1000), GAPDH (Abcam, ab8245, 1:1000),
Rodent Total OXPHOS Cocktail (MitoSciences, Eugene, OR, USA, 6 pg/
ml), Sestrin2 (Proteintech, 10795-1-AP; 1:1000), MITOFUSIN2 (Abcam,
ab56889, 1:1000), OPA1 (Proteintech, 27,733-1-AP, 1:1000), DRP1
(Cell Signaling Technology14647S, 1:1000), P-DRP1 (Cell Signaling
Technology, $616:34558S, 1:000). The secondary antibodies used were:
HRP-labeled anti-mouse (P447-01, Vector; 1:2000) and anti-rabbit
(P217-02, Vector; 1:2000).

2.11. Seahorse analysis

Seahorse analysis of ex vivo retinas was performed on retinal disks as
described in Kooragayala et al. (2015). Briefly, adult neural retinas were
dissected and two disks with a diameter of 1 mm were obtained from the
central region of each retina, arranged onto Cell-Tak (Corning) pre-
coated XF24 Islet Fluxpak mesh inserts (photoreceptors side up) and
transferred to an islet plate (one disk per well) containing 450l of
Seahorse XF Assay Medium (Seahorse Bioscience). After 1h of incuba-
tion at 37°C, plates were loaded into an XFe24 respirometry machine
(Seahorse Bioscience). Maximum OCR was assayed with FCCP (2uM).
To inhibit complex I- and IlI-dependent respiration, rotenone (5 pM) and
antimycin A (15pM) were used, respectively. OCR represents the oxygen
tension and ECAR acidification of the medium as a function of time
(pmolmin1). 3 animals were used for each experimental condition to
obtain 6 retinas and 10 retinal discs. Measurements of OCR from each
disc were considered as independent value for statistical analysis.

2.12. DNA isolation and quantification of mtDNA content

Total DNA was isolated from retinal samples by phenol/chloroform
extraction. Mitochondrial DNA (mtDNA) was quantified by real-time
PCR amplification of 100 ng of total DNA using a cytochrome b (MT-
CYTB) primer/probe set (Mm04225271_g1). The results were expressed
relative to the quantity of nuclear DNA, which was determined by
amplification of the intronless gene CEBPa (Mm00514283_s1) (Villar-
roya et al., 2010).

2.13. Determination of p-glucose oxidation

Retinal samples were incubated with DMEM (without p-glucose) for
1 h followed by an incubation with DMEM (without p-glucose) supple-
mented with 3 mM p-glucose and 1.5 pCi [14C(U)]-p-glucose (Hartmann
Analytic GmbH, Braunschweig, Germany) for 3 h at 37 °C in a 5% (v/v)
CO; atmosphere. Labeled 14c0, was then released from the medium by
acidification with 3 M HCIO4 and retained in a CO3 trap consisting of
Whatman 3MM Chr paper (Whatman, GE Healthcare, Little Chalfont,
UK) impregnated with -phenylethylamine (Sigma) and positioned over
the wells inside the sealed plates. After 1 h, CO; traps were placed in
scintillation vials containing 5 ml of scintillation fluid, and the samples
were counted using a Packard 2100TR TriCarb Liquid Scintillation
Counter (Packard Instrument Company Inc., Meriden, CT).

2.14. RNA isolation from retinas
Retinal samples were homogenized using a Polytron PT1200E ho-

mogenizer (Kinematica, AG, Lucerne, Switzerland). Total RNA was
isolated using the RNeasy mini kit (Qiagen, Germantown, MD),
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following the manufacturer’s instructions.
2.15. Adult retinas RNA-seq

Total RNA from Mus musculus (Albino) retinas was quantified by
Qubit® RNA BR Assay kit (Thermo Fisher Scientific) and the RNA
integrity was estimated by using RNA 6000 Nano Bioanalyzer 2100
Assay (Agilent). RNASeq libraries were prepared with KAPA Stranded
mRNA-Seq Illumina® Platforms Kit (Roche) following the manufac-
turer’s recommendations. Briefly, 100-300 ng of total RNA was used for
the poly-A fraction enrichment with oligo-dT magnetic beads, following
the mRNA fragmentation by divalent metal cations at high temperature.
The strand specificity was achieved during the second strand synthesis
performed in the presence of dUTP instead of dTTP. The blunt-ended
double stranded cDNA was 3adenylated 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 + 8 bp + 8 bp 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 Anal-
ysis (RTA 2.7.7). The read-count analysis was performed using Gene-
Counts option from STAR (v2.7.0d). Analysis of differentially expressed
genes (DEGs) used DESeq2 v1.26.0 including principal component
analysis to test for outlier samples and batch effects. One KD/KQ sample
grouped distinctly and was excluded from DEG analysis which used 2
mutant and 3 control samples. For a gene to be considered differentially
expressed, we required expression change of >0.5 logs (fold change)
and adjusted p value <0.05, plus absolute expression level of >10
counts in the sum of all conditions. Data in Supplementary Table S1
were obtained by extracting relevant genes obtained from a DESeq2
(Love et al., 2014) output of WT/WT vs KD/KO retinas and automati-
cally annotated using DAVID (v6.8) (Huang et al., 2009).

2.16. cDNA synthesis and RT-PCR

c¢DNA was synthesized from 500 ng of total RNA using Multiscribe
reverse transcriptase and random-hexamer primers (TagMan Reverse
Transcription Reagents from Applied Biosystems/Life Technologies,
Foster City, CA). For mRNA expression analyses, TagMan quantitative
real-time PCR (qPCR) was performed on a 7500 Real-Time PCR System
(Applied Biosystems) in a final volume of 20 ml using Platinum Quan-
titative PCR SuperMix-UDG with ROX reagents (Invitrogen/Life Tech-
nologies) and the Ppargcla (Mm01208835_m1) and Nr4a3 specific
primer pair/probe sets. The relative levels of target mRNA expression
were normalized to that of Ppia (Mm02342430_g1), used as an endog-
enous control.

2.17. Caspase 3/7 activity

Caspase-9 activity was measured in retinal disks with a diameter of 1
mm (9 retinal disks from 3 animals per genotype) using a luminescence-
based system (Casapase-Glo 3/7 Assay, Promega). Data were expressed
as relative luminescence units (RLU).

2.18. Targeted metabolomic analysis

250 pg of retinas (right and left) were homogenized in 200 uL of PBS
and stored at —80 °C until the moment of the analysis. After centrifu-
gation at 1500 xg (10 min and 4 °C), the clear supernatant was used for
the analysis. Amino acids were determined by tandem mass spectrom-
etry, as previously reported (Casado et al., 2018). Briefly, amino acids
were analyzed on a Waters ACQUITY UPLC H-class instrument with a
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reversed-phase C-18 column using water and acetonitrile with 0.1%
formic acid as the mobile phases (run time = 9 min). The detection was
performed with a Waters Xevo TQD triple-quadrupole mass spectrom-
eter using positive electrospray ionization in the multiple reaction
monitoring mode. Organic acids were analyzed by Gas-Chromatography
Mass spectrometry of the trimethylsylyl derivatives (BSTFA), as re-
ported (Van Noolen et al., 2020). Briefly, after derivatisation, com-
pounds were separated in a 60-m capillary column and detected by mass
spectrometry in scan mode (to verify the nature of the compound
compared with the NIST library), and quantitative mode by analyzing
the response of the target ion related with that of the internal standard
(undecanodioc acid). A table with the analyzed compounds is stated in
Supplementary Table S2.

2.19. Statistical analysis

Statistical analyses were performed using the two-tailed unpaired
Student’s t-test. When data are not normally distributed, non-parametric
Mann-Whitney test was used to determine the statistical significance.
ROUT test was used to determine statistical outliers (Q = 1%). Calcu-
lations were performed with GraphPad Prism statistical software,
version 6. N is shown at each Fig 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 are expressed as standard deviation (SD).

3. Results
3.1. Autophagy is increased in KD/KO in in vitro and ex-vivo systems

To determine the potential role of CERKL in regulating autophagy in
the mammalian retina we took advantage of the Cerkl*?’ KO mouse model
(Domenech et al., 2020). A first analysis was performed by assessing the
abundance of the autophagy markers Beclin 1 and p62 by quantitative
western blotting in total protein homogenates from WT/WT and KD/KO
retinas (Fig. 1A). Compared to the wild-type retinas, extracts of KD/KO
retinas showed both a significant increase in Beclin 1 and a decrease of
p62 (Fig. 1A). These results indicate that autophagy is increased in KD/
KO retinas.

To extend this result we studied autophagic flux in WI/WT and KD/
KO primary cultures of retinal ganglion cells (RGCs) (P0-P2 mouse pups)
maintained 7 days in vitro (7DIV). Cells were cultured in the absence
(not treated, NT) or presence of hydroxychloroquine (+HCQ), a blocker
of lysosomal degradation. After immunostaining with LC3 or p62 anti-
bodies the numbers of isolation membranes and autophagosomes in the
cytoplasm was measured (Fig. 1B-C). The number of LC3 dots in KD/KO
was higher than in WT/WT cells in NT condition, whereas the number of
p62 dots in KD/KO was lower than in WT/WT cells, indicating an
increased autophagy in KD/KO RGCs, in agreement with our pre-
liminary results (Fig. 1C). Besides, inhibition of lysosomal activity in
WT/WT RGC cultures induced a significant increase in LC3 or p62-
positive dots, indicating the existence of basal autophagy (Fig. 1C).
These changes were similar in KD/KO retinas although with less intra-
group variability than in WT/WT (Fig. 1C).

We next investigated autophagy in ex vivo retinal explants from WT/
WT and KD/KO 3 month-old mice by monitoring LC3-II levels by
western blot. Retinal explants were cultured in control or EBSS medium
to induce starvation, and thus autophagy. Additionally, the explants
were maintained 6 h in the absence (—) or presence (+) of HCQ prior
processing for western blot analysis. As expected, inhibition of lyso-
somal activity induced an increase in LC3-1I/LC3-I ratio, reflecting basal
autophagy. Moreover starvation media also induced an increase in LC3-
1I/LC3-I ratio, an effect augmented by concomitant lysosomal inhibition
(Esteban-Martinez et al., 2015). This response was globally higher in
KD/KO retinal explants than in WT/WT, pointing out to an increased
basal autophagy in KD/KO retinas (Fig. 1D), again in accordance with
our previous results. Interestingly, the exacerbation of autophagic
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response in KD/KO mice was detected in young retinas but was no
longer evident in 10 month-old retinas (Fig. 1E).

In order to investigate the transcriptional changes occurring in KD/
KO retinas, we performed RNA-seq analysis of retinal samples extracted
from WT/WT and KD/KO mice. Triplicate RNA samples were prepared
from the retinas of 3 different mice for genotype. After quality control
and normalization of the data, we investigated how the overall expres-
sion of protein-coding genes changed in KD/KO retinas. However, PCA
(principal component analysis) showed that one out of three KD/KO
samples behaved as an outlier and it was excluded from subsequent
analyses. We considered the differentially expressed gene when an
expression change of >0.5 logy (fold change) is found. Hierarchical
clustering was performed according to their expression values on the
differentially expressed genes (DEGs) involved in autophagy to deter-
mine mice with similar DEG expression profiles; samples were clustered
according to their genotype group (Fig. 2A). Among the DEG we found
genes involved in both autophagy inhibition (such as Decorin, Tspo,
Pik3cg) and activation (such as Depp1, Draml, Dram2, Sesn2). Sesn2 was
increased in KD/KO (Log2Fold-Change:0,55,471) retinas. It encodes
SESTRINZ, an intracellular sensor involved in a wide range of processes,
such as the regulation of antioxidant defenses (by the stimulation of
transcription factors such as p53, Nrf2, AP-1, and FoxOs), metabolism
(by controlling AMPK and mTOR signaling), autophagy and mitophagy.
It regulates autophagy by promoting the autophagic degradation of p62-
dependent targets, including KEAP1, thereby up-regulating the tran-
scription of antioxidant genes through NRF2 stabilization (Bae et al.,
2013). Moreover, SESTRIN2 physically interacts with ULK1 and p62 and
inhibits mTor, thus favoring autophagy initiation (Parmigiani et al.,
2014). We observed that in the retina, SESTRIN2 is mostly expressed in
photoreceptors (localizing at the inner segment), the inner nuclear layer
and the ganglion cell layer. SESTRIN2 expression pattern is maintained
in KD/KO retinas (Fig. 2B), although its expression levels were increased
in KD/KO (Fig. 2C).

3.2. Different pools of CERKL isoforms localize at mitochondria in retinal
ganglion cells and hippocampal neurons.

CERKL has been described to localize at different cellular compart-
ment, among them mitochondria in NIH3T3 cells, where it associates
with mitochondrial thioredoxin 2 (Li et al., 2014). Moreover, it is
required for autophagy in ARPE-19 cells and zebrafish models (Hu et al.,
2019). CERKL can shuttle from cytosol to nucleus in response to
oxidative stress conditions (Fathinajafabadi et al., 2014). However, little
is known about the subcellular localization of CERKL in mammalian
retina. To assess whether endogenous CERKL colocalizes with organelles
involved in autophagy, we used immunofluorescence staining. 7 DIV
RGCs were distinguished from other cellular populations for the pres-
ence of a large axon and the expression of TUBULIN-III-p (Supplemen-
tary Fig. S1A). To detect CERKL we used two different in-house
antibodies against peptides encoded by either exon 2 (anti-CERKL2) or
exon 5 (CERKL5S), which detect a different pool of endogenous isoforms
(Domenech et al., 2020)., CERKL isoforms did not co-localize with the
lysosome marker LAMP1 or the autophagosome marker p62 (Supple-
mentary Fig. S1B-C).

On the other hand, we observed partial colocalization with the
mitochondrial marker Mitotracker (Fig. 3A). Specifically, anti-CERKL2
signal was detected in both nuclear and somatic compartments, with
some colocalization with mitochondria, whereas anti-CERKL5 mainly
stained isoforms localized in somatic compartment, strongly colocaliz-
ing with mitochondria. To further corroborate these results in a different
neuronal system we checked the expression of CERKL in several neural
tissues by using the two antibodies against CERKL. We found that each
antibody recognizes distinct CERKL isoforms in tissue-dependent
fashion in both developing and adult mice (Supplementary
Fig. S2A-B). Thus, 3DIV hippocampal neurons from E16 mouse embryos
were used to overexpress GFP-tagged CERKL (CERKL-GFP) and stain
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Fig. 2. Differential expressed genes identified by RNAseq compairing WI/WT and KD/KO retinas include genes involved in autophagy regulation. A)
Heatmap with hierachical clustering of differentially expressed autophagy-related genes of WT/WT (group in blue) versus KD/KO (group in orange) mouse retinas.
The heatmap colours reflect the Z-score and thus differences in gene expression between samples for each of the genes selected for comparison. B) Immunohisto-
chemistry of SESTRIN2 in WT/WT and KD/KO retinas. Scale bar: 50 pm. C) SESTRIN2 is upregulated in KD/KO retinas. (n = 5 animals per genotype). Data are shown
as the mean + SD. Statistical analysis by Mann-Whitney test. *: p-value <0,05. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

mitochondria with Mitotracker. We observed that CERKL-GFP associ-
ated with moving mitochondria in live axons (Supplementary
Fig. S2C-D). Furthermore, we confirmed the strong association of iso-
forms including the exon 5 epitope with mitochondria in both control
and in presence of sodium arsenite to induce oxidative stress (Supple-
mentary Fig. S§3). Therefore, different pools of CERKL isoforms are
associated to mitochondria undergoing mitochondrial dynamics in pri-
mary retinal ganglion cells and hippocampal neurons, with isoforms
including exon 5 displaying preferential mitochondrial localization.

[KP/KO petinas

3.3. Mitochondrial mass increased in Cerk
Since autophagy is the catabolic pathway able to degrade entire
mitochondria, we postulated that CERKL mitochondrial localization
could regulate mitochondrial total amount in retina. We first analyzed
mitochondrial mass in retinas from WT/WT and KD/KO adult mice by
immunostaining whole mount retinas (photoreceptors side up) for
mitochondrial protein COX-IV. We found a significant increase in
mitochondrial mass of KD/KO photoreceptors (Fig. 3B) and this result
was further corroborated by analyzing the mitochondrial protein VDAC
by western blot on total retinal homogenates (Fig. 3C). This increase in
mitochondrial mass could not be attributed to an increased mitochon-
drial biogenesis, as the expression levels of Pgc1a, the major regulator of
mitochondrial biogenesis, were found unaffected at level of both tran-
script and protein (Fig. 3D,E). Furthermore, the expression of Nr4a3,
also essential to promote mitochondrial biogenesis was found reduced in
KD/KO retinas (Fig. 3D). RNAseq analysis did not provide evidence of
high differential alterations in the expression of other genes regulating
mitochondrial biogenesis, although Nrfl and Nfe2l2 are respectively
slightly upregulated and downregulated (Supplementary Table S1).
Consequently, we checked possible changes in mitophagy. Among
the different retinal layers, mitophagy has been showed to be highly

7

localized in vivo in the outer nuclear layer, where the soma of photo-
receptors reside (McWilliams et al., 2019). Thus, we immunostained
WT/WT and KD/KO retinal cryosections for COX-IV (mitochondria
marker) and LAMP1 (lysosome marker) and assessed mitophagy by
analyzing mitochondria-lysosomes colocalization in photoreceptors
(Fig. 4A-B). Surprisingly, we did not detect any change in mitophagy by
this assay (Fig. 4B).

We also used WT/WT and KD/KO RGCs cultures to assess colocali-
zation between the mitochondrial marker Mitotracker and LAMP1 in
basal conditions and after blocking autophagic flux by HCQ treatment
(Supplementary Fig. S4A). We observed that the colocalization coeffi-
cient in presence of HCQ was higher than in absence of HCQ, similarly in
both WT/WT and KD/KO RGCs (Supplementary Fig. S4 B). These results
indicated that the basal level of mitophagy is not altered when Cerkl
expression is strongly downregulated in RGCs primary cultures.

Is there any effect of the overexpression of CERKL on mitophagy? To
answer this question, we transfected the 661 W photoreceptor-derived
cell line with CERKL-GFP or control GFP plasmids (Fig. 4C). We
observed that CERKL overexpression induced an increase in
mitochondria-lysosomes colocalization (Fig. 4C), indicating that CERKL
overexpression promotes mitophagy.

Overall, our data indicate that CERKL may positively regulate
mitophagy, but this regulation might not be direct as it is only detected
upon CERKL overexpression, whereas a strong depletion of CERKL
(CerkI*P/KO model) results in a global increase of general autophagy with
mitophagy levels remaining similar to the WT retinas.

3.4. CERKL downregulation alters mitochondrial morphology and
distribution

Correct mitochondrial metabolism and dynamics are essential for
retinal cells and the preservation of mitochondrial function and
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Fig. 3. A pool of CERKL co-localizes with mitochondria, whose mass is increased in KD/KO retinas despite mitochondrial biogenesis is unaltered. A)
Immunofluorescence of RGCs in primary retinal cultures treated with mitochondrial marker Mitotracker and immunostained with anti-CERKL2 (green, left panels)
and anti-CERKLS (green, right panels) antibodies. Scale bar: 10 pm. B) Mitochondrial immunostaining and quantification of COX-IV (red) in whole mount retinas
(photoreceptors side up). Nuclei were stained with DAPI (blue). Scale bar: 20 ym. (n = 18 ROIs, 6 ROIs per animal from 3 animals per genotype). C) Western blot
analysis and quantification of mitochondrial protein VDAC on WT/WT or KD/KO retinal homogenates. D) Quantitative RT-PCR for Pgc1a and Nr4a3 genes in WT/WT
or KD/KO retinas. E) Representative western blot analysis and quantification of PCG1-« protein on WT/WT and KD/KO retinal homogenates. In C, D and F), n = 5
animals per genotype; in E), n = 6 retinas fron 3 animals per genotype; data are represented as the means+SD. Statistical analysis by Mann-Whitney test. *: p-value
20,05; **: 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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Fig. 4. CERKL overexpression increased mitophagy in photoreceptor cell line. A) Immunostaining of retinal cryosections from WT/WT and KD/KO mice with
COX-1V (red) and LAMP1 (green). Scale bar: 20 pm. B) ROIs such as in A) were used to assess mitophagy in photoreceptors by quantifying mitochondria-lysosomes
colocalization. Scale bar: 10 pm. (n = 3 animals per genotype, 8 ROIs per animal). C) 661 W cells transiently expressing control GFP or CERKL-GFP (pseudo-colour in
magenta, left bottom frame) were treated with Mitotracker. Scale bar: 10 pm. Mitophagy was analyzed by measuring colocalization between Mitotracker (red) and
LAMP1 (pseudo-colour in green). Scale bar: 10 pm. (n = 19-21 cells from 2 independent experiments). Statistical analysis by Mann-Whitney test. **: p-value <0,01;
*#k: 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.)

morphology is required to guarantee retinal homeostasis. Since a pool of These data are indicative of alterations in mitochondrial dynamics
CERKL colocalizes at mitochondria and CERKL overexpression promotes (such as fusion, fission or trafficking) that could prevent a correct dis-
mitophagy, we also aimed to assess the role of CERKL in regulating tribution of mitochondria from the soma to the more distal regions of the
mitochondrial morphology. axon. To further study the possible alterations of mitochondrial abun-
To analyse the phenotypic traits of mitochondria, 7DIV RGCs from dance and morphology in KD/KO retinas we analyzed transmission
WT/WT and KD/KO PO-P1 pups were cultured and analyzed. Mito- electron microscopy (TEM) microphotographies from WT/WT and KD/
chondria were stained with Mitotracker and mitochondrial size was KO RGCs and photoreceptors. In KD/KO RGCs we observed fragmented
analyzed in proximal and distal regions of the axon (Fig. 5A). Mito- mitochondria characterized by irregular shapes and cristae. Moreover,
chondria in KD/KO are shorter than in WT/WT in distal regions, whereas autophagic structure and vacuoles were often found in KD/KO RGCs
no differences in size were found in proximal regions. Notably, in KD/ (Fig. 5D). From longitudinally orientated retinal samples, the IS mito-
KO distal regions mitochondria are smaller than in proximal regions, chondria of KD/KO photoreceptors presented an abnormal morphology,
indicating mitochondrial fragmentation in the regions that are farther with an increased circularity and a decreased maximal length and aspect
from the soma (Fig. 5B). Moreover, we found an increased mitochon- ratio when compared to WT/WT (Fig. 5E).
drial density in both proximal and distal regions of KD/KO axons To gain insight into the molecular mechanisms underlying mito-
(Fig. 5C). We extended our analysis to somatic mitochondria, but we chondrial fragmentation in KD/KO retinas, we analyzed the expression
were not able to detect any change in mitochondrial number and of the mitochondrial fusion/fission main regulators MITOFUSIN2, OPA1
mitochondrial area (Supplementary Fig. S5A-C). Moreover, morpho- and DRP1. The mitochondrial fusion protein MITOFUSIN2 is down-
metric analysis revealed that mitochondria in KD/KO RGC somas did not regulated in KD/KO retinas (Fig. 5F), suggesting that mitochondrial
display significant differences in morphological parameters such as the fusion might be altered upon Cerkl depletion.
Aspect Ratio (AR) and Form factor (FF) in comparison to control cells Overall, our data indicated that Cerkl expression levels regulate
(Supplementary Fig. SSD-E). mitochondrial number, morphology and distribution in different
9
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Fig. 5. Differential mitochondrial
morphology and distribution of in Cerkl KD/
KO retinas compared to WT/WT. A) Repre-
sentative confocal images of proximal (20 pm
from the soma) and distal (100 pm from the
soma) axon regions of WT/WT and KD/KO
RGCs. Mitotracker was used to detect mito-
chondria (red). Scale bar: 10 pm. B) Quantifi-
cation of mitochondrial major length in
proximal and distal axon regions of WI/WT and
KD/KO RGCs. C) Quantification of mitochon-
drial density in proximal and distal axon re-
gions of WI/WT and KD/KO RGCs. (n = 30 cells
from 4 to 6 animals per genotype). Statistical
analysis by Mann-Whitney test. *: p-value
<0,05; **: p-value <0,01 D) TEM micropho-
tographies from WT/WT and KD/KO retinas.
Control cells displaying normal mitochondria
(*) and endoplasmic reticulum (ER). Mito-
chondria (*) in KD/KO RGCs are smaller, with
irregular membrane shape cristae; in-
vaginations in nuclear membrane (arrow), large
vacuoles (V) and autophagy events (AP) are
detected in KD/KO RGCs. Scale bar: 1 pm. E)
TEM microphotographies were used to quantify
mitochondrial length, circularity and aspect
ratio in the inner segment. Scale bar: 1 pm. Data
are represented as the means+SD. (n = 12 im-
ages with a total of 102-123 mitochondria,
from 2 WT/WT and 3 KD/KO). Statistical
analysis by Mann-Whitney test or 2-tailed Ttest
*hdk: p-value <0,0001. F) Representative
western blot analysis and quantification of
MITOFUSIN2, OPA1, P-DRP1 and total DRP1
proteins on WT/WT and KD/KO retinal ho-
mogenates. n = 4-5 animals per genotype; data
are represented as the means+SD. Statistical
analysis by Mann-Whitney test. *: p-value
<0,05. (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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cellular population of mammalian retina.

3.5. Oxygen consumption and energy related is impaired in KD/KO
retinas

The retina is a highly metabolic tissue, generating adenosine
triphosphate (ATP) via glycolysis in the cytosol or via oxidative phos-
phorylation in mitochondria. Seahorse analysis on KD/KO and WT/WT
retinal explants allowed us to measure changes in oxygen consumption
rates (OCR), as an index of mitochondrial respiration, as well as extra-
cellular acidification rates (ECAR), as an index of glycolysis. Our results
clearly support that KD/KO retinal explants show a strong decrease in
OCR when compared with WT/WT retinas (Fig. 6A). Indeed, basal
respiration, maximal respiration and spare capacity are all compromised
in KD/KO explants (Fig. 6B). On the other hand, the ECAR remained
equivalent between KD/KO and WT/WT (Fig. 6C). Moreover, we
checked if glucose oxidation might be altered in KD/KO retinas but no
significant differences were found with respect to WT/WT retinas
(Fig. 6D).

We next wondered whether this decrease in oxygen consumption
rates was associated with a decrease in mitochondrial DNA copy number
in Cerkl-depleted retinas. Retinal extracts from WT/WT and KD/KO
retinas were used to determine mtDNA-encoded CYTB copy number,
which tended to be higher in KD/KO retinas compared with wild type
situation, but without reaching statistical significance (Fig. 6E).

In order to explore whether alterations in mitochondrial morphology
and respiration may result in apoptotic activation, we measured caspase
3/7 activity in retinal disks from WT/WT and KD/KO retinas. Our results
clearly indicated a significant increase in apoptosis in KD/KO, which
could be associated to this decrease in mitochondrial function (Fig. 6F).
We next analyzed possible changes in the abundance of total mito-
chondrial content and to this end, several OXPHOS proteins were
immunodetected and quantified in retinal extracts from WT/WT and
KD/KO retinas (Fig. 6G). As previously observed, VDAC protein levels
supported an overall increase in mitochondrial content. Additionally,
we observed significant increase in CIII-UQCRC2, while CII-SDHB levels
tend to decrease. No changes were found in the expression of other
OXPHOS proteins (CV-ATP5A, CII-SDHB, CI-NDUFBS8) (Fig. 6H), sug-
gesting differential modulation of structural and functional mitochon-
drial proteins.

3.6. KD/KO retinas display altered metabolism

In order to understand the metabolic changes in KD/KO retinas we
further analyzed the RNaseq data. We found several downregulated
genes involved in lipid metabolism (such as Abca9 and Hacd4) as well
energy metabolism related-genes (suchas Suclg, Ndufa412, Cox8b or
several Slc genes) (Fig. 7 A-B). Other mitochondrial-related genes
showed a significant adjusted p value (< 0.05), even though the change
of their expression was considered below the stringent theshold levels
used for cut-off ( 0.5 logoFe), (Fig. 7C and Supplementary Table S1).

Thus, we applied targeted metabolomic analysis to reveal if such
changes may have an impact in energy metabolism related biomarkers
analyzed in the retina.

After the quantitative analysis of amino acids, no significant changes
were observed when we compared WT/WT and KD/KO model.
Regarding organic acids, after the analysis of a large list of metabolites
related with energy metabolism (Supplementary Table S2), succinate
was found increased in the KD/KO retinas, but no other Krebs cycle
metabolites or lactate (Fig. 7C). A second molecule that was significantly
different when we compared both populations was piroglutamic acid,
which was significantly higher in the KD/KO (Fig. 7C).

4. Discussion

In this work we took advantage of the double heterozygote Cerkl<””
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KO model to describe for the first time the cellular scenario originated by
the impairment of CERKL function in the mammalian retina. The retina,
one of the most metabolically active regions of the central nervous
system, is continuously subject to light stress and oxidative injury, which
are extremely damaging to neurons and compromise retinal function.
Photoreceptor and retinal ganglion cells are the retinal cell types most
susceptible to apoptosis and their survival depends on the action of cell
resilience and anti-apoptotic mechanisms to prevent premature death.
We here provide strong evidence of mitochondrial localization of CERKL
in the mammalian retina. In particular, CERKL isoforms containing exon
5 strongly localize at mitochondria. Interestingly, the Cerkl protein
sequence does not include any mitochondrial localization signal. How-
ever, exon 5 encodes a domain with an ATP-binding site that is
conserved in vertebrates (Riera et al., 2013). Of note, the most prevalent
RP mutation (R283X) is in exon 5, highlighting the importance of
mitochondrial localization of CERKL. Given the very dynamic nature of
CERKL subcellular localization, we postulated that a certain pool of
CERKL isoforms (especially those including exon 5) can be recruited at
mitochondria at basal level and/or in response to certain stimuli. CERKL
had been already reported to interact with TRX2 at mitochondria in
NIH3T3 cells, regulating the mitochondrial peroxiredoxin-mediated
antioxidant pathway (Li et al., 2014). In view of our results, CERKL
may be also recruited to mitochondria by interacting with additional
scaffold mitochondrial proteins.

We wondered if Cerkl downregulation could have an impact on
mitochondrial function. Mitochondria supply energy to the cell through
oxidative phosphorylation (OXPHOS), which result to be more advan-
tageous in terms of energetic yield if compared with glycolysis. It has
been shown that photoreceptor mitochondria perform at their maximal
respiratory capacity, with limited reserve below 25% (Kooragayala
et al., 2015). Consequently, photoreceptors are very sensitive to alter-
ations in aerobic energy metabolism and their survival closely depends
on metabolic homeostasis. Our data points to the ability of CERKL to
functionally impact mitochondrial respiration but not glycolysis or
glucose oxidation in retina. In Cerkl-depleted retinas, the bioenergetics
decrease detected by Seahorse is supported by changes in the levels
proteins from different complexes of the OXPHOS system. Moreover, we
observed transcriptional changes in several OXPHOS genes (Fig. 7B-C).

Targeted metabolomic analysis revealed that most energy-related
metabolites were not different when we compared WT/WT and KD/
KO retinas. It was not a surprise since this observation has been
consistently reported in humans with different mitochondrial disorders
of genetic origin. Interestingly, succinate was significantly higher in KD/
KO. Two hypotheses may explain these results: i) the decreased
expression of Suclg2 gene detected in RNASeq analysis; Suclg2 encodes
the succinate-Coenzyme A ligase, which metabolize succinate to
succinyl-CoA in a reversible reaction coupled to GDP/GTP; ii) the slight
reduction observed in mitochondrial complex II protein. In any case,
succinate is a metabolite with pleiotropic properties, since it has been
involved in energy metabolism, in regulation of ketone body utilization,
ROS homeostasis, tumorigenesis, inflammation or hypoxia, among other
conditions (Tretter et al., 2016). Piroglutamic acid, a precursor of
glutathione, was also increased in KD/KO. Although no evidences were
observed after RNAseq analysis in the genes related with the glutathione
cycle, this finding might reflect an increased glutathione biosynthesis to
cope with the increased ROS generation in Cerkl-mutant retinas.

Our findings point out a state of metabolic stress in KD/KO retinas,
which could have strong negative effects on photoreceptors homeosta-
sis. Indeed, studies performed in 661 W cells showed that changes in
energy metabolism correlates with the amount of subsequent cell death
(Perron et al., 2013). Previous work showed that CERKL overexpression
protects cells from apoptosis and that its downregulation induce
apoptosis-like cell death in zebrafish (Tuson et al., 2009; Riera et al.,
2013). Interestingly, we were able to detect retinal cell death through
analysis of caspase 3/7 activity, which significantly increased in KD/KO
retinal explants. The initiation of apoptosis at this stage could be
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Fig. 6. Oxygen consumption impairment in KD/KO retinas. A) Diminished oxygen consumption rate (OCR) in KD/KO retinas compared to WT/WT as measured
by Seahorse XF24 Analyzer. B) Basal: initial OCR without treatment; maximal respiration: after addition of FCCP (carbonyl cyanide-4-trifluoromethoxy phenyl-
hydrazone); spare capacity: calculated by subtracting basal respiration from maximal respiratory capacity. Treatment with rotenone and antimycin A (AMA) reveals
non-mitochondrial respiration. C) No differences in extracellular acidification response (ECAR) were detected between genotypes in the same experiment of A). A) to
C) (n = 10 retinal disks from 3 animals per genotype). D) Glucose uptake in WI/WT and KD/KO retinas were detected by a glucose oxidation assay. (n = 6 retinas
from 3 animals per genotype). E) mtDNA relative abundance in WT/WT and KD/KO retinas. (n = 12-15 retinas from 6 to 8 animals per genotype). Statistical analysis
in A) to E) was performed with 2-tailes Student’s t-test and represented as the meansSEM. F) Caspase 3/ activity in WT/WT and KD/KO retinal disks. (n = 9 retinal
disks from 3 animals per genotype). Statistical analysis by Mann-Whitney test. ***: p-value <0,001 G) Western blots of OXPHOS proteins and VDAC in WT/WT and
KD/KO retinas. H) Densitometric quantification of mitochondrial proteins. (n = 6 retinas from 3 animals per genotype). Data are represented as the means+SD.
Statistical analysis was performed with Mann-Whitney test. *: p-value <0,05; **: p-value <0,01.

considered the beginning of the neurodegenerative process that could
progress with age, thus inducing neuroinflammation, photoreceptor loss
and finally culminating in the visual impairment characterizing Cerkl”/
ko aged mice (Domenech et al., 2020).

Energy depletion usually generates oxidative stress conditions,
mitochondrial depolarization and mitochondrial damage. Interestingly,
mitochondrial dysfunction has been found in retinas of relatively young
KD/KO mice (3-month old) and could represent a metabolic trigger for
the wide set of cellular alteration observed in this study. Indeed, in a
global scenario of metabolic dysfunction, the activation of autophagy
can be interpreted as a stereotyped response to restore cellular homeo-
stasis by: i) supplying the cell with the nutrients and energy in order to

12

compensate metabolic imbalance; ii) eliminating cellular components
and organelles that are damaged by oxidative stress arising from mito-
chondrial dysfunction; iii) activating anti-oxidant response by inducing
of p62/Keapl/Nrf2 system. Interestingly, RNAseq analysis provided
several differentially regulated genes that are involved in the anti-
oxidant response through autophagy regulation. Among them, Depp is
an hypoxia-induced gene involved in autophagy that mediates auto-
phagosome formation (Salcher et al., 2017; Stepp et al., 2014); Tspo is an
outer-mitochondrial membrane protein that acts as redox regulator of
cell mitophagy and lipophagy (Kim et al., 2020; Scaini et al., 2019;
Gatliff and Campanella, 2015); Dram1 is a lysosomal membrane protein
that is required for the autophagy induction via inhibition of P3K-AKT-
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Fig. 7. A-B) Heatmap with hierachical clustering of differentially expressed lipid-related (A) and mitochondrial-energy-related genes (B) of WT/WT (group in blue)
versus KD/KO (group in orange) mouse retinas. C) Graphical representation of mitochondrial biology-related genes with a significant adjusted p value (< 0.05) which
were not included in B) because of their lower log,Fc values (*0.5). The heatmap colours reflect differences in gene expression between the group of genes selected for
comparison but are not directly related to the global gene expression levels. D) Targeted metabolomic analysis revealed changes in succinate and piroglutamic acid in
the KD/KO retinas. Data are shown as the mean -+ SD. Statistical analysis by Mann-Whitney test. **: 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.)

mTOR-S6 pathway among others (Lu et al., 2019; Wu et al., 2018;
Nagata et al., 2018); Dram2 induces autophagy in a p53-dependent
manner, and its mutations are causative of autosomal recessive adult-
onset cone-rod dystrophy (Abad-Morales et al., 2019; Yoon et al.,
2012); and Sestrin2 is induced upon stressful conditions to sustain NRF2
activation and activates autophagy by both inhibiting mTORC1 and
activating AMPK (Bae et al., 2013; Parmigiani et al., 2014; Morsch et al.,
2019). Interestingly, SESTRIN2 was expressed in the inner segment of
photoreceptors, where mitochondria are mainly localized.

The scarcity of data concerning the molecular function of CERKL
includes the notion that CERKL interacts with SIRT1, one of the main
regulators of acetylation/deacetylation in autophagy (Hu et al., 2019).
In Zebrafish Cerkl-depleted retinas SIRT1 was downregulated as they
were its targets ATG5 and ATG7 (both showing a higher degree of
acetylation); as a consequence, autophagy decreased (Hu et al., 2019).
We also observed a decrease in SIRT1 protein levels in in KD/KO mouse
retinas (Supplementary Fig. S6), suggesting that additional molecular
mechanisms contribute to autophagy regulation in mammalian retina.
Therefore, further studies are required to outline the role of CERKL-
SIRT1 interaction in mammalian retina and the mechanisms of auto-
phagy induction.

In recent years multiple findings have shed light on the important
role of autophagy in the maintenance of photoreceptor homeostasis and
therefore, of visual function (Boya et al., 2016). Autophagy alterations
have been related with RP, but the evidence regarding its role in the
disease is controversial, probably due to both the wide heterogeneity of
this pathology and the different roles that autophagy may play in the
death of rods and cones. Moreover, autophagy is usually beneficial
under low levels of stress but may be deleterious when the stress
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dramatically increases, thus leading to cell death and degeneration
(Chen et al., 2013; Punzo et al., 2009; Zaninello et al., 2020). Our data
demonstrate an increased basal autophagy that is also concomitant with
cell death, probably at the early stages of neurodegeneration, given the
absence of visual impairment at the phenotypic level in young animals
(Domenech et al., 2020). It may represent either a residual attempt to
restore cellular homeostasis and/or a first manifestation of cell death
commitment.

The phenotype of mitochondrial fragmentation in KD/KO is indica-
tive of alterations in mitochondrial dynamics, such as an increased
fission, a decreased fusion and/or alteration in mitochondrial trafficking
along the axons. Alterations in mitochondrial dynamics may cause
cytoarchitectural changes previously observed in KD/KO RGCs, which
included axon shortening and dendritic arbor expansion (Domenech
etal., 2020). However, we have not observed transcriptional changes in
the more conventional and well characterized molecular pathways
regulating mitochondrial morphology (Supplementary Table S1).
However, the alteration in mitochondrial morphology may derive from
changes in the protein levels or post-translational modification.
Consistently, we found that MITOFUSIN2 is downregulated in KD/KO
retinas. Further work will determine the mechanism of CERKL role in the
regulation of mitochondrial morphology.

Global alteration in mitochondrial dynamics could be a consequence
of mitochondrial dysfunction. Indeed, a wide set of findings support the
model that mitochondrial fission promote the segregation of damaged
mitochondria and facilitate their clearance by mitophagy (Twig et al.,
2008; Ashrafi and Schwarz, 2012; Buhlman et al., 2014). By using
different in vitro and ex vivo approaches, we demonstrated that general
autophagy is increased in KD/KO retinas. Accumulation of mitochondria
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Fig. 8. Model for the altered cellular phenotype observed in Cerkl<"/X¢
photoreceptors and retinal ganglion cells. Depletion of Cerkl expression
increased mitochondrial content in Cerkl“?/%© photoreceptors, concomitant to
mitochondrial dysfunction in Cerkl”/X° retina and increased autophagy acti-
vation, thus reflecting homeostasis imbalance. Cell death was also increased in
CerkIXP/KO retinal explants.

is not accompanied by a massive induction of mitochondrial biogenesis
pathways; thus, we hypothesize a loss of the synergic modulation be-
tween mitochondrial biogenesis and mitochondrial clearance in KD/KO
retinas. Nevertheless, this strong response in activating autophagy does
not correlate with an increased mitophagy neither in vivo in photore-
ceptors nor in vitro in RGCs. In spite the recent generation of reliable
tools to analyzing mitophagy in vivo, the assessment of mitochondrial
selective autophagy in the retina remains changeling (McWilliams et al.,
2019; Rosignol et al., 2020). However, data coming from CERKL over-
expression in 661 W photoreceptor-derived cell line support that CERKL
increases mitophagy and allows to postulate that its depletion could
prevent mitophagy. This possibility is supported by the increase in
mitochondrial content observed in KD/KO retinas. Those mechanisms
would be necessary to ensure a neuroprotective effect in a context of
strong metabolic dysfunction. Our proposed model for the cellular
phenotype observed in CerkI<P/KD photoreceptors and ganglion cells is
summarized in Fig. 8. Depletion of Cerkl expression induced mitochon-
drial dysfunction that cannot be compensated by synergic modulation of
mitophagy and mitochondrial biogenesis. In this context cellular meta-
bolism and homeostasis are impaired, autophagy increases, and cells
start to undergo apoptosis.

Additionally, CerkIXP/K0 RGCs showed alterations in axonal mito-
chondrial morphology and distribution, which probably resulted in the
cytoarchitectural changes observed (previous work, (Domenech et al.,
2020)), such as increased number of neurites and shortened axons.

An increasing number of studies report novel mechanisms and mo-
lecular actors regulating mitochondrial dynamics and function, which
are essential in central nervous system in both physiological processes
and disease conditions (Khacho and Slack, 2018; Mirra et al., 2016; Yang
etal., 2020; Zhang et al., 2020). Consequently, mitochondria represent a
promising therapeutic target, and several therapeutical strategies have
been reported to act on mitochondrial related retinal diseases. These
strategies include gene therapy, microRNA, genome editing, opto-
genetics, and stem cell-mediated mitochondrial donation (Carrella et al.,
2020; Jiang et al., 2019). Moreover, the functional characterizations of
metabolic and signaling pathways that are altered by mutations in RP
causative genes are essential to face the great challenge of designing
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efficient therapeutic strategies. Our results here provide a list of mito-
chondrial metabolic pathways altered by CERKL mutations that are
worth exploring. We propose that restoring homeostasis and mito-
chondrial function in some IRDs may increase photoreceptor resilience
and thus slow down, or even halt, the progress of retinal
neurodegeneration.

5. Conclusions

In conclusion, our results support that the retinal degeneration
CERKL gene is a regulator of mitochondrial biology with a retinal
resilience role. Cerkl downregulation has an impact on mitochondrial
morphology, dynamics, and mitochondria-energy-related processes. We
propose a model to explain why mutations in this gene leads to severe
retinal cell death in Retinitis Pigmentosa and CRD. This study opens
novel therapeutic avenues based on a metabolic intervention approach
to treat retinal neurodegeneration.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nbd.2021.105405.

Competing interests

No competing interests declared.

Credit author statement

S.M. and R.G-A performed the cell biology experiments; E.B-D, C-H-U
and J.G-F. performed RNA-Seq and transcriptomics analysis; A.G-N and
F.V. performed the bioenergetics assays; R.A and C-O performed the
metabolomics analyses; S.M. and G.M designed and supervised the
experimental work. S.M., J.F.G, R.A, F.V. and G.M provided the funding.
S.M. wrote the manuscript draft and all authors revised and discussed
the text.

Acknowledgements

We are grateful to the associations of patients affected by retinal
dystrophies for their constant support. We also acknowledge past and
present members of our research group for helpful discussions. S.M. has
a postdoctoral contract with CIBERER/ISCIII, R.G-A. received a research
initiation contract (IBUB, 2020) and has a FI grant (Generalitat de
Catalunya); E.B-D was recipient of a FI grant (Generalitat de Catalunya).
This research was supported by grants ACCI 2019 (CIBERER /ISCIII) to
S.M. and R.A.; SAF2016-80937-R (Ministerio de Economia y Com-
petitividad/ FEDER) and PID2019-108578RB-100 (Ministerio de Ciencia
e Innovacion/ FEDER) to G.M.; SAF2017-85722-R from (Ministerio de
Ciencia e Innovacion) to F.V.

References

Abad-Morales, V., Burés-Jelstrup, A., Navarro, R., Ruiz-Nogales, S., Méndez-Vendrell, P.,
Corcostegui, B., Pomares, E., 2019. Characterization of the cone-rod dystrophy
retinal phenotype caused by novel homozygous DRAM2 mutations. Exp. Eye Res.
187, 107752. https://doi.org/10.1016/j.exer.2019.107752.

Aleman, T.S., Soumittra, N., Cideciyan, A.V., Sumaroka, A.M., Ramprasad, V.L.,
Herrera, W., Windsor, E.A.M., Schwartz, S.B., Russell, R.C., Roman, A.J.,
Inglehearn, C.F., Kumaramanickavel, G., Stone, E.M., Fishman, G.A., Jacobson, S.G.,
2009. CERKL mutations cause an autosomal recessive cone-rod dystrophy with inner
retinopathy. Investig. Ophthalmol. Vis. Sci. 50, 5944-5954. https://doi.org/
10.1167/i0ovs.09-3982,

Ali, M., Ramprasad, V.L., Soumittra, N., Mohamed, M.D., Jafri, H., Rashid, Y.,
Danciger, M., McKibbin, M., Kumaramanickavel, G., Inglehearn, C.F., 2008.

A missense mutation in the nuclear localization signal sequence of CERKL (p.R106S)
causes autosomal recessive retinal degeneration. Mol. Vis. 14, 1960-1964. http
://www.ncbi.nlm.nih.gov/pubmed/18978954 (accessed May 1, 2020).

Ashrafi, G., Schwarz, T.L., 2012. The pathways of mitophagy for quality control and
clearance of mitochondria. Cell Death Differ. 20, 31-42. https://doi.org/10.1038/
cdd.2012.81.

Bae, S.H., Sung, S.H., Oh, S.Y., Lim, J.M., Lee, S.K., Park, Y.N., Lee, H.E., Kang, D.,
Rhee, S.G., 2013. Sestrins activate Nrf2 by promoting p62-dependent autophagic

—112—



S. Mirra et al.

degradation of keapl and prevent oxidative liver damage. Cell Metab. 17, 73-84.
https://doi.org/10.1016/j.cmet.2012.12.002,

Bornancin, F., Mechtcheriakova, D., Stora, S., Graf, C., Wlachos, A., Dévay, P., Urtz, N.,
Baumruker, T., Billich, A., 2005. Characterization of a ceramide kinase-like protein.
Biochim. Biophys. Acta Mol. Cell Biol, Lipids 1687, 31-43. https://doi.org/10.1016/
j.bbalip.2004.11.012.

Boya, P., Reggiori, F., Codogno, P., 2013. Emerging regulation and functions of
autophagy. Nat. Cell Biol. 15, 713-720. https://doi.org/10.1038/ncb2788.

Boya, P., Esteban-Martinez, L., Serrano-Puebla, A., Gémez-Sintes, R., Villarejo-Zori, B.,
2016. Autophagy in the eye: development, degeneration, and aging. Prog. Retin. Eye
Res. 55, 206-245. https://doi.org/10.1016/j.preteyeres.2016.08.001.

Buhlman, L., Damiano, M., Bertolin, G., Ferrando-Miguel, R., Lombes, A., Brice, A.,
Corti, O., 2014, Functional interplay between Parkin and Drp1 in mitochondrial
fission and clearance. Biochim. Biophys. Acta, Mol. Cell Res. 1843, 2012-2026.
https://doi.org/10.1016/j.bbamcr.2014.05.012.

Carrella, S., Indrieri, A., Franco, B., Banfi, S., 2020. Mutation-independent therapies for
retinal diseases: focus on gene-based approaches. Front. Neurosci. 14 https://doi.
org/10.3389/fnins.2020.588234.

Casado, M., Sierra, C., Batllori, M., Artuch, R., Ormazabal, A., 2018. A targeted
metabolomic procedure for amino acid analysis in different biological specimens by
ultra-high-performance liquid chromatography-tandem mass spectrometry.
Metabolomics 14 (6), 76. https://doi.org/10.1007/511306-018-1374-4.

Chen, Y., Sawada, O., Kohno, H., Le, Y.Z., Subauste, C., Maeda, T., Maeda, A., 2013.
Autophagy protects the retina from light-induced degeneration. J. Biol. Chem. 288,
7506-7518. https://doi.org/10.1074/jbc.M112.439935.

Cherubini, M., Puigdellivol, M., Alberch, J., Ginés, S., 2015. Cdk5-mediated
mitochondrial fission: a key player in dopaminergic toxicity in Huntington’s disease.
Biochim. Biophys. Acta Mol. basis Dis. 1852, 2145-2160. https://doi.org/10.1016/j.
bbadis.2015.06.025.

Domenech, E.B., Andres, R., Lopez-Iniesta, Jose, Mirra, S., Arroyo, R.G., Milla, S.,
Sava, F., Andilla, J., Alvarez, P.L., De La Villa, P., Duarte, R.G., Marfany, G., 2020.
A New cerkl mouse model generated by crispr-cas9 shows progressive retinal
degeneration and altered morphological and electrophysiological phenotype.
Investig. Ophthalmol. Vis. Sci. 61 https://doi.org/10.1167/10VS.61.8.14,

Eells, J.T., 2019. Mitochondrial dysfunction in the aging retina. Biology (Basel). 8
https://doi.org/10.3390/biology8020031.

Esteban-Martinez, L., Doménech, E., Boya, P., Sal -Roa, M., Malumbres, M., 2015.
Mitophagy in mitosis: more than a myth. Autophagy. 11, 2379-2380. https://doi.
org/10.1080/15548627.2015.1108509.

Fathinajafabadi, A., Pérez-Jiménez, E., Riera, M., Knecht, E., Gonzalez-Duarte, R., 2014.
CERKL, a retinal disease gene, encodes an mRNA-binding protein that localizes in
compact and untranslated mRNPs associated with microtubules. PLoS One. https://
doi.org/10.1371/journal.pone.0087898.

Garanto, A., Riera, M., Pomares, E., Permanyer, J., de Castro-Mir, M., Sava, F., Abril, J.F.,
Marfany, G., Gonzlez-Duarte, R., 2011. High transcriptional complexity of the
retinitis pigmentosa CERKL gene in human and mouse. Investig. Ophthalmol. Vis.
Sci. 52, 5202-5214. https://doi.org/10.1167/iovs.10-7101.

Garanto, A., Vicente-Tejedor, J., Riera, M., De la Villa, P., Gonzalez-Duarte, R.,

Blanco, R., Marfany, G., 2012. Targeted knockdown of Cerkl, a retinal dystrophy
gene, causes mild affectation of the retinal ganglion cell layer. Biochim. Biophys.
Acta Mol. basis Dis. 1822, 1258-1269. https://doi.org/10.1016/j.
bbadis.2012.04.004.

Garanto, A., Mandal, N.A., Egido-Gabas, M., Marfany, G., Fabrias, G., Anderson, R.E.,
Casas, J., Gonzalez-Duarte, R., 2013. Specific sphingolipid content decrease in Cerkl
knockdown mouse retinas. Exp. Eye Res. https://doi.org/10.1016/].
exer.2013.03.003.

Gatica, D., Lahiri, V., Klionsky, D.J., 2018. Cargo recognition and degradation by
selective autophagy. Nat. Cell Biol. 20, 233-242. https://doi.org/10.1038/541556-
018-0037-z.

Gatliff, J., Campanella, M., 2015. TSPO is a REDOX regulator of cell mitophagy.
Biochem. Soc. Trans. 43, 543-552. https://doi.org/10.1042/BST20150037.

Hu, X., Lu, Z,, Yu, S., Reilly, J., Liu, F., Jia, D., Qin, Y., Han, S., Liu, X., Qu, Z., Lv, Y.,
Li, J., Huang, Y., Jiang, T., Jia, H., Wang, Q., Liu, J., Shu, X., Tang, Z., Liu, M., 2019.
CERKL regulates autophagy via the NAD-dependent deacetylase SIRT1. Autophagy.
15, 453-465. https://doi.org/10.1080/15548627.2018.1520548.

Huang, D.W., Sherman, B.T., Lempicki, R.A., 2009. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4, 44-57. https://
doi.org/10.1038/nprot.2008.211.

Inagaki, Y., Mitsutake, S., Igarashi, Y., 2006. Identification of a nuclear localization
signal in the retinitis pigmentosa-mutated RP26 protein, ceramide kinase-like
protein. Biochem. Biophys. Res. Commun. 343, 982-987. https://doi.org/10.1016/].
bbre.2006.03.056.

Jiang, D., Xiong, G., Feng, H., Zhang, Z., Chen, P., Yan, B., Chen, L., Gandhervin, K.,
Ma, C., Li, C., Han, S., Zhang, Y., Liao, C., Lee, T.L., Tse, H.F., Fu, Q.L., Chiu, K.,
Lian, Q., 2019. Donation of mitochondria by iPSC-derived mesenchymal stem cells
protects retinal ganglion cells against mitochondrial complex I defect-induced
degeneration. Theranostics. 9, 2395-2410. https://doi.org/10.7150/thno.29422,

Khacho, M., Slack, R.S., 2018, Mitochondrial dynamics in the regulation of neurogenesis:
from development to the adult brain. Dev. Dyn. 247, 47-53. https://doi.org/
10.1002/dvdy.24538.

Kim, S., Kim, N., Park, S., Jeon, Y., Lee, J., Yoo, S.J., Lee, J.W., Moon, C., Yu, S.W.,
Kim, E.K., 2020. Tanycytic TSPO inhibition induces lipophagy to regulate lipid
metabolism and improve energy balance. Autophagy. 16, 1200-1220. https://doi.
org/10.1080/15548627.2019.1659616.

Kooragayala, K., Gotoh, N., Cogliati, T., Nellissery, J., Kaden, T.R., French, S.,
Balaban, R., Li, W., Covian, R., Swaroop, A., 2015. Quantification of oxygen

15

Chapter 1

Neurobiology of Disease 156 (2021) 105405

consumption in retina ex vivo demonstrates limited reserve capacity of
photoreceptor mitochondria. Investig. Ophthalmol. Vis. Sci. 56, 8428-8436. https://
doi.org/10.1167/iovs.15-17901.

Li, C., Wang, L., Zhang, J., Huang, M., Wong, F., Liu, X., Liu, F., Cui, X., Yang, G.,
Chen, J., Liu, Y., Wang, J., Liao, S., Gao, M., Hu, X., Shu, X., Wang, Q., Yin, Z.,
Tang, Z., Liu, M., 2014. CERKL interacts with mitochondrial TRX2 and protects
retinal cells from oxidative stress-induced apoptosis. Biochim. Biophys. Acta Mol.
basis Dis. https://doi.org/10.1016/j.bbadis.2014.04.009.

Love, M.I., Huber, W., Anders, S., 2014. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15 https://doi.org/
10.1186/513059-014-0550-8.

Lu, T., Zhu, Z., Wu, J., She, H., Han, R., Xu, H., Qin, Z.H., 2019. DRAM1 regulates
autophagy and cell proliferation via inhibition of the phosphoinositide 3-kinase-Akt-
mTOR-ribosomal protein S6 pathway. Cell Commun. Signal. 17 https://doi.org/
10.1186/512964-019-0341-7.

Mandal, A., Drerup, C.M., 2019. Axonal transport and mitochondrial function in neurons.
Front. Cell. Neurosci. 13 https://doi.org/10.3389/fncel.2019.00373.

McWilliams, T.G., Prescott, A.R., Villarejo-Zori, B., Ball, G., Boya, P., Ganley, .G., 2019.
A comparative map of macroautophagy and mitophagy in the vertebrate eye.
Autophagy. 15, 1296-1308. https://doi.org/10.1080/15548627.2019.1580509.

Mirra, S., Marfany, G., 2019. Mitochondrial gymnastics in retinal cells: a resilience
mechanism against oxidative stress and neurodegeneration. In: Adv. Exp. Med. Biol.
Springer, pp. 513-517. https://doi.org/10.1007/978-3-030-27378-1 84.

Mirra, S., Ulloa, F., Gutierrez-Vallejo, 1., Marti, E., Soriano, E., 2016. Function of Armex3
and Armc10/SVH genes in the regulation of progenitor proliferation and neural
differentiation in the chicken spinal cord. Front. Cell. Neurosci. 10 https://doi.org/
10.3389/fncel.2016.00047.

Mizushima, N., Levine, B., 2020. Autophagy in human diseases. N. Engl. J. Med. 383,
1564-1576. https://doi.org/10.1056/nejmra2022774.

Morsch, A.L.B.C., Wisniewski, E., Luciano, T.F., Comin, V.H., de Silveira, G.B., de
Marques, S.0., Thirupathi, A., Lock, P.C. Silveira, De Souza, C.T., 2019. Cigarette
smoke exposure induces ROS-mediated autophagy by regulating sestrin, AMPK, and
mTOR level in mice. Redox Rep. 24, 27-33. https://doi.org/10.1080/
13510002.2019.1601448,

Nagata, M., Arakawa, S., Yamaguchi, H., Torii, S., Endo, H., Tsujioka, M., Honda, S.,
Nishida, Y., Konishi, A., Shimizu, S., 2018. Dram1 regulates DNA damage-induced
alternative autophagy. Cell Stress. 2, 55-65. https://doi.org/10.15698/
¢st2018.03.127.

Narayan, D.S., Chidlow, G., Wood, J.P.M., Casson, R.J., 2017. Glucose metabolism in
mammalian photoreceptor inner and outer segments. Clin. Exp. Ophthalmol. 45,
730-741. https://doi.org/10.1111/ce0.12952.

Nevet, M.J., Vekslin, S., Dizhoor, A.M., Olshevskaya, E.V., Tidhar, R., Futerman, A.H.,
Ben-Yosef, T., 2012. Ceramide kinase-like (CERKL) interacts with neuronal calcium
sensor proteins in the retina in a cation-dependent manner. Investig. Ophthalmol.
Vis. Sci. 53, 4565-4574. https://doi.org/10.1167/iovs.12-9770.

Parmigiani, A., Nourbakhsh, A., Ding, B., Wang, W., Kim, Y.C., Akopiants, K., Guan, K.L.,
Karin, M., Budanov, A.V., 2014. Sestrins inhibit mTORC1 kinase activation through
the GATOR complex. Cell Rep. 9, 1281-1291. https://doi.org/10.1016/j.
celrep.2014.10.019.

Perron, N.R., Beeson, C., Rohrer, B., 2013. Early alterations in mitochondrial reserve
capacity; a means to predict subsequent photoreceptor cell death. J. Bioenerg.
Biomembr. 45, 101-109. https://doi.org/10.1007/s10863-012-9477-5.

Punzo, C., Kornacker, K., Cepko, C.L., 2009. Stimulation of the insulin/mTOR pathway
delays cone death in a mouse model of retinitis pigmentosa. Nat. Neurosci. 12,
44-52, https://doi.org/10.1038/nn.2234.

Riera, M., Burguera, D., Garcia-Fernandez, J., Gonzalez-Duarte, R., 2013, CERKL
knockdown causes retinal degeneration in Zebrafish. PLoS One. https://doi.org/
10.1371/journal.pone.0064048.

Rosignol, 1., Villarejo-Zori, B., Teresak, P., Sierra-Filardi, E., Pereiro, X., Rodriguez-
Muela, N., Vecino, E., Vieira, H.L.A,, Bell, K., Boya, P., 2020. The mito-QC reporter
for quantitative mitophagy assessment in primary retinal ganglion cells and
experimental glaucoma models. Int. J. Mol. Sci. 21 https://doi.org/10.3390/
ijms21051882.

Salcher, S., Hermann, M., Kiechl-Kohlendorfer, U., Ausserlechner, M.J., Obexer, P., 2017.
C100RF10/DEPP-mediated ROS accumulation is a critical modulator of FOXO3-
induced autophagy. Mol. Cancer 16. https://doi.org/10.1186/512943-017-0661-4.

Scaini, G., Barichello, T., Fries, G.R., Kennon, E.A., Andrews, T., Nix, B.R., Zunta-
Soares, G., Valvassori, S.S., Soares, J.C., Quevedo, J., 2019. TSPO upregulation in
bipolar disorder and concomitant downregulation of mitophagic proteins and NLRP3
inflammasome activation. Neuropsychopharmacology. 44, 1291-1299. https://doi.
org/10.1038/541386-018-0293-4,

Stepp, M.W., Folz, R.J., Yu, J., Zelko, L.N., 2014. The c100rf10 gene product is a new link
between oxidative stress and autophagy. Biochim. Biophys. Acta, Mol. Cell Res.
1843, 1076-1088. https://doi.org/10.1016/j.bbamer.2014.02.003.

Tretter, L., Patocs, A., Chinopoulos, C., 2016. Succinate, an intermediate in metabolism,
signal transduction, ROS, hypoxia, and tumorigenesis. Biochim. Biophys. Acta
Bioenerg. 1857, 1086-1101. https://doi.org/10.1016/j.bbabio.2016.03.012.

Tuson, M., Marfany, G., Gonzalez-Duarte, R., 2004. Mutation of CERKL, a novel human
ceramide kinase gene, causes autosomal recessive retinitis pigmentosa (RP26). Am.
J. Hum. Genet. 74, 128-138. https://doi.org/10.1086/381055.

Tuson, M., Garanto, A., Gonzalez-Duarte, R., Marfany, G., 2009. Overexpression of
CERKL, a gene responsible for retinitis pigmentosa in humans, protects cells from
apoptosis induced by oxidative stress. Mol.Vis. 15, 168-180.

Twig, G., Elorza, A., Molina, A.J.A., Mohamed, H., Wikstrom, J.D., Walzer, G., Stiles, L.,
Haigh, S.E., Katz, S., Las, G., Alroy, J., Wu, M., Py, B.F., Yuan, J., Deeney, J.T.,
Corkey, B.E., Shirihai, O.S., 2008. Fission and selective fusion govern mitochondrial

— 13—




RESULTS

S. Mirra et al.

segregation and elimination by autophagy. EMBO J. 27, 433-446. https://doi.org/
10.1038/sj.emboj.7601963,

Van Noolen, L., Acquaviva-Bourdain, C., Dessein, A.F., Minet-Quinard, R.,

Nowoczyn, M., Garnotel, R., Corne, C., 2020. Recommendations for urinary organic
acids analysis. Ann. Biol. Clin. (Paris). 78, 547-554, https://dol.org/10.1684/
ABC.2020.1583,

Villarroya, J., Diaz-Delfin, J., Hyink, D., Domingo, P., Giralt, M., Klotman, P.E.,
Villarroya, F., 2010. HIV type-1 transgene expression in mice alters adipose tissue
and adipokine levels: towards a rodent model of HIV type-1 lipodystrophy. Antivir.
Ther. 15, 1021-1028. https://doi.org/10.3851/IMP1669,

Wu, X, Qin, Y., Zhu, X., Liu, D., Chen, F., Xu, S., Zheng, D., Zhou, Y., Luo, J., 2018.
Increased expression of DRAM1 confers myocardial protection against ischemia via
restoring autophagy flux. J. Mol. Cell. Cardiol. 124, 70-82. https://doi.org/
10.1016/j.yjmec.2018.08.018,

Yang, Y., Klionsky, D.J., 2020. Autophagy and disease: unanswered questions. Cell Death
Differ, 27, 858-871. https://doi.org/10.1038/541418-019-0480-9,

16

Neurobiology of Disease 156 (2021) 105405

Yang, W., Xiong, G., Lin, B., 2020. Cyclooxygenase-1 mediates neuroinflammation and
neurotoxicity in a mouse model of retinitis pigmentosa. J. Neuroinflammation 17.
https://doi.org/10.1186/512974-020-01993-0.

Yoon, J.H., Her, S., Kim, M., Jang, 1.S., Park, J., 2012. The expression of damage-
regulated autophagy modulator 2 (DRAM2) contributes to autophagy induction.
Mol. Biol. Rep. 39, 1087-1093, https://doi.org/10.1007/511033-011-0835-x,

Zaninello, M., Palikaras, K., Naon, D., Iwata, K., Herkenne, S., Quintana-Cabrera, R.,
Semenzato, M., Grespi, F., Ross-Cisneros, F.N., Carelli, V., Sadun, A.A.,
Tavernarakis, N., Scorrano, L., 2020. Inhibition of autophagy curtails visual loss in a
model of autosomal dominant optic atrophy. Nat, Commun. 11 https://doi.org/
10.1038/541467-020-17821-1.

Zemirli, N., Morel, E., Molino, D., 2018. Mitochondrial dynamics in basal and stressful
conditions. Int. J. Mol. Sci. 19 https://doi.org/10.3390/ijms19020564.,

Zhang, Z., Yan, B., Gao, F., Li, Q., Meng, X., Chen, P., Zhou, L., Deng, W., Li, C., Xu, W.,
Han, S., Feng, H., Li, Y., Chen, J., Yin, Z., Liao, C., Tse, H.F., Xu, A., Lian, Q., 2020.
PSCs reveal PUFA-provoked mitochondrial stress as a central node potentiating RPE
degeneration in Bietti's crystalline dystrophy. Mol. Ther. 28, 2642-2661. https://
doi.org/10.1016/j.ymthe.2020.07.024.

— 14—



Chapter 1

Supplemental material
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S1 Fig. CERKL does not co-localize with lysosomes or autophagosomes in mouse

postnatal RGCs. A) Immunofluorescence in primary retinal cultures allowed to distinguish
TUBULIN-III-B positive RGCs (magenta), characterized by a typical somatic morphology and
a large axon. Scale bar: 20 uym. B,C) Immunofluorescence of RGCs in primary retinal
cultures with anti-CERKL2 (green, left panels) and anti-CERKLS5 (green, right panels)

antibodies. Scale bar: 10 uym.
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S2 Fig. CERKL is expressed in both developing and adult brain and associates with
motile mitochondria in hippocampal cultures. A, B) Western blot analysis of CERKL
expression in several neural tissues by using anti-CERKL2 (A) and anti-CERKLS5 (B). Red
arrows: CERKL isoforms most expressed at embryonic stage E16; green arrows: CERKL
isoforms most expressed at embryonic stage E16 in retina and olfactory bulb; blue arrows:
CERKL isoforms most expressed at embryonic stage E16 and adult retina. CRTX=cortex,
HIP=hippocampus, BULB=olfactive bulb, RET=retina. C) Hippocampal mouse neurons
overexpressing CERKL-GFP cDNA display normal mitochondrial distribution in cell body,

neurites and axon (C, axonal projection in D). Scale bar 50 uym. D) Series of four
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representative confocal images, taken every 5 seconds, of live axons overexpressing
MtDsRed or CERKL-GFP fusion protein.

A B

[ Anti-CERKL2 ] l Anti-CERKLS l

___eeu || .| || -]

S3 Fig. CERKL expression and localization pattern in 3DIV hippocampal mouse
neurons in response to arsenite stress treatment. Immunofluorescence of 3DIV
hippocampal cells untreated (control) or exposed to sodium arsenite. Cells were treated with
Mitotracker (red) and stained with anti-CERKL2 (A) or anti-CERKLS5 (B) antibodies (green).
Images from maximal projection show the strong association of isoforms that include the

exon 5 epitope with mitochondria in both control and stressed conditions.
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+HCQ

Colocalization
(Manders' Coefficient)
°
o

KD/KO
+HCQ

S$4 Fig. Mitophagy was found unaffected in KD/KO vs WT/WT RGCs. A) Fluorescence
microscopy detection of Mitotracker (red) and LAMP1 (green) in WT/WT and KD/KO RGCs,
maintained in control medium or treated with HCQ for 6 h does not show statistically
significant differences between genotypes. HCQ treatment inhibits the fusion of
auphagosomes to lysosomes (significant decrease in colocalization upon treatment within
each genotype). Scale bar: 10 um. B) Quantification of mitochondria/LAMP1 colocalization
in WT/WT and KD/KO RGCs, as shown in A. (n = 15-26 cells for experimental condition from

2-3 animals per genotype). Statistical analysis was performed with Mann-Whitney test.
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S5 Fig. No differences in number and morphology of somatic mitochondria were
observed in KD/KO vs WT/WT RGCs. A) Representative confocal images of WT/WT and
KD/KO RGCs somas used to analyse differences in mitochondrial number and morphology.
TUJ-1 (green) was used to detect neurons and the length of axon and general morphology
allowed to identify RGCs. Mitotracker was used to detect mitochondria (red), whereas nuclei
were counterstained with DAPI (blue). Scale bar: 10 ym. B, C) Quantification of
mitochondrial number and mitochondrial area. C, D) Morphometric analysis of somatic
mitochondria as in A) by evaluation of the morphological parameters Aspect Ratio (AR) and
Form factor (FF). Statistical analysis was performed with Mann-Whitney test and data are

represented as the means+SD. (n = 30 images per genotype from 4-6 animals).
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S6 Fig. Representative western blot analysis and quantification of SIRT1 protein on
WT/WT and KD/KO retinal homogenates. n= 6 retinas from 3 animals per genotype; data
are represented as the meanstSD. Statistical analysis by Mann-Whitney test. *: p-value <
0,05.

S1 Table - Genes identified by RNA-Seq in relevant mitochondrial related-pathways
comparing WT/WT vs KD/KO retinas (see accompanying spreadsheet in excel format)
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S2 Table. Organic acids analyzed in targeted metabolomic by Gas-Chromatography

Mass spectrometry of the trimethylsylyl derivatives (BSTFA).

Organic acids

Target ion

Amino acids and

related compounds

Precursor ion

(m/z)

Internal standard

Internal standard

345 Histidine 326,1 Histidine (*3Cs,*>N3)
(undecanedioci acid)
40H-Proline 302,1 Histidine (*3Cs,'*N3)
Lactate 219 Asparagine 303,1 Serine (**C3,'°N)
Oxalate 190 Phosphoetanolamine 312 Serine (*C3,"*N)
2-hydroxyisovalerate 145 Arginine 345,2 Arginine (13Cs,**Na)
Malonate 233 Taurine 296,1 Serine (3C3,'°N)
Glycerol 205 Serine 276,1 Serine (3C3,'°N)
Ethylmalonate 217 Aspartylglucosamine 506 Serine (*C3,"°N)
Succinate 247 Glutamine 317,1 Glutamic acid (**Cs, *°N)
Uracil 241 Glycine 246,1 Glycine (13Cz, 1°N)
Fumarate 245 Aspartic acid 304,1 Aspartic acid (13Cs, 1°N)
Glutarate 261 Citrulline 346,2 Glutamic acid (*3Cs, °N)
Thymine 255 Argininosuccinic acid 461 Glutamic acid (*3Cs, °N)
Malate 245 Sarcosine 260,1 Glutamic acid (**Cs, *°N)
Adipate 275 Sulfo-cysteine 372 Glutamic acid (*3Cs, °N)
Piroglutamate 258 Glutamic acid 318,1 Glutamic acid (*3Cs, °N)
2-Ohglutarate 247 B-alanine 260,1 Alanine (3Cs, *N)
2-Ketoglutarate 347 Threonine 290,1 Threonine (**Ca, °N)
Suberate 303 Sacaropine 447 Threonine (*3Ca, 5N)
Homovanillic acid 326 Alanine 260,1 Alanine (*3Cs, *N)
Citrate 273 g-aminobutyric acid 274,1 Alanine (3Cs, *N)
Sebacate 331 Proline 286,1 Proline (}3Cs, 15N)
5-Hydroxyindoleacetic acid 407 B-aminoisobutyric acid 274,1 Proline (13Cs, 15N)
Ornithine 237,1 Glutamic acid (**Cs, °N)
Homocitrulline 360 Glutamic acid (*3Cs, °N)
Cystationine 282,1 Proline (*3Cs, °N)
OH-Lysine 333,2 Proline (}3Cs, 15N)
Cystine 291,1 Cystine (**Cs, °Na)
Anserine 411 Serine (**C3,'*N)
a-aminobutyric acid 274,1 Lysine (13Cs, *Na)
Lysine 244,2 Lysine (3Cs, °N2)
Glycilproline 343 Lysine (*3Cs, °N2)
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Tyrosine 352,1 Tyrosine (*3Cg, *N)
Metionine 320,1 Methionine (3Cs, **N)
Pipecolic acid 300 Valine (*3Cs, °N)
Valine 288,1 Valine (3Cs, °N)
Homocysteine 305 Isoleucine (3Cs, °N)
Isoleucine 302,1 Isoleucine (3Cs, *N)
Alloisoleucine 302,1 Isoleucine (**Cs, °N)
Leucine 302,1 Leucine (*3Cs, 1*N)
Phenylalanine 336,1 Phenylalanine (:3Cs, 1°N)
Tryptophan 375,1 Phenylalanine (**Cs, °N)
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1.2. CERKL IS involved in
mitochondrial dynamics and

trafficking in the hippocampus
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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 Cerk/ 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 Cerk/"®%© 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.
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Abstract: Mutations in the Ceramide Kinase-like (CERKL) gene cause retinal dystrophies, character-
ized 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 Cerk/XP/X? mouse model is associated with changes in the expression
of fusion/fission molecular regulators, induces mitochondrial fragmentation, and impairs axonal
mitochondrial 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.

Keywords: CERKL; hippocampus; neurons; mitochondria; mitochondrial trafficking; mitochondrial
dysfunction

1. Introduction

The central nervous system (CNS) is a high-metabolic-rate system, and its functional-
ity is largely dependent on mitochondria. Mitochondria are the powerhouse of cells and
actively participate in the regulation of cell respiratory mechanisms, metabolic processes,
and energy homeostasis. Alterations in mitochondrial function can be due to genetic,
physiological, or environmental cues and are frequently associated to the mitochondrial
network remodeling and the alteration of mitochondrial dynamics, including fusion, fis-
sion, transport, interorganellar communication, and mitochondrial quality control [1,2].
Therefore, the failure of mitochondrial function and dynamics eventually leads to cell death
and neurodegeneration [3].

The retina is the sensory system responsible for vision and belongs to the CNS, sharing
with the brain a common developmental origin, cell-type composition, and anatomic
and genetic features. Importantly, several well-defined neurodegenerative conditions
originating from mitochondrial dysfunctions and affecting the brain and spinal cord have
manifestations in the eye. Furthermore, various retinal pathologies caused by an impaired
mitochondrial performance, share characteristics with other CNS pathologies [4].

CERKL is a retinal resilience gene whose mutations underlie retinitis pigmentosa and
cone-rod dystrophy, two retinal dystrophies characterized by progressive vision loss due
to photoreceptor degeneration [5]. The human CERKL gene is composed of 14 exons and
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presents an extremely high transcriptional complexity: it generates more than 20 transcripts
in both human and mouse because of the use of multiple promoters and transcription start
sites as well as alternative splicing events (Figure S1A) [6].

CERKL belongs to the CERK family, where the members share some protein domains,
such as the pleckstrin homology domain, the diacylglycerol kinase domain, and the ATP
binding site (Figure S1A) [7]. However, assays to show whether CERKL displays any
kinase activity have been unsuccessful [8]. CERKL also displays two nuclear localization
and two nuclear export signals (Figure S1B) [6]. These signals allow the protein to switch
between the nucleus and the cytoplasm—where it localizes with endoplasmic reticulum
and the Golgi apparatus [7].

In the human retina, we identified four main CERKL protein isoforms as a result
of different alternative splicing events, although other protein isoforms might be also
present (Figure S1B). The a isoform consists of 13 exons (532 amino acids); the b isoform
contains an extra exon (4b), which is only found in humans (558 amino acids); the ¢
isoform undergoes an alternative splicing event fusing exon 2 to exon 6 (419 amino acids);
and the d isoform is the result of a splicing event fusing exon 3 to exon 6 (463 amino
acids). Such a repertoire of protein isoforms displaying different domains suggests distinct
cellular roles (Figure S1B) [7]. At the functional level, CERKL has been described as
binding several neuronal calcium sensors [9] and sphingolipids [8], regulating general
autophagy [10,11] and localizing at mitochondria in both immortalized and primary cell
lines [11-13]. Moreover, Cerkl depletion is associated with alterations in mitochondrial
size and distribution, and dysregulation of mitochondrial metabolism in the mammal
retina [11].

CERKL is expressed in several tissues other than retina, such as neural tissues, kidney,
lung, and testis. It has been recently proposed that CERKL can exercise a protective role
against oxidative stress in a variety of contexts. Indeed, overexpression of CERKL protects
retinal pigment epithelium from oxidative stress through the regulation of mitochondrial
dynamics [13]. Moreover, CERKL enhances the survival of cutaneous squamous cell
carcinoma challenged by oxidative stress [14]. CERKL overexpression has been also recently
shown to alleviate the ischemia reperfusion induced nervous system injury by regulating
SIRT1/PINK1/Parkin pathway [15]. Interestingly, the complete knockout of the Cerkl locus
has been shown to be lethal at embryonic stages in homozygosis [16], highlighting the
importance of Cerkl expression in vital organs or systems.

In this study, we explored the function of CERKL in regulating mitochondrial traffick-
ing and dynamics in primary hippocampal neurons. We took advantages from the double
heterozygote knockdown /knockout mouse model, CerkIXP/KO (KD/KO), in which the Cerkl
expression levels are highly reduced [16]. This mouse model showed a clear phenotype of
progressive retinal neurodegeneration, but the effects of Cerkl depletion have not been yet
studied in tissues other than the retina.

Our findings shed new insights into the molecular mechanisms regulating mitochon-
drial dynamics in neurons and may provide relevant information to develop prevention
and treatment strategies to ameliorate not only retinal dystrophies but also neural patholo-
gies, which frequently involve alteration of the oxidative stress response, and dysfunction
of mitochondrial dynamics and bioenergetic homeostasis.

2. Results
2.1. CERKL Is Expressed in Hippocampal Neurons

It is well known that CERKL is highly expressed in the neuroretina where it plays an
important role regulating stress response and mitochondrial dynamics and function [7,11,12].
Nevertheless, knowledge about CERKL function in other nervous tissues besides the retina
has been growing lately [15]. Therefore, in this study we aimed to shed light on the function
of CERKL related to mitochondrial dynamics in the brain.

Hippocampi was selected as the source of brain neurons because it can be easily
recognized and dissected from the mouse embryo brain, and the protocol for primary cell
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culture is well established. We first assessed whether Cerkl is expressed in hippocampal cells
of the adult mouse brain through immunohistochemistry using an in-house antibody [16].
CERKL is detected in cornu ammonis 1-3 and the dentate gyrus (Figure S2). To further study
the intracellular function of CERKL in hippocampal neurons, primary cell cultures from
E16 embryos were analysed through immunocytochemistry using two different antibodies
that recognize specific protein epitopes encoded in either exon 2 (ex2) or exon 5 (ex5) of the
mouse Cerkl gene, as well as Mitotracker to stain mitochondria. We detected a differential
CERKL subcellular localization with the two antibodies: while CERKL isoforms containing
exon 2 were distributed diffusely within the neuron, including nucleus and cytoplasm,
CERKL isoforms containing exon 5 showed higher localization at mitochondria (Figure 1A).
In addition, we also transfected primary hippocampal neurons with hCERKLa-GFP (full
length 532 aa isoform of human CERKL fused to GFP) and confirmed its expression and
scattered localization in the nucleus, cytoplasm, and mitochondria (Figure 1B).

HEE ¢

Figure 1. CERKL is expressed in primary hippocampal neurons and partially localizes at mito-

chondria. (A) CERKL is detected in primary hippocampal neurons (E16) by immunostaining with
antibodies CERKL(ex2) or CERKL(ex5) (green). Mitotracker (red) is used to stain mitochondria. Note
that CERKL isoforms containing exon 5 (detected with CERKL(ex5)) show higher localization at
mitochondria. (B) Overexpression of CERKLa-GFP in primary hippocampal neurons shows partial
localization of CERKLa (green) at mitochondria, which are stained with Mitotracker (red). Scale bars:
10 um.

To sum up, CERKL is endogenously expressed in E16 and adult mouse hippocampi,
suggesting it might play a role in both developing and in adult hippocampi. CERKL protein
isoforms that contain the exon 5-encoded peptide show high colocalization with mitochondria.
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2.2. Hippocampal Axons from CerkIXD/KO Mice Display Fragmented Mitochondria

Recent studies showed that the depletion of CERKL caused mitochondrial fragmenta-
tion in retinal ganglion cells and retinal pigment epithelium [11,13]. As Cerkl is expressed
in hippocampi, we aimed to assess the effect of Cerk! depletion on mitochondrial morphol-
ogy in this tissue, taking advantage of the double heterozygote knockdown/knockout
CerkI*D/KO mouse model (heretofore, KD/ KO). Thus, WT'/WT and KD /KO primary hip-
pocampal neurons were cultured, and MitoDsRed-labelled individual mitochondria were
analysed in their axons (Figure 2A). Analysis of mitochondrial morphological parameters
revealed no changes in the number of mitochondria along the axon; instead, a significant
decrease in major mitochondrial length of KD /KO neurons was detected (Figure 2B).
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Figure 2. CERKL depletion causes mitochondrial fragmentation in axons of hippocampal neu-
rons. (A) Axons from WT/WT and KD /KO primary hippocampal neurons were used to visualize
and (B) quantify the mitochondrial density (mitochondria per pm) and mitochondrial length (nm).
Hippocampal neurons were transfected with GFP to distinguish the axon (green) and MitoDsRed to
stain mitochondria. Scale bars: 5 pm. Statistical analysis by t-test. n = 222-227 mitochondria from
1 =23 axons per genotype. **: p-value < 0.01.
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Overall, these results indicate that depletion of CERKL levels in KD /KO hippocam-
pal axons causes mitochondrial fragmentation although it does not alter mitochondrial
number (density).

2.3. Overexpression of CERKLa Does Not Affect Mitochondrial Morphology in
Hippocampal Axons

Once the effect of Cerkl depletion in mitochondrial morphology was evaluated using
the KD /KO mouse model, we wondered whether overexpression of CERKL might also
alter mitochondrial morphological parameters. To this end, WT/WT primary hippocampal
neurons were transfected with either control GFP or CERKLa-GFP, as well as MitoDsRed
to detect mitochondria. Although most CERKLa-GFP was distributed diffusely within the
axon, a pool of the protein also localized at mitochondria (Figure 3A). Nonetheless, the
analyses of mitochondrial morphology in the axons of the hippocampal cells overexpressing
CERKL showed neither changes in mitochondrial density nor in major mitochondrial length
compared to controls (Figure 3B).
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Figure 3. Overexpression of CERKL does not alter mitochondrial morphology or size. (A) GFP-
(control) or CERKLa-GFP-transfected axons from WT/WT primary hippocampal neurons were used
to quantify (B) the mitochondrial density and mitochondrial length. Mitochondria were detected by
transfection with MitoDsRed. A pool of CERKL colocalizes with mitochondria (white arrows). Scale
bar: 5 um. Statistical analysis by t-test. n = 103-164 mitochondria from n = 14-15 axons per condition.
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In summary, overexpression of CERKLa-GFP did not alter mitochondrial density or
size in hippocampal axons.

2.4. Mitochondrial Trafficking Is Reduced in KD/KO Hippocampal Axons

Neuronal homeostasis is supported by proper mitochondrial transport from cell body
to axons and dendrites, where ATP production and calcium buffering are required to
guarantee correct neuronal function [17,18]. We aimed to assess whether mitochondrial
trafficking was altered in KD /KO neurons. GFP and MitoDsRed were transfected to label
individual axons and axonal mitochondria, respectively, in both KD/KO and WT/WT
neurons. MitoDsRed transfection allows only a small number of neurons to be labelled,
guaranteeing a precise analysis of anterograde and retrograde movements in single axons.
Mitochondria from a segment of the axon were recorded over 10 min in live imaging
experiments (Figure 4A) and mitochondrial trafficking was analysed through kymographs,
which represent each mitochondrion movement through time (Figure 4B).
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Figure 4. Mitochondrial trafficking is reduced in KD/KO hippocampal neuron axons. (A) Mito-
chondrial trafficking live imaging from WT/WT and KD /KO hippocampal cells (representative
images of different timepoints over 5 min). Neurons were transfected with GFP to visualize the
axon and MitoDsRed to label mitochondria. Yellow, pink, and orange arrows indicate mitochondria
moving in anterograde direction. Blue and white arrows point mitochondria moving in anterograde
direction. Scale bars: 5 um. (B) Kymographs showing the path of each mitochondrion along the
axons for 10 min. (C) CERKL depletion impairs mitochondrial trafficking in hippocampal axons. Per-
centage of total motile, anterograde, and retrograde mitochondria is not different between genotypes.
However, average velocity and accumulated distance are reduced in KD /KO axons of hippocampal
neurons. Statistical analysis by t-test and two-way ANOVA. n = 50-57 mitochondria from n = 23

axons per genotype. *: p-value < 0.5.

No differences between genotypes were found in the percentage of total moving
mitochondria nor the percentage of mitochondria moving in anterograde or retrograde
directions (Figure 4C). On the other hand, the analysis of the mitochondrial average
velocity and accumulated distance per mitochondria showed significant changes between
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genotypes, with a clear decrease of both parameters in mitochondria from KD /KO axons,
independently of the direction of the movement (Figure 4C).

Altogether, these results indicate that depletion of CERKL in KD/KO mice alters
mitochondrial trafficking in hippocampal axons, resulting in a reduction of velocity and ac-
cumulated distance in mitochondria moving in both, anterograde and retrograde directions,
while preserving the total number and percentage of moving mitochondria.

2.5. CERKLa-Transfected Hippocampal Axons Do Not Display Mitochondrial
Trafficking Alterations

As CERKL depletion led to decreased mitochondrial trafficking in hippocampal axons,
we also considered whether CERKL overexpression might also alter mitochondrial move-
ment. To test this hypothesis, we recorded primary hippocampal neurons transfected with
CERKLa-GFP and MitoDsRed (Figure 5A). Kymographs were again used to analyse mito-
chondrial trafficking from live imaging videos (Figure 5B). Notably, we did not observe any
change in the percentage of total motile mitochondria in the axons of neurons transfected
with CERKLa-GFP, and the balance between anterograde and retrograde mitochondria was
maintained unaltered in comparison with control GFP-transfected axons. Moreover, neither
average velocity nor accumulated distance in any direction were different in transfected
versus control cells (Figure 5C).
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Figure 5. Mitochondrial trafficking is not altered upon CERKL overexpression in hippocampal
axons. (A) Mitochondrial trafficking live imaging from GFP-(control) and CERKLa-GFP-transfected
hippocampal axons (representative images of different timepoints over 5 min). Mitochondria were
stained with MitoDsRed. Yellow, pink, and orange arrows indicate mitochondria moving in ret-
rograde direction. Blue and white arrows point to mitochondria moving in anterograde direction.
Scale bars: 5 um. (B) Kymographs showing the path of each mitochondrion along the axons for
10 min. (C) CERKL overexpression does not alter mitochondrial trafficking in hippocampal ax-
ons. Percentage of total motile, anterograde, and retrograde mitochondria is not different between
conditions. There are no differences in average velocity and accumulated distance in the axons of
CERKLa-GFP-transfected primary hippocampal neurons. Statistical analysis by t-test and two-way
ANOVA. n = 35-47 mitochondria from n = 14-15 axons per condition.
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Therefore, contrary to what happens with CERKL depletion, overexpression of CERKL
does not alter the studied mitochondrial trafficking parameters in hippocampal axons.

2.6. Mitochondrial Fission Is Increased in KD/KO Hippocampi

In our experiments, we observed a reduction of mitochondrial size in KD/KO axons,
suggesting alterations in mitochondrial fusion and/or fission. By taking advantage of
recorded live imaging of WT'/WT and KD /KO axons, we quantified fusion and fission
events in each genotype (Figure 6A), as well as in GFP- or CERKL-aGFP-transfected neurons
(Figure 6B). Notably, the percentage of fission events was significantly increased in KD /KO
axons, while no changes were found wupon CERKLa-GFP overexpression
(Figure 6C), in concordance with the data obtained from mitochondrial morphology analy-
ses (Figures 2 and 3).

To obtain further insight into the molecular mechanisms regulating mitochondrial
fission in KD/KO axons, we analysed the expression of mitochondrial fusion/fission key
regulators in WT'/WT and KD /KO hippocampal lysates. KD/KO hippocampi showed
an increase in P-DRP1/DRP1 levels, although they did not reach statistical significance
(Figure 6D). Notably, the ratio between the long and short OPA1 isoforms was significantly
different due to an increase in the short OPA1 isoform in KD /KO, as MFN2 levels were
also significantly decreased, overall indicating impaired mitochondrial fusion in KD/KO
hippocampi (Figure 6D).

Overall, the depletion of CERKL induces fragmentation of mitochondria in KD /KO
axons. This increase in mitochondrial fragmentation may be explained by increased levels
of the activated (phosphorylated) form of the fission positive regulator DRP1, as well as
by changes in both the ratio between OPA1 isoforms (regulating the inner mitochondrial
membrane fusion) and the decreased expression of MFN2 (a positive regulator of the outer
mitochondrial membrane).

2.7. Oxidative Phosphorylation Chain Complexes Are Altered in KD/KO Hippocampal Axons

Our results show that upon CERKL depletion, hippocampal neurons displayed aber-
rant mitochondrial dynamics, including fission, fusion, and trafficking. Such alterations
might also affect mitochondrial function [19]. Therefore, we evaluated the expression of the
mitochondrial structural membrane protein VDAC and functional proteins of the OXPHOS
system in WT/WT and KD /KO hippocampi by Western blot analysis. VDAC levels were
significantly increased in KD/KO hippocampi, indicating an increase in mitochondrial
mass. Additionally, quantification of OXPHOS complexes showed a significant decrease
in the levels of CI-NDUFBS, CIII-UQCRC2 and CIV-MTCO1 per mitochondrial mass in
KD/KO, whereas CII-SDHB and CV-ATP5A remained unaltered, suggesting differential
regulation of functional and structural mitochondrial proteins (Figure S3). To shed further
light on the changes in OXPHOS protein expression/localization at mitochondria, we
performed mitochondria/cytosol fractionation experiments and checked the levels of both
mitochondrial and cytosolic OXPHOS proteins. As expected, we found almost all the
OXPHOS proteins (CI-NDUFBS8, CIII-UQCRC2, CIV-MTCO1 and CV-ATP5A) exclusively
in the mitochondrial fraction, where their expression is also differentially downregulated
in KD/KO compared with WT/WT samples (Figure 7A). As in whole cell lysates, CV-
ATP5A remained unaltered also in the mitochondrial fraction (Figure 7A). CII-SDHB,
whose expression was found unaltered in whole cell lysates, was found in both mitochon-
drial fraction—where its expression tends to decrease in KD/KO—and in the cytosolic
fraction—where its expression tends to increase in KD /KO (Figure 7A). Finally, we ana-
lyzed the cytochrome C release from mitochondria to cytosol compartment as a critical
event related to mitochondrial integrity and apoptosis triggering. We found a statistically
significant increase in the ratio between cytosolic and mitochondrial cytochrome C in
KD /KO hippocampi (Figure 7B), reinforcing the notion of mitochondrial damage in the
KD/KO tissue.
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Figure 6. Mitochondrial fission is increased in the axons of KD/KO hippocampal neurons. Mito-
chondrial trafficking live imaging (representative images of different timepoints over 5 min) from
axons of primary hippocampal neurons in order to analyse mitochondrial fusion (green arrows) and
fission (yellow arrows) events in (A) CERKL overexpression conditions, comparing GFP-(control)
and CERKLa-GFP-transfected neurons; and (B) CERKL depletion conditions, comparing WT/WT
and KD/KO hippocampal axons. Mitochondria were stained with MitoDsRed. Scale bars: 5 pm. Ky-
mographs showing the path of each mitochondrion along the axons for 10 min. (C) The percentage of
fission events is increased in KD /KO hippocampal axons, whereas it remains unchanged in CERKLa-
GFP-transfected hippocampal neurons, compared to their respective controls. Statistical analysis
by two-way ANOVA. n = 23 axons per genotype, n = 14-15 axons per condition. (D) Mitochondrial
fusion/fission proteins are altered in KD /KO hippocampi. Western blot analysis and quantification
of P-DRP1, total DRP1, OPA1 and MITOFUSIN2 proteins in WT/WT and KD/KO hippocampi lysates
show: an increase of P-DRP1/DRP1, and a decrease in long OPA1/short OPA1 and MFN2 levels
in KD/KO samples. Statistical analysis by t-test. n = 4 animals per genotype. *: p-value < 0.5;
% p-value < 0.0001.
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Figure 7. OXPHOS protein content in mitochondrial fraction and cytochrome C release are differ-
entially altered in KD/KO hippocampi. (A) Western blot analysis and quantification of OXPHOS
proteins in WT/WT and KD/KO cytosolic (Cyt) or mitochondrial fractions (Mit). VDAC and GAPDH
are used as both loading and fraction enrichment controls. (B) Western blot analysis of cytochrome
°C in mitochondrial and cytosolic fractions. Note that * or ** in both A and B, indicate that the same
control has been used for different quantifications because immunodetections have been performed
on the same membrane. Statistical analysis by t-test. n = 4 animals per genotype. *: p-value < 0.5.
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3. Discussion

To date, mutations in the CERKL gene have only been associated with retinal dystro-
phies, such as retinitis pigmentosa and cone-rod dystrophy [5,20], although recent studies
have shown its potential role in other not-related-to-retina tissues and pathologies [14,15].
Although CERKL specific function still remains undetermined, there are several studies
with evidence suggesting it plays a crucial role regulating homeostasis and survival of pho-
toreceptors and retinal neurons acting as a resilience gene against apoptosis and regulating
mitochondrial health in front of oxidative stress [7,12,13]. Correct mitochondrial function
and dynamics are essential to maintain neuronal homeostasis and viability. In fact, in view
of the high energy demand of the CNS, mitochondrial dysfunction is associated with the
onset and progression of many neurodegenerative disorders [21]. Hence, in this work we
aimed to assess CERKL implication on mitochondrial health in CNS tissues expressing
Cerkl other than the retina, such as hippocampus.

Mitochondrial trafficking is an essential process that underlies the proper subcellular
distribution of mitochondria from the soma, where they are produced, to axons and den-
drites, to meet subcellular energetic demands and ensure the correct function and survival
of neurons [17,22]. Here we describe, for the first time, that depletion of Cerkl impairs
mitochondrial trafficking in neurons. More specifically, KD /KO hippocampal cell axons
displayed an unchanged number of motile mitochondria, with a reduction in average veloc-
ity and accumulated distance of both anterogradely and retrogradely moving mitochondria
(Figure 4C). These data suggest that CERKL is involved in regulating efficiency of mito-
chondrial trafficking and movement, rather than directional mitochondrial recruitment on
microtubules. On the other hand, CERKLa overexpression does not affect these parameters
of mitochondrial trafficking, pointing out that the relevant issue is to maintain sufficient
functional CERKL protein upon a threshold rather than to maintain CERKL levels within a
strict range. In fact, although the overexpression of several mitochondrial trafficking key
regulators is known to potentiate mitochondrial trafficking in neurons [23-25], not always
does protein overexpression result in a complementary physiological reverse effect from
those obtained in down-regulation studies [26,27]. On the other hand, CERKL produce
several protein isoforms [7], and we cannot discard the situation that the overexpression of
distinct isoforms could differentially affect mitochondrial trafficking in neurons. Further-
more, different protein isoforms of CERKL may be expressed in brain due to tissue-specific
mechanisms of alternative splicing regulation [28]. In line with this hypothesis, we show
that different pools of protein isoforms containing exon 2 or exon 5 may localize at mito-
chondria in hippocampal neurons, with a strong localization of the isoforms containing
the peptide encoded in exon 5 (including isoforms containing both exons). Given that the
CERKL protein does not include any mitochondrial localization signal, we believe that the
ATP-binding site encoded by exon 5 might promote association to mitochondria at basal
level and/or in response to certain stimuli. Importantly, the most prevalent RP mutation
(R283X) is located in exon 5, highlighting the importance of mitochondrial localization of
CERKL. However, also isoforms including exon 2 presented a partial colocalization with
the mitochondrial marker. This colocalization may derive from isoforms including both
exons 2 and 5. Indeed, the PH domain encoded by exon 2 might also mediate recruitment of
CERKL to mitochondria, since PH domains are involved in recruiting proteins to different
membrane compartments. Considering the importance of correct mitochondrial transport
for maintaining neuronal function and viability [29], our results provide new insight into
the function of CERKL in maintaining neuronal homeostasis in the CNS.

Mitochondrial network is a highly dynamic structure in which mitochondria constantly
undergo fusion and fission events to maintain mitochondrial health [19]. In mammalian
cells, fission/fusion events are mainly mediated by several large dynamin-related GTPase
proteins, including optic dominant atrophy 1 (OPA1), conserved dynamin-related GTPase
(DRP1), and conserved dynamin-related GTPase mitofusion (MFN1 and MFN2) [3]. In
this study we further characterized the effects of Cerkl down-regulation on mitochon-
drial morphology in hippocampal neurons. Our results showed a significant decrease
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in mitochondrial size in KD/KO hippocampal axons (Figure 2B), in concordance with
previous studies that described mitochondrial fragmentation upon Cerkl depletion in dif-
ferent retinal cells, including neurons and retinal pigment epithelium [11,13]. In healthy
cells, the frequency of mitochondrial fission and fusion events is equal in order to main-
tain mitochondrial number and morphology [19,30]. Nevertheless, KD /KO hippocampal
neurons displayed a higher rate of fission events (Figure 6C). In agreement with that, we
found an imbalance of the molecular machinery that regulates fusion and fission, namely
down-regulation of MEN2, increase of DRP1 phosphorylation and reduction of long OPA1
isoform (Figure 6D), which prompts to decreased fusion and increased fission. Mitochon-
drial fusion—fission imbalance compromises mitochondrial health, and it is particularly
relevant in environmental or genetic stress conditions [30]. Indeed, fusion rescues stress by
allowing functional mitochondria to complement dysfunctional mitochondria by diffusion
and sharing of components between organelles [31]. On the other hand, fission can be
associated with the segregation of dysfunctional mitochondria that need to be eliminated
throughout mitophagy [32]. Our data in hippocampal neurons are in accordance with
our previous finding obtained in KD/KO retinal cells (photoreceptors, ganglion cells, and
retinal pigment epithelium), where mitochondria are fragmented, with a consequent severe
dysfunction in mitochondrial respiration and metabolism [11,13]. Then, our data further
reinforce the important role of CERKL in mitochondrial network organization in neurons,
although further research is recommended to identify the specific molecular mechanisms
of the CERKL-mitochondria interaction.

In order to assure correct CNS function and facilitate synaptic transmission, the
brain requires up to 25% of the body’s total glucose levels, which mainly undergoes mi-
tochondrial oxidative phosphorylation (OXPHOS) [21,33]. We found a reduction in the
levels of some OXPHOS chain complexes in KD /KO mitochondria (Figures 7A and S3),
which may involve mitochondrial dysfunction and neuronal bioenergetic impairment.
Overall, our results indicate that KD /KO hippocampi display an altered OXPHOS chain
structure/composition. Moreover, the protein levels of several OXPHOS subunits at the
mitochondria are downregulated in KD /KO hippocampi. As for the CII-SDHB subunit, a
fraction of which has been found to be retained in the cytosol, this change may be due to an
altered transport of the protein at mitochondria. These results are in concordance with the
deficiency in mitochondrial oxygen consumption in the retinas of KD/KO mice [11]. No-
tably, mitochondrial mass was increased in KD /KO hippocampi, although mitochondrial
density in the axon fragments analysed did not appear altered (Figure 2B); probably the
mitochondrial trafficking impairment results in decreased transport from the soma to the ax-
ons (Figure 4), in accordance with that reported in KD /KO retinal ganglion cells, where only
smaller and fragmented mitochondria reached distal axonal segments [11]. This suggests
an accumulation of dysfunctional mitochondria in the soma due to trafficking alterations
and probably to defects in mitophagy [11], which also may explain the cytoarchitectural
changes observed in retinal ganglion cells (increased number of neurites and shortened
axons) [16]. Moreover, we observed an increased release of mitochondrial cytochrome
C in cytosol, again supporting that the mitochondrial integrity is impaired in KD/KO
hippocampi (Figure 7B). Therefore, all the phenotypic effects on mitochondrial dynamics,
content, and metabolism due to Cerkl down-regulation are clearly conditioning neuron
homeostasis and function. Our proposed model based on these results is summarized in
Figure 8.

—140—



Chapter 1

Int. ]. Mol. Sci. 2022, 23, 11593 13 0f 18

WT/WT neuron

L
o@; A—

ﬁ

KD/KO neuron
Cytochrome C

/ release
Increased Smaller distal
fission mitochondria

0 @
%‘0 / G / & Shorter axon
o 0 -

-~ ..”M,o

el \ \
Increased —l

primary ¥ Mitochondrial

neurites Accumulation fragmentation
of mitochondria??
Legend
Retrograde  Anterograde Reduced Functional  Dysfunctional
mitochondrial mitochondrial mitochondrial mitochondria mitochondria
transport transport trafficking Cytochrome C

Figure 8. Model recapitulating mitochondrial and morphological alterations in the KD/KO mouse
retinal and hippocampal neurons. KD/KO neurons show cytoarchitectural alterations, with an
increased number of primary neurites and reduced axon length, compared to WT [16]. Besides,
KD /KO neurons show dysfunctional mitochondrial (in orange) with an increase of mitochondrial
fragmentation and fission events, a reduction of mitochondrial trafficking (brown arrows) and release
of cytochrome C (in yellow) from mitochondria to cytosol. Our model proposes that Cerkl depletion
causes altered distribution of mitochondria along the neuron, with an accumulation of mitochondria in
the soma, an increase of fragmented mitochondria in the distal axon, and release of cytochrome C in the
cytosol due to impaired mitochondria integrity (results from [11] and this work [highlighted in bold]).

CERKL has been proposed as a resilience gene against oxidative stress and its pro-
tective function is usually triggered by a challenge. In absence of stress conditions, over-
expression of CERKL does not alter the mitochondrial network, in contrast, it clearly
protects mitochondria from oxidative stress [13]. In this work, cultured neurons were not
challenged by oxidative stress conditions, and thus it is not surprising that CERKL overex-
pression did not alter any of the studied mitochondrial parameters (Figures 3, 5 and 6C).
In addition, CERKL overexpression might be contributing to other pathways besides mi-
tochondrial dynamics, such as the formation of RNA stress granules [34], regulation of
autophagy [10], and apoptosis prevention [7]. However, CERKL depletion affects the mito-
chondrial network and makes cells more vulnerable to stress conditions [11,13]. We detected
endogenous expression of CERKL in both embryonic and adult hippocampi from WT/WT
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mice (Figures 1 and S1). Embryonic development is a process that involves multiple changes
where mitochondrial proper function is crucial in determining cell fate and maintaining
cell growth and survival [33,35]. In this context, the observed effects of Cerkl depletion in
embryonic hippocampi suggest that CERKL may be playing such an important role in CNS
development, that it would provide a rationale for embryonic lethality upon homozygous
total deletion of Cerkl in mouse [16].

Interestingly, although CERKL plays a protective role against oxidative stress in
different tissues such as epidermis and brain [14,15], CERKL mutations have been reported
to solely affect the retina so far. Each tissue is especially vulnerable to different stress events
and relies on distinct resilience molecular mechanisms [36]. In this context, CERKL seems
to be a key stress regulator for retinal health whereas it might not be that relevant in other
regions of the CNS. Indeed, the contribution of CERKL to different tissue-specific pathways
may explain the absence of brain phenotype. Therefore, further studies in tissues other
than the retina might shed light on other phenotypic alterations due to CERKL mutations.

4. Materials and Methods
4.1. Animal Experimentation

WT and CerkIKP/KO mice (C57BL/6]) 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. Animal experiments 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 guidelines.

4.2. Genomic DNA and Genotyping by PCR

DNA for genotyping was extracted from ear punches. Primers for genotyping and
PCR conditions are described in [16].

4.3. Cell Culture and Transfections

Hippocampi were carefully dissected from WT and Cerk mouse brains (E16
embryos) in PBS containing 3% glucose. Then, the samples were treated with trypsin
(Invitrogen, Carlsbad, CA, USA) and DNAse (Roche Diagnostics, Indianapolis, IN, USA)
and physically dissociated into single neurons. Neurons were plated on glass coverslips or
35-mm Fluorodish plates (World Precision Instruments Inc), coated with 0.5 mg/mL poly-L-
lysine (Sigma-Aldrich, St. Louis, MO, USA) and incubated in neurobasal medium (Gibco,
Grand Island, NY, USA) containing 2 mM glutamax, 120/mL penicillin, 200/ mL strepto-
mycin, and B27 supplement (Invitrogen, Waltham, MA, USA). Cells were maintained at
37 °C in the presence of 5% CO, and were cultured for between 5 and 6 days. Hippocampal
cultures at 4 DIV were transfected with Lipofectamine 2000 (Life Technologies, Carlsbad,
CA, USA) according to the manufacturer’s guidelines.

In immunocytochemistry experiments on fixed cells, 1 uM MitoTracker™ Orange
CMTMRos (Thermo Fisher Scientific, Rockford, IL, USA) was added to the neurons to stain
mitochondria and incubated for 20 min at 37 °C before fixation.

IKD/KO

4.4. Plasmid Vectors

CERKLa-GFP was obtained by cloning the coding region of hCERKL532 ¢cDNA
(NM_201548.4) in pEGFPN2 (BD Bioscience, NJ, USA), by using Xhol and BamHI re-
striction sites. Mitochondrial-targeted DsRed (mitoDsRed) was kindly provided by Prof.
Eduardo Soriano (University of Barcelona, Barcelona, Spain).

4.5. Immunofluorescence

For immunocytochemistry, primary neurons were fixed in pre-chilled methanol at
—20 °C for 10 min, washed in PBS (3 x 5 min), permeabilized in 0.2% Triton X-100
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(St. Louis, MO, USA) in 1x PBS (20 min at RT), and blocked for 1 h in 10% Normal Goat
Serum (Roche Diagnostics) in 1< PBS. Primary antibodies were incubated overnight at
4 °C in blocking solution. The primary antibodies used were CERKL(ex2) and CERKL(ex5),
and were obtained in-house against epitopes encoded in exon 2 or exon 5 of the mouse
Cerkl gene respectively [16]. After incubation, coverslips with cells were rinsed in 1x PBS
(3 x 5 min), incubated with the corresponding secondary antibodies conjugated to Alexa
Fluor 488 (Life Technologies, Grand Island, NYY, USA) (1:500) at RT (1 h) in blocking solu-
tion. Nuclei were stained with DAPI (Roche Diagnostics, Indianapolis, IN, USA) (1:1000),
washed again in 1x PBS (3 x 5 min), and mounted in Mowiol 4-88 (Merck, Darmstadt,
Germany).

4.6. Tissue Processing and Histology

Adult WT/WT mice were anesthetized and perfused with 4% PFA in 0.1 M phos-
phate buffer (PB). Brains were carefully extracted, post-fixed overnight with 4% PFA in
PB, cryoprotected with 30% sucrose in PBS, and frozen at —42 °C in isopentane. Frozen
brain samples were sectioned in 30-pm coronal sections using a freezing microtome (Leica,
Wetzlar, Germany). Free-floating sections were collected in cryoprotectant solution (85%
glycerol, 100% ethylene glycol, 0.1 M PBS) and kept at —20 °C until use. For immunohisto-
chemistry, frozen brain sections were permeabilized and incubated for 2 h at RT with 0.2%
Triton-X-100, 1% BSA and 0.2 M glycine in PBS. The same solution was used for CERKL(ex2)
primary antibody incubation, performed overnight at 4 °C, and Alexa Fluor 488 secondary
antibody incubation, (Life Technologies, Grand Island, NY, USA) (1:500), performed for 2 h
at RT. Nuclei were stained using DAPI (Roche Diagnostics, Indianapolis, IN, USA) (1:1000),
and sections were mounted in Mowiol 4-88 (Merck, Darmstadt, Germany).

4.7. Western Blot

Hippocampi from adult WT and Cerkl!*P/KO mice were carefully dissected and 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,
Indianapolis, IN, USA)]. In mitochondria/cytosol fractioning experiments, we used the
Cytochrome ¢ Release Assay Kit (GeneTex, Alton Pkwy, Irvine, CA, USA, GTX85531),
following the manufacturer’s instructions to obtain mitochondrial and cytosolic fraction.
Proteins were separated by SDS-PAGE and transferred onto nitrocellulose membranes,
which were blocked with 5% non-fat dry milk in tris-HCl-buffered saline (TBS) containing
0.1% Tween 20 and incubated overnight at 4 °C with primary antibodies. After incubation
with horseradish peroxidase-labelled secondary antibodies for 1 h at RT, membranes were
revealed with the ECL system (Lumi-Light Western Blotting Substrate, Roche, Indianapolis,
IN, USA). Images were acquired by ImageQuant'™ LAS 4000 mini Image Analyser (Fujifilm,
Tokyo, Japan) and quantified using Image] software. TUBULIN or GAPDH loading controls
were used when needed. The primary antibodies used were: VDAC (Sigma-Aldrich, St.
Louis, MO, USA, (Ab-5) (185-197); 1:7000), TUBULIN (Sigma-Aldrich, St. Louis, MO, USA,
T5168, 1:1000), GAPDH (Abcam, Cambridge, UK, ab8245, 1:1000), Rodent Total OXPHOS
Cocktail (MitoSciences, Eugene, OR, USA, 6 pg/mL), MITOFUSIN2 (Abcam, Cambridge,
UK, ab56889, 1:1000), OPA1 (Proteintech, Rosemont, IL, USA, 27733-1-AF, 1:1000), DRP1
(Cell Signaling Technology, Danvers, MA, USA, 146475, 1:1000), P-DRP1 (Cell Signaling
Technology, Danvers, MA, USA, 5616:34555, 1:000), Anti-Cytochrome C antibody (GeneTex,
Alton Pkwy, Irvine, CA, USA, GTX108585, 1:1000).

The secondary antibodies used were: HRP-labelled anti-mouse (Vector Labs, Mowry
Ave Newark, CA, USA; P447-01, 1:2000) and anti-rabbit (Vector Labs, Mowry Ave Newark,
CA, USA; P217-02, 1:2000).

4.8. Live Cell Imaging and Microscope Image Acquisition

In vivo imaging experiments were performed at 37 °C in an atmosphere of 5% CO,
with an LSM780 confocal microscope (Zeiss, Oberkochen, Germany) equipped with 40x
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(NA 1.3) and 63x (NA 1.4) oil objectives. All electronics were controlled through the ZEN
software (Zeiss, Oberkochen, Germany). MitoDsRed-labelled mitochondria in axons were
live imaged 1-2 days after transfection (5-6 DIV cultures). In mitochondrial tracking
experiments, an axonal segment located approximately 90 to 160 pm distal to the soma was
selected for live imaging. Z stacks of 7 images from the axonal region were taken every
6 s over 10 min using the mitoDsRed channel with 800 x 100 pixel resolution and an extra
2x digital zoom. Movies were processed using Image] software (http://imagej.nih.gov/ij/,
accessed on 4 December 2017), and kymographs were generated by tracing axons in their
z-projections. In kymographs, straight vertical lines were considered as static mitochondria,
and motile mitochondria (non-straight vertical lines) were traced to evaluate their motility
and directionality. The percentage of time in motion was calculated as the percentage of
time a given mitochondrion (static or motile) spent moving at speed over 0.0083 pm/s
towards the anterograde or retrograde direction and represented as an average. The
percentage of motile mitochondria represents the relation between the number of motile
and static mitochondria for each condition.

4.9. Mitochondrial Number and Length

Live neuronal cultures expressing mitoDsRed were imaged with a LSM780 (Zeiss,
Oberkochen, Germany) confocal microscope equipped with a 63x oil objectives. Confocal
images of the red (MtDsRed) channel were acquired, then number and length of mito-
chondria within the axon were quantified using an Image] software macro as described
in [37] and standardized to the length of the axonal section imaged. Mitochondrial length
represents the major axis length of mitochondria. Mitochondrial number and length were
determined from axonal proximal segments of 14-23 neurons per condition.

4.10. Analysis of Mitochondrial Fusion and Fission Events

Events of fusion and fission were manually calculated from the same axons recorded
in live cell imaging experiments. Both movies and kymographs were used for the quan-
tification. The percentage of fusion or fission represents the relation between the number
of fusion or fission events and the total number of fusion and fission events in each single
recorded axon.

4.11. Statistical Analyses

Statistical analyses were performed using the two-tailed unpaired Student’s f-test
and two-way ANOVA. When data did not follow a normal distribution, non-parametric
Mann-Whitney test was used to determine the statistical significance. ROUT test was used
to determine statistical outliers (Q = 1%). Calculations were performed with GraphPad
Prism statistical software, version 6 (GraphPadé Software Inc., San Diego, CA, USA). N
is shown at each figure legend. Statistical significance was set with a p-value < 0.05,
(*: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.005, ***: p-value < 0.001). Data are
expressed as standard deviation (SD).

5. Conclusions

Overall, in this work we determined that CERKL is not only involved in mitochondrial
morphology and function in neurons, but also in mitochondrial trafficking regulation, con-
tributing to the intricate network that regulates mitochondrial health in neurodegenerative
diseases. Therefore, CERKL might play an important role as a resilience gene regulating
neuronal homeostasis and viability in the brain during embryonic development and adult
stages. We propose CERKL as a potential candidate gene contributing to neurological
pathologies due to its implication in mitochondrial dynamics and resilience to stress in
the CNS.

Supplementary Materials: The following suppeorting information can be downloaded at: https:
/ /www.mdpi.com/xxx/sl.
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Figure S1. Schematic representation of the genomic structure and transcription of CERKL and some
encoded protein retinal isoforms. (A) The human CERKL gene consists of 14 exons, uses multiple
transcriptional start sites and undergoes multiple alternative splicing events. The position of the encoded
domains in exons 2 and 5 used for antibody production are also indicated. (B) In the human retina, CERKL
generates at least 4 protein isoforms as a result of alternative splicing events. Each of these isoforms displays
different domains (PH, pleckstrin; DACK, diacylglycerol kinase domain; NLS, nuclear localization signals;
NES, nuclear export signals). Black triangles in isoforms c and d indicate the position of alternatively spliced
exon junctions.
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RESULTS

Hippocampus

Figure S2. CERKL is expressed in adult mouse hippocampus. Adult mouse hippocampal cryosections
immunostained with antibody CERKL(ex2) (green) and DAPI (blue), which stain the nuclei. CA1-CA3:
Cornu Ammonis1-3; DG: dentate gyrus. Scale bar: 150 pum.
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Figure S3. OXPHOS proteins are significantly altered in whole lysates from KD/KO hippocampi. Western
blot analysis and quantification of OXPHOS proteins, VDAC and GAPDH in WT/WT and KD/KO
hippocampi. VDAC is increased whereas CI-NDUFBS8, CIII-UQCRC2 and CIV-MTCOI are decreased in
KD/KO lysates, indicating shortage of OXPHOS proteins per mitochondria in KD/KO tissue. Statistical
analysis by T-test. n=4 animals per genotype. *: p-value <0.5; **: p-value <0.01.
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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 um; KD/KO
1.230 um) and minor length (median WT/WT 0.6774 pm; KD/KO 0.7068 um) in
KD/KO pRPE cells compared to WT/WT, although no alterations were observed in
regard of mitochondrial area ( ). 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.

A Mitotracker a-TUBULIN DAPI C 2
p— S 2
£ £ ©
= — 2 S
s - *kkK = Fkokk -
A s 6q B, 39 5 201
N c c =
E’ 44 E o 15
8 8 24 (&)
™ ™ -
'g 2 'g g- 1.0
.g _8 1 ©
0+ D 0.5
Q g g < i
a € -2 T T Eo T T g 0.0 T T
X s & @ 5 & @ o=
— \ \ \
s ¢ 2w E ¢
= = ©
B
o
|—

. 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), a-tubulin (green) and nuclei (DAPI, in blue). Scale
bar: 10 um. (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.

—153—




RESULTS

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 ( ). Quantification of the percentage of beads in early
endosomes showed no differences between genotypes ( ). 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 ( ). Nonetheless, Western blot analysis of EEAT and Rab7
from WT/WT and KD/KO pRPE lysates showed no statistically significant differences

in their protein levels between genotypes ( ).

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 ( ).
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. 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 um. High magnification
images indicate the colocalization between the latex beads and EEA1 or Rab7. Scale bar: 5
um. (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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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 . 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 ( ). 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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at48-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 CerkI"™"™T and Cerk[*/%© 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 1x PBS
containing 1 % penicillin/streptomycin and 33 pg/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 1x PBS and Versene (0.48
mM EDTA in 1x PBS) prior to the 10-minutes incubation at room temperature with
2 % dispase. After a rinse with 1x PBS, the retina was detached from the posterior
eyecup, and the eyecup was further incubated with 2 % dispase for 10 additional
minutes at 37 °C. 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, 1.5x10* 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, 5x10° 0.1 um-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 1x PBS and blocked with 1x 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-a-TUBULIN
(Sigma; T5168; 1:1000), anti-acetylated-a-TUBULIN (Sigma; SAB5600134; 1:1000),
anti-y-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 at4 °C 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 yM MitoTracker™ Orange CMTMRos (Thermo Fisher
Scientific, Rockford, IL, USA; M7510) was added to the cells and incubated for 20 min
at 37 °C before fixation.
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Image analysis

Quantitative analyses of mitochondrial morphology and area in pRPE cells was
performed using an Imaged software macro as described in (221). Briefly, using
ImagedJ 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 Imagel,

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 pL of 1x Loading Buffer
(60 mM TrisHCI pH 6.8, 10 % glycerol, 2 % Sodium Dodecyl Sulphate, 0.1 %
Bromophenol blue in Milli®-Q water) and 5 % B-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 1x PBS
containing 0.1 % Tween 20 and incubated overnight at 4 °C 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-EEA1T (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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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.
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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 is resilient against oxidative stress
in the retina. 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. 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 resilient 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.

Keywords: retinitis pigmentosa; CERKL; retinal pigment epithelium; mitochondrial network;
oxidative stress

1. Introduction

Retinitis pigmentosa (RP) comprises a genetically heterogenous group of retinal
degenerative diseases characterized by night blindness and progressive loss of vision due to
photoreceptor degeneration. To date, more than 70 causative genes have been identified [1].
Mutations in CERKL (CERamide Kinase Like) have been reported to cause non-syndromic
autosomal recessive RP [2] as well as cone-rod dystrophy (CRD) [3]. CERKL expression is
highly complex, with more than 20 transcripts and several alternative promoters in human
and mouse tissues [4,5].

This transcriptional complexity results in at least four CERKL isoforms displaying
different protein domains [6]. CERKL isoforms have a dynamic subcellular localization and
multiple functions: they act as a shuttle from the cytoplasm to the nucleus; are able to bind
sphingolipids [7]; interact with antioxidant enzymes [8]; and regulate autophagy, and mito-
chondrial dynamics and metabolism [9,10]. Notably, CERKL has been also described as a
RNA binding protein that localizes in polysomes, mRNA compact particles, stress granules

Antioxidants 2021, 10, 2018. https:/ /doi.org /10.3390/antiox10122018
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(SG), and P-bodies under stress conditions [11]. Altogether, these findings point to CERKL
being a resilient gene acting in multiple pathways to protect retinal photoreceptors against
oxidative stress. Thus, mutations in CERKL most probably increase the sensitivity of retinal
tissue to oxidative damage, resulting in cell death and retinal neurodegeneration [12].

Knowledge about CERKL function in the neuroretina has been growing during the last
years with the obtention of several mouse models. Using CRISPR-Cas9 gene editing, our
group generated a double heterozygous knock-down/knock-out, Cerkl*P/KC, mouse line,
where some Cerkl expression was retained to ensure organism survival. Specifically, the
CerkI*P/KO retina expressed less than 20% of Cerkl compared with that of wild type [5]. In
the retina, CERKL expression has been mostly described in rods, cones, and retinal ganglion
cells [5]. Notably, most mutated genes that cause RP are also expressed in retinal pigment
epithelium (RPE), and previous data from our lab showed a strong expression of CERKL in
mouse RPE [5]. However, very little is known about the function of CERKL in RPE. RPE is
a monolayer of post-mitotic cells located between the neuroretina and the choroid, playing
an important role in retinal homeostasis. The functions of RPE include (a) helping renew
outer segments by phagocytosis and degradation of spent discs of photoreceptor outer
segments, (b) ensuring photoreceptor survival by supplying small molecules (amino acids,
ascorbic acid, and D-glucose), (c) supporting the recycling of molecules associated with
the visual cycle, (d) creating a firm barrier against choroidal blood-borne substances, and
(e) protecting the outer retina from excessive high-energy light and light-generated reactive
oxygen species (ROS). Consequently, RPE is shown to have an immense metabolic activity.
Recent evidence suggests that mitochondrial damage and oxidative stress in the RPE may
play important roles in RP pathogenesis [13].

Mitochondria are crucial organelles that provide energy to the cell because of oxida-
tive phosphorylation. In addition, they are important to buffer calcium, to control the
cell cycle, and to regulate apoptosis. It is estimated that 1-5% of ROS is generated by
mitochondrial activity in physiological conditions [14]. An altered mitochondrial function
caused by environmental or physiological changes generates loss of mitochondrial mem-
brane potential, decreases oxidative phosphorylation, causes damage in mitochondrial
DNA, and creates a vicious circle of ROS-generated ROS [15]. These perturbations induce
reorganization of the mitochondrial network through changes in mitochondrial dynamics
that consist of fission, fusion, transport, communication between organelles, and quality
control mechanisms [16]. All these alterations can finally lead to programmed cell death.
Importantly, RPE experiences a high-oxygen environment, which is exacerbated by the
loss of rods in RP, thus creating a hyperoxic environment that is presumably hostile for the
remaining cells [17]. One protective strategy in RP and other inherited retinal dystrophies
is to augment the oxidative damage defense systems in both retina and RPE [15].

Here, we describe the CERKL-mediated cellular response to oxidative stress in RPE,
focusing on mitochondria. By comparing the RPE of wild-type (WT) and Cerk/<P/KO
(heretofore KD /KO) animals combined with in vitro assays, we study the impact of CERKL
expression levels on RPE mitochondrial network organization and dynamics at basal
conditions and under oxidative stress.

2. Materials and Methods
2.1. Animal Handling

Mouse tissue from WT and CerkI*P’KO was obtained according to the ARVO statement
for the use of animals in ophthalmic and vision research under the regulations of the Ethical
Committee for Animal Experimentation (AEC) of the Generalitat of Catalonia according
to the European Directive 2010/63/EU and other national laws. The procedures received
institutional approval from the Universitat de Barcelona.
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2.2, Transmission Electron Microscopy

Three-month-old C57BL6/] mice or twelve-month-old albino mice were transcardially
perfused with cold fixative solution (2.5% glutaraldehyde and 2% PFA (paraformaldehyde)
in 0.1 M phosphate buffer). Their eyes were removed, and the retinas were dissected
and fragmented in 1 mm?® pieces. Retinal fragments were immersed in fixative solution
(2.5% glutaraldehyde and 2% PFA in 0.1 M phosphate buffer) and incubated at 4 °C
overnight. The retinal fragments were post-fixed in 1% osmium tetroxide 2% K4Fe(CN)g in
the dark for 2 h at 4 °C and rinsed in double-distilled water to remove the osmium. The
retinal fragments were dehydrated in ascending concentrations of acetone, then infiltrated,
and embedded in Epon (EMS). Blocks were obtained after polymerization at 60 °C for
48 h. Ultrathin sections of 60 nm in thickness were obtained using a UC6 ultramicrotome
(Leica Microsystems, Vienna, Austria) and were stained with 2% uranyless and lead
citrate. Sections were observed in a Tecnai Spirit 120 Kv TEM (FEI company, Eindhoven,
The Netherlands), and images were acquired with a 1 k x 1 k CCD Megaview camera
(Olympus Soft Imaging Solutions, Mtinster, Germany).

2.3. Whole-Mount RPE

For whole-mount RPE staining, RPE from adult mice were obtained as described
in [18], placed on glass slides flattened by cutting the edges, fixed for 1 h in 4% paraformalde-
hyde, and rinsed with 1x PBS (3 x 5 min). The retinas were then incubated with Alexa
Fluor 647 Phalloidin (Thermo Fisher Scientific, Rockford, IL, USA; A22287) for 1 h. Retinas
were washed with 1X PBS (3 x 5 min) and mounted with Fluoprep (BioMerieux, Marcy-
I'Etoile, France). All of the samples were analyzed by confocal microscopy (Zeiss LSM 880,
Thornwood, NY, USA), and images were collected using ZEN-LSM software (version 2.3,
Zeiss, Thornwood, NY, USA). N = 25-34 ROI from 3 animals per genotype.

2.4, Immunohistochemistry on Mouse Retina Cryosections

For immunohistochemistry, eyes from adult mice were enucleated, fixed in 4% PFA,
and embedded in OCT. Cryosections (12 pm section) were collected and kept frozen at
—80 °C until use. Cryosections were rehydrated with 1x PBS (3 x 5 min) and blocked
in blocking solution (1x PBS containing 10% normal goat serum and 0.3% Triton X-100
(Sigma-Aldrich, St. Louis, MO, USA) for 1 h at room temperature. Incubation with the
primary antibodies COXIV (Thermo Fisher Scientific, Rockford, IL, USA; 459600; 1:500),
CERKL2, and CERKL5 (both produced in-house [5]) was performed overnight at 4 °C.
After three rinses with 1X PBS (10 min each), cryosections were incubated for 1 h at room
temperature with the corresponding secondary antibodies (AlexaFluor 568 anti-Mouse
(Thermo Fisher Scientific, Rockford, IL, USA; A11004; 1:300) and AlexaFluor 488 anti-Rabbit
(Thermo Fisher Scientific, Rockford, IL, USA; A11070; 1:300)) and with 4',6-diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich, St. Louis, MO, USA; 10236276001; 1:1000). Finally, the
slides were washed with 1x PBS (3 x 10 min) and coverslipped with Fluoprep (BioMerieux,
Durham, NC, USA). Image visualization was performed using confocal laser scanning
microscope (Zeiss LSM 880, Thornwood, NY, USA).

2.5. ARPE-19 Cell Culture, Transfection, and siRNA Reverse Transfection

Human ARPE-19 cells (ATCC, Elizabeth City, NC, USA; CRL_2302) were cultured in
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin in 1:1 Dulbecco’s Modified
Eagle’s Medium (DMEM) (ATCC, Manassas, VA, USA) and Ham’s F-12 Nutrient Mix (F12)
(Life Technologies, Carlsbad, CA, USA) in a 5% CO; cell culture humidified incubator at
37 °C. ARPE-19 cells were incubated without FBS for 48 h to induce differentiation.

Cell transfection was performed using Lipotransfectine (Niborlab, Guillena, Spain)
(DNA-lipotransfectine ratio 1:2). ARPE-19 cells were seeded in poly-L-lysine pre-treated
coverslips in 24-well plates (10° cells per well) and incubated for 24 h. pEGFP-N2, CERKLb-
GFP, and CERKLc-GFP vectors (1 pg per well) were transfected in non-antibiotic medium.
After 5 h, the non-antibiotic medium was replaced with differentiation medium for 48 h.
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For siRNA reverse transfection, cells in suspension were transfected using lipofec-
tamine RNAIMAX reagent (Thermo Fisher Scientific, Rockford, 1L, USA) and 20 nM
scrambled (scr) (scrl: Non-targeting siRNA #1, D-001810-01-05, Dharmacon; and scr2:
Silencer™ Negative Control No. 4 siRNA, AM4641, Ambion, Thermo Fisher, Rockford,
IL, USA) or anti-CERKL small interfering (si)RNA. Anti-CERKL siRNA were obtained
from Ambion (Thermo Fisher, Rockford, IL, USA), and their sequences were siCERKL1:
5-UAAAACACCUGAAAAGAUAM-3" and siCERKL2: 5'-GCAUCAGAGGUCCAUAUUAGt-3.
Then, ARPE-19 cells were seeded in poly-L-lysine pre-treated coverslips in 24-well plates
(2 x 10° cells per well) and incubated for 48 h in differentiation conditions.

Finally, in the different assays, to test the effects of oxidative stress in ARPE-19 cells,
cells were treated with 100 uM sodium arsenite (NaAsQO;) for 4 h.

2.6. Immunocytochemistry

After fixation with 4% PFA for 10 min at room temperature, cells were blocked with
1X PBS containing 0.01% Triton X-100 (Scharlau, Hamburg, Germany) and 10% normal
goat serum or 2% sheep serum for 1 h at room temperature. Then, cells were incubated
with primary antibody (anti-GFP (Abcam, Plc, Cambridge, UK; ab290; 1:1000) and anti-
CERKL (in-house antibody; 1:100)) in blocking solution overnight at 4 °C and secondary
antibody (AlexaFluor 488 anti-Mouse (Thermo Fisher Scientific, Rockford, IL, USA; A11017;
1:500), AlexaFluor 488 anti-Rabbit (Thermo Fisher Scientific, Rockford, IL, USA; A11070;
1:500), and Alexa Fluor 647 Phalloidin (Thermo Fisher Scientific, Rockford, IL, USA; A22287;
1:250)) with DATI (Sigma-Aldrich, St. Louis, MO, USA; 10236276001; 1:1000) for 1 h at room
temperature. Finally, coverslips were mounted using Mowiol 4-88 (Merck, Kenilworth,
N]J, USA) and visualized by means of confocal microscopy (Zeiss LSM 880, Thornwood,
NY, USA). Confocal images were analyzed using Image] software. To stain mitochondria,
1 uM MitoTracker™ Orange CMTMRos (Thermo Fisher Scientific, Rockford, IL, USA) was
added to the cells and incubated for 20 min at 37 °C before fixation.

2.7. Mitochondrial Superoxide Quantification

MitoSOX™ Red (Thermo Fisher Scientific, Rockford, L, USA) was used to measure
the mitochondrial superoxide levels. ARPE-19 cells were previously treated with 100 pM
NaAsO; for 4 h. Then, cells were incubated with differentiation medium containing 5 uM of
MitoSOX Red at 37 °C for 10 min and washed three times with medium. Finally, cells were
fixed with 4% PFA for 10 min at room temperature. Fluorescence intensity was determined
by confocal microscopy (Zeiss LSM 880, Thornwood, NY, USA) and quantified by means
of Image] software (version 1.53n, National Institutes of Health, Bethesda, MD, USA)
applying CTCF (corrected total cellular fluorescence) normalization formula where cell
fluorescence is corrected for the fluorescence of the background multiplied for the cell area.

2.8. Quantitative Analyses of Mitochondrial Morphology

Quantitative analyses of mitochondrial morphology and area in Transmission Electron
Microscopy (TEM) microphotography 26,500 x images and ARPE-19 cells were performed
using an Image] software macro as described in [10]. Briefly, using Image] software, a
threshold was established to distinguish mitochondria from the background. Particle anal-
yses from each individual mitochondrion (particle) were performed to determine aspect
ratio (AR, the ratio of the width to the height of the ellipse equal to the mitochondrion) and
form factor values (FF, (471 x Am/Pm?), in which Am is the area of the mitochondrion and
Pm is the length of the mitochondrial perimeter). The mitochondrial area in ARPE-19 cells
was calculated by adding each mitochondrion area for each cell and normalized using the
total area of the cell.

For TEM microphotographies, 78-89 mitochondria were analyzed from 3 WT and
3 KD/KO (3-month-old mice) and 38—44 mitochondria were analyzed from 3 WT and
3 KD/KO (12-month-old mice). Concerning ARPE-19 cells, 223-309 mitochondria were ana-
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lyzed from 15-20 siRNA-treated cells per condition and 404-726 mitochondria were analyzed
from 28-30 transfected cells per condition. Three experimental replicates were performed.

2.9. Seahorse Analysis

ARPE-19 cells were reversely transfected with scrl and siCERKL1 in a 24-well plate.
After 24 h, CERKL-silenced cells were detached and reseeded in a Seahorse 24-well cell
culture plate (Agilent, Santa Clara, CA, USA) (2.5 x 10° cells per well). For antioxidant
and stress treatments, cells were treated with 4 pM N-acetyl-L-cysteine (NAC) (Merck,
Kenilworth, NJ, USA; A9165) for 24 h and 100 uM sodium arsenite for 4 h prior to Sea-
horse assay. After treatments, cells were incubated with Seahorse XF Assay Medium
(Agilent, Santa Clara, CA, USA) for 1 h at 37 °C. Then, plates were loaded into an XFe24
respirometry machine (Agilent, Santa Clara, CA, USA). Complex V was inhibited with
5 uM oligomycin A. Maximum oxygen consumption rate (OCR) was assayed by adding
2 puM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP). Rotenone (5 uM)
and antimycin A (15 pM) were used to inhibit complex I- and IlI-dependent respiration,
respectively. Five replicates were performed for each experimental condition.

2.10. Statistical Analyses

Data were analyzed using GraphPad Prism software (GraphPad6é 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 analyzed by f-test, one-way
ANOVA, and two-way ANOVA. Mann-Whitney and Kruskal-Wallis tests were used when
data did not follow a normal distribution.

3. Results
3.1. KD/KO RPE Displays More Polynucleated Cells and Smaller Mitochondria

CERKL localizes at different cellular compartments, e.g., nuclei, Golgi apparatus, and
mitochondria, among others, in both immortalized and primary cell lines [8-11]. However,
little is known about the subcellular localization of CERKL in mammalian RPE. To assess
whether endogenous CERKL colocalizes with mitochondria in murine RPE, we performed
immunofluorescence of retinal cryosections from WT/WT mice with the mitochondrial
marker COX-IV and two different in-house antibodies against peptides encoded by exon
2 (anti-CERKL2) or exon 5 (anti-CERKL5), which detect different pools of endogenous
isoforms [5]. In both cases, CERKL partially colocalizes with mitochondria (Figure 1A).

Detrimental factors, such as aging or oxidative stress, may compromise RPE homeosta-
sis. Aging and blinding diseases, including rare retinopathies, are associated with changes
to RPE structure, such as the increasing of bi- and multinucleated RPE cells [19,20]. Multin-
uclear cell formation has been proposed as a mechanism to compensate the apoptotic loss
of RPE cells and to maintain the epithelial layered structure under stress conditions [21].
As CERKL is proposed as a resilience gene against oxidative stress in mammalian retina,
and its depletion in KD /KO mice causes retinal degeneration, we investigated if KD/KO
RPE suffered changes in the percentage of mono- and multinucleated cells. We observed
that the ratio of mono- and poly-nucleated cells is shifted in KD/KO RPE, with an increase
in poly-nucleated cells with a decrease in mono-nucleated cells (Figure 1B).

The preservation of mitochondrial function and morphology is essential to ensure RPE
homeostasis and a correct crosstalk with neuroretina. Since a pool of CERKL colocalizes
at mitochondria in both RPE and neuroretina, we assessed possible alterations of mito-
chondrial morphology in KD /KO RPE in vivo by transmission electron microscopy (TEM)
of WI'/WT and KD /KO RPE from 2-month-old mice. We found a significant decrease in
mitochondrial area and length in KD /KO, without changes in the morphological parameter
aspect ratio (Figure 1C). These findings were further confirmed by performing the same
morphological analysis of mitochondria in 8-month-old mice (Figure S1A-C). On the other
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hand, no detectable changes in the size of the Bruch’s membrane, of which the structure is
typically altered in several retinopathies, could be observed (Figure S1A,C).
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Figure 1. The Retinal Pigment Epithelium (RPE) of KD /KO mice shows morphological alterations.
(A) CERKL is expressed in RPE as detected by immunofluorescence of retinal cryosections from
WT/WT mice with COX-IV (red) and anti-CERKL?2 or anti-CERKL5 (green) antibodies. Regions of
interest (ROIs) represent higher magnification from left panels. Scale bar: 20 um (lower magnification)
or 10 um (higher magnification). (B) The RPE from KD /KO mice shows an increased number of
polynucleated cells. RPE flat mounts from WT/WT and KD/KO mice stained with phalloidin
(for F-actin, magenta) and 4’,6-diamidino-2-phenylindole (DAPI, blue) and imaged by confocal
microscopy were used to quantify the percentage of mono and polynucleated cells. Scale bar:
20 pm. (C) Mitochondrial fragmentation in KD /KO RPE. Transmission electron microscopy (TEM)
microphotographies of retinal pigment cells from WT/WT and KD /KO (2-month-old mice) were used
to quantify mitochondrial area, length, and aspect ratio. Scale bar: 500 nm. The data are expressed as
the mean + SD, n = 25-34 ROIs from 3 animals per group in (B) and n = 78-89 mitochondria from
3 animals per group in (C). Statistical analysis by Mann-Whitney test: * p-value < 0.05.

74—



Antioxidants 2021, 10, 2018

Chapter 2

7 of 16

Overall, our data indicated that the depletion of Cerkl expression alters cell structure
and mitochondrial morphology in RPE cells in vivo.

3.2. CERKL-Silenced ARPE-19 Cells Show Alterations in Mitochondrial Network

Since depletion of Cerkl in KD /KO mouse model cause alterations in the mitochondrial
network of RPE, we studied the deficiency of CERKL in vitro, taking advantage of ARPE-19
cells treated with small interference (si) RNAs against CERKL. To evaluate the effect of sSiRNAs
on CERKL expression, we tested two different control siRNAs (scrl and scr2) and two siRNAs
against different regions of CERKL (siCERKL1 and siCERKL2) on ARPE-19 cells through
immunofluorescence using an in-house antibody that recognizes most isoforms of the human
CERKL protein (anti-CERKL). Phalloidin was used to delimit cell area (Figure 2A).

Quantification of CERKL fluorescence intensity revealed a significant decrease in
CERKL expression in both siCERKL1 and siCERKL2-treated cells. The most significant
difference in CERKL expression occurred between scrl and siCERKL1 siRNAs and were
thus selected for subsequent experiments (Figure 2A).

Due to genetic and environmental factors, the retina, including RPE, is constantly
under stress conditions that may damage mitochondrial network organization if resilience
mechanisms do not work properly [15]. To assess CERKL function in regulating the mor-
phology of the mitochondrial network in retinal epithelium cells, we knocked down CERKL
expression in human ARPE-19 cells using siCERKL1 under basal and oxidative stress con-
ditions (100 uM sodium arsenite for 4 h) and studied mitochondrial morphology through
the fluorescent mitochondrial tracker Mitotracker (Figure 2B). In accordance with previous
studies, a pool of CERKL localizes at the mitochondria. Remarkably, CERKL total expres-
sion is significantly induced in ARPE-19 cells under oxidative stress conditions. Notably,
this sodium arsenite-dependent boost expression of CERKL is completely impaired when
CERKL is downregulated by siCERKL1 (Figure 2C).

Analyses of mitochondrial morphology revealed a significant decrease in mitochon-
drial major length, form factor, and aspect ratio in CERKL-silenced cells compared with
control cells under stress conditions. In addition, these morphological parameters were
significantly diminished in CERKL-silenced cells when comparing oxidative stress condi-
tions with basal conditions (Figure 2D-F). Moreover, we found a significant increase in
aspect ratio between control and CERKL-silenced cells both in basal conditions (Figure 2F).
CERKL-silenced cells showed significantly decreased mitochondrial area in basal condi-
tions compared with controls, and this decrease was more evident under stress conditions
(Figure 2G).

To sum up, CERKL deficiency alters the mitochondrial network in ARPE-19 cells,
particularly in response to oxidative stress conditions.

3.3. CERKLb and CERKLc Overexpression Restores Mitochondrial Network under Oxidative
Stress in ARPE-19 Cells

CERKL overexpression has been described as protective against oxidative stress by
interacting with antioxidant enzymes [8], regulating autophagy [9], and downregulat-
ing apoptosis [6], among others. In the human retina, due to different alternative splic-
ing events, CERKL produces at least four different protein isoforms (CERKLa, CERKLb,
CERKLc, and CERKLd) [6] that display different protein domains.

In order to test if different isoforms may differentially regulate mitochondrial dy-
namics, we overexpressed human CERKLb and CERKLc isoforms in ARPE-19 cells. The
CERKLD isoform is the longest one (558 aa) and includes a human-specific additional
exon (4b), whereas CERKLc is the shortest isoform (419 aa) and lacks the ATP-binding
site and the diacylglycerol kinase (DAGK) domain. The two isoforms display a pleckstrin-
homology domain (including a mRNA binding domain) and the nuclear localization and
export signals. ARPE-19 cells transfected with either CERKLb or CERKLc isoforms were
treated with 100 uM sodium arsenite for 4 h, and the morphology of their mitochondrial
network was assessed by immunofluorescence using Mitotracker (Figure 3A). CERKLD lo-
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calizes more diffusely within the cell, including the nucleus, whereas CERKLc is 10% more
concentrated in mitochondria under basal and oxidative stress conditions (Figure 3A,B).
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Figure 2. Mitochondrial morphology is altered in CERKL-silenced human ARPE-19 cells. (A) siRNAs
against CERKL decrease CERKL expression in ARPE-19 cells. Immunofluorescence confocal images
of non-transfected, negative control (scrl and scr2) and CERKL-silenced (siCERKL1 and siCERKL2)
differentiated ARPE-19 cells stained with phalloidin (magenta), CERKL (green), and DAPI (blue)
were used to quantify CERKL fluorescence intensity per cell. Scale bar: 15 pum. (B) Mitochondrial frag-
mentation in CERKL-silenced cells under stress conditions. Immunofluorescence images from a single
focal plane of negative control (scrl) and CERKL-silenced (siCERKL1) differentiated ARPE-19 cells in
the control and under oxidative stress conditions were used to quantify CERKL fluorescence inten-
sity (C), mitochondrial major length (D), form factor (E), aspect ratio (F), and mitochondrial area (G).
Cells were stained with CERKL (green) and DAPI (blue), and mitochondria were marked with Mito-
tracker (red). Scale bar: 10 um. Data are represented as the mean + SD (A,C,G) and as violin plots
(D-F), n =15 cells per condition (A,C) and n = 565-997 mitochondria (D-F) from n = 26-33 cells (G)
per condition. Statistical analysis by one-way ANOVA (A,C,G) and Kruskal-Wallis (D-F) tests:
* p-value < 0.05, ** p-value < 0.01, ** p-value < 0.001, *** p-value < 0.0001.
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Figure 3. Mitochondrial morphology is restored in ARPE-19 cells under oxidative stress conditions when CERKL isoforms
are overexpressed. (A) CERKL overexpression protects the mitochondrial network under oxidative stress conditions.
Immunofluorescence images from a single focal plane of differentiated ARPE-19 cells transfected with pEGFP-N2, CERKLb-
GFP, and CERKLc-GFP in the control and under oxidative stress conditions were used to quantify the percentage of CERKL at
mitochondria (B), mitochondrial major length (C), form factor (D), mitochondrial area (E), and aspect ratio (F). Mitochondria
were marked with Mitotracker (red), and nuclei were counterstained with DAPI (blue). Scale bars: 25 pm and 10 um in
higher magnification images. Data are represented as the mean + SD (B,F) and as violin plots (C-E), n = 20-21 cells (B) and
n = 404-726 mitochondria (C-E) from n = 28-30 cells (F) per condition. Statistical analysis by one-way ANOVA (B,F) and
Kruskal-Wallis (C-E) tests: * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, and **** p-value < 0.0001.
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Morphological analyses showed a statistically significant decrease in mitochondrial
major length, area, and form factor in GFP-transfected cells (controls) under oxidative
stress compared with in the basal condition. However, mitochondria in cells transfected
with both CERKLb and CERKLc did not show any significant change in these parameters
between basal and oxidative stress conditions. In fact, the mitochondrial length, area, and
form factor in CERKLDb and CERKLc-transfected cells under stress conditions were not
affected in contrast with the decrease in all these measurements in stressed control cells
(Figure 3C-F).

Altogether, these results strongly indicated that both CERKLb and CERKLc localized
at mitochondria and that CERKL overexpression in ARPE-19 cells protected mitochondrial
network under oxidative stress conditions.

3.4. Mitochondrial Superoxide Production Is Reduced by CERKLb and CERKLc Overexpression
in ARPE-19 Cells

Mitochondrial network disorganization is a typical sign of cellular damage and loss of
mitochondrial homeostasis [22]. Under oxidative stress or pathogenic conditions, damaged
mitochondria generate free radicals, such as mitochondrial superoxide, due to impaired
antioxidant response [23]. Therefore, we measured mitochondrial oxidation using MitoSOX
quantification in cells either overexpressing CERKLb and CERKLc or depleted in CERKL
expression under both control and oxidative stress conditions (Figure 4A,B). A significant
decrease in MitoSOX intensity was observed when overexpressing CERKLb and CERKLc in
basal conditions, and this mitochondrial protection was maintained under oxidative stress
(Figure 4C). On the other hand, neither control cells nor cells depleted in CERKL showed
an increase in MitoSOX in any condition, thus pointing to other factors being necessary for
mitochondrial superoxide production besides stress by sodium arsenite (Figure 4D).

In summary, these findings pointed to a protection of mitochondria as measured by
mitochondrial superoxide production when CERKLb and CERKLc were overexpressed.

3.5. CERKL Knock-Down Alters Mitochondrial Respiration

Considering that (i) CERKL deficiency affects mitochondrial network organization
in ARPE-19 cells, and (ii) oxygen consumption and other mitochondrial energy-related
measurements in neural retinas of KD /KO mice are compromised, we performed Seahorse
analysis to evaluate mitochondrial function and oxygen consumption rate (OCR) in CERKL-
depleted ARPE-19 cells. We compared mitochondrial performance in control and stress
conditions as well as under antioxidant pre-treatment (4 uM N-acetyl-L-cysteine (NAC) for
24 h).

Differentiated ARPE-19 cells displayed low oxygen consumption rates, which made
changes between conditions very subtle. Under control conditions, OCR was reduced (black
straight versus dotted lines) upon knock-down of CERKL expression (Figure 5A). In fact, all
respiration-related parameters, including maximal respiration and non-mitochondrial oxygen
consumption, showed a clear trend of diminishing in CERKL-deficient cells (Figure 5B-G).
As expected, we found a decrease in the respiration parameters (basal and maximal respi-
ration) after NaAsO, treatment in both scrl and siCERKL1-transfected cells, conserving
the tendency.

NAC pre-treatment results in an increase (two-fold) in mitochondrial and non-
mitochondrial respiration in control cells, which allows them to resist oxidative stress condi-
tions. However, CERKL-depleted cells are not able to respond to the antioxidant pre-treatment
to these high levels and are thus not resilient to oxidative injury. Remarkably, mitochon-
drial respiration is decreased in CERKL-depleted cells, while non-mitochondrial oxygen
consumption increases slightly in all conditions, probably as a cell compensatory mechanism.

Overall, these results denoted that CERKL-deficient ARPE-19 cells do not respond to
antioxidant (NAC) protective pre-treatment and are thus not as resilient to oxidative stress
as control cells.
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Figure 4. Quantification of MitoSOX in ARPE-19 cells overexpressing CERKLb and CERKLc or knocking down CERKL.
(A) Overexpression of CERKLb and CERKLc reduces the production of mitochondrial superoxide. Immunofluorescence
images from a single focal plane of differentiated ARPE-19 cells transfected with pEGFP-N2, CERKLb-GFP, and CERKLc-GFP
under control and stress conditions were used to quantify MitoSOX fluorescence intensity (C). Mitochondrial superoxide
was detected with MitoSOX (red), and nuclei were counterstained with DAPI (blue). Scale bar: 15 pm. (B) CERKL depletion
is not sufficient to increase mitochondrial superoxide production under basal and stress conditions. Immunofluorescence
images from a single focal plane of negative control (scrl) and CERKL-silenced (siCERKL1) differentiated ARPE-19 cells
under basal and oxidative stress conditions were used to quantify MitoSOX fluorescence (D). Cells were stained with CERKL
(green) and DAPI (blue), and mitochondrial superoxide was detected with MitoSOX (red). Scale bar: 15 um. Data are
represented as the mean + SD, n = 28-33 cells per condition. Statistical analysis by Kruskal-Wallis test: *** p-value < 0.001
and **** p-value < 0.0001.
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Figure 5. Oxygen consumption is impaired in CERKL-depleted ARPE-19 cells under different antioxidant (NAC pre-
treatment) and oxidative stress (NaAsO; treatment) conditions. (A) Altered oxygen consumption rate (OCR) in CERKL-
knocked-down cells in all conditions; straight lines indicate values from scrambled control cells, whereas dotted lines
indicate siCERKL treated cells. (B) Basal respiration are the initial OCR levels without treatment. (C) Maximal respiration
is obtained after the addition of FCCP (carbonyl cyanide-4-trifluoromethoxy phenyl-hydrazone). (D) Spare capacity is
calculated by subtracting basal respiration from maximal respiration. Note that CERKL-depleted cells neither increase the
respiratory capacity after antioxidant treatment nor maintain maximal respiration and spare capacity after oxidative injury.
Oligomycin addition reveals (E) ATP production and (F) proton leak levels. (G) Non-mitochondrial oxygen consumption
values are obtained after rotenone and antimycin A addition. Statistical test by two-way ANOVA: ** p-value < 0.01,

** p-value < 0.001.

4. Discussion

Mutations in many different genes cause retinal degeneration. Most of them affect
specific photoreceptor functions (e.g., phototransduction), but mutations in genes expressed
ubiquitously (e.g., splicing genes) or in the RPE (such as RPE65) can also alter photoreceptor
homeostasis and lead to retinal cell death (reviewed in [24]). The correct function of
RPE is crucial for photoreceptor survival, but how mutations in photoreceptor genes
alter RPE is not well documented. However, dysfunctional proteins can have both an
impact in photoreceptors and RPE, thus contributing to the retinal degeneration phenotype.
In fact, patients carrying mutations in CERKL present early onset rod-cone dystrophy
despite relatively preserved visual acuity and a very distinctive RPE phenotype, e.g., RPE

—180—




Antioxidants 2021, 10, 2018

Chapter 2

13 of 16

granularity and frank macular RPE atrophy [25]. A cerkl knock-out zebrafish model also
shows defects in photoreceptor phagocytosis due to the dysfunction of RPE [26]. Although
the precise function of CERKL is not yet fully determined, several reports associate CERKL
with basic cell functions related to stress resilience, such as autophagy [9], stress granule
production [11], and mitochondrial physiology and dynamics [10]. Within this context,
we aimed to explore the alteration of RPE due to CERKL mutations both in vivo in a Cerkl
mouse model and in vitro, using cultured cells to study the effect of CERKL overexpression
and knock-down on the mitochondrial network organization.

This work showed that mitochondria in the RPE of the Cerkl*P/KO mouse (which
expresses very low CERKL levels) show a significant decrease in length and area, in full
agreement with previous results observed in photoreceptors and retinal ganglion cells [10],
which reported an increase in mitochondrial fragmentation. To further dissect the contribu-
tion of CERKL to mitochondrial dynamics, particularly under oxidative stress conditions,
we performed in vitro assays. The addition of sodium arsenite and other reagents to culture
media is commonly used as a proxy for physiological oxidative stress conditions, as the
cell effects can be easily quantified and compared with basal conditions [27], even though
it might not elicit the full retinal cell response to injury.

Our results showed that the knock-down of endogenous CERKL levels in ARPE-19
cells reproduced the same results as observed in vivo, with cells displaying mitochondria
with an altered shape and decreased length. This fragmentation effect was more apparent in
cells under oxidative stress conditions, which presented around 20% less of mitochondrial
area per cell in CERKL-depleted cells (Figure 2G). Although the mitochondrial network
is altered, the production of superoxide radicals in mitochondria is not affected in any
condition, thus indicating that at least in ARPE-19 cells, sodium arsenite does not induce
superoxide production as an early response, irrespective of CERKL levels. Other reports
claim that sodium arsenite is required but is not sufficient to induce the full cellular response
to oxidative stress [28]. Notably, control cells under oxidative stress showed a 2.5-fold
increase in endogenous CERKL protein expression but knocked-down cells were unable to
induce this transcriptional response to injury. In this context, depletion of CERKL decreases
the oxygen consumption rate, but this decrease is more prominent under oxidative stress
conditions: in fact, CERKL-depleted cells are not responsive to antioxidants protective
treatment, indicating that CERKL expression is associated with oxidative stress resilience
and that this lack of CERKL hampers antioxidant-dependent response. These results are in
agreement with the mitochondrial oxygen consumption impairment in the neural retinas
of CerkIKP/KO mice.

As mentioned, CERKL produces a high number of alternatively spliced transcripts that
encode differential protein domains. To explore the potential protection against oxidative
stress of the mitochondrial network due to CERKL expression, we analyzed the effects
of overexpressing either the longest (558 aa) or the shortest protein isoform (419 aa) in
ARPE-19 cells. When challenged by oxidative stress and in contrast with what happens in
controls and in cells depleted in CERKL, cells overexpressing either isoform show healthy
mitochondria in which the length and aspect are maintained, at least after 4 h of treatment.
In fact, under stress, the total mitochondrial area per cell remains unaffected in cells
transfected with CERKL constructs, whereas control cells show a reduction to half of the
mitochondrial mass (Figure 3E).

These protective effects of CERKL overexpression upon mitochondrial physiology in
the RPE were also supported by the analysis of damaging superoxide radicals in mitochon-
dria, which was half that of controls in any condition. These results complement previous
work on retinal neurons showing that the depletion of CERKL causes mitochondrial frag-
mentation and a substantial decrease in mitochondrial metabolism [10]. The resulting
model based on our results is shown in Figure 6.

—181—




RESULTS

Antioxidants 2021, 10, 2018

14 of 16

Oxidative CERKL overexpression 11
stress

Healthy mitochondria RPE

Photoreceptor
outer segments
Oxidative CERKL depletion
stress
Dysfunctional and
smaller mitochondria REE
Photoreceptor

outer segments

Figure 6. Image depicting the effects of CERKL overexpression and depletion in mitochondrial shape
and size in RPE cells upon oxidative stress conditions. Under oxidative stress, CERKL overexpression
(upper panel) protects RPE mitochondrial morphology, whereas depletion in CERKL (lower panel)
causes mitochondrial fragmentation, respiratory alterations, and polynucleation in RPE. Dysfunc-
tion of RPE affects photoreceptor homeostasis and can lead to retinal degeneration. Blue—nuclei;
brownish red—healthy mitochondria; brown—dysfunctional and smaller mitochondria.

Our results further reinforce the role of CERKL as a resilient gene, since oxidative stress
treatment induces the expression of CERKL as a very early cell response: we observed a
more than two-fold increase in endogenous CERKL 4 h after the addition of the arsenite
reagent. On the other hand, the subcellular localization of the two CERKL isoforms is subtly
different and changes depending on the perceived injury by oxidative stress. The shortest
isoform (which does not display the DAGK domain) presents stronger mitochondrial
localization than the longest isoform (25% versus 15% of the CERKL pool, respectively),
with the latter localizing all over the cell, including the nucleus. Previous reports showed
that the longer isoforms of CERKL increase the nuclear localization upon oxidative stress
and formed part of stress granules [11]. We further complement these results by showing
that the overexpression of CERKL protects mitochondria against oxidative injury.

5. Conclusions

Overall, our results suggest that one of the physiological roles of CERKL is to protect
the mitochondrial network in retinal cells, both neurons and epithelium, against the injury
of light/oxidative stress. In this context, some unusual and particular phenotypic traits
of the RPE observed in the retinas of patients carrying CERKL mutations, may reflect the
combination of photoreceptor and RPE alterations.

Finally, we propose that the high level of physiological interplay between photorecep-
tors and RPE cells warrants including RPE assessment in the clinical phenotype of RP and
other retinal dystrophy patients. Mutations in many RP genes, such as CERKL, can poten-
tially affect both tissues. By identifying RPE pathogenic events, particularly those related
to oxidative stress, we could design specific drug- or cell-based therapies that target RPE to
improve photoreceptor homeostasis and/or to halt photoreceptor neurodegeneration.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/

10.3390/antiox10122018/s1, Figure S1: Mitochondrial fragmentation in RPE from 18-month-old
KD/KO albino mice.
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Figure S1. Mitochondrial fragmentation in RPE from 18-month-old KD/KO albino mice. (A-B) TEM microphotographies of retinal
pigmented cells from WT/WT and KD/KO of old mice (18 months) were used to quantify different aspects of mitochondria. (C)
Graphics of Bruch’s membrane width, and mitochondrial area, length, and aspect ratio. Scale bar: 500 nm. The data are expressed as
the mean +SD, n=38-44 mitochondria from 3 animals per group. Statistical analysis by Mann-Whitney test: *p-value < 0,05.
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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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Cerk[®®%0 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 Cerk/?C 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.
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ARTICLE INFO 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 CerkIX?/K0
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 CerkI"/XO 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.

Keywords:

CERamide kinase-like
Inherited retinal dystrophies
Oxidative stress

Light injury

Stress response

Retinal degeneration

1. Introduction 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

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

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 (CerklX?’X9 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 CerkI“?’K0 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

2

Redox Biology 66 (2023) 102862

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 pL of poly-ornithine (Sigma
Aldrich, Saint Louis, Missouri, USA), air dried and subsequently washed
with MilliQ water. A drop of 10 pg/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% p-Glucose, 0.0045% NaHCO3, 1 mM 1-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 x B27 (Invitrogen, Carlsbad, California, USA), 5
uM 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 x PBS and cryoprotected (30% Glycerol, 25% Ethyleneglycol and
0.1 M PBS) for further experiments.

2.5. Immunofiuorescence, 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 x 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]), CERKLS (1:100, in
house, [21]), PABP-488 (1:50, sc-166381 AF488, Santa Cruz Biotech-
nology, Dallas, TX, USA). After three washes with 1 x 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 x PBS (3 x
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 pm) were collected and kept frozen at —80 °C until
used. For IHC, cryosections were air-dried for 10 min, rehydrated with 1
x PBS, permeabilized using 0.5% Triton X-100 for 15 min and blocked in
blocking solution (1 x 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 x 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 x PBS (3 x 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 $358 MLKL (1:100, ab187091, Abcam), Bassoon (1:300,
GTX13249, GeneTex), Cryaa (1:200, ab5595, Abcam), Crybb2 (1:200,
5¢-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 I1gG
(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
Ilumina® 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
¢DNA 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
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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 Analisis Genomico, 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 GeneAnalytics™ (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 x 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. «-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 pl11 (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 H202 assay

Eyes were enucleated from adult mice and dissected in 1 x 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% b-
Glucose, 0.0045% NaHCOgz, 1 mM 1-Glutamine, 1% Penicillin/Strepto-
mycinand 1 x 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 H303 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
y-glutamyl cysteine levels were determined as follows: each retina was
homogenized in 100 pL 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 pL 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 pL 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 pg/pL before printing. Serially diluted protein ex-
tracts (0-1.5 pg/pL) 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
pg/pul) and mouse IgGs (1-30 ng/pul) 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

4
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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 pm).
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.)

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,
**¥4p < 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,
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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 H0, Assay. (C) Measurement of HyO; levels by ROS-Glo H,0, 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 aF1, pF1 and yF1 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-
Blememary data in Supplementary Fig. 3).

we aimed to determine CERKL role in the retina in response to acute wide approach. We identified a large set of differentially expressed (DE)
light-stress insult. Retinas from WT/WT and KD/KO albino mice were genes between the assessed samples. A threshold of log, Fold Change
exposed to 3000-lux white light for 1 h and assessed immediately after +0.5 was set to distinguish between up- and downregulated genes be-
by RNA sequencing (RNA-Seq) analysis to explore their transcriptomic tween genotypes and conditions (Supplementary Figure 1). Notably, the
landscape in response to the light-stress treatment, as a first undirected more outstanding differences were found between genotypes rather than
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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 y-glutamylcysteine, precursors for the synthesis of
glutathione, in WTI/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, Rdhl, 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/KQ 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/KQO 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 yM
sodium arsenite (NaAsQ3) to induce oxidative stress. H205 levels were
subsequently evaluated through the ROS-Glo Hy0, Assay (procedure
represented in Fig. 2B), yielding significantly increased levels of H203 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
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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 (a«F1) and beta (BF1) levels in KD/KO retinas, particularly
after light-stress insult, whereas no differences in the levels of subunit
gamma (yF1) 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 Miiller 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 Chacl and Gstol (upregulated in KD/KO versus WT/
WT), and Gpx3, Gpx8, and Ggtl (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 WI/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/KQ 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 y-glutamylcysteine levels
decrease in both WI/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 pm. (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 pm, (D) PABP stress granules area is significantly increased in WI/WT RGCs upon sodium arsenite (NaAsO,) 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 («CERKL2) 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 (¢CERKLS) 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 WI/WT and KD/KO RGCs in both control situation and under oxidative stress treatment. n = 30 neurons from 3 animals per genotype
e‘lnd 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 Miiller 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 WI/WT and KD/KO retinas 2 weeks after

33333338 1338

OPL
INL

IPL
GCL M=o

B C light-stress treatment. White arrows indicate
Control Light stress GFAP-positive ramifications. Scale bar: 20 pm. (C)
DAPI DAPI 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
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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 WI/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 um. High magnification images show photoreceptor inner
segment in more detail. Scale bar: 25 pm. (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.)

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 elF3B 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/KQ 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 (NaAsQ;). 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]:
aCERKL2 recognizes an epitope encoded in exon 2 (Fig. 4C upper panel,
Supplementary Figure 5A) whereas aCERKLS 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 «CERKL2
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 «CERKL2 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 «CERKLS localization in KD/KO RGCs (Iig. 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 Miiller glial cells also start expressing
GFAP [4]. To analyze the level of gliosis, we have followed a pre-set
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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 WI/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., Ripkl) and
ferroptosis (e.g., Slc7all and Alox15).
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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-Caspase?7) 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
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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 Cerkl*?/X9 (KDK0O) 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 CHAC], in
KD/KO light-exposed retinas. Overregulation of these proteins, partic-
ularly GPX4 and CHACI, 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 HyO»
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 (logy 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].
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Fig. 7. Model of retinal degeneration in Cerkl*"’
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
H0, — 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.

Light stress

- Retinal degeneration
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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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Chapter 2

Supplementary Figure 1. Differentially expressed genes from RNA-Seq analysis of
KD/KO versus WT/WT retinas in control and light-stress conditions. Heatmap with
hierarchical clustering of all up- (logz Fold Change = 0.5, upper panel) and downregulated
(logz Fold Change =< -0.5, lower panel) genes (p-value < 0.05) resulting from RNA-Seq
analysis of KD/KO versus WT/WT retinas, in control and light-stress (LS) conditions.
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Supplementary Figure 2. CRYBB2 and CRYAA protein levels are significantly
decreased in KD/KO retinas. Representative fluorescence image of WTWT and
KD/KO retinal slices in control and light-stress conditions immunodetecting CRYBB2
(green) and staining nuclei (DAPI in blue). Scale bar: 40 um. Quantification of the levels
of CryBB2 and CryAA proteins in the inner segment (IS) of photoreceptors of WT/WT
and KD/KO retinas after light stress insult. n = 24 ROls from 4 animals per genotype and

condition. * p-value < 0.05, *** p-value < 0.005
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RESULTS

Supplementary Figure 3. Analysis of different proteins related to metabolic
pathways in WT/WT and KD/KO retinas after light stress. All the proteins analysed
by reverse phase protein in-house microarrays are clustered in different squares
representing the pathways in which they are involved. The following pathways have been
analysed: glycolysis, ftricarboxylic acid cycle (TCA), B-oxidation, oxidative
phosphorylation (OXPHOS), NADPH+, oxidative damage, glutamine (GLN), lipid

synthesis, antioxidant system and mitochondrial dynamics.
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Supplementary Figure 4. Several metabolites of the glutathione metabolic pathway

show no differences in retinal protein lysates neither by genotype nor by light

stress conditions. In contrast to many glutathione pathway metabolites analysed in

main Figure 3, some specific metabolites, i.e. methionine, S-adenosylmethionine, S-

adenosylhomocysteine, cystathionine, cysteine, cystine and homocystine, do not show

differences between KD/KO vs WT/WT retinas, either untreated or after light-stress

injury.
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Chapter 2

Supplementary Figure 5. CERKL and PABP localize in stress granules in WT/WT
and KD/KO RGCs after sodium arsenite (NaAsQ;) treatment. Inmunocytochemistry
of RGCs detecting CERKL isoforms containing either an epitope peptide encoded in
exon 2 with aCERKL2 (A) or in exon 5 with aCERKLS5 (B) (red), PABP (green) and nuclei
(DAPI in blue). Scale bar: 10 ym. Zoomed-out images show whole RGCs. Scale bar; 40

um.
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Supplementary Figure 6. Morphometrical measurements of WT/WT and KD/KO
retinas two weeks after light-stress injury. Morphological measurements of outer
nuclear layer (ONL), inner nuclear layer (INL) and total retina thickness as well as

number of photoreceptor nuclear rows.
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Generation of CERKLR?57X
hiPSC-derived 3D retinal
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Background

In collaboration with the group led by Drs Dunja Lukovic and Slaven Erceg in CIPF
(Centro de Investigacién Principe 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 CERKL??”% in homozygosis and their healthy
sibling (222). To deeply dissect the phenotypic alterations derived from the mutation
CERKLFR?7X 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, CERKL?#>7%
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) ( ). 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
CERKL®*>”* 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
CERKL™*7% 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
CERKLFr?>7% hiPSC isogenic line using CRISPR/Cas9 system, to compare the
phenotypic alterations derived from CERKLf>7X mutation using two different genetic

backgrounds after differentiation into retinal organoids.

Strategy of CRISPR-Cas9 edition to generate of a CERKL?*’X jsogenic hiPSC
line

The obtention of a CERKL??**”X 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.

GCTTTGCTTCTGAGAGCTCAGAAGAATGCTGGGATGGAAACAGACICGAATCCTGACTCCTGTCAGAGCACAGCTTCCACTT
CGAAACGAAGACTCTCGAGTCTTCTTACGACCCTACCTTTGTCTGGCTITAGGACTGAGGACAGTCTCGTGTCGAAGGTGAA
242 244 246 248 250 252 254 256 258 260 262 264 266 268
AR - T - c v IEDT W T » RS . I r 18

Guide 1

Guide 2 —

CERKL=206 Exon 5
CERKL

T T T T
122,020 122,040 122,060 122,080

CRISPR/Cas9 edition l

GCTTTGCTTCTGAGAGCTCAGAAGAATGCTGGGATGGAAACAGAC|ITGAIATCCTGACTCCTGTCAGAGCACAGCTTCCACTT
CGAAACGAAGACTCTCGAGTCTTCTTACGACCCTACCTTTGTCTGACTITAGGACTGAGGACAGTCTCGTGTCGAAGGTGAA

242 244 246 248 250 252 254 256] [258 260 262 264 266 268
A TSNP » XONNKNS A ¢ v JEB 7 0NN ) ~

T P NENRED A JONESS P 2N

Figure 19. CRISPR/Cas? edition strategy to introduce CERKLF?*’”X 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 CERKLF?”X mutation (in red).

Therefore, we designed a gene-edition strategy based on CRISPR/Cas? system to
recreate the CERKLR?”X 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 CERKLFf?7X 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 EcoRIl enzyme in the wild-type allele, but not in the CERKLR?>7% allele.
Consequently, upon enzymatic digestion with EcoRIl, wild-type alleles will be cut
producing two bands, whereas CERKL??*’% 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.

N
[GAAGAATGCTGGGATGGAAACGGAC
GAAGAATGCTGGGATGGAAACAGACICGAATCCTGACTCCTGTCAGAG

wTt
‘CTTCTTACGACCCTACCTTTGTCTGGCTITAGGACTGAGGACAGTCTC CERKL allele GGACC — 135 bp+22 bp
RS c v EBT 071;1,,,,L,,AT P MRS EcoRll digestion
CERKL-206 Exon 5 - CERKLR?7X allele GGACT x > 157 bp

CERKL

T T
122,040 122,060

Figure 20. Genotyping strategy to assess the introduction of the CERKL??*” 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 CERKL"T and CERKL?*"* alleles (blue). EcoRll
restriction enzyme only recognizes CERKL"" 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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240 242 244 246 248 250 252 254 256 258 260 262 264 266 268 270 272
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[ Guide 2 >
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template sequence CERKL-206 (ENST00000410087)

Healthy sibling

GCCCATGCTTTGCTTCTGAGAGCTCAGAAGAATGCTGGGATGGAAACAGACCGAATCCTGACTCCTGTCAGAGCACAGCTTCCACTTGGCTTAATACCAG
CERKLR?5™ patient

GCCCATGCTTTGCTTCTGAGAGCTCAGAAGAATGCTGGGATGGAAACAGACCGAATCCTGACTCCTGTCAGAGCACAGCTTCCACTTGGCTTAATACCAG

Figure 271. Genotyping analysis of hiPSC after the CRISPR/Cas9 edition to generate the
CERKLR?”X mutation. (A) Agarose (4%) gel of PCR followed by EcoRIl enzymatic digestion to
genotype mixed populations after CRISPR/Cas9 edition. Line 1: control CERKLY™T hiPSC;
line 2: patient's CERKL??>” hiPSC; line 3: hiPSC resulting from CRISPR/Cas? edition using
guide 1; line 4: hiPSC after CRISPR/Cas9 edition with guide 2. The expected 157-bp band
after the digestion in CERKL*7% allele is indicated with a blue arrow, whereas the 135-bp
band resulting from CERKL"" 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 CERKL??*’% patient’'s hiPSC were used as controls.
None of the analysed samples from mixed hiPSC populations after CRISPR/Cas9 edition
using gRNAT or gRNA2 carried the mutation.

—229—




RESULTS

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 1I/2b device to deliver the RNPs to hiPSCs. The Nucleofector 11/2b
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 CERKLF?>”X 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 CERKLR?*”X 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 ( ). 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 ( ).

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 CERKLR?*”* retinal organoids. Therefore, no phenotypic characterization

could be included in the written memory as a consequence of the limited time

available.
mTESR E6  NM o RoM o RuMi Rz RG>
BMP4 NRYV picking Retinoic Acid
— | — | | -
Day O 2 7 ~35 45 50 70 100 Up to 300
NRVs (D35

) B » | B D130

CERKLF paient H

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 GeneAnalytics™ (https://geneanalytics.genecards.org).

Human iPSC culture

Healthy sibling’s and CERKL">”* 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 5x mTeSR™ Plus Supplement (Stemcell Technologies,
Vancouver, Canada; 100-0276) on wells previously coated with Geltrex™ (Thermo
Fisher Scientific, Rockford, IL, USA; A1413301) for 1 hour in a 5 % CO; cell culture
humidified incubator at 37 °C. The medium was replaced by fresh medium three

times per week after a wash with 1x PBS.

Design of sgRNAs for CRISPR/Cas? gene edition

To generate CERKLF?57X 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: 5TGAGAGCTCAGAAGAATGCT 3')

recognized a sequence near the target nucleotide to generate the desired point
mutation (see 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
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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 StemFlex™ medium
(Thermo Fisher Scientific, Rockford, IL, USA; A3349401) supplemented with 10 uM
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 uM, equivalent to 130 pmol of crRNA:tracrRNA duplex
per reaction. crRNA:tracrRNA mix was incubated at 95 °C for 5 minutes and then
cooled down to room temperature for 10-15 minutes. Next, Cas? RNP complex
assembly was performed by adding 125 pmol of Streptococcus pyogenes Cas9
nuclease (IDT Technologies, Coralville, 1A, USA; 1081058) per reaction, and
incubated for 10-20 minutes at room temperature. Subsequently, 120 pmol of Alt-R®
Cas? 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 Cas?:gRNA_1 and Cas?:gRNA_2 assemblies. Then, this mix was
incorporated to 2x10° BJ hiPSCs resuspended in 100 pL of Human Stem Cell
Nucleofector™ supplemented Solution (Lonza, Morrisville, NC, USA; VPH-5002) and
transferred to a Nucleofector cuvette. Samples were subsequently nucleofected
using a Lonza Nucleofector 1I/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 °C with 0.5 pg/cm?
rhLaminin 521 (Thermo Fisher Scientific, Rockford, IL, USA; A29249), in StemFlex™
medium supplemented with ROCK inhibitor and 100 pg/mL primocin antibiotic
(Invivogen, San Diego, CA, USA; ant-pm-2). Alt-RTM HDR Enhancer (1:100) (IDT
Technologies, Coralville, 1A, 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 StemFlex™ medium with primocin.

Once 70-90 % confluency was reached, half of the cells were passaged onto a
rhLaminin 521-coated 6-well plate with StemFlex™ medium for 6 days and the other
half was used for genomic DNA extraction to genotype the mixed cell population
and check CRISPR/Cas? 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 StemFlex™
medium and primocin antibiotic. Approximately 5-6 days later, individual hiPSC
colonies were isolated with the P200 pipette and seeded on Geltrex™-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, lpswich, 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 EcoRlIl (also known as Aval) 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 °C for 5 minutes and 40
cycles of 94 °C for 30 seconds, 50 °C for 30 seconds and 72 °C for 10 seconds. The
157-bp PCR products were digested using EcoRIl 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/Cas? edition. The sequencing reaction was performed using
the BigDye™ Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific,
Rockford, IL, USA; 4337455). The sequencing mix included 0.5 uM of each primer
(CRISPR_forward 5" TTGTGTTTGTGTTGTCTTACCCA 3'; CRISPR_reverse 5
gctgtCTAGATTAGCAAGTAAGAAAGGA 3'), 1x BigDye Buffer (Applied Biosystems),
1 uL of BigDye™ Terminator v3.1 Ready, the appropriate amount of DNA and PCR-
grade H2O up to 10 plL. The sequencing PCR program was as follows: 94 °C for 2
minutes and 28 cycles of 96 °C for 10 seconds, 50 °C for 5 seconds and 60 °C 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 Geltrex™-coated 6-well plates with mTeSR medium until
they reached 90-95 % confluency. Then, at day O 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 %
GlutaMAX™ (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
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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 pL 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 % GlutaMAX™, 1 % Pen/Strep and 100 uM 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 uM 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 uM. 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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augmentation therapy : AAVs

and nanoparticles
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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 Cerk/P/<©
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-3xFLAG, which contains the Green
Fluorescent Protein (GFP) in frame with the epitope 3xFLAG (3xDYKDDDDK). 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 3xFLAG epitope cloned into the AAV2 backbone (
).

In brief, the original plasmid, p8.GFP-3xFLAG ( , Lane 1), was digested
using BsrGl and Kpnl 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, , Lane 3) compared to the linearized plasmid (4.6 kb,

, Lane 2) and the released GFP-coding fragment ( , Lane 3).

241




RESULTS

p8.GFP-3xFLAG 0.3xFLAG p.CERKLa-3xFLAG
~4600 bp GFP ~3900 bp ~5500bp
730 bp P
— 1632 bp
L
GFP
3xFLAG CTBXFLAG

Figure 23.Cloning procedure to introduce CERKLa cDNA into the p8.GFP-3xFLAG vector
backbone. The p8.GFP-3xFLAG plasmid was digested using Kpnl and BsrGl to excise the
GFP-encoding DNA sequence. The CERKLa cDNA was amplified by PCR adding the
restriction sites of Kpnl and Accé5! (compatible with BsrGl) at its ends to insert it into the
digested p.3xFLAG plasmid backbone, resulting in the p.CERKLa-3xFLAG construct. To
evaluate the insertion and integrity of CERKLa coding sequence into the AAV vector
backbone, the final recombinant plasmids were digested using Acc651 and BamHI.

The CERKLa cDNA was amplified by PCR using specific primers to insert the the
target sites of Acc651 and Kpnl 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-3xFLAG 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-
3xFLAG construct (Figure 24B), which after restriction digestion produced the
expected 1.6-kb band of the CERKLa-3xFLAG-coding fragment. Subsequently,
plasmids from positive clones were sequenced (Figure 24C) to confirm the in-frame

insertion of the CERKLa fragment with the 3xFLAG 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/Hindlll (AH); Lane 1: p.3xFLAG obtained after digestion
(BsrGl+Kpnl) of p8.GFP-3xFLAG and purification of the vector backbone; Lane2: linearized
p8.GFP-3xFLAG with BsrGl digestion as a size control; Lane3: digested p8.GFP-3xFLAG
(BsrGl+Kpnl), yielding the vector backbone and GFP bands; Lane 4: CERKLa cDNA amplicon
PCR product digested with Accé5! and Kpnl. (B) Agarose (1 %) gel electrophoresis of
plasmids isolated from E. coli colonies after ligation and transformation. Molecular weight
marker: Lambda DNA/Hindlll+EcoRI (\HE). Lane 1: purified p.3xFLAG (control vector); Lane
2: digested p8.GFP-3xFLAG (BsrGl+Kpnl), 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 Acc651 and BamHI to identify recombinant clones with the p.CERKLa-3xFLAG plasmid,
note that some clone plasmids contain CERKLa (marked in pink). (C) Sanger sequencing
electropherogram of the clones 1 and 6 showed the correctinsertion of CERKLa into the AAV-
derived backbone in-frame with the tag 3xFLAG.

Upon verification of the p.CERKLa-3xFLAG 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-3xFLAG (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-3xFLAG by the

group of Dr lvana Trapani.

p8 GFP-3xFLAG

-— === CERKLa-3xFLAG

GFP-3xFLAG

T e e o-TUBULIN

. p-CERKLa-3xFLAG is properly expressed in vitro. (A) Immunocytochemistry of
HEK293 cells transfected with p8.GFP-3xFLAG (control) and p8.CERKLa-3xFLAG 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 a-TUBULIN.

AAV2/8_CERKLa-3xFLAG production and evaluation of its expression by

subretinal injection

Using the p.CERKLa-3xFLAG plasmid, which contains the CERKLa cDNA in-frame
with the tag 3xFLAG inside the backbone of a AAV-derived vector, the research
group led by Drlvana Trapani in TIGEM produced the recombinant AAV2/8_ CERKLa-
3xFLAG virus. Then, they assessed the transduction efficiency of AAV2/8_ CERKLa-
3xFLAG by subretinal injections in 1-month-old WT/WT mice. Four weeks after the
injection, they evaluated the expression of the fusion protein CERKLa-3xFLAG by
Western blot analysis in AAV-injected retinas and eyecups (RPE). As expected,
CERKLa-3xFLAG expression was detected in some injected retinas, although it was
particularly intense in the RPE (eyecup) ( ), indicating that AAV2/8_CERKLa-

3xFLAG efficiently transduces mouse retinas and RPE.
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Figure 26. AAV2/8_CERKLa-3xFLAG 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-3xFLAG (AAV2/8_CKL3®) or PBS (negative control), as well as
HEK293 cells transfected with p.CERKLa-3xFLAG (p.CKL3®) as positive control.
Immunodetection using a-FLAG antibody revealed expression of CERKLa-3xFLAG protein
(pink arrows) in some injected retinas and eyecups (RPE).

AAV2/8_CERKLa-3xFLAG 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-3xFLAG, 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-3xFLAG : 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-
3xFLAG 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-3xFLAG vectors proper transduction.
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Figure 27. AAV2/8_CERKLa-3xFLAG 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-3xFLAG
(AAV2/8_CKL3®) and AAV2/7m8_GFP, or with PBS (negative control). Protein lysate from
HEK293 cells transfected with p.CERKLa-3xFLAG (p.CKL3®) was included as positive control.
Immunodetection using o-FLAG and a-human CERKL (hCERKL) antibodies revealed
expression of CERKLa-3xFLAG 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-3xFLAG 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-3xFLAG; 3) whether human CERKL
(p.CERKLa-3xFLAG 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-3xFLAG fusion protein (Figure 28).

The p.CERKLa-3xFLAG construct was previously tested in vitro using HEK293 cells
(a human cell line of embryonic kidney cells) and successfully expressed CERKLa-
3xFLAG 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, 3xFLAG or GFP, could influence human CERKL
expression in mouse cells. To test this hypothesis, we overexpressed hCERKLa-
3xFLAG 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-
3xFLAG virus rather than in the p.CERKLa-3xFLAG construct.

Different codon usage
between species?

—> —> CERKL.
p.CERKLa-3xFLAG
. 299
HE B =
3xFLAG
Mouse cells Human CERKL protein

l.??

Transduction Transcription Translation

D:CERKL-;JJ — GCERKL-__{] —» | CERKLEE@AAA —> CERKL‘
D99 D99 Y& ad
= " EE " EE

AAV2/8_CERKLa-3xFLAG DNA RNA Protein

Figure 28. Graphical summary of the potential steps involved in the production and
correct expression of AAV2/8_CERKLa-3xFLAG. A list of potential checkpoints was
considered: 1) Could mouse cells properly express human CERKL protein? 2) Did
AAV2/8 CERKLa-3xFLAG vectors contain DNA? 3) Did AAV2/8_CERKLa-3xFLAG efficiently
transduce cells and introduce their DNA? 4) Could viral DNA be transcribed to RNA? 5) Was
viral-derived RNA finally translated into CERKLa-3xFLAG protein?
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p8.GFP-3xFLAG p.CERKLa-GFP p.CERKLa3xFLAG

. -
’ N

. Human CERKL can be expressed by mouse cells. Immunocytochemistry
images of primary mouse RPE cells transfected with p8.GFP-3xFLAG (positive control),
p.CERKLa-GFP and p.CERKLa-3xFLAG constructs to induce the production of human CERKL
protein with different tags (GFP or 3xFLAG). We detected positive cells in all conditions
(white arrows indicate hCERKLa-positive cells). Scale bar: 100 um.

DAPI

Flag

To explore the hypothesis of some alterations in the AAV2/8_CERKLa-3xFLAG
virus, we first confirmed the presence of CERKLa-3xFLAG-coding DNA inside AAV
capsids by PCR ( ). 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-3xFLAG virus in vitro, we infected ARPE-19 cells with
AAV2/8_CERKLa-3xFLAG, 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-3xFLAG DNA in transduced ARPE-19 cells ( ). Additionally, we
observed the correct DNA incorporation of AAV8_GFP and AAV2/7m8_GFP vectors
in ARPE-19 cells ( ). Therefore, all tested AAV vectors proficiently introduced
their DNA into ARPE-19 cells.
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Figure 30. AAV2/8_CERKLa-3xFLAG vectors contain CERKLa-3xFLAG-coding DNA.
Agarose (1 %) gel electrophoresis showing PCR products after amplifying CERKLa-3xFLAG
(CKL3®) or GFP-coding DNAs in AAV2/8_CERKLa-3xFLAG (AAV2/8_CKL3®) or AAV8_GFP
viral vectors, as well as in p.CERKLa-3xFLAG or p8.GFP plasmids. Water was added as
negative control of the PCR.

PCR CKL3® PCR GFP
Q
s &8 F.&8
vg‘?érél%/oc g&é%/c?c
G o O o £ @
o O8& o9 9 o/ N @ &
T O TFT SO ES
g&’s&‘/ggsog;A;oag
SITIITELEIEIIILE

Figure 31. AAV2/8_CERKLa-3xFLAG vectors are able to transduce ARPE-19 cells.
Agarose (1 %) gel electrophoresis showing PCR products after amplifying CERKLa-3xFLAG
(CKL3®) or GFP sequences in DNA extracts from ARPE-19 cells infected with
AAV2/8 CERKLa-3xFLAG (AAV2/8_CKL3®), AAV8_GFP and AAV2/7m8_GFP (positive
control) vectors. DNA extracted from AAV2/8_CERKLa-3xFLAG virus was used as positive
control to amplify CERKLa-3xFLAG; 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-3xFLAG cDNA in ARPE-19 cells transduced with AAV2/8_CERKLa-3xFLAG
(Figure 32), indicating that AAV2/8_CERKLa-3xFLAG 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).
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Figure 32. AAV2/8_CERKLa-3xFLAG-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-3xFLAG (AAV2/8_CKL3®), 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-
3xFLAG virus was used as positive control to amplify CERKLa-3xFLAG (CKL3®); 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-3xFLAG 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-3xFLAG-infected cells
did not show any expression of CERKLa-3xFLAG 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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. AAV2/8_CERKLa-3xFLAG-transduced cells do not express CERKLa-3xFLAG
fusion protein. (A) Immunocytochemistry of ARPE-19 cells infected with AAV2/8_CERKLa-
3xFLAG (AAV2/8_CKL3®), AAV8_GFP or AAV2/7m8_GFP vectors immunodetecting GFP
(green) and FLAG (red), as well as counterstaining nuclei with DAPI (blue). Scale bar: 25 um.
(B) Western blot analysis of protein lysates from ARPE-19 cells infected with AAV2/8_CERKLa-
3xFLAG (AAV2/8_CKL3D), AAV8_GFP or AAV2/7m8_GFP vectors immunodetecting FLAG,
GFP and GAPDH.

Overall, our data implies AAV2/8_CERKLa-3xFLAG 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-3xFLAG 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-3xFLAG

Given the unsuccessful results using AAV2/8 CERKLa-3xFLAG produced in
Naples, we decided to produce these viral vectors in the viral production unit of
Universitat Autonoma de Barcelona (UAB). Additionally, taking into consideration the
observed higher efficiency of AAV7m8 capsid ( ) and its ability to transduce
retinal organoids (193), we decided to use the AAV/m8 capsid to generate
AAV2/7m8_CERKLa-3xFLAG vectors.

Before testing AAV2/7m8_CERKLa-3xFLAG in vivo by subretinal injection in mice,
we first evaluated AAV2/7m8_CERKLa-3xFLAG transduction efficiency in vitro in
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ARPE-19 cells. Immunocytochemistry ( ) and Western blotting ( )
analyses demonstrated that AAV2/7m8_CERKLa-3xFLAG was capable of
transducing ARPE-19 cells, thus successfully producing CERKLa-3xFLAG protein
( ). These results further supported the inference that AAV2/8 CERKLa-
3xFLAG viruses produced in Naples were damaged during transport, probably due

to cold chain breech.
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. The new AAV2/7m8_CERKLa-3xFLAG viruses efficiently transduce ARPE-19,
which express CERKLa-3xFLAG protein. (A) Immunocytochemistry of ARPE-19 cells infected
with AAV2/7m8 CERKLa-3xFLAG (AAV2/7m8_CKL3®) or AAV2/7m8_GFP vectors showed
positive GFP (green) and FLAG (red) staining, nuclei were counterstained with DAPI (blue).
Scale bar: 25 pm. (B) Western blot of protein lysates from ARPE-19 cells infected with
AAV2/7m8 CERKLa-3xFLAG (AAV2/8_CKL3®) 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-3xFLAG 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.
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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, | 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.

| 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 ( ).

AuNP-pcDNA3 AuNP-pEGFP-N2

. 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 ym.

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 ( ). However, we were not able to detect colocalization
between GFP and the cone-specific biomarker cone arrestin ( ). 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 