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Resum

Antecedents: Les distrofies hereditaries de la retina (DHR) so6n
malalties minoritaries amb una gran heterogeneitat genetica. Malgrat
I'ts extensiu de técniques de seqiienciacié massiva, fins a un 40% dels
pacients romanen sense un diagnostic molecular concloent, fet que
limita el pronostic, 'assessorament geneticil’accés a terapies dirigides.
Aquesta tesi avalua l'impacte d’'un abordatge genomic seqiiencial i
personalitzat per augmentar el rendiment diagnodstic en pacients adults

amb DHR que no han obtingut una resolucié inicial.

Objectius: Millorar el diagnostic molecular en DHR mitjancant la
combinacié de reanalisi d’exoma, nous estudis complementaris de
seqiienciacié i validacions funcionals; establir noves correlacions
genotip-fenotip; i definir un protocol d’analisi molecular transferible a

la practica clinica.

Metodes: Es va analitzar una cohort de 597 individus amb DHR.
L’estudi genetic inicial va resoldre 313 casos index (59,6%) i 63 casos
familiars. Dels 221 casos no resolts, se’n van prioritzar 101 per a una
reavaluaci6 seqiiencial en quatre etapes: (1) revisid i reclassificacié de
variants de significat clinic incert (VUS) amb criteris actualitzats i nova
evidencia; (2) reanalisi de dades d’exoma amb panells virtuals ampliats
i pipelines revisats; (3) seqlienciacié complementaria (genoma complet
i panells de regions complexes); i (4) estudis funcionals, incloent-hi
analisi d’ARNm i assajos de minigen/midigen per caracteritzar

alteracions de I'splicing.
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Resultats: La reavaluacié dels 101 casos prioritzats va permetre
establir 49 nous diagnostics, aconseguint un rendiment del 48,5% en
aquesta subcohort. La reclassificaci6 de VUS va resoldre 18 casos,
destacantla variant REEP6 c.349-4G>T, reclassificada com a patogenica
gracies a estudis de segregacié i d’ARNm. La reanalisi d’exoma va
contribuir a 16 diagnostics addicionals, mentre que les seqiienciacions
complementaries van proporcionar-ne 15 més, incloent-hi la deteccio
de variants estructurals i delecions parcials en ABCA4, ARSG, NPHP1 i
PDEG6B. Es van identificar set variants introniques profundes d’ABCA4,
una de les quals no havia estat reportada previament i va ser validada
funcionalment. L'as d’estudis funcionals i de noves evidencies va
permetre establir diagnostics relacionats amb ATF6, RPGRIP1, USH2A i
NPHP4. Aixi mateix, es va confirmar la patogenicitat de variants
codificants previament descartades en ABCA4, CERKL, HK1i TULP1,ies
van definir noves correlacions genotip-fenotip en families amb variants

en TULP1 i CEP290.

Conclusions: Un model seqiiencial i adaptatiu que integra la reanalisi
critica de dades, tecniques de seqiienciacié d’alta resolucio i estudis
funcionals millora significativament el rendiment diagnostic de les
DHR i permet resoldre casos complexos. La interpretacié de variants
requereix expertesa i una actualitzacié continua dels criteris, aixi com
una col-laboracié multidisciplinaria. El protocol proposat és escalable,
transferible i sostenible, i reforca la implementacié de la medicina de

precisié en malalties genetiques minoritaries.

Paraules clau: distrofies hereditaries de la retina; diagnostic molecular;
reanalisi d’exoma; seqlienciacié del genoma; estudis funcionals; medicina

de precisid.
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2 | Abreviatures i acronims

ACL Amaurosi congeénita de
Leber

ACMG American College of
Medical Genetics and Genomics

AD Herencia autosomica
dominant

ADN Acid desoxiribonucleic

AMP Association for Molecular
Pathology

AR Heréncia autosdmica
recessiva

ARN Acid ribonucleic

ARNm Acid ribonucleic
missatger

ASO Oligonucleotid antisentit

AV Agudesa visual

AVV Virus adenoassociat
(adeno-associated virus)

B Variant benigna

CADD Combined Annotation-
Dependent Depletion
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CNEC Ceguesa nocturna
estacionaria congenita

CNV Variant de nombre de
copies (copy number variant)

CV Camp visual

DC Distrofia de cons

DCB Distrofia de cons-bastons

DGP Diagnostic genetic
preimplantacional

DHR Distrofies hereditaries de
la retina

DMAE Degeneraci6 macular
associada a I'edat

EPR Epiteli pigmentari de la
retina

FAF Autofluorescencia del fons
d’ull (fundus autofluorescence)

LB Variant probablement
benigna (likely benign)

LOVD Leiden Open Variation
Database

LP Variant probablement
patogenica (likely pathogenic)

ffERG Electroretinografia de
camp complet (full-field
electroretinography)

gnomAD Genome Aggregation
Database

indel Insercié o delecid

mfERG Electroretinografia
multifocal (multifocal
electroretinography)

NGS Seqiienciacié massiva
(next generation sequencing)

NMD Nonsense-mediated decay

OCT Tomografia de coherencia
optica (optical coherence
tomography)

P Variant patogenica

PIO Pressié intraocular
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REVEL Rare Exome Variant
Ensemble Learner

RP Retinosi pigmentaria

SE Segment extern

SI Segment intern

SV Variant estructural
(structural variant)

VUS Variant de significat clinic
incert (variant of uncertain
significance)

WES Seqiienciacié de 'exoma
complet (whole exome
sequencing)

WGS Seqiienciacié del genoma
complet (whole genome
sequencing)

XL Hereéencia lligada al
cromosoma X
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ACMG/AMP Conjunt de criteris estandarditzats per classificar variants
genetiques en cinc categories segons l'evidencia de
patogenicitat: patogénica, probablement patogenica, de significat

incert, probablement benigna i benigna.

CADD Eina de puntuacié que integra dades gendomiques i anotacions
funcionals per estimar I'impacte potencial d’'una variant; valors

més alts indiquen un efecte biologic més probable.

Ciliopaties Grup de malalties genetiques causades per defectes en els
cilis primaris, amb heterogeneitat fenotipica i afectacié potencial

de diversos organs, inclosa la retina.

ClinVar Plataforma de lliure accés del National Center for
Biotechnology Information que recull variants genetiques i les
seves classificacions aportades per laboratoris, investigadors i

clinics (https://www.ncbi.nlm.nih.gov/clinvar/).

Correlacio genotip-fenotip Concordanca entre el fenotip clinic
observat i el tipus, la localitzacio i I'efecte de la variant genetica

identificada.

Expressivitat variable Variabilitat en la manifestacié clinica entre

individus portadors de la mateixa variant genetica.

Franklin Plataforma en linia de lliure accés desenvolupada per Genoox
per classificar variants segons els criteris ACMG/AMP, amb
integraci6 de dades poblacionals, funcionals i cliniques

(https://franklin.genoox.com/).
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gnomAD Base de dades publica d’exomes i genomes de multiples
projectes, que recull la variabilitat genética humana

(https://gnomad.broadinstitute.org/).

Linia de l'el-lipsoide Estructura hiperreflectiva visible a 1'0OCT,
corresponent a la zona rica en mitocondris dels SI dels

fotoreceptors; marcador indirecte de la seva viabilitat.

Long-read sequencing Tecnologia de tercera generacié que genera

lectures d’ADN de diversos milers de parells de bases.

LOVD Banc de dades public i obert que recull variants genétiques
reportades per usuaris i grups de recerca, organitzat per gen i

fenotip (https://www.lovd.nl/).

Minigen/midigen Construccions sintetiques d’ADN utilitzades en
assajos funcionals per avaluar I'efecte de variants sobre I'splicing.
Els minigens inclouen fragments reduits d’'un gen (exons i introns
adjacents), mentre que els midigens cobreixen un gen complet o

fragments extensos.

NMD Mecanisme de control de qualitat posttranscripcional que
reconeix i degrada els transcrits d’ARNm amb codons de
terminaci6 prematurs, evitant aixi la sintesi de proteines

truncades.

Panell virtual Seleccio de gens basada en un fenotip o criteris clinics
especifics, aplicada mitjancant filtres bioinformatics sobre dades

de seqiienciacié massiva que cobreixen molts més gens.
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Penetrancia incompleta Situacié en qué una persona portadora d’'una
variant patogenica no presenta simptomes, o bé aquests son lleus

o d’aparicié tardana

Pipeline Seqiiéncia d’etapes bioinformatiques per processar i
interpretar dades de seqiienciacié massiva, incloent-hi control de
qualitat, alineament, anotacio, filtratge i prioritzaci6é de variants

segons el fenotip clinic.

REVEL Algoritme d’aprenentatge automatic que combina multiples
predictors bioinformatics per estimar la probabilitat de
patogenicitat de variants missense. Proporciona una puntuacié
entre 0 i 1, amb valors més alts indicatius de major probabilitat

de patogenicitat.

Short-read sequencing Tecnologia de segona generaci6 que produeix
fragments d’ADN curts (100-300 pb), ampliament utilitzada en

entorns clinics.

SpliceAl Algoritme de prediccié de l'impacte de les variants sobre
I'splicing, que calcula una puntuaci6 quantitativa de l'efecte

potencial, incloses alteracions fora dels llocs canonics.

Splicing Procés pel qual els introns so6n eliminats del transcrit primari

i els exons s'uneixen per generar ’ARNm madur.

VarSome Plataforma en linia de lliure accés que integra informacié
genomica i classifica variants segons els criteris ACMG/AMP

(https://varsome.com/).
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Tesi en format de compendi de publicacions. La tesi consta de 8

objectius i 3 articles.
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5.1. Biologia de la retina i del procés visual

La visi6 és un dels sentits més sofisticats i determinants de
I'espécie humana. Més enlla de percebre formes, colors i moviments,
ens permet orientar-nos, comunicar-nos i mantenir una vida autonoma
(1). Tot i la seva aparent immediatesa, és el resultat d’'una seqiiencia
altament precisa i coordinada —captacié de la llum, conversié en
senyals electrics, processament neuronal i interpretacié cortical— que
es completa en qiiesti6 de mil-lisegons (1,2). Alteracions, fins i tot
subtils, en qualsevol d’aquests mecanismes poden comprometre
significativament la funci6 visual i, en conseqiiéncia, tenir un impacte

profund sobre la qualitat de vida (3).

La retina, situada a la paret posterior del globus ocular (Figura 1),
és una estructura neurosensorial especialitzada que actua com a
interficie primaria entre la llum i el cervell. Mitjancant el procés de
fototransduccio, transforma els fotons en impulsos electrics que es
transmeten a través del nervi Optic, iniciant aixi la cadena de
processament visual (4). La seva arquitectura, organitzada en capes
neuronals interconnectades, combina una eficiencia funcional
extraordinaria amb una marcada vulnerabilitat davant alteracions
genetiques i ambientals. Les distrofies hereditaries de la retina (DHR),
objecte central d’aquesta tesi, exemplifiquen aquesta fragilitat (5).
Comprendre en profunditat la seva organitzaci6 cel-lular i molecular és,
per tant, essencial per desxifrar els mecanismes fisiopatologics
subjacents i interpretar amb precisi6 les variants genetiques

implicades.
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Figura 1. Anatomia esquematica de I'ull huma. Secci6 sagital

Humor vitri

amb les principals estructures implicades en la funcié visual. S’hi
representen les capes oculars (esclerotica, coroide i retina), els
organs de captacié i enfocament de la llum (cornia, pupil-la,
cristal-li), aixi com les principals estructures retinals, rellevants
en el context de les DHR: retina, macula, fovea i disc optic. Figura

adaptada de BioRender.

5.1.1. Estructura i funcio de la retina

La retina forma part del sistema nervids central, ja que deriva del

teixit neuroectodermic que origina el diencefal embrionari, precursor
del cervell (4,6). Esta constituida per una xarxa laminar de neurones i
cel-lules glials (7), organitzada en deu capes histologiques ben
definides (Figura 2). Les nou capes internes conformen la retina
neurosensorial propiament dita, mentre que l'epiteli pigmentari de la
retina (EPR) constitueix la capa externa. Encara que no participa
directament en els circuits sinaptics, 'EPR exerceix un paper clau en el

manteniment de ’homedstasi retinal (6).
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Figura 2. Estructura microscopica de la retina. Esquema
histologic de les deu capes retinals i dels principals tipus
cel-lulars implicats en la transmissi6 i el processament de la
informacié visual. De dins cap enfora: MLI (membrana limitant
interna), CFN (capa de fibres nervioses), CCG (capa de cel-lules
ganglionars), CPI (capa plexiforme interna), CNI (capa nuclear
interna), CPE (capa plexiforme externa), CNE (capa nuclear
externa), MLE (membrana limitant externa), CF (capa de
fotoreceptors) i EPR (epiteli pigmentari de la retina). Figura

adaptada de BioRender.
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Funcionalment, la retina es divideix en dues regions principals:

¢ La macula, situada al centre, és responsable de la visié d’alta
resolucio, imprescindible per a activitats que requereixen
precisi6 com la lectura, I'escriptura o el reconeixement de
rostres, aixi com per a una percepcié cromatica optima (8). La
seva regié més especialitzada, la fovea, constitueix I'area de
maxima agudesa visual (AV) i discriminacié cromatica, ja que
presenta la densitat més elevada de cons disposats en un mosaic
hexagonal regular. A més, esta lliure de vasos sanguinis, formant

la zona avascular foveal (9).

e La retina periferica, que ocupa la major part de la superficie
retinal, esta dominada pels bastons, especialitzats en la visié
escotopica o nocturna i en la deteccié del moviment. Tot i tenir
una resolucié espacial inferior i una percepcié cromatica
limitada, és fonamental per a I'orientaci6 i la navegacio, ja que
garanteix la percepcié global de l'entorn i l'adaptacié a

condicions de baixa il-luminacié6 (8).

5.1.2. Tipus cel-lulars i organitzacio sinaptica

La retina conté cinc tipus principals de neurones —fotoreceptors,
bipolars, ganglionars, horitzontals i amacrines (Figura 2)— amb més
de cent subtipus funcionals (7). Els fotoreceptors (bastons i cons) s6n
els encarregats de captar la llum i iniciar la fototransduccié (4). Els
bastons, altament sensibles, operen en condicions de baixa

lluminositat, mentre que els cons, actius en llum intensa (visié
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fotopica), permeten la percepcié cromatica. Es classifiquen en tres
subtipus (S, M i L) segons la sensibilitat espectral al blau, verd o
vermell, respectivament. L'ull huma conté aproximadament 120
milions de bastons i 6 milions de cons, distribuits de manera desigual,
com ja s’ha exposat: els cons es concentren a la macula —especialment
a la fovea—, mentre que els bastons predominen a la periferia (8).
Aquest patré reforca I'especialitzacié funcional entre la visi6 central i

periferica.

Morfologicament, els fotoreceptors presenten una arquitectura

polaritzada amb compartiments diferenciats (Figura 3) (10):

e Segment extern (SE): conté els discs membranosos que
allotgen els pigments visuals —rodopsina als bastons i opsines
als cons—, responsables directes de la captacié de fotons.
Aquests discs es renoven continuament mitjancant un procés

coordinat de sintesi i fagocitosi.

e Segment intern (SI): ric en mitocondris, genera l'energia
necessaria per sostenir el metabolisme cel-lularil’alta demanda

bioenergetica del SE.

e Cili de connexio: estructura homologa al cili primari que uneix
SE i S, i actua com a via de transport intracel-lular selectiu de

proteines, vesicules i altres components essencials.

e Terminal sinaptic: primer punt de transmissié del senyal
visual, establint contacte amb les cel-lules bipolars mitjangant

mecanismes regulats per canals i proteines sinaptiques.

34
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Figura 3. Estructura dels fotoreceptors. Representacid
esquematica d'un basté i d'un con amb els principals

compartiments funcionals. Figura adaptada de BioRender.

El senyal visual es transmet pel circuit vertical fotoreceptors —
cel-lules bipolars — ceél-lules ganglionars. Les cél-lules bipolars
integren i modulen els senyals, mentre que les ganglionars generen
potencials d’acci6 que viatgen pel nervi optic fins al cervell, on es forma
la percepcié visual conscient (4). Aquest circuit és regulat per les
cel-lules horitzontals i amacrines, que modulen lateralment la
informaci6, refinant contrast, resolucié espacial i sensibilitat al

moviment.

L’EPR desenvolupa un paper fonamental en la supervivencia dels

fotoreceptors. Aquesta monocapa cel-lular fagocita diariament els discs
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envellits del SE, intercanvia nutrients i ions, elimina residus cel-lulars i

regenera el cromofor visual (11-cis) mitjangant el cicle visual (6).

Les cél-lules de Miiller, principals cel-lules glials retinals, mantenen
I'estabilitat estructural i bioquimica, mentre que astrocits i microglia
contribueixen a la resposta immune i la neuroprotecci6. La barrera
hematorretiniana, analoga a '’hematoencefalica, garanteix un entorn
estable per a les neurones retinals, regulant l'intercanvi selectiu de
nutrients, metabolits i productes de rebuig entre la circulacié sanguinia

i el teixit neural.

5.1.3. Fototransduccio i cicle visual

La fototransduccidé és el procés mitjancant el qual els
fotoreceptors transformen I'estimul luminic en una resposta electrica
(11). S’inicia quan un foté és absorbit pel pigment visual (rodopsina o
opsina), fet que desencadena una cascada bioquimica que condueix a la
hiperpolaritzacio6 del fotoreceptor i a la modulacié de I'alliberament de

glutamat a la sinapsi amb les cél-lules bipolars (Figura 4).

Els cons presenten una resposta més rapida i menys sensible que
els bastons, fet que permet una millor adaptacié a la llum intensa i una
recuperacié visual més agil (12). Aquestes diferencies es deuen, en
part, a isoformes proteiques especifiques i a l'existencia d'un cicle

visual alternatiu, més rapid, a les cel-lules de Miiller (11).
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Figura 4. Cascada de fototransduccié en bastons. En
condicions de foscor (esquerra), la guanosina monofosfat ciclica
(GMPc) manté oberts els canals cationics del SE, permetent
I'entrada continua de Na* i Ca®** i mantenint la cél-lula
despolaritzada. L’absorci6 d'un fot6 (dreta) activa la rodopsina,
que estimula la transducina (T) i aquesta, al seu torn, la
fosfodiesterasa (PDE6). La conseqlient hidrolisi de GMPc provoca
el tancament dels canals, la hiperpolaritzacié de la membranaila
reduccio de l'alliberament de glutamat (Glu). Figura adaptada de
BioRender, inspirada en Klapper et al. (2016) (13).

Larepeticio6 del procés de fototransduccié requereix la regeneracio
de I'11-cis-retinal, cromofor derivat de la vitamina A, que confereix als
pigments visuals la capacitat de captar fotons. Aquesta regeneracié es
duu a terme mitjancant el cicle visual a 'EPR (Figura 5) i depén de
proteines com LRAT, RDH12 i RPE65, entre d’altres, aixi com d'una

aportacio dietetica adequada de vitamina A (11).
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Quan aquest cicle es veu alterat, com passa en diverses DHR,
s’acumulen subproductes com la lipofuscina, que tenen un efecte toxic,
induint estres oxidatiu i afavorint la degeneracié progressiva dels
fotoreceptors (14). La complexitat estructural i funcional de la retina fa
que alteracions moleculars o cel-lulars puguin desencadenar els

processos degeneratius caracteristics d'aquestes malalties.

Atgs\.. "\ Lisosoma
. > ~ e ©
LC3
EPR Fagosoma C\/ 1*/§-an9
11-cis-retinal Vitamina A
Fagocitosi Cicle
visual
Vitamina A

11-cis-retinal
All-trans-retinal

\Rodop‘sina j
Fotoreceptor c O)

Figura 5. Cicle visual i funcions de I'EPR. L’activaci6 de la

rodopsina converteix I'11-cis-retinal en all-trans-retinal, que ha
de ser regenerat a la forma activa (11-cis) per permetre nous
cicles de fototransducci6. Paral-lelament, 1'EPR elimina
diariament els discs envellits dels fotoreceptors mitjancant
mecanismes d’autofagia regulats per proteines com Atg5 i LC3,
contribuint aixi a I'’homeostasi retinal. Figura creada amb
BioRender, adaptada de Boya & Codogno (2013) (15).
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5.2. Les distrofies hereditaries de la retina (DHR)

Les DHR sén un grup heterogeni de malalties neurodegeneratives
que afecten principalment la retina i, en alguns casos, estructures
adjacents com la coroide o el vitri. Tot i compartir una mateixa
localitzacié anatomica, presenten una gran diversitat clinica i genetica,
amb més de 300 gens implicats i nombrosos fenotips descrits (16). En
termes globals, representen la primera causa de ceguesa d’origen
genetic i una de les principals causes de discapacitat visual en edat
laboral als paisos desenvolupats (17,18). L’edat d’inici, el tipus cel-lular
afectat, la velocitat de progressié i I'abast de la malaltia s6n molt
variables, i aquesta heterogeneitat, juntament amb la superposicié

fenotipica, dificulta sovint el diagnostic (19).

L’abordatge de les DHR requereix una estratégia multidisciplinaria
que integri una exploracié clinica experta, tecniques d’imatge
estructural i funcional i estudis genetics (20). Els subapartats segilients
aborden 'epidemiologia, la classificacid i I'estrategia diagnostica que

defineixen el marc clinic actual d’aquestes patologies.

5.2.1. Epidemiologia i impacte sociosanitari

Les DHR es consideren malalties minoritaries, ja que cadascuna
d’elles és poc prevalent de manera individual. Tot i aix0, en conjunt
afecten entre 1 de cada 2.000i 1 de cada 4.000 persones a escala global
(17,21-24). Aquestes xifres les situen entre les principals causes de

discapacitat visual i ceguesa geneética en paisos desenvolupats. A I'Estat
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espanyol, les estimacions son similars i la retinosi pigmentaria (RP)
concentra la majoria dels casos (25). Aplicades a la poblacié catalana,
aquestes dades suggereixen que prop de 2.000 persones podrien estar

afectades per alguna DHR, moltes d’elles amb diagnostic clinic de RP.

Tanmateix, 'impacte d’aquestes malalties transcendeix les xifres
epidemiologiques. Les DHR sén patologies croniques, progressives i,
en la majoria dels casos, sense tractament curatiu. Poden debutar a
qualsevol edat, sovint en moments vitals decisius —infancia,
adolescencia o inici de I'edat adulta— i evolucionar cap a perdua visual
greu o ceguesa legal. Aquesta discapacitat té repercussions en diversos
ambits de la vida quotidiana: limita I'autonomia i la mobilitat, dificulta
I'aprenentatge i I'accés al treball, i restringeix la participacié social (3).
L’'impacte emocional és igualment profund: ansietat, depressio i
aillament social sén freqiients, afectant no només la persona

diagnosticada sin6 també el seu entorn familiar i social (26,27).

En l'ambit estructural, persisteixen obstacles com el retard
diagnostic, la manca de professionals especialitzats, la desigualtat
territorial en 'accés a recursos i el desconeixement generalitzat de les
DHR (28,29), factors que poden reforgar I'estigma i la discriminacio. En
aquest context, les unitats especialitzades tenen un paper clau: garantir
atenci6 experta i longitudinal, aixi com contribuir a la visibilitzacié i

divulgacié d’aquestes malalties.

Els models d’atenci6 coordinada, basats en equips
multidisciplinaris, amb una transicié fluida entre etapes pediatrica i
adulta, poden reduir el temps diagnostic, millorar 1'assessorament

genetic i facilitar I'accés a assajos clinics i a noves terapies (20). Aquest
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enfocament ha d’estar centrat en el pacient, incorporant les
especialitats necessaries segons les comorbiditats i responent a les

seves necessitats mediques, emocionals i socials.

5.2.2. Diversitat fenotipica i classificacio clinica

La classificacié clinica continua sent una eina fonamental en
'avaluacié inicial de les DHR, ja que orienta la sospita diagnostica, guia
la seleccié de proves i facilita la interpretacié dels resultats moleculars
(30). Aquestes malalties abasten un ampli espectre, des de formes de
ceguesa greu i precog, com 'amaurosi congenita de Leber (ACL), fins a

quadres d’inici adult més lleus, com algunes distrofies maculars (31).

Tot i I'Gs creixent de classificacions basades en el gen causant
(16,32), Tlavaluaci6 fenotipica continua sent indispensable,
especialment quan I'estudi molecular no s’ha realitzat o no és concloent

(24,30). Els criteris classificatoris més utilitzats inclouen:

e Areadelaretina afectada: periferica, macular o generalitzada.
¢ Fotoreceptors implicats: bastons, cons o ambdoés.

e Edat d’inici: pediatrica o adulta.

e Evolucio: estacionaria o progressiva.

¢ Manifestacions extraoculars: absents (no sindromiques) o

presents (sindromiques).

La simptomatologia inicial pot orientar el diagnostic: la nictalopia
suggereix afectaci6 de bastons, mentre que la fotofobia i la

discromatopsia apunten a disfuncié de cons. La perdua de visi6 central
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o els escotomes paracentrals son tipics de les distrofies maculars (p.

ex., malaltia de Stargardt o de Best), mentre que la reduccié progressiva

del camp periféric és caracteristica de les degeneracions de bastons (p.

ex., RP) (30). Toti que habitualment I'afectaci6 és bilateral i simetrica,

poden existir asimetries en fases inicials o en casos de mosaicisme o

inactivacié preferencial del cromosoma X (33).

Les formes no sindromiques, definides per una afectaci6

exclusivament ocular, representen aproximadament el 70-80% dels

casos (31). Entre les principals destaquen:
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RP: forma més prevalent. Debut infantil o adolescent amb
nictalopia i constriccié progressiva del camp periferic, que pot
evolucionar cap a visio tunel i, posteriorment, afectaci6 central

(34). Inclou formes sectorials i classiques (Figura 6).

ACL: forma més precog i habitualment la més severa. Baixa visid
des del naixement, nistagme, hipermetropia i resposta

electroretinografica practicament abolida (35).

Ceguesa nocturna estacionaria congenita (CNEC): distrofia
no progressiva amb nictalopia des de la infancia i preservacio
relativa de la visi6 central. Inclou subtipus amb disfunci6 dels
fotoreceptors (Riggs) o de les bipolars (Schubert-Bornschein) i

formes associades com fundus albipunctatus i malaltia d’Oguchi.

Distrofia de cons i cons-bastons (DC/DCB): perdua bilateral
de visi6 central en la infancia o joventut, amb fotofobia i
discromatopsia; a les DCB s’hi afegeixen nictalopia i perdua

periferica precog.
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Acromatopsia: disfuncié congénita dels cons (Figura 6),
classicament estacionaria, amb nistagme, fotofobia i
discromatopsia marcada; funcid dels bastons preservada i, per

tant, visiéo nocturna conservada.
Distrofies maculars:

< Malaltia de Stargardt: principal maculopatia juvenil
d’origen genetic. Es caracteritza per una perdua
progressiva de la visid central, amb edat d’inici variable,
marcada heterogeneitat fenotipica i acumulacié de
lipofuscina a I'EPR.

< Malaltia de Best: expressivitat clinica i evoluci6
variables, amb risc de neovascularitzacié subretinal.

< Distrofia en patrd: caracteritzada per diposits de
lipofuscina a 'EPR amb configuracions reticulars o
geometriques, d’inici tipicament adult i evolucié lenta

amb afectacio6 central.

Coroiderémia: lligada a I'X, amb afectacié progressiva d’EPR,
retina i coroide. En homes, nictalopia en la infancia o
I'adolescencia i perdua periferica lenta durant decades, amb

preservacio macular fins a fases avancades (36).

Retinosquisi juvenil lligada a I’X: separaci6 de capes retinals
a la macula amb disminuci6 d’AV i escotomes centrals des de la
infancia. Pot complicar-se amb hemorragies vitries i
despreniment de retina per esquingaments en zones de

retinosquisi periferica.
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Figura 6. Caracteristiques multimodals de formes no sindromiques de
DHR. A) Retina sana. B) Malaltia de Best: dipdsit groguenc subfoveal de tipus
egg-yolk (fletxa). C) Malaltia de Stargardt: flecks hiperautofluorescents per
acumulacié de lipofuscina a 'EPR (fletxa) i atrofia macular. D) Retinosquisi
juvenil: patré macular en radis de roda (cercle discontinu), amb separaci6 de
capes internes de la retina i cavitats intraretinals visibles a I'OCT. E)
Coroideremia: atrofia extensa de I'EPR i de la coriocapil-lar, amb illots

confluents de despigmentacié i arees hipoautofluorescents progressives.
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F) Acromatopsia: hipoautofluorescéncia central i discontinuitat de la linia de
I'el-lipsoide al’'OCT (fletxa), indicativa de pérdua selectiva de cons. G) Retinosi
pigmentaria: forma classica (esquerra), amb espicules pigmentaries,
atenuacié vascular i pal-lidesa papil-lar, i forma sectorial (dreta), amb
afectaciéo predominant de la retina inferior. Figura original amb imatges

cliniques representatives de pacients.

Altres DHR no sindromiques menys prevalents inclouen Ia
distrofia macular de Sorsby; les vitreoretinopaties hereditaries, amb
anomalies del vitri i risc elevat de despreniment de retina; 'atrofia
girata, secundaria a un defecte en el metabolisme de 'ornitina; i el
monocromatisme de cons blaus, una forma lligada a I’X amb afectacio

selectiva dels cons L i M (36).

Les formes sindromiques, que representen aproximadament
entre un 20% i un 30% dels casos, es caracteritzen per una afectacio
multisistémica. La majoria deriven de disfuncions del cili primari,
present en gairebé tots els tipus cel-lulars i imprescindible per al
transport intracel-lular (37). Quan aquest sistema es veu alterat, la
disfuncié retinal s’associa freqlientment a manifestacions auditives,
neurologiques, renals o endocrines (38). Entre les DHR sindromiques

més freqiients destaquen:

o Sindrome d'Usher: la més prevalent, combina RP amb
hipoactsia neurosensorial congénita, amb o sense disfuncié
vestibular. Es distingeixen tres subtipus (I, II i III) segons la

severitat auditiva, la funcié vestibular i I'’edat d’inici.
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Sindrome de Bardet-Biedl: distrofia retinal d’inici precog,
habitualment amb fenotip de RP, associada a obesitat,
polidactilia postaxial, hipogonadisme, disfuncio renal i afectacio
cognitiva. Presenta marcada variabilitat clinica entre individus i

families.

Sindrome de Senior-Lgken: combina distrofia retinal d’'inici
preco¢ (ACL o RP) amb nefronoptisi, sovint infradiagnosticada
en fases inicials, que pot evolucionar cap a insuficiéncia renal

progressiva.

Sindrome de Joubert: caracteritzada per hipoplasia o agenesia
del vermis cerebel-l6s, amb hipotonia, ataxia i retard en el
desenvolupament, aixi com alteracions oculars, entre les quals

destaca la distrofia retinal.

Altres formes sindromiques més minoritaries inclouen la sindrome

d’Alstrom, la d’Stickler, 1’albinisme oculocutani i el pseudoxantoma

elastic (36).

El fenotip de les DHR s’inscriu en un espectre clinic continu, en el

qual sovint s’identifiquen formes intermeédies. En alguns casos, fins i tot

s’observa una evolucié d'una presentacié inicialment no sindromica

cap a manifestacions sistemiques (37,39). Aquesta naturalesa

dinamica, juntament amb la marcada variabilitat interindividual i la

superposicio fenotipica (Figura 7), dificulta que cap sistema

classificatori en pugui reflectir de manera exhaustiva la complexitat

d’aquestes malalties (31).
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Figura 7. Superposicio fenotipica de les principals formes no

sindromiques de DHR. Representacié esquematica segons el

tipus cel-lular afectat (cons o bastons) i la progressié amb l'edat.

Les arees de superposicid s6n orientatives i expressen una

gradaci6 qualitativa, no quantitativa; cada cas clinic s’ha

d’abordar individualment, i la figura s’ha d’entendre com una

guia general i no com un patr6 fix. ACHM, acromatopsia; ACL,

amaurosi congenita de Leber; CM, coroideréemia; CNEC, ceguesa

nocturna estacionaria congeénita; DC, distrofia de cons; DCB,

distrofia de cons-bastons; DM/STG, distrofies maculars/malaltia

de Stargardt; RP, retinosi pigmentaria; RS, retinosquisi juvenil.
Inspirada en Estrada-Cruzcano et al. (2012) (40).

Davant I'heterogeneitat clinica de les DHR, I'’enfocament diagnostic

actual requereix la integraci6 de multiples criteris (Taula 1) i un

seguiment prolongat en el temps, sovint de caracter multidisciplinari.

Aquesta necessitat és especialment rellevant en pacients amb afectacio
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preco¢ o fenotips inicialment dubtosos, on la definici6 clinica pot
canviar amb I'evoluci6 natural de la malaltia. A més, la preséncia de
complicacions oculars intercurrents, com cataractes o despreniments
de retina, pot interferir en la valoraci6 funcional, agreujant les
dificultats diagnostiques (16). Tot plegat justifica un abordatge

estructurat, flexible i adaptatiu al llarg del temps.

Taula 1. Classificacio6 clinica de les DHR segons la preséncia de
manifestacions extraoculars i la topografia predominant de

'afectacié de la retina. Taula original.

Topografia Entitat Evolucié S ef Edat
A e P Herencia e s
predominant clinica clinica d’inici

CNEC Estacionaria ~ XL/AD/AR  Infancia
Periférica RP/distrofia  Progressiva =~ AR/AD/XL  Infancia/
de bastons joventut
Acromatopsia  Estacionaria AR Infancia
53 Malaltia de Progressiva AR Infancia a
= Stargardt edat adulta
= Macular ] ) o
5 (central) Malaltia de Progressiva AD Infancia a
£ Best edat adulta
7]
E Retinosquisi Progressiva XL Infancia
juvenil
ACL Progressiva AR Naixement
Generalitzada  Coroiderémia Progressiva XL Adolescéncia
Distrofia de Progressiva AR/AD Infancia/
cons-bastons adolescencia
Sindrome Progressiva AR Infancia/
. d’Usher adolescencia
« Periferica i .
° Sindrome de Progressiva AR Infancia
E Bardet-Biedl
'E Sindrome de  Progressiva AR Naixement/
i . Joubert infancia
Generalitzada i . .
Sindrome de  Progressiva AR Infancia

Senior-Lgken

Abreviatures: ACL: Amaurosi congénita de Leber; AD: autosomica dominant; AR: autosomica
recessiva; CNEC: ceguesa nocturna estacionaria congenita, RP: retinosi pigmentaria; XL: lligada
al cromosoma X.
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5.2.3. Diagnostic clinic i funcional

L’abordatge diagnostic de les DHR segueix un procés estructurat
que integra anamnesi detallada, exploracié oftalmologica, técniques
d’imatge, proves funcionals i estudi molecular (Figura 8). Aquest
itinerari permet avangar des d'una sospita inicial —motivada per
simptomes visuals com nictalopia, fotofobia o perdua visual
progressiva, per troballes fortuites en revisions oftalmologiques de
rutina o per antecedents familiars— fins a establir un diagnostic de

precisio.

Figura 8. Esquema del procés diagnostic en les DHR:
avaluacié clinica, estudi genetic i diagnostic molecular, que
permeten implementar accions individualitzades. Abreviatures:
AV: agudesa visual; BMC: biomicroscopia; CV: camp visual; FAF:
autofluorescencia; FU: fons d’ull; PIO: pressi6 intraocular; OCT:

tomografia de coherencia optica. Figura original.
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Anamnesi i historia familiar

L’anamnesi dirigida és essencial per identificar manifestacions
cliniques subtils, dificils de descriure pel pacient, com dificultats
d’orientaci6 en baixa lluminositat, problemes de conducci6 nocturna o
tendencia a ensopegar. En pediatria, el nistagme, la descoordinacid
motriu i el baix rendiment escolar poden ser indicadors precogos de

deficit visual.

Segons Stephenson et al. (2022) (41), la sospita de DHR es reforga

davant de:

e inici dels simptomes abans dels 40 anys;

e afectacio6 bilateral i simetrica;

e antecedents familiars;

e evolucié progressiva;

e signes oculars (p. ex., cataracta subcapsular posterior
juvenil) o sistemics (com hipoacusia neurosensorial o

polidactilia) associats.

En canvi, la simptomatologia unilateral o marcadament asimeétrica
i I'inici després dels 60 anys so6n més tipics de patologies adquirides,
com la degeneraci6 macular associada a I'’edat (DMAE), inflamacions
oculars croniques o lesions traumatiques, que requereixen una

avaluaci6 acurada abans de sol-licitar proves genetiques.

La recollida d’antecedents familiars i la detecci6 de
consanguinitat son fonamentals. L’elaboracié d'un arbre genealogic

facilita la identificacié del patré d’herencia i la seleccié de 'individu
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idoni per a l'estudi molecular (20). Paral-lelament, cal descartar
diagnostics diferencials que poden simular una DHR, com la retinopatia
autoimmune, les uveitis posteriors (infeccioses o no) i la toxicitat
retinal per farmacs (p. ex., hidroxicloroquina o deferoxamina). També
s’han de considerar antecedents de prematuritat o trastorns

neurologics (41).

En fases avancades, certes malalties adquirides poden presentar
signes funduscopics similars a les DHR, com espicules pigmentaries per
migracio de cel-lules de 'EPR, pal-lidesa del disc o atenuaci6 arteriolar.
Aquests casos requereixen una valoracié clinica i bioquimica

exhaustiva abans d’atribuir el quadre a una DHR.

Exploracio oftalmologica i proves d'imatge

L’avaluaci6 inicial ha d’'incloure AV i pressié intraocular (PI10). La
biomicroscopia pot revelar cataractes subcapsulars posteriors
—freqlients en RP—, opacitats vitries o altres signes de cronicitat.
L’examen de fons d'ull és indispensable per detectar espicules
pigmentaries, atrofia macular o atenuacié vascular; no obstant aixo, pot
ser normal en fases inicials, fet que reforga la necessitat d’'una lectura

experta i d'un seguiment evolutiu.

La tomografia de coheréncia optica (OCT) és 'eina de referéncia
per estudiar la retina amb resolucié quasi histologica (2). Permet
identificar alteracions especifiques segons el fenotip i I'estadi evolutiu,
com la disrupci6 de la membrana limitant externa o de la linia de
'el:lipsoide —indicatives de degeneracié de fotoreceptors—, aixi com

edema macular cistoide, retindosquisi macular o traccions
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vitreoretinals. En DHR associades a CRB1 és tipic 'engruiximent i la

desorganitzaci6 laminar de les capes internes de la retina.

L’autofluorescencia (FAF) reflecteix el contingut de lipofuscina
de I'EPR. La hipoautofluorescencia indica atrofia de I'EPR i dels
fotoreceptors, i es pot observar a l'area macular en la malaltia de
Stargardt o a la periféeria en casos de RP. En canvi, la
hiperautofluorescéncia suggereix acumulacié de lipofuscina i es
manifesta tipicament en lesions perifoveals (flecks, Stargardt) o en
d’anell hiperautofluorescent (RP), que delimita el front de degeneracid
retinal. Tecniques avancades com I'OCT-angiografia o 1'optica
adaptativa aporten informacié addicional sobre la perfusié retinal i la

morfologia dels fotoreceptors, amb una resolucié gairebé cel-lular (2).

Proves funcionals

Les proves funcionals mesuren directament la integritat retinal. La
campimetria estatica (estrategies 10-2 o 24-2) i la cinética
(Goldmann) delimiten i quantifiquen escotomes i en permeten el
seguiment. L’electroretinografia de camp complet (ffERG) és clau
per discriminar si I'afectaci6 és de bastons, cons o mixta, i detectar
activitat residual en fases avancades. L’electroretinografia
multifocal (mfERG) avalua la funcié maculari és util en Stargardt, Best

o RP avancada.

Altres proves com els potencials visuals evocats o
I'electrooculograma tenen un paper complementari en el diagnostic
diferencial, especialment en patologia del nervi optic o en entitats

concretes com la malaltia de Best.
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Estudi genetic

L’estudi genetic és un pas essencial davant qualsevol sospita de
DHR, un cop descartades altres causes adquirides o neurologiques.
Aquest estudi molecular culmina el procés diagnostic i, en cas de
confirmacid, permet validar o redefinir la sospita clinica, establir el
patré d’heréncia, orientar l'assessorament reproductiu i determinar
I'elegibilitat per a terapies dirigides (18). En el context de les DHR es
poden dur a terme diverses modalitats d’estudi genetic (Figura 9).
Aquesta tesi se centra principalment en els estudis diagnostics
—adregats al pacient afectat (cas index)— i, en alguns casos, en estudis
de confirmacié. Altres modalitats (presimptomatic, segregacio,
portadors) tenen un paper complementari, especialment en I'ambit

familiar i reproductiu.

Figura 9. Tipus principals d’estudi genétic en I'ambit clinic,

segons l'objectiu i el context assistencial. Figura original.
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Tots els estudis genétics han de realitzar-se en el marc d'un
assessorament genetic, amb consentiment informat i discussid
previa de les possibles implicacions personals i familiars (20,42). La
interpretacié dels resultats ha de ser multidisciplinaria, amb implicacié
de clinics i genetistes, i contextualitzada, i la comunicaci6 amb el

pacient, clara i empatica (43).

En sintesi, el diagnostic de les DHR requereix una aproximacio
transversal que integri anamnesi, exploracié experta, tecnologies
d’imatge i proves funcionals, culminades per una interpretacié genética
rigorosa. La qualitat del procés depen, en ultima instancia, de
I'expertesa clinica i de l'adaptaci6 personalitzada a cada pacient

(16,20).
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5.3. Bases genetiques de les DHR

L’analisi de les DHR requereix anar més enlla de la caracteritzacio
fenotipica per comprendre’n les causes moleculars subjacents. La
identificacié del gen RHO com a primer gen associat a la RP, I'any 1990
(44), vamarcar l'inici d’'una nova etapa en l'estudi d’aquestes malalties.
Des de llavors, el coneixement del paisatge geneétic s’ha expandit de
manera exponencial, amb la identificacié de 338 gens causants de DHR

(RetNet, https://sph.uth.edu/retnet/, consulta del 6 de juliol de 2025).

Aquest aveng ha consolidat la genetica com a pilar central, tant en el

diagnostic com en el desenvolupament de terapies personalitzades.

Les DHR mostren una heterogeneitat genética excepcional, tant pel
gran nombre de gens implicats com per la diversitat de variants i
mecanismes moleculars que les originen. Encara que la majoria
responen a un model monogenic amb herencia mendeliana classica,
cada vegada es coneixen més excepcions, com l'’heréncia digénica o
oligogenica, el mosaicisme i la influéncia de factors modificadors, que
introdueixen un nivell addicional de complexitat interpretativa

(45,46).

Aquest apartat aprofundeix en els fonaments moleculars que
expliquen aquesta complexitat: els gens implicats i les seves funcions,
els tipus de variants i els mecanismes de patogenicitat, els patrons
d’herencia i la correlaci6 genotip-fenotip. També s’hi aborden les
implicacions terapeutiques derivades d’aquest coneixement, clau per

entendre la fisiopatologia, interpretar la variabilitat clinica i avancar en
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la resoluci6 de casos molecularment no resolts, amb I'objectiu final de

consolidar la medicina de precisid.

5.3.1. Gens implicats i funcions moleculars

Els gens associats a DHR participen en processos basics per al
funcionament i la supervivencia dels fotoreceptors i de I'EPR. Alguns
codifiquen proteines de la cascada de fototransduccid, com GNAT]I,
PDE6B o RHO (Figura 10). Quan aquestes proteines perden la seva
funcié, la resposta luminica dels bastons queda compromesa,
provocant nictalopia i perdua de visi6 periferica sovint abans que s’hi
detectin alteracions estructurals (11). Per aquest motiu, aquestes
formes poden passar desapercebudes en una exploracié6 morfologica

convencional.

Altres gens, com LRAT, RDH12 o RPE65, intervenen en el cicle
visual. Les variants en LRAT i RPE65 bloquegen la sintesi de I'11-cis-
retinal i provoquen una disfuncié visual greu des de les primeres
etapes, tot i la preservacié estructural inicial dels fotoreceptors.
Aquesta caracteristica ha estat determinant per al desenvolupament de
terapies geniques, ja que l'eficacia d’aquests tractaments depen de
'existencia de cel-lules viables en les quals transferir el gen funcional
(47). En canvi, les variants en RDH12 s’associen habitualment a una
degeneraci6 estructural més precog, fet que en pot limitar el potencial

terapeutic (11).
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Gens com CEP290, IFT140 o RPGR tenen un paper central en el
transport ciliar, regulant el transit intracel-lular entre el SE i SI (37).
Quan aquest procés es veu alterat, la degeneracié progressiva dels
fotoreceptors pot limitar-se a la retina o bé formar part de ciliopaties

sistemiques, com les sindromes de Joubert o Bardet-Biedl (38).

També hi ha gens implicats en la sinapsi retinal, com CABP4,
CACNAIF i NYX, que regulen la transmissio del senyal electric entre
fotoreceptors i cel-lules bipolars (36). Quan aquesta connexio6 falla, la
llum és captada, pero el senyal no es transmet de manera eficient a les

neurones postsinaptiques, donant lloc a fenotips com la CNEC (34).

Una proporci6é significativa de gens relacionats amb DHR
intervenen en processos cel-lulars més generals, agrupats sota el
concepte d’homeostasi cel-lular. Entre aquests hi ha els implicats en
la fagocitosi dels discs del SE per part de I'EPR (p. ex.,, MERTK), en la
proteccié contra l'estres oxidatiu (p. ex.,, CERKL) o en el manteniment

de l'arquitectura i la polaritat cel-lular (p. ex., CRB1).

Finalment, alguns gens participen en la regulacié geénica
mitjangcant mecanismes com I'splicing (p. ex., PRPF31, SNRNP200) o el
control transcripcional. Malgrat la seva expressié generalitzada en
multiples teixits, les variants en aquests gens poden tenir un impacte
predominant a la retina, probablement a causa de la seva renovacié
cel-lular constant, l'elevada demanda metabolica i I'exposicié
permanent a estres luminic, factors que la fan especialment vulnerable

a qualsevol disfuncié molecular (5).
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@ REGULACIO GENICA @ FOTOTRANSDUCCIO
AIRE HMX1 PRPF3  TEAD1 CNGA1  OPNILW
ATF6 MED12  PRPF31 TOPORS CNGA3  OPNTMW
ATOH7  NEUROD1 PRPF4  TRIM32 CNGB1  PDE6A
BCOR NR2E3 PRPF6  TRNTI1 CNGB3  PDE6B
CRX NR2F1 PRPF8  TUB A A 5)| GNAT1  PDE6C
CTNNB1 NRL RAX2 ZNF408 GNATZ  PDE6G
DHX38 OTX2 RP9 ZNF423 GNB3 PDE6H
ERCC6  PAX2 SAMD7 GUCATA RGS9
EXOSC2 PRDM13 SNRNP200 ! GUCATB RHO

GUCYZD SAG

@ TRANSPORT CILIAR . @ CICLE VISUAL
ADGRVT BBS9 IFT43  SPATA7 ABCA4  RDH1Z
AHIT CC2D2A  [FT74  TMEMZ216 GRKT RDH5
ALMST CDH23 1QCBT  TMEMZ218 IDH3B  RGR
ALPKT CEP164 LCA5  TMEM231

LRAT RLBP1
RBP3 RPE6S

(5) SINAPSI RETINAL

CABP4 MPDZ
CACNATF  NYX
CACNAZD4  RIMST
CLRNT RIMS2
FRMD7 TRPM1
GPR179 UNCT79

ARL13B CEP290  LZTFLT TMEM67
ARL2BP CEP41 MKKS  TRAF3IP1
BBIP1  CEP78 MKST  TTC8
BBS1 CFAP20  NPHP3 TTLLS
BBS10  CFAP418 OFDT  USHIG
BBS12 DYNCZH1 PDZD7 USHZ2A
BBS2 IFT140 POCTB  WDPCP
BBS4 IFT172 RP1 WDR19
BBS5 IFT27 RPGR  WHRN
BBS7

GRM6 USHIC
(6) HOMEOSTASI CEL-LULAR LRIT3
ABCC6 ~ CDH3  COL9A3 FBLN5 INPPSE  MTTP  PEX6 RD3 STNT

ABHD12  CDHRT COQZ FLVCR1 KCNJ13 MVK PEX7 REEP6 TIMMBEA
ACBD5 CEP250 COQ8B FSCN2 KCNVZ2  MYO7A PHYH ROM1 TIMP3

ACO2 CERKL  CRBT1 FzZD4 KIAAT549 NBAS PITENM3  RP1LT TINF2
ADAMS CFH CSPP1  GDF6 KIF11 NDP PLA2G5 RP2 TMEMZ237
ADAMTS18 CHM cret GNPTG KIF3B NMNATT PLK4 RPGRIPT TPP1
AFG3L2 CIB2 CTNNAT GPR143 KiZ NPHPT  PNPLA6  RPGRIP1L TREX1
AGBLS CLCCT  CTNND1 GRN KLHL7 NPHP4  POMGNTT RST TSPANT2
AIPLT CLN3 CTSD HARS  LAMAT  OAT POMGNTZ RTN4IPT TTPA
ALDH3A2 CLN5 cwecz27  HCCS  LAMPZ — OPA1 POMTT SCAPER TUBB4B
AMACR CLN6 CYP4VZ2 HGSNAT LRP2 OPA3 PPTT SDCCAG8 TUBGCP4
ARHGEF18 CLNS DHDDS  HK7 LRP5 P3HZ2 PRCD SEMA4A TUBGCP6
ARL3 CNNM4 DRAM2 HKDC1 MAK PANKZ  PROM1 SGSH TULPT
ARL6 COL11AT EFEMPT HMCN1 MCOLNT PCARE  PRPH2 SLC24AT1 USP45
ARSG COLT8AT ELOVL4 IDH3A  MERTK  PCDH15 PRPS1 SLC38A8 VCAN
BESTT COL2AT ERCC8  IKBKG ~ MFRP PCYTIA PYGM SLC6A6 VPS13B
C1QTNF5 COL4A1 EYS IMPDH1 MFSD8  PDSS1  RAB28 SLC7A14 VWAS

C27orf2  COL9AT FAMI61A IMPG1 ~MMACHC PEXT RBP4 SRD5A3  ZFYVEZ26
CAPNS COL9A2 FAMS57B  IMPG2  MSTOT  PEX2 RCBTBT1  SSBPT
Figura 10. Classificaci6 funcional dels gens associats a DHR
en sis categories principals: (1) regulacié génica, (2) transport
ciliar, (3) fototransduccié, (4) cicle visual, (5) sinapsi retinal i (6)
homeostasi cel-lular. S’hi inclouen els gens seqlienciats a la cohort
de I'Hospital Universitari de Bellvitge. Figura original, inspirada
en Verbakel et al. (2018) (34).
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Tanmateix, molts d’aquests gens presenten pleiotropia funcional,
ja que intervenen simultaniament en diversos processos biologics. Per
exemple, ABCA4 —el gen més prevalent en DHR a Europa (25,48)—
participa tant en el cicle visual com en la gesti6 lipidica al SE (17,49).
De manera similar, CRB1 intervé en la polaritat cel-lular i en la sinapsi,
mentre que CEP290 i RPGR tenen rols amplis en la morfologia, la
senyalitzaci6 i la dinamica intracel-lular (39,50-52). Aquesta
caracteristica contribueix a la variabilitat fenotipica observada en
pacients amb alteracions genetiques en un mateix gen, amb
manifestacions que poden anar des de formes sindromiques fins a

maculopaties o RP.

Aquesta diversitat molecular i funcional explica tant
I’heterogeneitat clinica i genética de les DHR com les dificultats per
diagnosticar-les, classificar-les i establir correlacions genotip-fenotip.
Per abordar aquesta complexitat, és essencial aprofundir en el paper

de cada gen i en els mecanismes que en condicionen la patogenicitat.

5.3.2. Tipus de variants i mecanismes de patogenicitat

Les DHR poden ser causades per una amplia varietat de variants
genetiques que actuen a través de multiples mecanismes moleculars. A
diferencia d’altres malalties mendelianes més homogenies,
practicament tots els tipus de variants descrits —des de canvis
puntuals fins a alteracions estructurals complexes— s’han associat a
aquestes patologies. Aquestes variants poden alterar directament la
proteina codificada o interferir en processos reguladors i de

processament del transcrit (21,25,53,54), incidint en qualsevol etapa
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del flux d’informacié genetica, des de la transcripci6 fins a la sintesi
proteica (Figura 11). Comprendre aquests mecanismes és essencial per

a la interpretacio precisa de les variants detectades.

Enhancer/silencer O\i«% ' \\5/&
€ SVEX01 Ex62 Ex63 Ex64  Ex65%
aoN — I —— I - — i A
Intrd1 Intr62  Intré63 Intro 4
lTranscripcié
Pre-ARNm - — — —
VN N NS Splicing
1 3 5 2 3 4 1 2 3
[ ] [ I
ARNmM
} lTraduccié
0,9 &5
Proteina @
Isoforma 1 Isoforma 2 Isoforma 3

Figura 11. Esquema del flux d’'informaci6 genetica (ADN —
ARN - proteina) i de I'splicing alternatiu. A la part superior es
mostra l'estructura d’un gen tipic amb exons, introns i regions
reguladores (enhancers, promotor, UTRs). Durant la transcripcié
es genera un pre-ARNm, processat per eliminar introns i unir
exons mitjancant I'splicing. L'splicing alternatiu permet generar
diversos ARNm madurs i isoformes proteiques a partir d'un
mateix gen, fenomen especialment rellevant a la retina. Figura

adaptada de BioRender.
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A continuacié es revisen els principals tipus de variants i els

mecanismes pels quals esdevenen patogeniques:

Variants codificants

Afecten directament les regions exoniques i modifiquen la
seqiiencia de la proteina resultant. Sovint sén més facils d’interpretar

pel seu impacte estructural o funcional directe:

e Missense: substitucié d'un aminoacid. Poden ser neutres o
altament disruptives i constitueixen el tipus de variant més
freqiient en DHR (25,54), especialment en ABCA4, on més del

60% de les variants descrites son missense (17).

e Nonsense (stop gain): introdueixen un cod6é de terminacio
prematur i generalment activen el mecanisme de degradacio
nonsense-mediated decay (NMD), evitant la sintesi de proteines
truncades potencialment toxiques. Sén habituals en gens

associats a formes recessives greus, com USHZA o CEP290.

e Indels (insercions o delecions): si la seva longitud no és
multiple de tres nucleotids, desplacen el marc de lectura
(frameshift) i generen proteines aberrants o truncades; si son in-
frame, mantenen el marc pero poden alterar la funci6 proteica.

Sovint es detecten en RPGR o RP1.

e Codons d’inici o terminacid: la pérdua del codd d’inici (start
loss) pot impedir la sintesi proteica, mentre que variants stop
loss poden allargar la proteina amb dominis anomals,

comprometent-ne |'estabilitat.
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Variants d’splicing

L’splicing és el procés que elimina introns i uneix exons per generar

un ARNm funcional (Figura 11). La retina, amb una de les taxes més

altes d’splicing alternatiu de I'organisme, és especialment vulnerable a

alteracions d’aquest mecanisme. Es calcula que entre el 15% i el 60%

de les variants patogeniques en DHR interfereixen amb I'splicing, ja

sigui de manera directa —modificant punts canonics d'unié— o

indirecta —alterant elements reguladors que controlen la inclusié o

exclusi6 d’exons (Figura 12) (55).
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Els principals tipus sén:

Llocs canonics: variants no codificants localitzades a les
posicions *1 i *2 de [lintré, imprescindibles per al
reconeixement de la maquinaria d’splicing. La seva alteracid
acostuma a provocar exclusié d’exons, retenci6 d’introns o
activacié de llocs criptics, sovint amb frameshift i degradacio del
transcrit per NMD (51,56). Exemple: RPGR c.1415-1G>A, que
altera el lloc acceptor de l'intré 11 i provoca l'exclusié de I'ex6

12, amb perdua de funcié.

Introniques profundes: variants no codificants situades lluny
dels exons (habitualment a més de 50 pb) que creen llocs
donadors o acceptors aberrants i promouen la inclusié de
pseudoexons. Exemples: CEP290 c.2991+1655A>G i USHZ2A
€.7595-2144A>G (18,57).

Exoniques: variants codificants que poden alterar la seqiiéncia

de reconeixement de I'splicing o modificar elements reguladors

|v Ex62 || Ex63 |——[Ex61
ACTIESS T T ST
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interns, com els potenciadors d’splicing exonics (ESE) (58).
Exemple: ABCA4 c.6342G>A, que elimina un ESE, activa un lloc

aberrant i indueix la degradacio del transcrit per NMD (59).

5'SS PolyA

3'SS
s e TN

3'8S 5'8SS Nou SS

|Ex61. Ex6 3 |

Il Exéz*—AI Ex6 3 | 1] Eo3 |

Nou SS

Pseudo e - - Pseudo - y
il Ex6 2 |—| Ex6 3 |—>|Exo1 Exo6 2 | Ex6 3 |

Nou SS

:,':-,gél Ex6 3 l

Figura 12. Principals mecanismes d’alteracié del
processament del transcrit en DHR. (I) Variants en llocs
canonics que provoquen delecié d'un exd. (II) Variants que
activen llocs d’splicing alternatius. (III) Variants introniques
profundes amb inclusié de pseudoexons. (IV) Variants exoniques
que generen llocs aberrants d'unié. (V) Variants que alteren ESE
i afavoreixen l'exclusi6 de l'exd afectat. Abreviatures: ESE:
element potenciador d’splicing exonic; SS: punt d’splicing; PolyA:
senyal de poliadenilacié. Figura creada amb BioRender, adaptada
de Abramowicz & Gos (2018) (55).

Variants en regions reguladores

Tradicionalment s’ha prioritzat I'estudi de les regions codificants
perque son les que codifiquen proteina. No obstant aix0, cada vegada

hi ha més evidencia que variants en regions no codificants —com
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introniques profundes, promotors, UTRs o enhancers— poden afectar
la transcripcid, I'estabilitat o la traduccié de '’ARNm, amb impacte en la
producci6 proteica. Per exemple, una variant upstream del GUCY2D
(c.-148T>C) ha demostrat reduir l'activitat transcripcional (53,60).
Aquest tipus de troballes reforcen la necessitat d’'incloure regions no
codificants en estudis dirigits a pacients sense diagnostic molecular

concloent.

Variants estructurals

Les variants estructurals (structural variants, SVs), com delecions
o duplicacions (copy number variants, CNVs), poden provocar tant
perdua com guany de funcié. Un exemple classic és la delecié
homozigota de NPHP1, freqiient en la sindrome de Senior-Lgken (61).
Altres SVs menys habituals, com inversions o translocacions, poden
interrompre gens clau o alterar-ne la seva regulacié (62). També s’han
descrit insercions d’elements mobils, com I'element Alu en RP1, que
introdueix centenars de nucleotids addicionals i genera un codé de

terminaci6 prematur (63).

Mecanismes moleculars de patogenicitat

Un mateix tipus de variant pot tenir efectes molt diferents segons
el context geneétic (cis/trans), la dosi genica, el domini proteic afectat,

el tipus cel-lular o el nivell d’activitat residual.
Els mecanismes principals sén:
1. Pérdua de funcidé: absencia o reduccié significativa de

'activitat proteica.
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e Variants amorfes/nul-les: originen abséncia total de
proteina funcional i s’associen sovint a formes recessives
greus.

e Variants hipomorfiques: conserven activitat parcial,
habitualment amb fenotips més lleus o d’inici tarda.
Exemple: ABCA4 p.(Asn1868lle), associada a baixa
penetrancia i efectes dependents del context (64).

o Haploinsuficiéncia: propietat de determinats gens en
que una sola copia funcional és insuficient per mantenir
'activitat normal. Exemple: variants en heterozigosi a

PRPF31 associades a RP dominant (65).

2. Guany de funcié: la proteina adquireix una activitat nova o
exacerbada, que en alguns casos és toxica per a la cél-lula.
Malgrat ser poc freqiient, és un mecanisme rellevant en certes
DHR dominants. Exemple: variants de CRX que activen

I'expressio aberrant de gens en fotoreceptors.

3. Efecte dominant negatiu: la proteina alterada interfereix amb
la funcié de la proteina normal, ja sigui formant complexos
disfuncionals o segrestant l'al-lel salvatge. Exemple: certes
variants de RHO es pleguen de manera anomala i s’acumulen al
reticle endoplasmatic, comprometent la viabilitat cel-lular i

causant RP.

En general, les variants associades a DHR tendeixen a ser iniques
per pacient o familia, sobretot en contextos recessius i poblacions
geneticament heterogenies. No obstant aixo, existeixen hotspots

mutacionals en alguns gens, com CEP290 c.2991+1655A>G,
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responsable de fins al 15% dels casos d’ACL (30,66), o la regi6 ORF15
de RPGR, amb elevada concentracié de variants patogeniques, pero

dificil de seqiienciar amb tecniques convencionals (67).

5.3.3. Patrons d’hereéncia i correlacio genotip-fenotip

Tot i ser tradicionalment considerades malalties mendelianes, les
DHR sovint desafien els patrons hereditaris classics (31). La manca de
correlacio directa entre genotip i fenotip, sumada a mecanismes atipics
com el mosaicisme, la penetrancia incompleta, I'expressivitat variable
o 'herencia digénica, obliguen a adoptar un enfocament diagnostic

flexible i contextualitzat.

Aproximadament el 60% dels casos de DHR segueixen un patré
d’heréncia autosomic recessiu (AR), en que la malaltia es manifesta
quan I'individu hereta dues copies alterades del mateix gen. Gens com
ABCA4, CERKL, CNGB1, EYS o USH2A sbn responsables d'una part
substancial dels diagnostics. Sovint no hi ha antecedents familiars, ja
que els progenitors son portadors asimptomatics. Aquestes formes
acostumen a presentar un inici precog i un pronostic més greu, toti que
la gravetat pot variar segons el gen, el tipus de variant i altres factors

genetics o epigenetics (17,25,54).

Els casos amb herencia autosomica dominant (AD) representen
aproximadament entre el 15% i el 25% i tenen una rellevancia clinica i
familiar considerable, ja que una sola copia alterada és suficient per

causar malaltia (36). Els gens més freqiientment implicats sén BEST1,
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CRX, PRPF31, PRPHZ i RHO. Aquest patré es caracteritza principalment

per dos fenomens:

¢ Penetrancia incompleta: com en PRPF31, on la dosi
funcional de proteina pot compensar parcialment la perdua
d’activitat, donant lloc tant a individus afectats com a
portadors asimptomatics dins de la mateixa familia (65).

o Expressivitat variable: com en variants de RHO, capaces
de generar tant formes tipiques de RP com formes sectorials

de progressié més lenta (31).

Aquests fenomens expliquen que alguns casos puguin semblar
esporadics o que el diagnostic es retardi en absencia d’antecedents

familiars evidents.

L’heréncia lligada al cromosoma X (XL) representa prop del 10%
dels casos de DHR (25). En gens com CHM, RPGR, RP2Z o RS1, els homes
—amb una sola copia del cromosoma X— presenten fenotips més
precocos i severs, mentre que les dones poden ser portadores
asimptomatiques o manifestar formes atenuades en funcié de la
inactivacié preferencial del cromosoma X (33,68). Aixi, algunes
portadores de variants en RPGR desenvolupen una RP tipica, mentre

que d’altres romanen practicament asimptomatiques (46,52).

En casos molt minoritaris s’han descrit formes amb herencia
mitocondrial, generalment associades a sindromes sistémics on la

retina és només una part d'un espectre clinic més ampli (36).
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Més enlla dels patrons d’herencia convencionals, les DHR també es

veuen influides per mecanismes menys intuitius:

e Mosaicisme: pot ser somatic, quan la variant només és
present en una fracci6 de cel-lules i causa fenotips parcials
o atipics; o germinal, quan afecta només les cél-lules
germinals i pot donar lloc a descendencia afectada de
progenitors aparentment sans.

e Herencia digenica o oligogenica: la interacci6 de variants
en més d’'un gen és necessaria per generar el fenotip (45).
Un exemple classic és la doble heterozigosi en PRPHZ i
ROM1, capag¢ de causar RP mentre que cadascuna de les
variants per separat és asimptomatica o de penetrancia
reduida. De manera similar, variants combinades en CDHZ23
i PCDH15 poden originar la sindrome d’'Usher tipus I
(69,70).

Aquests mecanismes compliquen el diagnostic de les DHR: lluny del
model monogenic en que una sola variant explica el fenotip, aquest
sovint resulta de multiples factors moduladors. Aixi i tot, en alguns gens
s’han establert correlacions genotip-fenotip relativament consistents
que poden orientar el diagnostic clinic (Taula 2). Per exemple, variants
en CHM i RS1 s’associen gairebé sempre a coroiderémia i retinosquisi
juvenil, respectivament, mentre que variants en BESTI es relacionen
majoritariament amb malaltia de Best. En altres casos, el fenotip depén
de la localitzaci6 intragenica de la variant: variants en USHZA poden

causar tant la sindrome d’Usher tipus Il com una RP no sindromica
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(71), i en RPGR, la regi6o ORF15 s’ha associat a DCB o a RP segons la

posicid de la variant (72).

Taula 2. Correlaci6 genotip-fenotip i diagnostics diferencials
dels 20 gens més freqiients en DHR adultes (25). Taula original.

- Correlaci6 clinica classica m Fenotips alternatius

ABCA4 Malaltia de Stargardt DC, DCB, RP

USH2A Sindrome d’Usher tipus II AR RP no sindromica

RPGR RP XL DC, DCB, distrofia macular

RHO RP o RP sectorial AD CNEC

BEST1 Malaltia} de Be.st AD R.P, d.istr(‘)fia macular,
Bestrofinopaties AR viteliforme adulta

EYS RP AR DCB

CRB1 Distrofia macular AR ACL, RP

PRPHZ2 Distrofia macular / en patré AD ACL, RP

RS1 Retinosquisi juvenil XL -

CHM Coroideremia XL RP

PRPF8 RP AD -

BBS1 Sindrome de Bardet-Bied]l AR RP no sindromica

RPE65 ACL AR RP

CEP290 Sindrome de Joubert AR ACL, RP, Senior-Lgken

PRPF31 RP (penetrancia incompleta) AD -

CNGA1 RP AR -

COL2A1 Sindrome d’Stickler AD -

MYO7A Sindrome d’Usher tipus I AR DHR no sindromiques

PROM1 Distrofia Stargardt-like AR DC, DCB, RP

RP1 RP AR/AD DC

Nota: Les correlacions poden variar segons context clinic i estudis publicats, i no sén excloents.

Una particularitat destacada de les DHR és la seva marcada
variabilitat fenotipica, ja analitzada anteriorment en relaci6 amb la
pleiotropia funcional de molts gens. Aquesta diversitat es veu
modulada pel tipus i la localitzacié de la variant, factors epigenetics,
elements reguladors no codificants, haplotips i interaccions gen-gen.
En ABCA4, per exemple, s’ha proposat una jerarquia al-lelica que

» o«

classifica les variants en “lleus”, “moderades” o “greus” segons el seu
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impacte funcional (56), fet que contribueix a explicar el seu ampli
espectre fenotipic, que inclou malaltia de Stargardt, DCB, RP i formes
generalitzades d’inici preco¢ (64,73). De manera similar, CEP290 pot
donar lloc tant a ACL com a sindrome de Joubert. A la inversa, un mateix
fenotip clinic, com la RP, pot derivar d’alteracions en més de 90 gens

amb mecanismes i patrons hereditaris especifics (Figura 13).

CABP4, GNATT,

GNB3, GPR179, cm DM ACL
GRK1, GRM6, LRIT3, GDF6, 1QCBT, LCAS,
N VX:Tglf; %4'4 1, NMNATT, OTX2, RD3
CACNATF,
RDHS5 PDESS CHM PRPH2 CEP290,  opp
RHO, KCNJ13
SAG RP CRBI, IFT140,
AGBLS, ARHGEF18, pedzifialt AIPLT,
bC/DCB ARLZBR ARLS, CLOCT, CNGAT,  apatas TULpy GUCY20,
CNGB1, CWC27, CYP4V2, DHDDS, ’ RPGRIP1
DHX38, EYS, FAM167A, HGSNAT, CRX DC/DCB
HK1, IDH3B, IMPG2, KIAA1549, ADAM9, ATF6, C21orf2,
ABHD1Z, KIF3B, KiZ, KLHL7, MAK, MERTK, CACNA2D4, CDHRT, CEP78,
ADGRV1, ¢LrRN1, MVK NEURODT, NRZE3, NRL, OFD1T, CERKL,  CNGA3, CNGB3, CNNM4,
ARSG,  ysHz4 PCARE PDE6A, PDEGG, POMGNTT, SEMA4A DYNC2HT, GNATZ, GUCATA,
CDH23, PRCD, PRPF3, PRPF31, PRPF4, KCNV?2, PDE6C, PDE6H,
CEP250, PRPF6, PRPF8, RBP3, REEP6, RGR, PITPNMS3, POC1B, RAB28,
CIB2, HARS, RLBP1, ROM1, RP1, RP2, RPY, ABCA4, RAX2 RIMST,
MYO7A, PCDH15, SLC/7AT4, SNRNP200, TOPORS, PROM1T, TTLL5 UNCT19
USHTC, USHTG, TRNT1, ZNF408 gEsT]  RPGR
WHRN FSCNZ,
GUCA1B, IMPGT,
DC/DCB - CFAP418 p 4 pasi, RPILT o
BBS2, IFT172,
SBB T CTQTNF5, CFH, CTNNAT,
BBIP1, BBS10, BBS12, DRAM2, EFEMP1, ELOVL4,
BBS4, BBS5, BBS7, BBSY, HMCNT, MESDS, PRDM13, TIMP3

IFT27, INPP5E, LZTFL1,

MKKS, MKST, NPHP1,

SDCCAGS, TRIM32,
WDPCP

Figura 13. Superposicié genotip-fenotip en les DHR.
Diagrama d’associacions entre gens i principals entitats cliniques.
ACL, amaurosi congenita de Leber; CM, coroiderémia; CNEC,
ceguesa nocturna estacionaria congénita; DC/DB, distrofies de
cons i bastons; DM, distrofies maculars; RP, retinosi pigmentaria;
SBB, sindrome de Bardet-Biedl; USH, sindrome d’'Usher. Figura

original.
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En aquest context, la correlaci6 genotip-fenotip s’ha d’entendre
com una eina orientativa més que no pas com una regla fixa. La seva
interpretacid exigeix integrar el coneixement de la biologia del gen, la
naturalesa de la variant i la historia clinica del pacient. Cada cas és, en
ultima instancia, un trencaclosques Unic en qué gen, variant, entorn

familiar i fenotip interactuen de manera complexa.

5.3.4. Medicina de precisio i perspectives terapeutiques

L’aveng en el coneixement geneétic de les DHR ha transformat un
camp abans centrat en la classificacié diagnostica en un escenari de
recerca translacional amb vocacié terapeéutica, on el diagnostic
molecular ha passat de ser una eina confirmatoria a esdevenir el punt
de partida de la medicina de precisi6. L'ull constitueix un model
privilegiat per al desenvolupament de terapies dirigides gracies a la
seva accessibilitat, l'arquitectura compartimentada, el privilegi
immunologic, la possibilitat de monitoratge funcional i estructural i la
presencia d'un ull contralateral com a control (1). Aquestes
caracteristiques han situat les DHR al capdavant de la medicina

genomica translacional (18,74).

Actualment, només una minoria de pacients disposa d'un
tractament aprovat. L’any 2017, la introducci6 de voretigen
neparvovec (Luxturna) per a variants bial-leliques patogeniques en
RPE65 va marcar un punt d’inflexi6 (47,75). Des d’aleshores, el ventall
d’estrategies en desenvolupament s’ha ampliat de manera notable, tot
i que la majoria es troben encara en fase preclinica o d’assaig clinic,

segons el registre ClinicalTrials.gov (https://clinicaltrials.gov/).
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Les principals linies de recerca inclouen:

72

Terapies basades en ADN. L’augmentacié génica mitjan¢ant
vectors de virus adenoassociats (AAV) és l'estratégia més
avancada i ha demostrat millores funcionals i estabilitzacié de
la malaltia, com en el cas de Luxturna (47,76). Els principals
reptes inclouen la capacitat limitada de carrega —que dificulta
abordar gens grans com ABCA4 o USHZA—, la immunogenicitat
i la necessitat potencial de readministraci6. Per superar
aquestes limitacions, s’exploren estrategies de doble vector i
minigens. També s’estan desenvolupant plataformes
alternatives d’administracié, com nanoparticules o vectors no
virals, per ampliar-ne l'aplicabilitat. Paral-lelament, I'edicid
genomica (CRISPR-Cas9 o editors de base) ofereix opcions de
correccio directa, toti que actualment es troba principalment en
fase preclinica i amb reptes rellevants d’eficiéncia, especificitat

i seguretat in vivo (18,77).

Terapies basades en ARN. Els oligonucleotids antisentit (ASO)
permeten modular I'splicing i corregir transcrits defectuosos;
han arribat fins a assaig clinic de fase 3 per CEP290 (Sepofarsen)
itambé s’investiguen per USHZ2A i ABCA4 (57,78). Alhora, s’estan
desenvolupant tecnologies emergents d’edicié transitoria de
I’ARN (REPAIR, LEAPER), que ofereixen l'avantatge de no
modificar de manera permanent el genoma i, per tant, podrien
reduir riscos, toti que encara es troben lluny de la seva aplicacié

clinica (18).
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Terapies basades en proteina. Estrategies com els PROTACs i
les ubiquibodies utilitzen la maquinaria d’ubiqiiitinacio-
proteasoma per eliminar proteines patogeniques. En formes
dominants de RP, s’han desenvolupat PROTACs dirigits a RHO
alterada amb evidéncia prometedora en models preclinics
(18,74). Tot i aixo, es tracta encara de conceptes experimentals

amb reptes de penetraci6 tissular, estabilitat i especificitat.
Altres estrategies.

% La terapia cel-lular: el trasplantament de RPE derivat
de cél-lules mare pluripotents induides o de progenitors
retinals té com a objectiu reemplacar teixit degenerat

independentment del gen causal (74).

% L'optogenetica: permet conferir fotosensibilitat a
neurones internes en absencia de fotoreceptors. Els
primers assajos clinics han mostrat una recuperacio
parcial de la funci6 visual, fet que evidencia el potencial

translacional d’aquesta tecnologia (18).

«» Els farmacs moduladors: inclouen antioxidants,
retinoides sintetics i inhibidors de vies de mort cel-lular,
i podrien actuar com a terapies adjuvants o preventives

per alentir la degeneracié (28).

Aquesta diversitat d’estrategies permet estratificar el tractament

segons el gen causant, I'estadi evolutiu i el perfil funcional del pacient
(Figura 14), i reflecteix el canvi de paradigma cap a la medicina de

precisio.
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Figura 14. Etapes de degeneraciéo retinal en les DHR i
estrategies terapeutiques segons l'estadi evolutiu. Figura
creada amb BioRender, adaptada de Jacobson & Cideciyan (2010)
(79).

Per ultim, |'eficacia de les estrategies dirigides a ADN o ARN depén
de la viabilitat dels fotoreceptors i d'una caracteritzacié genetica
concloent, ates que l'elegibilitat és genotip-dependent (18). El patrd
d’herencia també condiciona I’eleccié terapeutica: en les DHR amb
herencia AR o XL s’acostuma a aplicar augmentacié genica, mentre que
en les formes AD sovint cal silenciar o degradar l'al-lel patogenic
(80,81). En canvi, estrategies genotip-independents —com la terapia
cel-lular, 'optogenetica o determinats moduladors farmacologics— es
poden aplicar en fases avancades (quan els fotoreceptors ja s’han

perdut) i sense necessitat d’'identificar el gen causal.
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5.4. Diagnostic molecular de les DHR

El diagnostic molecular és una eina fonamental en el maneig clinic
de les DHR. Coneixer la causa genetica no només permet establir un
diagnostic precis i posar nom a la malaltia, siné que també orienta el
pronostic, I'assessorament genetic i la planificaci6 reproductiva
(16,82). Amés, com s’ha vist en I'apartat anterior, la majoria de terapies
emergents son gen-dependents, fet que situa el diagnostic genetic al
centre de la medicina de precisié. Sense aquesta caracteritzacid
geneética, moltes opcions terapeutiques i serveis especialitzats queden

fora de I'abast del pacient.

El procés comenca habitualment amb una mostra de sang
periférica, d’on s’extreu ’ADN genomic. Un cop aillat, aquest ADN es
fragmenta i es prepara per a la seqiienciacid. Des de la generacié de
dades brutes fins a I'emissio de I'informe, el diagnostic molecular activa
un circuit multidisciplinari que integra tecniques de biologia molecular,

analisi bioinformatica i interpretacio clinica (Figura 15).

Aquest apartat revisa les principals tecnologies de seqlienciaci6 i
els criteris d’interpretacio de variants en DHR, i analitza com les causes
dels casos no resolts poden convertir-se en una oportunitat per
implementar estrategies innovadores que millorin el rendiment

diagnostic.
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Figura 15. Flux de treball simplificat de I'analisi genomica
mitjancant NGS. Els colors indiquen les fases de laboratori
(blau), bioinformatica (verd) i analisi clinica (groc). Figura
original elaborada a partir de Austin et al. (2022) (83).

5.4.1. Tecniques de seqiienciacio

Durant decades, el diagnostic genetic de les DHR es va basar en la
seqiienciacié individual de gens seleccionats segons el quadre clinici el
patr6 d’heréncia sospitat, mitjancant la tecnica de seqiienciacié Sanger.
Malgrat la seva elevada precisi6 analitica, era un procés lent, costos i
amb un abast molt limitat, que rarament superava un rendiment

diagnostic del 15-20% (32).
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La introduccié de la seqiienciacié massiva o de nova generacié
(Next Generation Sequencing, NGS) va suposar un canvi de paradigma,
en permetre I'analisi simultania de centenars de gens associats a DHR
en una Unica prova, reduint drasticament temps i costos i augmentant
de manera notable el rendiment diagnostic (32). El seu
desenvolupament va ser possible gracies als avencos del Projecte
Genoma Huma —culminat el 2003—, que va proporcionar el primer
mapa complet del genoma i les bases tecnoldgiques per a la seva

aplicacio clinica (84).

En menys d'una decada, la NGS ha permes abordar amb més
eficacia I’elevada heterogeneitat genetica de les DHR, incrementant el
percentatge de diagnostics confirmats i aportant informacié amb
implicacions terapeutiques, familiars i reproductives rellevants

(32,84,85).

Actualment, les principals modalitats de NGS utilitzades en el
diagnostic molecular de les DHR es basen en tecnologies de short-read
sequencing, que generen fragments curts d’ADN (100-300 pb)
posteriorment alineats amb el genoma de referencia (84). Les tres
aproximacions més utilitzades son els panells dirigits de gens, la
sequienciaci6 de I'exoma complet (Whole Exome Sequencing, WES) i la
seqiienciacié del genoma complet (Whole Genome Sequencing, WGS),
amb diferencies en abast, variants que es poden detectar, cost i

capacitat de reanalisi, entre d’altres (Taula 3) (86).
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Taula 3. Comparacio de tecniques NGS. Taula original.

Panells dirigits WES WGS
(personalitzats o
comercials)
Gen  Gen Intré 13 Ex61 Exé N
DODY s PO DIDDU MPDIPDIPDIDIDL
Il I m nig o Biing
mom om % m T 5 &
e = m S I o Iy mm
o s m m %
Reads = = ;: =
ek = 2 :; 1503000 = RE;SS m——— = =T
= = = - 230x T T T = ==

Regions Gens seleccionats Tots els exons Tot el genoma
analitzades + regions d’interés (~1-2% del (regions codificants i
genoma) no codificants)
Cobertura Alta i uniforme Variable segons Generalment uniforme
regio
Variants SNVs, indels i Variants codificants  Variants codificants,
detectades CNVs en els gens i CNVs introniques,
inclosos reguladores, SVs i
CNVs
Volum de Baix (~centenars- Mitja (~20.000-  Molt alt (~4-5 milions
dades milers de variants) 100.000 variants) de variants)
Temps i Rapid i assequible Intermedis Elevats
costos
Reanalitzable No St Si
Aplicabilitat Fenotips definits; Estandard en DHR, Casos no resolts,
clinica cribratge de versatil recerca
portadors
Avantatges Disseny a mida, Cobertura de tots Detecci6 global,
alta especificitat; els gens implicats incloses SVs i
facil d’interpretar mecanismes
complexos
Limitacions No inclou gens Cobertura desigual; Volum massiu de

fora del disseny

regions codificants i

dades, dificultat

introniques interpretativa i clinica,

flanquejants alt nombre de VUS
Riscos étics Baix Troballes Risc alt de troballes no

inesperades relacionades

Abreviatures: CNVs: variants de nombre de copia; SNVs: variants de nucleotid unic; SVs:
variants estructurals; VUS: variants de significat clinic incert; WES: seqiienciaci6é de 'exoma
complet; WGS: seqiienciaci6 del genoma complet.
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Un parametre técnic clau en totes elles és la cobertura (coverage),
que indica el nombre mitja de lectures per base: per exemple, 100x
significa que cada base s’ha seqiienciat, de mitjana, cent vegades. En
DHR, es recomana una cobertura mitjana de 2100-150x, amb un minim

de 20-30x per base per garantir la fiabilitat diagnostica (85).

Els panells dirigits —personalitzats segons |'experiéencia clinica
d'un centre o disponibles com a kits comercials estandarditzats—
inclouen els principals gens associats a DHR, amb alta cobertura de
regions exoniques i, sovint, de regions genomiques d’'interes com I'intré
13 d’'USHZA o 'ORF15 de RPGR (32). Representen una opcio eficient
tant técnica com econdmicament, amb alta sensibilitat diagnostica i una
interpretacié més acotada. Tanmateix, depenen de la seleccié de gens
inclosos i requereixen actualitzacions periodiques per mantenir-se

alineats amb el coneixement cientific més recent (87).

El WES cobreix totes les regions codificants (1-2% del genoma) i
genera dades reutilitzables que permeten aplicar panells virtuals
personalitzats segons fenotip i coneixement disponible (86). La seva
flexibilitat i escalabilitat I'han consolidat com la tecnica més utilitzada
—en el moment de redaccié d’aquesta tesi (juliol de 2025)— en la
practica clinica per al diagnostic de DHR (16). Presenta, pero, cobertura
desigual en algunes regions —sobretot exons rics en GC— i capacitat

limitada per detectar SVs o variants no codificants (88).

El WGS permet analitzar tot el genoma, incloent-hi regions
codificants i no codificants —com introns profunds, elements
reguladors i seqiiencies intergeniques—, aixi com SVs com insercions,

delecions de gran mida o inversions (89). A diferéncia del WES, no
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requereix captura previa i ofereix una cobertura més uniforme, fet que
afavoreix la detecci6 d’alteracions complexes i n’incrementa el
potencial diagnostic. No obstant aixo, el gran volum de dades que
genera exigeix analisis bioinformatiques avangades i planteja reptes
interpretatius, sobretot en relacié amb variants no codificants, la qual

cosa en limita I'ds clinic a entorns de recerca o casos complexes (16,83).

Finalment, la seqiienciacié Sanger, tot i haver estat ampliament
reemplacada, continua sent una eina complementaria de referéncia per
validar variants detectades per NGS, fer estudis de segregacid,
seqlienciacid dirigida i deteccié de portadors en assessorament genetic

reproductiu, gracies a la seva fiabilitat, simplicitat i baix cost (32).

5.4.2. Interpretacio i classificacio de variants

La seqiienciaci6 genomica d’alta resolucié identifica milers de
variants per individu, de les quals només una fraccié és clinicament
rellevant. Determinar quines variants son realment patogeniques i
responsables del fenotip constitueix un pas critic per transformar
dades massives en valor clinic. Aquest procés requereix expertesa
genomica i clinica, aixi com la integracié de multiples capes d’evidencia:
patré d’herencia, correlaci6 fenotipica, funcié i fisiopatologia del gen, i

context clinic del pacient (90).

Per harmonitzar aquest proceés, ’American College of Medical
Genetics and Genomics 1 1'Association for Molecular Pathology
(ACMG/AMP) van publicar I'any 2015 unes guies consensuades que

han esdevingut l'estandard internacional (91). Aquestes guies
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defineixen criteris jerarquitzats segons la forca de I'evidencia —molt
solida (PVS), solida (PS), moderada (PM), de suport (PP), i els seus
equivalents benignes (BS-BP)— que inclouen, entre d’altres,
freqiiencia poblacional (gnomAD), impacte funcional (p. ex., nonsense,
frameshift), configuraci6 cis/trans, prediccions in silico (REVEL, CADD,
SpliceAl), dades funcionals, segregacié familiar i correlacié fenotipica
(Taula 4). La combinacié d’aquests criteris permet classificar les
variants en patogenica (P), probablement patogenica (LP), de significat
clinic incert (VUS), probablement benigna (LB) o benigna (B) (Taules 5
i 6). En la practica clinica, només les variants P/LP es consideren
accionables: confirmen el diagnostic, orienten el seguiment,
justifiquen estudis familiars i faciliten 1'accés a opcions reproductives
—diagnostic prenatal o preimplantacional (DGP)— i a assajos clinics o

terapies dirigides (18).

Tot i la seva solidesa, el marc ACMG/AMP manté marges de
subjectivitat i variabilitat interlaboratorial, ja que la classificacié depen
de la qualitat de les dades i de la seleccid i pes assignat a cada criteri.
Estudis comparatius han evidenciat una concordanca limitada entre
laboratoris (92,93), fet que subratlla la necessitat d’harmonitzacié i
d’adaptar els criteris a cada gen o patologia. Per abordar-ho, els Variant
Curation Expert Panels (VCEP) de ClinGen han introduit ajustos clau: (i)
llindars de freqiiencia al-lelica diferenciats segons mecanisme i patré
d’herencia; (ii) criteris especifics per a variants en trans en malalties
recessives; i (iii) ponderacié ajustada de l'’evidencia funcional (94).
Tanmateix, aquestes guies cobreixen només una part dels més de 300
gens associats a DHR, de manera que sovint cal aplicar els criteris amb

flexibilitat i una avaluaci6 critica de tota I’evidencia disponible (56).
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Criteri
molt solid

Criteris solids

Criteris moderats

Criteris de suport
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Taula 4. Criteris ACMG/AMP. Adaptat de Richards et al. (2015)

(91).

Criteris per classificar una variant
com a patogenica

PVS1. Variant de pérdua de funci6 en
gens on aquest mecanisme és conegut
per causar la malaltia.

PS1. Canvi del mateix aminoacid que
una altra variant P/LP.

PS2. Variant de novo (confirmat).

PS3. Evidencia funcional que demostra
un efecte deleteri sobre la proteina.
PS4. Prevalenca significativament més
alta en individus afectats que en
controls.

PM1. Localitzacio en domini
funcional/hotspot amb variants B/LB.
PM2. Absencia o molt baixa freqiiéncia
en bases de dades poblacionals de
control.

PM3. Variant observada en trans amb
una altra variant LP/P en malalties
recessives.

PM4. Variant missense nova, o bé
insercié/deleci6 in-frame no repetitiva.
PM5. Nou canvi d’aminoacid en una
posicié on ja s’ha descrit un altre canvi
patogenic.

PM6. Variant de novo (no confirmat).

Criteris per classificar una variant
com a benigna

Freqiiencia superior al 5% en
poblacié control per a un gen especific
de la malaltia estudiada.

Freqiiencia en individus no
afectats més alta que en afectats.

Observada en individus amb tota
seguretat no afectats.

Estudis funcionals indiquen que
no té cap efecte sobre la funci6 de la
proteina.

No co-segrega amb la malaltia.

PP1. Co-segregacié amb la malaltia en
diversos individus afectats.

PP2. Gen on hi ha poques variants
missense B/LB i moltes de P/LP.

PP3. Algoritmes bioinformatics
prediuen un efecte deleteri.

PP4. El fenotip del pacient és molt
especific d'una malaltia amb base
genética concreta.

PP5. Fonts respectades la classifiquen
com a LP/P.

Criteris de suport

BP1. Variant missense en un gen on
nomeés es coneixen variants de pérdua
de funci6 causants de malaltia.

BP2. Variant observada en cis amb
una altra variant P/LP, o en trans amb
una variant P/LP en una entitat
dominant.

BP3. Canvi/deleci6 in-frame en una
regio repetitiva sense alteracid de la
funcio de la proteina.
BP4. Algoritmes bioinformatics
prediuen que no té cap efecte sobre la
proteina.

BP5. Trobat en individus afectats per
una altra causa genetica.

BPé6. Fonts respectades la
classifiquen com a LB/B.

BP7. Variant sinonima que no afecta
I'splicing.
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Taula 5. Categories de classificaci6 de variants segons
ACMG/AMP. Adaptada de Richards et al. (2015) (91).

Probabilitat de

Categoria Us clinic Exemples d’evidencia

patogenicitat

Frameshift o nonsense;
evidencia funcional solida;

Diagnostic, accés a terapies,

P >99% assajos i assessorament iy o
. segregacié en multiples
reproductiu.
casos.
LP 90-99% Idem si conco.rda amb el Varlapt rara a}mb dades
fenotip. funcionals limitades
. . Variant sense prou
No accionable. Requerei s
VUsS 10-90% . qu X evidéncies o amb
més dades. . </ C .
informacié contradictoria
Molt probablement no Freqiiencia lleugerament
LB 1-10% relacionada amb la malaltia. elevada, sense dades
No s'informa clinicament. funcionals.
No relacionada amb la Polimorfisme comu,
B <1% malaltia. No s’informa evidencia funcional

clinicament. negativa.

Amb l'evolucié del camp, alguns criteris s’han revisat. El PM2
(abséncia en bases de dades poblacionals) ha passat de tenir forca
moderada a forca de suport, ates que 'abséncia a gnomAD no és, per si
sola, prova de patogenicitat, especialment en gens grans o poblacions
poc representades. Igualment, ja no es recomana utilitzar PP5 i BP6
(basats en classificacions previes) per manca de verificabilitat i

transparencia (95).

Repositoris publics com ClinVar i LOVD agreguen classificacions
aportades per laboratoris i experts d’arreu del moén i en milloren la
transparencia i comparabilitat. Eines com VarSome i Franklin
permeten una aplicacié automatitzada dels criteris ACMG/AMP i s6n

utils com a punt de partida, perd no substitueixen la revisié experta,
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imprescindible per integrar context clinic, literatura actualitzada,

mecanismes de patogenicitat i especificitats de cada gen.

Taula 6. Combinacié de criteris ACMG/AMP per a la
classificacié de variants. Adaptada de Richards et al. (2015)

(91).
Classificacid Combinacio de criteris
(i) 1 moltsolid (PVS1)i
a) =1solid (PS1-PS4) o
b) =2 moderats (PM1-PM6) o
¢) 1moderat (PM1-PM6)i= 2 de suport (PP1-PP5) o
d) =4desuport (PP1-PP5)
. (i) = 2 solids (PS1-PS4) o
(iii) 1 solid (PS1-PS4) i
a) =3 moderats (PM1-PM6) o
b) 2 moderats (PM1-PM6)i = 2 de suport (PP1-PP5) o
¢) 1moderat (PM1-PM6)iz= 4 de suport (PP1-PP5)
(i) 1 moltsolid (PVS1)i 1 moderat (PM1-PM6) o
(i) 1 solid (PS1-PS4)i 1-2 moderats (PM1-PM6) o
(iii) 1 solid (PS1-PS4)i = 2 de suport (PP1-PP5) o
(H? (iv) 2 3 moderats (PM1-PM6) o
(v) 2 moderats (PM1-PM6)i = 2 de suport (PP1-PP5) o
(vi) 1 moderat (PM1-PM6)i= 4 de suport (PP1-PP5)
(i) =2solids (BS1-BS4)
E (i) 1 solid (BA1)
o (i) 1solid (#51-854)i=2 1 de suport (BP1-BP7) o
(i) =2 de suport (BP1-BP7)
(i) No compleix els criteris anteriors
vuUsS (ii) Els criteris de classificaci6 benignes i patogenics sén

contradictoris
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Les variants missense i introniques —incloses les introniques
profundes— sén les més prevalents en les DHR i la seva patogenicitat
sovint és dificil de determinar (60,96). Els algoritmes predictius
bioinformatics en faciliten la prioritzacié (criteris PP3/BP4), pero els
criteris més solids —PS3 (evidencia funcional positiva) i BS3
(evidencia funcional negativa)— requereixen dades experimentals.
L’estudi funcional és, per tant, necessari per caracteritzar I'impacte real
de les variants. No obstant aix0, la inaccessibilitat del teixit retinal i
I'expressié estrictament retinal d’alguns gens continuen impedint el

seu estudi in vivo.

Aquestes dificultats han impulsat el desenvolupament de models i
assajos in vitro dissenyats per reproduir processos clau de la retina.
L’analisi d’ARN procedent de teixits periferics o de gens amb expressio
extraretinal pot aportar evidéncies directes d’alteracions d’splicing,
pero no és factible per a gens d’expressié exclusiva a la retina. En
aquests casos, els sistemes basats en minigens i midigens (Figura 16)
s’han consolidat com a eines altament informatives per analitzar els
mecanismes moleculars de les DHR i millorar la interpretacié de
variants. Els minigens contenen un exé amb els introns adjacents
inserit en un vector d’expressié, mentre que els midigens incorporen
fragments genomics més extensos, cosa que permet detectar defectes
d’splicing més complexos en un context més proper al genoma natiu

(97).
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m £x3 diana r @ Splicing normal

61 A £x6diana QAL  Ex62
f % lSplicing
Ex6 1 Ex6 diana Exo6 2

Plasmidi Inclusio de l'exo

- » L @Splicing alterat
Transfeccié o1 QNG diana S Ex2
l Splicing

Exclusio de I'exo

Figura 16. Esquema del funcionament d’un assaig de
minigen. El fragment genomic que conté 'exd objectiu s’insereix
en un vector i es transfecta en cél-lules cultivades. En condicions
normals, I'ex6 s’inclou en el transcrit madur. Una variant
patogénica pot provocar l'exclusi6 de lI'exd (exon skipping),
evidenciant un defecte d’splicing. Figura creada amb BioRender,
adaptada de Abramowicz & Gos (2018) (55).

5.4.3. Rendiment i limitacions del diagnostic molecular

L’aplicacié generalitzada de la NGS juntament amb el refinament
dels criteris interpretatius i eines bioinformatiques, ha suposat un salt
qualitatiu en el diagnostic molecular de les DHR. Actualment, els
estudis genetics en cohorts amplies i ben caracteritzades mostren un
rendiment diagnostic d’entre el 50% i el 70% (25,48,85,87,88), unes
xifres molt superiors a I'era pre-NGS (98). No obstant aixo, el fet que

prop del 40% dels pacients amb fenotips clinics clarament compatibles
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amb una DHR continuin sense un diagnostic molecular concloent posa
de manifest les limitacions vigents. Aquestes responen a multiples
factors, sovint interrelacionats, que inclouen aspectes teécnics,
interpretatius i biologics. Com s’ha assenyalat anteriorment, malgrat la
seva elevada sensibilitat, la short-read sequencing presenta restriccions
per detectar variants en determinades regions genomiques (62,99). A
aix0 s’hi afegeixen les dificultats en la interpretacié de variants
genétiques i el coneixement encara incomplet de les bases moleculars
de les DHR, que expliquen per qué una part substancial dels casos

roman sense resolucié diagnostica.

Entendre per que una proporci6 significativa de pacients continua
sense diagnostic no només constitueix un repte clinic, sin6 que també
representa una oportunitat per optimitzar els fluxos de treball i
avangar cap a un model de medicina de precisi6 més eficient.
Estrategies com la implementaci6 progressiva del WGS com a técnica
de segon nivell, la reanalisi sistematica del WES, I'is de panells
personalitzats per a regions de seqlienciaci6 problematica, la
incorporaci6 d’estudis funcionals i I’aplicacié de tecnologies emergents

permeten superar moltes d’aquestes barreres (62,86,100).

Aquest plantejament ha estat el motor d’aquesta tesi, que respon
de manera directa a les mancances detectades en el diagnostic genétic
convencional. L’aplicacié d’enfocaments innovadors ha permes
incrementar el rendiment diagnostic i, alhora, contribuir a una
comprensio més profunda dels mecanismes moleculars implicats en les

DHR.
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Tot i els avencos en les tecniques de seqlienciaci6 genomica i la

seva incorporacid a la practica clinica, prop del 40% dels pacients amb

distrofies hereditaries de la retina continuen sense un diagnostic

molecular concloent després d’'una analisi inicial basada en panells

dirigits o en seqlienciaci6 de 'exoma. En aquest subgrup de pacients, la

causa genetica pot estar relacionada amb:

Variants ja identificades pero classificades com a variants de

significat clinic incert.

Variants no detectades o no reportades en l'analisi inicial,
incloent-hi aquelles situades en regions no codificants,

estructurals, repetitives o amb evidencia limitada.

Variants en gens candidats amb evidéncia preliminar de

rellevancia clinica o funcional.

A partir d’aquesta premissa, es formulen les segiients hipotesis:

1. Un enfocament seqiiencial i personalitzat d’analisi i validacio

genetica pot millorar de manera significativa la taxa de
diagnostic molecular en pacients amb distrofies hereditaries de

la retina no resolts.

L’aplicacié d’aquest enfocament permetra ampliar 'espectre de
variants associades a aquestes malalties, establir noves
correlacions genotip-fenotip i afavorir un assessorament
genetic més precis i orientat a possibles opcions reproductives i

terapeutiques.
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Objectiu general

1.

Millorar el rendiment diagnostic de les distrofies hereditaries de

la retina en pacients adults.

Objectius especifics

2.

Caracteritzar geneticament una cohort de pacients adults amb
diagnostic clinic de distrofia hereditaria de la retina i estudi

genetic no concloent.

Identificar variants genetiques no detectables amb estrategies

de seqiienciacié convencionals.

Millorar el seguiment clinic, I'assessorament geneétic i I'accés a

opcions terapéutiques dels pacients estudiats.

Avaluar la rellevancia diagnostica i clinica de gens candidats

emergents.

Establir noves correlacions genotip-fenotip per aprofundir en el
coneixement de l'expressivitat i la variabilitat d’aquestes

malalties.

Analitzar el mecanisme molecular de variants amb possible

impacte patogenic.

Desenvolupar un protocol diagnostic molecular escalable i

transferible a la practica clinica.
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8 | Informe de les directores

En qualitat de directores de la tesi del Programa de Doctorat en
Genetica, presentem l'informe referent a la recopilacié de treballs que
conformen la tesi doctoral de la doctoranda Anna Esteve Garcia. En
aquest informe es detalla la seva participaci6 en cadascun dels articles,

aixi com la seva relacié amb els coautors i altres tesis doctorals.

Article 1

Titol: Deciphering complexity: TULP1 variants linked to an atypical
retinal dystrophy phenotype.

Revista: Frontiers in Genetics, 2024; 15:1352063.

Factor d'impacte (2024): 2.8.

Quartil (JCR 2024): Q2.

Decil (JCR 2024): 5e.

Area de coneixement: Genetics & Heredity.

La doctoranda Anna Esteve Garcia ha tingut una contribuci6 destacada
en totes les fases de l'estudi. Ha assumit la primera autoria i la
coordinaci6 del projecte, participant activament en l'analisi de dades,

la redaccié del manuscrit, la revisio critica i la validacio final.

Cap dels coautors ha utilitzat, ni de manera explicita ni implicita, els
continguts d’aquest treball per a I'elaboracié d'una altra tesi doctoral

fins a la data de presentaci6 d’aquest informe.

Aquest article representa una contribucié original i significativa al

projecte de recerca.
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Article 2

Titol: Expanding the Clinical Spectrum of CEP290 Variants: A Case
Report on Non-Syndromic Retinal Dystrophy with a Mild Phenotype.
Revista: Genes. 2024; 15: 1584.

Factor d'impacte (2024): 2.8.

Quartil (JCR 2024): Q2.

Decil (JCR 2024): 5e.

Area de coneixement: Genetics & Heredity.

En aquest article, la doctoranda Anna Esteve Garcia ha tingut una
contribucié rellevant. Ha assumit la primera autoria i la coordinaci6
dels coautors, participant en la conceptualitzacio i disseny metodologic
de I'estudi, I'analisi i interpretacié dels resultats, aixi com en la redacci6
principal i revisi6 del manuscrit. A més, ha supervisat el treball dels

coautors.

Cap dels coautors ha emprat els resultats o continguts d’aquest article

per al’elaboracié d’una altra tesi doctoral.

Aquest article complementa els resultats de I'article anterior i aporta

un valor clinic i translacional a la tesi.
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Article 3

Titol: Personalised genomic strategies improve diagnostic yield in
inherited retinal dystrophies: a stepwise, patient-centred approach.
Revista: Eye. 2025; 39: 2899-2911.

Factor d'impacte (2024): 3.2.

Quartil (JCR 2024): Q1.

Decil (JCR 2024): 2n.

Area de coneixement: Ophthalmology.

La doctoranda Anna Esteve Garcia ha tingut una contribucio6
predominant en aquest estudi. Ha assumit la primera autoria i la
coordinaci6 de I'estudi, participant en el disseny de la investigacid, la
realitzacié de les analisis genetiques, la redaccié del manuscrit i la
coordinaci6 general de la recerca. També ha supervisat els coautors en

les seves tasques.

Cap dels coautors ha utilitzat els resultats o continguts d’aquest article

per al’elaboracié d’una altra tesi doctoral.

Aquest article constitueix I'element central de la tesi i evidencia la

maduresa investigadora de la doctoranda.

Signatures:
Dra. Estefania Cobos Martin Dra. Cinthia Aguilera Roman
Directora de tesi Directora de tesi
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Resum article 1

Titol: Desxifrantla complexitat: variants en TULP1 associades a un
fenotip atipic de distrofia de retina (Deciphering complexity: TULP1
variants linked to an atypical retinal dystrophy phenotype)

Objectiu: Caracteritzar el fenotip clinic i el mecanisme molecular d’'una
forma atipica de distrofia hereditaria de la retina associada a variants

bial-leliques en el gen TULP1.

Metodes: Es va dur a terme una avaluaci6 clinica exhaustiva i una
analisi genetica mitjancant seqlienciacié dirigida de l'exoma. La
patogenicitat de la variant TULP1 ¢.822G>T, no descrita previament, es
va estudiar amb wun assaig funcional de minigen dissenyat

especificament per analitzar-ne I'impacte en I'splicing.

Resultats: El pacient presentava un patré simetric i inusual
d’alteracions retinals, caracteritzat per un augment de
I'autofluorescencia al voltant dels vasos. Es van identificar dues
variants en trans al gen TULPI1: una missense previament descrita,
c.1376T>C, p.(I1le459Thr), i la variant c.822G>T, p.(Lys274Asn).
L’assaig de minigen va demostrar que aquesta ultima genera un codo
de terminacié prematur, suggerint l'activaci6 del mecanisme de

degradacié de 'ARNm dependent de codons de terminaci6 (NMD).

Conclusions: Els pacients amb variants bial-leliques en TULP1 poden
presentar fenotips atipics caracteritzats per degeneracié macular i
pigmentaci6 vascular periarteriolar. Aquest cas amplia 'espectre
fenotipic associat a TULP1 i reforca el valor dels estudis funcionals en

el diagnostic genetic de les distrofies hereditaries de la retina.
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Introduction: TULP1 exemplifies the remarkable clinical and genetic
heterogeneity observed in inherited retinal dystrophies. Our research
describes the clinical and molecular characteristics of a patient manifesting an
atypical retinal dystrophy pattern, marked by the identification of both a
previously unreported and a rarely encountered TULPI variant.

Methods: Whole-exome sequencing was performed to identify potential
causative variants. The pathogenicity of the identified TULPI1 variants was
evaluated through in silico predictors and a minigene splice assay, specifically
designed to assess the effect of the unreported TULPI variant.

Results: We identified two TULPI gene variants in a patient exhibiting unusual and
symmetrical alterations in both retinas, characterized by an increase in
autofluorescence along the distribution of retinal vessels. These variants
included a known rare missense variant, c.1376T>C, and a novel splice site
variant, c.822G>T. For the latter variant (c.822G>T), we conducted a minigene
splice assay that demonstrated the incorporation of a premature stop codon. This
finding suggests a likely activation of the nonsense-mediated mRNA decay
mechanism, ultimately resulting in the absence of protein production from
this allele. Segregation analysis confirmed that these variants were in trans.

Discussion: Our data support that individuals with biallelic TULPI variants may
present with a unique pattern of macular degeneration and periarteriolar vascular
pigmentation. This study highlights the importance of further clinical and
molecular characterization of TULP1 variants to elucidate
genotype—phenotype correlations in the context of inherited retinal dystrophies.

KEYWORDS

TULP1, inherited retinal dystrophy, atypical phenotype, whole-exome sequencing,
minigene splice assay
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1 Introduction

Inherited retinal dystrophies (IRDs) constitute a spectrum of
conditions characterized by both clinical and genetic heterogeneity,
affecting approximately 1 in 3,000 individuals (Hanany et al., 2020).
This clinical diversity ranges from non-progressive diseases like
night blindness to progressive conditions such as retinitis
pigmentosa (RP) (Garcia Bohorquez et al,, 2021; Perea-Romero
etal,, 2021). The identification of over 300 genes conclusively linked
to IRDs (RetNet, https://web.sph.uth.edu/RetNet/; accessed on
13 January 2024) also exhibits the complex nature of these
conditions, marked by extensive genetic heterogeneity and
variable expressivity. Notably, different variants within the same
gene can lead to a wide range of clinical presentations (Chen et al.,
2018; Bianco et al, 2023), and conversely, similar clinical
manifestations may result from variants in different genes
(Garcia Bohorquez et al., 2021; Perea-Romero et al, 2021;
Smirnov et al, 2021). Additionally, evidence supports the
significant role of gene modifiers in human eye diseases (Meyer
and Anderson, 2017; Li et al,, 2021), introducing an added layer of
complexity to the diagnosis and understanding of IRDs.

The TULPI gene serves as an example of the heterogeneity
observed in IRDs. The link between TULPI and autosomal recessive
IRDs was first established in 1998 (Banerjee et al., 1998; Hagstrom
et al, 1998). Since then, TULPI biallelic variants have been
extensively associated with various forms of IRDs, including non-
syndromic RP, Leber congenital amaurosis, cone dystrophy, and
rod-cone dystrophy (Ullah et al., 2016; Bodenbender et al., 2023).
To date, the LOVD database (www.lovd.nl/gene, accessed on
13 January 2024) records a total of 117 unique TULPI variants.
Among these, 46 are classified as variants of uncertain significance
(VUS), while 106 are categorized as likely pathogenic or pathogenic.

TULPI encodes Tubby-like protein 1, which is a member of the
TULP protein family (North et al., 1997; Nishina et al., 1998). TULP
proteins have been well-documented for their critical roles in the
development and function of the central nervous system (Ikeda
et al,, 2002). Despite displaying different expression patterns, all
TULP proteins share a conserved C-terminal region of
approximately 200 amino acids known as the tubby domain.
TULPI, in particular, is exclusively expressed in the retina,
primarily within the cytoplasm of retinal photoreceptor cells
(Ikeda et al, 1999). It is assumed that TULPI1 is involved in
various protein-protein interactions and the intracellular protein
transport, including rhodopsin and vesicle transport to and from the
outer segments of photoreceptor cells (Hagstrom et al., 2001).

Bodenbender et al. (2023) reported the largest TULPI-related
IRD cohort to date. This research established a connection between
biallelic TULPI variants and a wide range of clinical phenotypes,
emphasizing the remarkable heterogeneity in TULPI-related retinal
dystrophy. The authors suggested that protein misfolding could be a
key factor contributing to the variable clinical presentations
resulting from TULPI gene variants. However, the intricate
mechanisms underlying how TULP1 misfolding leads to specific
clinical phenotypes still remain unknown (Boggon et al., 1999; Tkeda
et al.,, 2002).

In our current research, we explore the clinical and molecular
characteristics of a patient with biallelic TULPI variants presented
with a unique pattern of macular degeneration and periarteriolar
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vascular pigmentation. Our primary focus lies on the identification
of both a newly identified and a previously reported variant within
the TULPI gene. This study aims to broaden the understanding of
the relationship between TULPI and IRDs.

2 Materials and methods
2.1 Clinical evaluation

The proband underwent a comprehensive clinical assessment
conducted by an experienced retinal ophthalmologist. The clinical
diagnosis encompassed an array of ophthalmological evaluations,
comprising visual acuity assessment, detailed fundoscopic
examination, fundus photography, ultra-widefield
autofluorescence (FAF) imaging, and spectral domain optical
coherence  tomography  (SD-OCT).  Electrophysiological
evaluations, involving full-field flash electroretinography (ffERG)
and multifocal ERG (mfERG), were also performed, following the
protocols established by the International Society for Clinical
Electrophysiology of Vision (ISCEV) (McCulloch et al., 2015).

The study received the ethical approval (number PR014/22)
from the Ethical Committee of the University Hospital of Bellvitge
and adhered to the principles outlined in the Declaration of Helsinki
(World Medical Association, 2013). Written informed consent for
both the genetic analysis and the publication of the paper was
obtained from the participating patient.

2.2 Whole-exome sequencing and analysis

Whole-exome sequencing (WES) was conducted with xGen
Exome Panel v2.0 (Integrated DNA Technologies, Inc., Iowa,
USA). The resulting genomic library was sequenced on a
NovaSeq 6000 platform (Illumina, San Diego, USA), using a 2 x
100 bp paired-end module. Subsequent bioinformatic analysis was
performed using the Data Genomics Exome pipeline (version v19.1)
developed by Health in Code (Valencia, Spain). For copy number
variation (CNV) analysis, VarSeq software (Golden Helix, Inc.,
Montana, USA) was used.

WES data were filtered by a virtual gene panel comprising 295 genes
(Supplementary Data S1) associated with IRDs. Only variants with a
read count greater than 20 and a frequency exceeding 30% were
considered. Furthermore, variants were filtered based on a minor
allele frequency of 1/500 in gnomAD v2.1.1 (Karczewski et al., 2020).

Variants showing a predicted deleterious effect on the encoded
protein were retained for further analyses, with priority given to
nonsense, frameshift, splice site, and missense variants. The impact
of missense variants was evaluated through the REVEL in silico tool
(loannidis et al., 2016). For assessing splice site variants, the
following bioinformatics tools were used: SpliceAl (Jaganathan
et al, 2019), MaxEntScan, and SPiP. The latter predictors were
used through the MobiDetails platform (https://mobidetails.iurc.
montp.inserm.fr/MD/) (Baux et al., 2021). The NMDEscPredictor
was used to predict whether the transcript might be subject to
degradation by nonsense-mediated decay (NMD) or not (https://
nmdprediction.shinyapps.io/nmdescpredictor/) ~ (Coban-Akdemir
et al.,, 2018).
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FIGURE 1

Family pedigree of the investigated patient. The proband (IlI-3) is marked by an arrow, and the black shaded square represents bilateral
ophthalmological disease. The brother of the patient (I1I-2) presents with visual loss in the left eye, not suggestive of retinal dystrophy, which is

represented by a small shaded square.

To validate the identified variants and investigate their
segregation, Sanger sequencing was used. This also aimed to
ascertain whether the variants coexisted in the same allele (cis
configuration) or in separate alleles (trans configuration).

2.3 Minigene splice assay

To confirm the pathogenicity of the TULP1(NM_003322.6):
¢.822G>T variant, which has the potential to impact splicing, a
minigene splice assay was conducted. The assay was based on a
previously described protocol (Rodriguez-Munoz et al., 2022).

The exon containing the variant (exon 8) and approximately
250 bp of the adjacent 5’ and 3’ intronic regions were amplified from
the patient’s DNA using the Phusion High-Fidelity Polymerase
enzyme (Thermo Fisher Scientific, Waltham, MA, USA). The
primers used for amplification also incorporated the restriction
sites for the Xhol and Nhel enzymes (Supplementary Table S1).
These enzymes were subsequently used to digest both the
pSPL3 vector (kindly provided by Dr. I Botillo and Dr. S.
Tufery-Giraud) and the purified amplicon. Following the
purification of the digested products, the amplicon was inserted
into the plasmid using T4 DNA ligase (Thermo Fisher Scientific).
NEB Stable competent Escherichia coli cells were transformed with
vector construction by electroporation. Wild-type and mutant
constructs were confirmed by Sanger sequencing. Then, two
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replicates of the transfection were carried out as follows: 500 ng
of wild-type and mutant constructs were separately transfected in
HEK293 cells using the Lipofectamine™ 3000 reagent (Thermo
Fisher Scientific). After 24 h, the cells were collected, and total RNA
was isolated using the RNeasy Mini kit (QIAGEN, Hilden,
Germany). RT-PCR was performed using the PrimeScript RT
Reagent Kit (TaKaRa, Kusatsu, Japan). The cDNA was amplified
with the FIREPol DNA Polymerase enzyme (Solis BioDyne, Tartu,
Estonia) using pSPL3-specific primers. The products were separated
on a 2% agarose gel, and bands were purified with the QIAquick Gel
Extraction Kit (QIAGEN, Hilden, Germany). The results were
analyzed by Sanger sequencing.

3 Results
3.1 Clinical description

The family pedigree is shown in Figure 1. The proband,
identified as IIL.3, is a 5l-year-old Caucasian male who
presented at our joint Ophthalmology-Genetics Clinic with a
10-year history of bilateral progressive vision loss and
photophobia. He mentioned experiencing nyctalopia from the
age of 20, which he attributed to his preexisting myopia and
astigmatism. The patient’s brother, a 59-year-old man, referred
to be experiencing visual impairment in his left eye. No other
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Ultra-widefield fundus imaging and OCT analysis of the retinal changes in both eyes. Ultra-widefield fundus photographs of the right (A) and left (B)
eyes, revealing significant retinal atrophy surrounding the optic disc, affecting both superior and inferior vascular arcades. Additionally, bone spicules are
evident in the nasal quadrant, accompanied by narrowed vessels. Notably, both eyes display a perifoveal ring of atrophy within the macular area
Subretinal optical coherence tomography (ssOCT) scans of the right (C) and left (D) eyes reveal a pronounced loss of the ellipsoid layer in the outer
segments, with a mild degree of preservation observed in the subfoveal photoreceptors. The inner retinal layers exhibit relatively better preservation
Ultra-widefield autofluorescence (FAF) images for the right (E) and left (F) eyes highlight marked reductions in FAF intensity within the posterior pole and
nasal retinal regions, including the peripapillary area, with minimal FAF preservation evident in the foveal region. The perivascular retina exhibits increased
FAF extending from the posterior pole to the mid-peripheral regions. OD, right eye; OS, left eye.

relevant ophthalmological family history was noted. The proband
has two asymptomatic children.

Upon the initial ophthalmic evaluation of the proband,
Snellen visual acuity measurements were 20/800 in the right
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eye (OD) and 20/1600 in the left eye (OS). Anterior segment
biomicroscopy revealed the presence of bilateral nuclear
cataracts. Fundus examination unveiled a distinctive pattern of
retinal pathology with an extensive atrophy of the retinal pigment
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FIGURE 3
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Full-field flash electroretinography (ffERG) and multifocal ERG (mfERG) results. In panels (A, B), dark-adapted ERG, adhering to ISCEV standards, was
recorded using Dawson, Trick, and Litzkow (DTL) electrodes. After the DA 0.01 cd-s/m? stimulus, both eyes exhibited a flat response (A). DA 10.0 cd-s/m?
response showed an increase in implicit time and a reduction in amplitude for both (A, B) waves, with the differences being more pronounced in the right
eye. Panel (C) illustrates the light-adapted protocol using DTL electrodes, wherein the 30-Hz flicker ERG demonstrated a flat response. Panels (D, E)
showcase multifocal ERG results for the right (D) and left (E) eyes, recorded with jet corneal electrodes. These results indicate a decrease in P1amplitudes
in both central and peripheral rings, with minimal foveal sparing observed in the first ring.

epithelium, notably between the arcades in the posterior pole
accompanied by a mild preservation of the perifoveal retina,
characteristic of a bull’s eye maculopathy. The atrophic changes
extended into the nasal region, progressing toward the equatorial
retina, where some intraretinal spicule-shaped pigmentary
deposits were discernible.

SD-OCT imaging confirmed foveal thinning, along with evident
distortion and the loss of the outer nuclear layer, external limiting
membrane, ellipsoid zone, and retinal pigment epithelium
bilaterally. FAF imaging revealed a well-defined hypofluorescent
area in the posterior pole and nasal retina, encircled by a
hyperautofluorescent border. Additionally, a prominent increase
in autofluorescence around the retinal arteries was observed in
the equatorial retina, extending into the mid-peripheral region
(Figure 2). The ffERG results revealed a diminished response in
both scotopic and photopic protocols. MfERG displayed a notable
absence of responses in the four peripheral rings, with residual
responses in the central ring showing reduced amplitudes (Figure 3).

Comprehensive evaluation of the ophthalmic assessments and
clinical symptoms led to the clinical diagnosis of cone-rod
dystrophy in the patient.

An ophthalmic examination of the proband’s brother, a 59-year-
old man, revealed scarring with loss of macular photoreceptors in
the left eye, without affecting the right eye, which is not suggestive of
retinal dystrophy.
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3.2 ldentification of biallelic variants in the
TULP1 gene

WES analysis identified a total of 36 variants after filtering the
exome data for the 295 candidate IRD genes and applying a
population allele frequency threshold of 1/500. Among these
variants, only four were predicted to have potential deleterious
effects on the corresponding proteins according to the REVEL
score (Supplementary Table S2). Finally, two variants, GUCY2D
(NM_000180.4):c.1664A>G and NPHP4(NM_015102.5):
¢.3630T>G, were excluded from further considerations. The
former showed non-segregation with the disease within the
family, while the latter was identified in a gene that follows an
autosomal recessive inheritance pattern, lacking a second
detected variant.

Two heterozygous variants within the TULPI gene emerged as
the most promising candidates: an unreported variant, NM_
003322.6:c.822G>T, and a previously described variant, NM_
003322.6:¢.1376T>C  (Supplementary Table S2). The variant
¢.822G>T is a novel alteration located in exon 8/15, resulting on
the substitution of a highly conserved lysine with asparagine at
position 274 of the protein NP_003313.3:p.(Lys274Asn), located
within the disordered domain of TULP1 (Supplementary Table S2).
Importantly, this substitution is located on the final nucleotide of
exon 8 and is predicted to impact the splicing process. In silico
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Minigene splice assay conducted on the TULP1:c.822G>T variant. (A) Agarose gel electrophoresis of the products obtained by RT-PCR from both the
wild-type (Wt) and mutated (Mut) constructs, with experiments performed in duplicate (R1 and R2). On the right side, a representation of the amplified
products is provided, with yellow boxes representing the SD6 and SA2 exons from pSPL3 and the green box representing exon 8 of the TULP1 gene.
(B) Schematic representation of the TULP1 gene exons 7, 8, and 9 illustrates the predicted impact of the ¢.822G>T variant on splicing. The upper
scheme depicts the molecular effects of exon 8 skipping, while the lower scheme illustrates the loss of the last 8 bp of exon 8. Exons are depicted as

boxes, and introns are represented as lines.

splicing predictors suggested that the variant was likely to affect
splicing (SpliceAI score 0.92, SPiP score 0.976, and MaxEntScan
score —10.19), potentially leading to the loss of a donor splicing site
and causing an exon skipping or the utilization of a cryptic splice site
located eight nucleotides upstream (PP3-supporting). The variant
was absent from gnomAD (PM2-supporting) (Supplementary Table
S$3). In line with the ACMG/AMP guidelines (Richards et al., 2015),
the variant was initially classified as a variant of uncertain
significance.

The second variant identified, ¢.1376T>C, is located in exon 14/
15 within the TULPI gene, resulting in the amino acid substitution
of a strongly conserved isoleucine with threonine at position 459 of
the protein NP_003313.3:p. (Ile459Thr) (Supplementary Figure S1).
This variant exhibits a low frequency in gnomAD v2.1.1 (allele
frequency 0.000077 in the European non-Finnish population)
(PM2-supporting). The in silico predictor REVEL suggests a
deleterious impact on the protein, with a score of 0.865
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(PP3-moderate). Notably, this variant is situated within the tubby
domain, a known hotspot for TULPI variants (PM1-moderate).
Furthermore, an alternative variant (chr6:35467877A>T,
p.(Ile459Thr)) has been reported as pathogenic in the UniProt
database (Bateman et al., 2023) (PM5-moderate). This variant
has also been documented in the ClinVar database (Landrum
et al, 2018) (VCV000194380.14), where it is classified as a
variant of uncertain  significance and likely  benign
(Supplementary Table S3). Additionally, the variant has been
previously reported in several scientific articles (Wang et al.,
2014; Ullah et al., 2016; Chen et al., 2018). In accordance with
the ACMG/AMP guidelines, the variant was classified as likely
pathogenic.

The segregation study conducted in the patient’s brother
demonstrated that the variants were located in different alleles
(trans configuration) (Supplementary Figure S2). Although this
finding supported the use of the PM3-moderate criterion for
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classifying the ¢.822G>T variant, it still remained classified as a
variant of uncertain significance.

3.3 Minigene splice assay results

All the in silico predictors mentioned above predicted an
aberrant splicing of the TULPI(NM_003322.6):c.822G>T variant.
To validate the variant’s functional impact, a minigene splice assay
was conducted.

In the wild-type minigene, a fragment corresponding to the
wild-type mRNA was observed (Figure 4A, band A—W't). However,
in the mutant minigene, three transcripts were observed: the wild-
type transcript (Figure 4A, band A—Mut) and two aberrant
transcripts. One aberrant transcript results from the exclusion of
exon 8 attributed to the loss of the native donor splice site
(Figure 4A, band C—Mut) (SpliceAL: 0.92). Conversely, the
alternative band encompasses exon 8, except for the final 8 bp,
stemming from the activation of a cryptic donor site (Figure 4A,
band B—Mut) (SpliceAl: 0.60).

Regarding the protein-level effect, both aberrant transcripts
would generate a change in the reading frame, resulting in a
premature stop codon and a truncated protein (Figure 4B).
Therefore, mRNA degradation of both transcripts could occur
through NMD, according to the NMDEscPredictor.

Based on these findings, the NM_003322.6:¢.822G>T variant
was reclassified as pathogenic as it met the criteria for PVSI in
accordance with the ClinGen SVI splicing group’s recommendations
(Walker et al., 2023).

4 Discussion

TULPI is a crucial retinal protein for intracellular protein
transport within photoreceptor cells. It has been associated with
a wide range of retinal disorders including RP and early-onset RP,
Leber congenital amaurosis, cone dystrophy, and rod-cone
dystrophy (Banerjee et al, 1998; Hagstrom et al, 1998; Lobo
et al,, 2016; Woodard et al., 2021; den Hollander et al,, 2007;
Jacobson et al., 2014). Despite the diversity of associated
conditions, consistent differences in clinical presentation
attributed to specific TULPI variants, or their impacts on the
protein have not been reported (North et al., 1997; Lobo et al,
2016; Remez et al.,, 2020; Jia et al, 2022). Notably, it has been
suggested that patients carrying homozygous or compound
heterozygous TULPI pathogenic variants, particularly those
affecting the tubby domain and/or resulting in a loss-of-function
(LOF) effect, typically exhibit a severe, early-onset form of retinal
dystrophy (den Hollander et al., 2007; Jacobson et al., 2014; Jia et al.,
2022; Mataftsi et al., 2007).

Here, we describe a patient presenting a novel TULPI gene
variant (c.822G>T), which has been predicted to disrupt the splicing
process. The variant is located within the disordered domain, for
which structural information is currently lacking (Boggon et al.,
1999; Lobo et al., 2016). In a hypothetical scenario where the protein
is synthesized, it is possible that the tubby domain might be absent.
Our minigene splice assays demonstrated that the c¢.822G>T variant
induces exon 8 skipping, resulting in the formation of a premature
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stop codon p.(Gly240Glufs*109). Alternatively, there is a possibility
that, instead of exon skipping, the last eight base pairs of exon 8 are
omitted, thereby leading to a premature stop codon
p.(Gly272Glufs*109). In both scenarios, the introduction of a
premature stop codon is likely to activate the NMD mechanism,
ultimately resulting in the absence of protein production from this
allele (Figure 4B). Similarly, Bodenbender et al. (2023) performed
minigene assays for the ¢.1495+1G>A and c.1496-6C>A TULPI
variants. In both cases, the variants were predicted to induce
frameshift variants and premature termination codons, leading to
the probable degradation of the mutant transcript via the NMD
mechanism. The first variant achieved this by inducing exon
14 skipping and the insertion of 17 amino acids
p.(Ala442Profs*18), while the second variant activated a cryptic
acceptor site p.(Pro499Leufs*143). Further functional studies would
be required in retinal cells to establish the pathogenic mechanism,
considering that splicing is specific to the tissue.

On the other hand, the c.1376T>C, p.(Ile459Thr) variant
induces a substitution at amino acid position 459, replacing an
isoleucine with a threonine. This change entails a shift from a
hydrophobic side chain to a polar one, which could potentially
affect protein stability or induce misfolding (Lobo et al., 2016). The
variant p.(Ile459Thr) is located in the tubby domain of TULPI,
which has previously been shown to exhibit DNA-binding activity
and function as a transcription factor (Carroll et al., 2004). Missense
variants situated in the tubby domain are expected to accumulate at
the endoplasmic reticulum, potentially activating the unfolded
protein  response, which can promote apoptosis and
photoreceptor cell death (Jia et al, 2022). Interestingly, the
variant ¢.1376T>C has been previously reported in trans with the
¢.1112+2T>C variant in a patient with non-syndromic RP (Wang
et al., 2014). Although both our patient and the patient reported by
Wang et al. (2014) present the same missense variant (c.1376T>C)
affecting the tubby domain and another variant that causes LOF,
their phenotypes are markedly distinct, illustrating the significant
variability in patients with TULPI variants.

Our case exhibits bull's eye maculopathy characterized by
perivascular pigmentation and increased autofluorescence around
retinal vessels (Figure 2). This phenotype corresponds to
observations detailed by Al-Hindi et al. (2022), who reported a
similar distinctive phenotype in two patients with cone dysfunction
and a perivascular pattern of retinal degeneration. Case 1 in Al-
Hindi et al. (2022) displays a clinical and FAF appearance
remarkably similar to our patient, both in progression and test
outcomes. However, notable differences exist, such as a greater
degree of macular atrophy in our patient, potentially linked to
the older age of our subject (51 years vs. 19 years). Remarkably,
case 1 is a homozygous carrier of the p. (Gly363Arg) missense
variant impacting the tubby domain (Figure 5). The second case in
Al-Hindi et al. (2022) shares similarities with our case in terms of the
bull's eye maculopathy. The FAF also suggests periarteriolar
hyperautofluorescence. Interestingly, case 2 shares a genotype
composition similar to our patient, carrying a missense variant
(p.(Cys523Tyr)) affecting the tubby domain, alongside a LOF
variant (p.(Lys274ArgfsTer36)). In contrast to cases described by
Al-Hindi et al. (2022), our patient lacks pigment clumps
surrounding vessels and shows no signs of perivascular choroidal
atrophy. However, the distinct pattern of periarterial degeneration
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TULP1 gene, its protein structure, and the distribution of pathogenic variants. In the upper section, the gene organization is depicted, along with the
TULP1 variants identified in this study (highlighted in dark orange) and those reported by Al-Hindi et al. (2021) (in red) and the 17 variants by Bodenbender
etal. (2023), represented in purple. The lower section provides a schematic representation of the tubby-like protein 1 domain structure, with variants from
Al-Hindi et al. (2021) shown in red, those from Bodenbender et al. (2023) in purple, and the variants from our study displayed in dark orange. The

tubby domain is indicated by a light blue box at the C-terminal.

observed in both our case and Al-Hindi et al. (2022) cases has not
been documented in other studies.

Bodenbender et al. (2023) reported a total of 17 different TULP1
pathogenic variants, categorized as missense, splice site, and
nonsense variants, and one in-frame deletion. All documented
variants, except the missense variant p.(Gly266Val), either
affected the tubby domain or led to LOF (Figure 5). The
p-(Gly266Val) variant, identified in trans with a LOF TULPI
variant, was associated with cone dystrophy in a male patient
(P15 in their series) diagnosed at age 40. This suggests that
missense variants like p.(Gly266Val), not affecting the tubby
domain, may result in a relatively mild reduction of protein
activity and a later-onset phenotype. When comparing our case
with those in Bodenbender et al. (2023) series, participant
P17 stands out as the most analogous, exhibiting bull’s eye
maculopathy. Although P17’s retinography only captures the
central ~ 50°,  there is no  apparent  perivascular
hyperautofluorescence pattern. Similarly, on OCT, mirroring our
case, outer segments are visible, although with foveal discontinuity.

In this study, we present a single case of a patient with
compound heterozygous TULPI variants. The prevalence of
biallelic pathogenic TULPI variants is remarkably low,
accounting for less than 1% of reported non-syndromic IRD
cases, as documented in GeneReviews (Fahim et al, 2023;
Kumaran et al, 2023). Within our extensive cohort of over
1,000 pediatric and adult patients diagnosed with IRDs, we have
identified an additional case, distinct from the one presented here,
with confirmed TULPI pathogenic variants (internal data). Our
findings align with the existing literature, which documents only
78 patients with TULPI-associated IRDs from 44 families
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(Hagstrom et al, 1998; Ullah et al, 2016; Bodenbender et al.,
2023; Woodard et al, 2021; den Hollander et al., 2007). This
collective evidence underscores the limited occurrence of such
cases, reinforcing the distinctive nature of our reported case.

Additional factors have been suggested to contribute to the
variable clinical presentation observed in TULPI-related IRDs,
including protein misfolding (Bodenbender et al, 2023),
environmental factors or the influence of genetic modifiers
(Meyer and Anderson, 2017). MAPIA has been suggested as a
modifier gene for TULPI in a mouse model (Maddox et al,
2012; Youn et al, 2022), offering protective effects and
elucidating variations in disease manifestation. However, the
analysis of the MAPIA gene in our patient revealed five
homozygous variants (Supplementary Table S4) with a high
population frequency, predicted to have no impact on the
protein. Consequently, these variants may not significantly
influence the patient’s phenotype. Nevertheless, exploring the
MAPIA gene on all patients with biallelic variants in TULPI
would be of great interest to determine if there are specific
variants associated with a protective effect or those linked to a
more severe phenotype.

To gain a deeper insight into the pathogenesis and variations in
the phenotype, further investigations should be conducted using
animal models of the retina. Additionally, these studies can
contribute to the development of gene therapies, similar to those
that have been successfully developed for other IRDs (Russell et al.,
2017). Efforts have been made for TULPI, although a
supplementation therapy trial targeting photoreceptors in
Tulpl™™ mouse retinas demonstrated limited effectiveness (Palfi
et al., 2020). This study is still crucial to increase our understanding
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of the phenotypic traits of the disease. This knowledge forms the
basis for early diagnosis and future therapies.

In conclusion, we described a patient with biallelic TULPI
variants, displaying an atypical perivascular pattern of retinal
degeneration. Furthermore, we illustrated that the variant
¢.822G>T induces aberrant splicing, resulting in either exon
8 skipping or the loss of the last 8 bp of exon 8, both
culminating in LOF. The molecular characterization of the
¢.822G>T variant allowed its reclassification, establishing its
pathogenic effect. This highlights the importance of conducting
functional studies on variants situated outside canonical splice sites
that still show potential to impact splicing.
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Supplementary Material

1 Supplementary Data

List of the 295 genes currently associated with inherited retinal dystrophies sourced from RetNet
(https://web.sph.uth.edu/RetNet/; accessed on January 2024):

ABCA4, ABCC6, ABHD12, ACBDS, ACO2, ADAMY, ADAMTSI8, ADGRA3, ADGRVI, ADIPORI, AFG3L2,
AGBLS, AHII, AHR, AIPLI, ALMSI, ARHGEF18, ARL2BP, ARL3, ARL6, ARMS2, ARSG, ASRGLI, ATF6,
ATOH7, ATXN7, BBIP1, BBS1, BBS10, BBS12, BBS2, BBS4, BBSS5, BBS7, BBS9, BCM, BESTI1, CIQTNF5, C2,
C3, CA4, CABP4, CACNAIF, CACNA2D4, CAPN5, CC2D24, CCT2, CDHI15, CDH23, CDHRI, CEP164,
CEP19, CEP250, CEP290, CEP78, CERKL, CFAP410, CFAP418, CFB, CFH, CHM, CIB2, CISD2, CLCCI,
CLN3, CLRNI, CLUAPI, CNGAI, CNGA3, CNGBI, CNGB3, CNNM4, COG6, COL11A41, COL241, COL941,
CRBI, CRX, CSPPI, CTNNAI, CWC27, CYP4V2, DHDDS, DHX38, DMD, DRAM?2, DTHDI, DYNC2H]I,
DYNC212, EFEMPI, ELOVLI, ELOVL4, EMCI, ENSA, ERCC6, ESPN, EXOSC2, EYS, FBLNS5, FLVCRI,
FSCN2, FZD4, GDF6, GNATI, GNAT2, GNB3, GNPTG, GPR179, GRKI, GRM6, GUCAIA, GUCAIB,
GUCY2D, HARSI, HGSNAT, HKI, HMCNI, HMXI, HTRAI, IDH3B, IFTI140, IFT172, IFT27, IFT81,
IMPDHI, IMPGI1, IMPG2, INVS, IQCBI, ITM2B, JAG1, KCNJ13, KCNV2, KIAA1549, KIF11, KIF3B, KIZ,
KLHL7, LAMAI, LCAS5, LRAT, LRIT3, LRP5, LZTFL1, MAK, MAPKAPK3, MERTK, MFN2, MFRP, MFSDS,
MIEF1, MIR204, MKKS, MKS1, MMP19, MT-ATP6, MT-ND4, MTRFR, MT-TH, MT-TL1, MT-TP, MT-TS2,
MVK, MYO74, NBAS, NDP, NEK2, NEURODI, NMNATI, NPHPI1, NPHP3, NPHP4, NR2E3, NR2FI, NRL,
NYX, OAT, OFDI, OPAI, OPA3, OPNILW, OPNIMW, OPNISW, OR2W3, OTX2, PANK2, PAX2, PCARE,
PCDHI15, PCYTIA, PDE6A, PDE6B, PDE6C, PDE6G, PDE6H, PDZD7, PEX1, PEX2, PEX7, PGKI, PHYH,
PITPNM3, PLA2GS5, PLK4, PMPCA, PNPLA6, POCIB, POC5, POMGNTI, PPTI, PRCD, PRDM13, PROM]I,
PROSI, PRPF3, PRPF31, PRPF4, PRPF6, PRPFS, PRPH2, PRPSI, RAB28, RAX2, RBI, RBP3, RBP4,
RCBTBI1, RD3, RDH11, RDHI12, RDH5, REEP6, RGR, RGSY, RGS9BP, RHO, RIMS1, RIMS2, RLBPI, ROM1,
RPI, RPILI, RP2, RP9, RPE65, RPGR, RPGRIPI, RPGRIPIL, RSI, RTN4IP1, SAG, SAMDI11, SDCCAGS,
SEMA4A4, SLC24A41, SLC25446, SLC3848, SLC4A47, SLC7A14, SNRNP200, SPATA7, SPP2, TEADI1, TIMMS8A,
TIMP3, TLR3, TLR4, TMEMI1264A, TMEM216, TMEM?237, TOPORS, TREXI, TRIM32, TRNTI, TRPMI,
TSPANI2, TTCS, TTLL10, TTPA, TUB, TUBGCP4, TUBGCP6, TULPI, UNCI119, USHIC, USHIG, USH24,
VCAN, WDPCP, WDR19, WFS1, WHRN, ZNF408, ZNF423, ZNF513.

2 Supplementary Figures and Tables
2.1 Supplementary Tables
Supplementary Table S1. Primers used to amplify the TULP:c.822G>T variant. The tail added to the primers

is indicated in lowercase letters and the restriction sites of the enzymes are indicated in bold in both the direct
primer Xhol and in the reverse Nhel.

Primer Sequence (5’ to 3°)

TULP1_8D_minigen 2agaatCTCGAGGCATACAAGACAGTGCTAGG

TULP1_8R_minigen 2agaatGCTAGCAGAGGGGAGGCCTCAGAG
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Genomic q q q Variant N ACMG
Gene coordinates (hgl9) Nucleotide change Amino acid change type Zigosity classification
GUCY2D | chrl7:7911346A>G | NM_000180.4:c.1664A>G | NP_000171.1:p.(Tyr555Cys) | Missense Het Va“;‘;tn?éc“;f:e”am
NPHP4 chr1:5926447A>C | NM_015102.5:¢.3630T>G | NP _055917.1:p.(Phel210Leu) | Missense Het Variant of uncertain
significance
TULPI | chr6:35476986C>A | NM_003322.6:c.822G>T | NP_003313.3:p.(Lys274Asn) | Missense Het V"‘“;Ig‘;fé;‘ff:am
TULPI chr6:35467877A>G NM 003322.6:¢.1376T>C NP_003313.3:p.(11e459Thr) Missense Het Likely pathogenic
Supplementary Table S3. TULP] variants identified in our patient.
Nucleotide Amino acid . . Conservation
change change 1012::;;;1 V?rlz::nt dbSNP gnl\(,);:?n Rs]:::ZiL SpliceAl score Published
(NM_003322.6) | (NP_003313.3) P score PhyloP100
¢.822G>T p-(Lys274Asn) 8/15 missense - - - 0.92 4.522 No
¢.1376T>C p.(1le459Thr) 14/15 | missense | rs121909075 | 0.000077 0.865 - 7.491 ( 4;2‘7523)
gnomAD, Genome Aggregation Database; MAF, minor allele frequency; REVEL, Rare Exome Variant Ensemble Learner
Supplementary Table S4. Variants identified in the modifier gene MAPI1A.
Nucleotide Amino acid . REVEL .
change change lo]::::?il;n V:;ltnt Zigosity dbSNP gr;‘?[rZI;D score SpliceAl
(NML_002373.5) | (NP_002364.5) P score
¢.3733G>A p.(Asp1245Asn) 4/6 missense Hom 1512912505 0.1529 0.108 -
c.4408G>A p-(Alal470Thr) 4/6 missense Hom rs62020612 0.16313 0.039 -
¢.2328C>T p.(Pro776Pro) 4/6 synonymous Hom rs3862138 0.16145 0
¢.3246G>A p.(Gly1082Gly) 4/6 synonymous Hom rs1060939 0.35786 0
¢.3735T>C p-(Asp1245Asp) 4/6 synonymous Hom rs480108 0.35784 0
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3 Data availability

. The datasets presented in this study can be found in the ENA online repository, accession number PRJEB70601.
2.2 Supplementary Figures

A Lys274

lle459

Supplementary Figure S1. Conservation analysis of the variant identified in TULPI gene. (A) Multiple
sequence alignment showing the conservation of amino acid Lys274 in TULP1 across evolution. (B)
Comparative analysis of multiple sequence alignments illustrates the evolutionary conservation of the amino
acid Lys459 in  TULPl. These alignments were performed using  HomoloGene
(https://www.ncbi.nlm.nih.gov/homologene).

A B
A A A G G G G| I3 [ C.A A G A AC A A AAGGTT GG 8.A 4 C.A A.G A AC
g ﬂ o 2 | e
§ A “A L e § IESSiEE rrr\\ I
P A B e e e e DO S 00 LA o A A DT
RRAVAPRVINAVR Uaviin (i MICeNGLTH ST AER AT ARATATRVINAVR AV minN ] AISYEATLVNA RN AV
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s c
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Supplementary Figure S2. Sanger sequencing performed to validate the identified variants within the TULP!
gene and assess their segregation. (A) Sequencing results for exon 8 and 14 sequencing of the TULPI gene,
confirming the presence of the ¢.822G>T and c.1376T>C variants. (B) Segregation analysis revealed that the
patient’s sibling is a carrier of the TULP1:c.1376T>C variant, thereby confirming that the identified variants in
the patient are in a trans configuration.
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Resum article 2

Titol: Ampliant I'espectre clinic de variants en CEP290: cas clinic
de distrofia de la retina no sindromica amb fenotip lleu (Expanding
the Clinical Spectrum of CEP290 Variants: A Case Report on Non-
Syndromic Retinal Dystrophy with a Mild Phenotype).

Objectiu: Explorar la variabilitat fenotipica associada a variants
bial-leliques en el gen CEP290 a partir de I'estudi de dos germans amb
distrofia de la retina no sindromica i manifestacions cliniques

clarament contrastades.

Metodes: Es van emprar tecniques de seqlienciaci6 de ’exoma i analisi
d’ARN per identificar i caracteritzar les variants. L’estudi es va
completar amb una avaluacié oftalmologica exhaustiva per valorar la

funci6 retinal i la progressio clinica.

Resultats: Es van identificar dues variants en trans en CEP290: una
frameshift c.955del, p.(Ser319LeufsTer16), i una missense c¢.5777G>C,
p-(Argl926Pro). Malgrat compartir el mateix genotip, la germana
presentava un fenotip lleu, d’inici tarda i amb preservacié funcional,
mentre que el germa mostrava una forma greu, d’inici precog i evolucio

progressiva de distrofia de retina.

Conclusions: Aquest cas amplia I'espectre fenotipic associat a CEP290
i posa de manifest la notable variabilitat clinica entre individus amb el
mateix genotip. Aquest fet reforca la necessitat d’'un seguiment

individualitzat i d’estrategies terapeutiques adaptades a cada pacient.
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Abstract: Background/Objectives: Biallelic pathogenic variants in the CEP290 gene are typically
associated with severe, early-onset inherited retinal dystrophies (IRDs) in both syndromic and non-
syndromic forms. This study explores the phenotypic variability of non-syndromic IRDs associated
with CEP290 variants, focusing on two siblings with biallelic variants, one of whom exhibits a
remarkably mild phenotype, thereby expanding the clinical spectrum. Methods: Whole-exome
sequencing (WES) and mRNA analysis were performed to identify and characterize CEP290 variants
in the siblings. Comprehensive ophthalmologic evaluations assessed retinal function and disease
progression. Results: Two CEP290 variants, a frameshift (c.955del, p.(Ser319LeufsTer16)) and a
missense (¢.5777G>C, p.(Arg1926Pro)), were identified in trans in both siblings. Despite sharing the
same genetic variants, the sister exhibited significantly preserved retinal function, while the brother
presented with a more severe, progressive retinal dystrophy. Conclusions: This study broadens the
phenotypic spectrum of non-syndromic CEP290-related IRDs, demonstrating variability in disease
severity ranging from mild to severe. These findings highlight the importance of personalized
monitoring and tailored management strategies based on individual clinical presentations of CEP290-
related IRDs.

Keywords: CEP290; retinal dystrophy; phenotypic heterogeneity

1. Introduction

The CEP290 gene encodes a protein essential for ciliary function, particularly in
photoreceptor cells, where it is critical for maintaining the structure and function of the
connecting cilium [1,2]. This structure facilitates protein and vesicle transport, which are
vital for photoreceptor activity and overall retinal function [3]. While CEP290 is expressed
in various tissues, including blood and fibroblasts, its expression is particularly enriched in
photoreceptors, reflecting its pivotal role in this tissue [3,4]. Pathogenic variants in CEP290
are associated with a wide spectrum of ciliopathies, including syndromic conditions, such
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as Joubert syndrome (JBTS, MIM#610188), Senior-Loken syndrome (SLSN, MIM#610189),
and Meckel syndrome (MKS, MIM#611134), as well as non-syndromic inherited retinal dys-
trophies (IRDs), like Leber congenital amaurosis (LCA, MIM#611755), cone-rod dystrophy
(CRD), and retinitis pigmentosa (RP) [5-10].

Historically, CEP290-related IRDs were predominantly associated with severe, early-
onset, and progressive retinal degeneration, typically manifesting in childhood [7-9]. How-
ever, recent studies have revealed a broader phenotypic spectrum of CEP290 variants than
was previously understood [11,12]. While many cases follow severe disease trajectories,
some individuals have exhibited milder, more slowly progressing forms of retinal dystro-
phy [13,14]. These findings highlight the complexity of genotype-phenotype correlations
and stress the need for individualized approaches to clinical care. Although CEP290-related
CRD has been previously documented [13], the variability in its clinical presentation within
families remains underreported.

In this study, we describe two siblings with biallelic CEP290 variants who exhibit
markedly different forms of non-syndromic CRD, ranging from severe to notably milder,
slowly progressive presentations. By characterizing this variability, we aim to expand the
understanding of the phenotypic spectrum of CEP290-related IRDs and to emphasize the
importance of tailored clinical care strategies.

2. Materials and Methods
2.1. Case Presentation

The two siblings described in this study are part of an internal cohort of 1167 individu-
als, primarily of Spanish descent, diagnosed with IRDs (internal data). This cohort includes
both pediatric and adult cases gathered through the Hereditary Retinal Dystrophies Unit—a
collaborative unit integrating the Ophthalmology departments at SJD Barcelona Children’s
Hospital and Bellvitge University Hospital. Of these individuals, 964 underwent whole-
exome sequencing (WES) as part of the genetic screening program. The cohort represents a
wide range of IRD phenotypes, including both syndromic and non-syndromic forms, such
as RP, LCA, CRD, SLSN, and JBTS.

2.2. Ophtalmologic Evaluation

Both probands underwent comprehensive ophthalmological assessments. Best-corrected
visual acuity (BCVA) was measured using the ETDRS chart, and biomicroscopy was per-
formed using slit-lamp examination. Tropicamide was administered to dilate the pupils,
enabling detailed fundus examination. Retinal imaging, including fundus autofluores-
cence (FAF) and retinography, was obtained using Optos ultra-widefield (UWF™) retinal
imaging (Optos California, Optos plc). To assess the retinal layers and detect structural
abnormalities, swept-source optical coherence tomography (OCT) (Topcon Triton, Top-
con Corporation) was performed. Retinal function was evaluated through central visual
field testing (CV 10.2) and electrophysiology (Roland Consult), including full-field elec-
troretinography (ffERG) and multifocal electroretinography (mfERG), following the current
standards of the International Society for Clinical and Electrophysiology of Vision (ISCEV).

2.3. Whole-Exome Sequencing and Data Analysis

WES was conducted using the SureSelect XT HS Low Input Human All Exon v8 kit
(Agilent Technologies, Inc., Santa Clara, CA, USA). Paired-end sequencing (2 x 150 bp) was
performed on the NovaSeq X Plus System (Illumina, San Diego, CA, USA). Bioinformatic
analysis was performed using the Data Genomics Exome pipeline (v22.4.0) developed by
Health in Code (Valencia, Spain). Copy number variation (CNV) analysis was carried out
using VarSeq (Golden Helix, Inc., Bozeman, MT, USA). Sequence alignment and variant
calling were conducted against the hg19 human genome reference.

A virtual panel including 489 genes associated with IRDs was applied to filter variants
(Supplementary Data). A minimum read depth of 20 and an allele frequency threshold of
20% were applied. Variants with a minor allele frequency higher than 1 in 500, according to
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gnomAD v2.1.1 [15], were excluded. Missense variants were analyzed using REVEL [16],
while splice variants were assessed with SpliceAI [17]. Protein—protein interactions were
analyzed with the STRING database [18]. Variants were classified following ACMG-AMP
guidelines [19] and SVI-WG recommendations [20]. Parental DNA was analyzed using
Sanger sequencing to confirm inheritance in trans.

Ethical approval for this study was obtained (reference number PR235/24) from the
Research Ethics Committee of Bellvitge University Hospital. Informed consent was secured
for genetic testing and the publication of clinical data.

2.4. mRNA Analysis of CEP290 Variants

To investigate the potential impact of the variants on mRNA, multiple experiments
were conducted. mRNA was extracted from fresh whole blood samples using the Maxwell®
RSC simplyRNA Blood Kit (Promega, San Diego, CA, USA) following the manufacturer’s
protocol. Complementary DNA (cDNA) synthesis was performed using the PrimeScript™
RT Reagent Kit (Takara Bio Inc., Kusatsu, Japan).

2.5. Real-Time Quantitative PCR (RT-gPCR) Analysis

Gene expression analysis was performed in triplicate using TagqMan® probes Hs0155
1628_m1 (targeting exons 5-6 of the CEP290 gene) and Hs99999905_m1 (targeting exon 3 of
GAPDH) (Applied Biosystems, Foster City, CA, USA). The relative fold change in gene
expression was calculated using the 222Ct method, as described by Livak et al. (2001) [21].

2.6. Exon Skipping Analysis

To evaluate the impact of the identified variants on mRNA splicing, primers were
designed to amplify regions including exons 10-14 and exons 40-44 of the CEP290 gene
(NM_025114.3) (Table S1). These regions were amplified under standard PCR conditions,
and the resulting amplicons were purified using the ExoSAP-IT™ (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer’s instructions. Purified PCR products
were sequenced using the BigDye™ Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems). The resulting electropherograms were analyzed with Mutation Surveyor
v5.1.2 software (SoftGenetics, LLC, State College, PA, USA).

3. Results
3.1. Clinical Findings

Proband 1 (Figure 1) is a 51-year-old male diagnosed with RP at age 3, initially pre-
senting with photophobia. His height was measured at 174 cm (50th percentile), weight
was 81.5 kg, and head circumference was 56 cm (50th percentile), with no dysmorphic
features or non-ophthalmological health concerns. His symptoms included worsening
night blindness and difficulty adjusting to light variations. At age 50, his ophthalmic exam-
ination revealed severe central visual impairment (20/500 OD, 20/640 OS) and peripheral
visual field defects. Anterior segment examination showed bilateral central subcapsular
cataract with intraocular pressure (IOP) of 20 mmHg. Fundus examination showed op-
tic disc pallor, extensive pigmentary changes with bone spicules, macular atrophy, and
thinned retinal vessels. FAF demonstrated hypoautofluorescence in the peripheral retina,
extending into the superior and inferior nasal quadrants, and a hyperautofluorescent
foveal ring (Figure 2A). OCT showed outer retinal layer loss and retinal pigment epithe-
lium (RPE) thinning (Figure 2B). These findings led to a clinical diagnosis of early onset
non-syndromic CRD.
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Figure 1. Family pedigree. Proband 1 is indicated by an arrow, and individuals with a clinical
diagnosis of cone-rod dystrophy are shaded in black. Proband 2 has a 22-year-old asymptomatic
daughter, and the affected siblings share a third sister who underwent a normal ophthalmological
examination and remained unaffected. The family is of Spanish origin, with no other reported cases
of ophthalmological diseases and no known consanguinity among relatives.

Proband 2 (Figure 1), the 55-year-old sister of proband 1, was referred at age 51 due to
eye fatigue. Her height was measured at 152 cm (10-25th percentile), weight was 56.5 kg,
and head circumference was 55 cm (50th percentile), with no dysmorphic features or
additional health concerns. She exhibited milder ophthalmological symptoms, including
mild photophobia and peripheral visual field loss, especially in the lower and right lateral
areas, but denied experiencing nyctalopia. Upon inquiry, childhood difficulties with object
tracking were retrospectively reported. During the initial evaluation, her ophthalmic
examination showed moderate visual impairment (20/100 OD, 20/50 OS) and bilateral
posterior subcapsular cataracts. Fundus examination revealed less pronounced bilateral
pigmentary changes and bone spicules in the inferior and temporal peripheral retina
compared to proband 1, with normal optic disc and retinal vasculature. FAF revealed
localized bilateral hypoautofluorescent patches in the inferior and temporal peripheral
retina, sparing the posterior pole with a hyperautofluorescent demarcation line (Figure 2C).
OCT showed minimal structural abnormalities with slight outer retinal layer disruption
and preserved inner retina and foveal contour (Figure 2D). ffERG showed delayed and
reduced photopic responses, preserved scotopic responses, and abolished flicker responses.
MIfERG revealed reduced central amplitudes (Supplementary Figure S1). These findings
indicated a milder form of non-syndromic CRD.
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Figure 2. Ultra-widefield autofluorescence (FAF) and optical coherence tomography (OCT) of both
eyes in each sibling. (A) FAF image of proband 1, with blinking artifact in OD. (B) OCT of proband 1.
(C) FAF image of proband 2. (D) OCT of proband 2 showing discontinuities in external retinal layers.
OD, right eye; OS, left eye.

3.2. Identification of Biallelic Variants in CEP290

WES analysis identified two heterozygous variants of CEP290 in proband 1: NM_0251
14.3:¢.955del, p.(Ser319LeufsTer16) and NM_025114.3:c.5777G>C, p.(Arg1926Pro). Due to
the mild clinical presentation observed in proband 2, an initial diagnosis of CEP290-related
IRD was considered unlikely. Consequently, WES was performed on proband 2, rather than
targeted Sanger sequencing of the identified variants, to explore other potential molecular
causes. Unexpectedly, the same two CEP290 variants identified in proband 1 were also
present in proband 2, suggesting a shared genetic basis for their IRD diagnosis, despite
the observed clinical differences. No additional pathogenic/likely pathogenic variants or
CNVs were detected in either sibling.

The variant NM_025114.3:¢c.955del, located in exon 12 /54, resulted in a nucleotide dele-

tion predicted to cause a frameshift, leading to a premature stop codon, p.(Ser319LeufsTer16).
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This variant was predicted to result in a truncated protein, disrupting the coiled-coil do-
main (amino acids 59-565), which is critical for maintaining the proper conformation of the
CEP290 protein. More likely, it would cause a loss of function through mRNA degradation
via nonsense-mediated decay (NMD), a mechanism strongly associated with pathogenic-
ity in this gene (PVSl-very strong). Its low frequency in the gnomAD v2.1.1 population
database (0.0006149%) (PM2-supporting) aligned with the recessive inheritance model for
CEP290-related disorders. This variant was classified as pathogenic in ClinVar (ID:1073010)
and HGMD (CD1212112). It has been associated with MKS in a homozygous patient [22]
and with LCA in a compound heterozygous patient carrying another pathogenic variant
(PM3-moderate) [23]. Additional truncating variants in CEP290 have been linked to various
ciliopathies, including JBTS and Bardet-Biedl syndrome [8,9,11]. Based on current evidence
and ACMG classification guidelines, this variant has been classified as pathogenic.

The variant NM_025114.3:¢.5777G>C, located in exon 42 /54, resulted in an amino acid
substitution, p.(Arg1926Pro), changing a positively charged arginine to a neutral proline.
This protein codon resided within the RepA /Rep protein KID domain, a region essential for
protein kinase interaction. It has a low frequency in the gnomAD v2.1.1 population database
(0.0004187%) (PM2-supporting), consistent with its association with CEP290-related disor-
ders in a recessive inheritance model. In silico predictions for this variant were uncertain
(REVEL score 0.35), and functional studies have not been conducted. It has been clas-
sified as pathogenic in various databases, including HGMD (CM111853), ClinVar (ID:
659046), and LOVD (CEP290_000296). This variant has been reported in individuals
with LCA in compound heterozygosity with other pathogenic/likely pathogenic vari-
ants (PM3-strong) [4,8,10,24], and it has been shown to segregate in a family with two
affected members (PP1-supporting) [10]. Based on current evidence and following ACMG
classification guidelines, this variant has been classified as likely pathogenic.

Parental segregation analysis confirmed that these variants were inherited in
trans configuration.

3.3. Characterization of Identified CEP290 Variants and Their Impact on Splicing

RT-qPCR results showed a significant reduction in CEP290 mRNA levels in both
proband 1 (p = 0.0004) and proband 2 (p = 0.004) compared to the control sample (Figure S52).

These findings suggest that the frameshift variant c.955del partially induced NMD, as
the expression level was not reduced by 50%, indicating incomplete NMD activation. Al-
though mRNA expression levels varied slightly between the two probands, the differences
are not statistically significant.

To evaluate whether the c.955del variant caused exon skipping, a mechanism pre-
viously associated with milder forms of the disease [25], Sanger sequencing of exons
10-14 was performed (Figure S3A). The results confirmed that the c.955del variant did
not trigger exon 12 skipping, consistent with in silico predictions (SpliceAl score = 0.04).
Nonetheless, allele ratio analysis revealed a reduced presence of the mutant allele (45%)
compared to the normal allele (55%). These findings support the conclusion of incomplete
NMD activation, consistent with the observed CEP290 mRNA expression results.

Sanger sequencing of exons 4044 confirmed the presence of the missense variant
¢.5777G>C, with no evidence of exon 42 skipping, aligning with in silico predictions
(SpliceAl score = 0.03). Interestingly, the results revealed exon 41 skipping in both the
probands and the control samples. Notably, the agarose gel analysis (Figure S3B) showed
more intense bands corresponding to exon 41 skipping in the probands’ samples com-
pared to the control. Additionally, a third band, approximately 350 bp in size, was de-
tected. Future studies should aim to sequence this band to evaluate its potential impact on
CEP290 function.

4. Discussion

This study highlights the significant intra-familial variability in CEP290-related IRDs,
demonstrated by the contrasting phenotypes observed in two siblings carrying identical
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biallelic CEP290 variants. Proband 1 exhibited a severe, early-onset CRD with rapid disease
progression, while proband 2 presented a milder, late-onset form with slower progression.
Comprehensive evaluations by nephrology and neurology affirmed the non-syndromic
nature of their conditions.

Establishing clear genotype—phenotype correlations in CEP290-related conditions re-
mains challenging. Different CEP290 variants associated with CRD have been documented,
yet most cases typically describe severe, early-onset presentations [6,13,26]. This study
contributes novel insights by documenting the coexistence of a mild, late-onset CRD phe-
notype alongside a severe phenotype within the same family, emphasizing the complexity
of the genetic and non-genetic factors influencing disease expression [26].

The c.955del frameshift variant has been associated with severe phenotypes, such
as MKS and LCA, when combined with other loss-of-function alleles [4,6]. Meanwhile,
the ¢.5777G>C missense variant has been reported in both homozygosity and compound
heterozygosity, with null variants in severe cases [8,10,24]. Notably, to our knowledge, this
study is the first to document the coexistence of c.955del with a missense variant, poten-
tially explaining the milder phenotype observed in proband 2. These findings emphasize
the critical role that specific variant combinations play in shaping genotype-phenotype
correlations. For example, the ¢.2991 + 1655A>G deep intronic variant, first described by
den Hollander et al. (2006) [27], has been shown to preserve correct splicing in most tissues
but is insufficient in photoreceptors, leading to retinal-specific manifestations [11,28].

Residual CEP290 protein activity, alternative splicing, genetic modifiers, and environ-
mental factors likely influence the phenotypic differences between the siblings [29-31].

The observed reduction in CEP290 expression is consistent with the activation of
NMD. However, further experiments using NMD inhibitors would be necessary in order to
confirm this hypothesis. Additionally, mechanisms like nonsense-associated altered splic-
ing (NAS) or basal exon skipping (BES) could generate functional transcripts that bypass
premature termination codons [11,25], potentially resulting in residual protein expression
and a milder phenotype [32]. Exon 41 skipping was observed in both siblings and in the
control sample, suggesting that it may be associated with the variant identified in exon
42 (c.5777G>C), given that changes in exon donor or acceptor sites can impact the splicing of
neighboring exons, as shown in prior studies [11,25]. However, this exon skipping was also
observed in all samples and controls in the study conducted by Drivas et al. (2015) [33].

Genetic modifiers such as AHI1, RPGRIP1L, and CC2D2A, which interact with CEP290
at the protein level, may also contribute to phenotypic variability (Supplementary Figure
54) [34,35]. Proband 1 carried more variants in these genes than proband 2 (Supplementary
Tables S2 and S3), including a CC2D2A variant predicted to have deleterious effects on
protein level (Revel score: 0.683), which could partially explain the more severe phenotype.

Environmental and epigenetic factors, such as mechanisms involving endoplasmic
reticulum-associated protein degradation (ERAD), may further influence disease
severity [36,37]. These non-genetic influences, combined with the unique structural
and functional demands of retinal cilia [3], highlight the complexity of CEP290-related
retinal diseases.

Within our internal cohort of 964 IRD cases, nine additional individuals with biallelic
CEP290 pathogenic variants were identified (Supplementary Table S4), most of whom
exhibited severe, early-onset retinal degeneration consistent with previously documented
phenotypes [12]. Only one individual carried a missense variant in combination with a
loss-of-function variant. While this patient displayed a non-syndromic phenotype, their
disease course was far more aggressive than that of proband 2, further emphasizing the
complexity of CEP290 genotype-phenotype relationships.

Emerging therapeutic approaches, such as gene editing and antisense oligonucleotide
(ASO) therapies, hold promise for managing CEP290-related IRDs [38,39]. However, the
significant phenotypic variability associated with CEP290 highlights the need for personal-
ized strategies that account for specific genotypes, splicing profiles, and modifier influences
to maximize treatment efficacy.
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In conclusion, this study broadens the understanding of CEP290-related IRDs by doc-
umenting the coexistence of both severe and mild phenotypes within the same family. It
highlights the complex interplay of the genetic, molecular, and environmental factors that
contribute to the variability in disease expression. Although preliminary findings on splic-
ing alterations were explored, they serve as a foundation for future, more comprehensive
investigations into CEP290 expression and splicing mechanisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes15121584 /s1. Figure S1: ffERG results for proband 2,
Figure S52: gPCR analysis of CEP290 gene expression, Figure S3: Impact of identified CEP290 variants
on splicing, Figure S4: Protein-protein interaction network of CEP290, Table S1. Primers used to
evaluate the effect on splicing of the variants identified, Table S2. Variants in modifier genes (AHI1,
ARL13B, CC2D2A and RPGRIP1L) identified in proband 1, Table S3. Variants in modifier genes (AHI1,
ARL13B, CC2D2A and RPGRIP1L) identified in proband 2.
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1 Supplementary Data

The list of 489 genes analyzed through whole exome sequencing (WES) in both siblings is as follows: ABCA4,
ABCC6, ABHD12, ACBD5, ACO2, ACOX1, ADAMY, ADAMTS18, ADAMTS9, ADGRA3, ADGRV1, ADIPOR1,
AFG3L2, AGBL5, AHI1, AHR, AIPL1, ALG6, ALMS1, ALPK1, ANKS6, ANTXR1, AP3B1, AP3D1, APOB, APOE,
ARHGAP31, ARHGEF18, ARL13B, ARL2, ARL2BP, ARL3, ARL6, ARMC9, ARMS2, ARSG, ARV1, ASRGLI,
ATAD3A, ATF6, ATOH7, ATP1A3, ATXN2, ATXN7, B9D1, B9D2, BBIP1, BBS1, BBS10, BBS12, BBS2, BBS4, BBS5,
BBS7, BBS9, BEST1, BLOC1S3, BLOC1S5, BLOC1S6, BMP4, BTD, C120rf65, C190rf12, CIQTNF5, C2, C2CD3, C3,
C8orf37, C9, CA4, CABP4, CACNAIF, CACNA2D4, CAPN5, CASK, CC2D2A, CCDC28B, CCDC51, CCT2, CDH16,
CDH23, CDH3, CDHR1, CDK10, CEP104, CEP120, CEP164, CEP19, CEP250, CEP290, CEP41, CEP78, CEPS3,
CERKL, CFAP20, CFAP410, CFB, CFH, CFHR1, CFHR3, CFI, CHM, CIB2, CISD2, CLCC1, CLDN19, CLEC3B, CLN3,
CLN5, CLN6, CLNS, CLRN1, CLUAPI, CNGA1l, CNGA3, CNGB1, CNGB3, CNNM4, COL11A1, COL11A2,
COL18A1, COL2A1, COL4A3, COL4A4, COL4A5, COL6A6, COL9A1, COL9A2, COL9A3, CPE, CPLANE1, CRBI,
CRB2, CRX, CSPP1, CST3, CTC1, CTNNA1, CTNNB1, CTSD, CWC27, CX3CR1, CYP2U1, CYP4V2, DAG1, DCDC2,
DCT, DHDDS, DHX38, DLG1, DNAJC17, DNAJC19, DNAJC21, DNM1L, DOCK6, DRAM2, DTHD1, DTNBP1,
EDN3, EDNRB, EFEMP1, ELOVL4, EMC1, ENSA, ERCC6, ESPN, EXOSC2, EYS, FAM149B1, FAM161A, FAM57B,
FBLNS5, FBN3, FDX2, FDXR, FLVCR1, FRMD?7, FSCN2, FZD4, GDF6, GDPD1, GLIS2, GNAT1, GNAT2, GNBS,
GNPTG, GPR143, GPR179, GRK1, GRM6, GRN, GUCA1A, GUCA1B, GUCY2D, HACE1, HADHA, HARS,
HGSNAT, HK1, HKDC1, HMCN1, HMX1, HPS1, HPS3, HPS4, HPS5, HPS6, HTRA1, IDH3A, IDH3B, IFT122,
IFT140, IFT172, IFT27, IFT43, IFT52, IFT74, IFT80, IFT81, IMPDH1, IMPG1, IMPG2, INPP5E, INVS, IQCB1, IRX1,
ITM2B, JAG1, KCNJ13, KCNV2, KIAA0556, KIAA0586, KIAA0753, KIAA1549, KIF11, KIF14, KIF3B, KIF7, KITLG,
KiZ, KLHL7, LAMA1, LAMAS5, LAMB2, LARGE2, LCA5, LOXL3, LRAT, LRIT3, LRMDA, LRP2, LRP5, LYST,
LZTFL1, MAK, MANBA, MAPKAPK3, MAPKBP1, MCIR, MCAT, MCOLN1, MECR, MERTK, MFN2, MFRP,
MFSDS8, MITF, MKKS, MKS1, MLPH, MMACHC, MTPAP, MTTP, MVK, MYO5A, MYO7A, NBAS, NDP,
NDUFS1, NEK1, NEK2, NEK8, NEUROD1, NGLY1, NMNAT1, NPHP1, NPHP3, NPHP4, NR2E3, NR2F1, NRL,
NUMB, NYX, OAT, OCA2, OFD1, OPA1, OPA3, OPN1LW, OPNIMW, OPN1SW, OR2W3, OTX2, P3H2, PANK2,
PAX3, PAX6, PCARE, PCDH15, PCYT1A, PDE6A, PDE6B, PDE6C, PDE6D, PDE6G, PDE6H, PDXK, PDZD7,
PEX1, PEX10, PEX11B, PEX12, PEX13, PEX14, PEX16, PEX19, PEX2, PEX26, PEX3, PEX5, PEX6, PEX7, PGK1,
PHYH, PIBF1, PITPNM3, PLA2G5, PLK4, PMM2, PNPLA6, POC1B, POC5, POGZ, POLG, POLG2, POMGNT],
PPP2R3C, PPT1, PQLC2, PRCD, PRDM13, PROKR2, PROM1, PRPF3, PRPF31, PRPF4, PRPF6, PRPF8, PRPH2,
PRPS1, RAB27A, RAB28, RAX2, RB1, RBP3, RBP4, RCBTB1, RD3, RDH11, RDH12, RDH5, REEP6, RGR, RGS9,
RGS9BP, RHBDD2, RHO, RIMS1, RIMS2, RLBP1, ROM1, RP1, RP1L1, RP2, RP9, RPE65, RPGR, RPGRIP],
RPGRIPIL, RRM2B, RS1, RTN4IP1, SAG, SAMD11, SCAPER, SCLT1, SDCCAGS, SEMA4A, SEMAG6B, SIX6,
SLC24A1, SLC24A2, SLC24A5, SLC25A46, SLC37A3, SLC38A8, SLC39A12, SLC45A2, SLC4A3, SLC4A4, SLC4A7,
SLC52A2, SLC6A6, SLC7A14, SMARCA4, SNAI2, SNRNP200, SNX10, SOX10, SOX3, SPATA7, SPG7, SPP2,
SRD5A3, SSBP1, STX3, SUFU, TCTN1, TCTN2, TCTN3, TEAD1, TGFBR2, TIMMS8A, TIMP1, TIMP3, TLR3, TLR4,
TMEM107, TMEM126A, TMEM138, TMEM216, TMEM?231, TMEM237, TMEM67, TOGARAM1, TOPORS, TPP1,
TRAF3IP1, TREX1, TRIM32, TRNT1, TRPM1, TSFM, TSPAN12, TTC21B, TTC8, TTLL5, TTPA, TUB, TUBB3,
TUBB4B, TUBGCP4, TUBGCP6, TULP1, TXNDC15, TYR, TYRP1, UCHL1, UNC119, USH1C, USH1G, USH2A,
USP45, VCAN, VHL, VPS13B, WDPCP, WDR19, WDR34, WFS1, WHRN, XPNPEP3, YARS, YMEIL1, YPEL2,
ZNF408, ZNF423, ZNF513, ZNHIT3.
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2 Supplementary Figures

1. Dark-adapted 0.01 ERG Stimulator: Ganzfeld
250,00 pv/div oD

‘ko ‘ko 20,0 ms/div
Etapa b [ms] b-wave [pV] Avgs.
Normal 67,0-91,0 118,0-225,0
1: 0D-1 97,3 (1) 190,4 5
2: 0s-2 98,1 (1) 176,6 5
2. Dark-adapted 3.0 ERG Stimulator: Ganzfeld
250,00 pVv/idiv oD oS

1
b b
2
N N
- - —
a a

Ao Ao 20,0 ms/div
Etapa a [ms] b [ms] a-wave [uV] b-wave [uV] b/a Avgs.
Normal 15,9-22,0 35,5-51,4 63,0-272,0 82,0-380,0  1,5-2,6
1: OD-1 19,6 49,8 88,0 192,4 2,2 5
2: 05-2 19,9 49,2 79,9 233,5 2,9 (1) 5
3. Dark-adapted 3.0 OPs Stimulator: Ganzfeld
100,00 pvidiv oD os

N2 N2
AO AD 20,0 ms/div

Etapa P2 [ms] 0s2 [uv] Avgs.
Normal 23,2-27,6 4,6-51,2

1: op-1 24,3 17,6 3
2: 0s-2 20,8 (1) 14,9 3

1
i—_//-*\
Jom— -~

os

b

T
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4. Dark-adapted 10.0 ERG Stimulator: Ganzfeld

250,00 pV/div op os
% % %
81 * %
o |
b b 2 c
N o 6+
= 1 N o
Ny 8 —_— ——
N
a Q
a w
o
oo
% 2
A° AO° 20,0 ms/div
Etapa a [ms] b [ms] a-wave [puV] b-wave [pV] b/a  Avgs. 0 1 I
Normal 14,7-16,4 36,4-49,9 110,0-317,0 127,0-420,0 Proband 1 Proband 2 Control
1: oD-1 15,5 47,5 103,2 (1) 150,6 1,5 5
2082 152 4.8 85,9 (1) 2036 2 Figure S2: qPCR analysis of CEP290 gene expression. The graph illustrates the relative expression levels of the
CEP290 gene in probands 1 and 2 compared to a control sample, normalized to GAPDH expression. A reduction
5. Liﬁht'ﬂdapted 3.0 ERG Stimulator: Ganzfeld in CEP290 expression was observed in proband 1 (p = 0.0004) and proband 2 (p = 0.004). **: p <0.01; ***: p < 0.001.
250,00 pvidiv oD os
b b
ARSI’ SN S S TP P SUR SV S A S 1
N
a a
A° A° 20,0 ms/div
Etapa a [ms] b [ms] a-wave [pv] b-wave [pV] Avgs.
Normal 12,9-16,7 29,6-33,5 10,4-55,0 39,6-184,0
1: 0D-1 13,5 43,7 (1) 11,0 36,5 (1) 5
2: 0s-2 21,1 (1) 19,0 (1) 6,1 (1) 25,9 (1) 5

6. Light-adapted 3.0 Flicker 30 Hz Stimulator: Ganzfeld
250,00 pVv/div oD os

P

—-q%'_.__._t_.__fA STt ! L2
TH TH ! l

s}

Figure S3: Impact of identified CEP290 variants on splicing. A) Amplification of exons 10-14 of the CEP290

Ramel gene shows that the c.955del variant does not affect splicing. B) Amplification of exons 40-44 reveals no skipping
P zzg’gsg 32“‘7“3’]@ Aves: of exon 42, which contains the ¢.5777G>C variant. However, exon 41 skipping is observed. The agarose gel
Lop-1l 260 (1) 13,7 () 12 demonstrates that the band corresponding to exon 41 skipping is more prominent in the probands compared to
mosz o e b the control sample. NTC, no template control.

Figure S1: ffERG results for proband 2. Panels (1-4) represent the scotopic ERG responses, while panels (5-6)
illustrate the photopic ERG responses.
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CEP290

Known Interactions

ted databases

Figure S4: Protein-protein interaction network of CEP290. This figure illustrates the protein-protein interaction
network of CEP290, including key interactors such as AHI1, CC2D2A, and RPGRIP1L. These proteins are well-
established binding partners of CEP290 and have been implicated in modulating the phenotype of CEP290-

related disorders.

3 Supplementary Tables

Table S1. Primers used to evaluate the effect on splicing of the variants identified.

Primer name Primer sequence (5’-3) Amplicon length
TGTAAAACGACGGCCAGT GAATGAAAGCTATTGTGCATC
CEP290 10-14 546 pb
CAGGAAACAGCTATGACC GTTCAGCTGTTCTCTCAGC
TGTAAAACGACGGCCAGT GATCAAGAGAATGATGAACT
CEP290 40-44 GATCAAGAG GATGAACTG 556 pb
CAGGAAACAGCTATGACC CTTCTACAACAGAATCTCGAG

The specific sequence is highlighted in bold, while the unmarked sequence corresponds to M13 forward and reverse, respectively.
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Proband 1
Gene Nucleotide change A';i:_::; i Variant type Zygosity dbSNP gnomAD Revel SpliceAl
ARL13B ¢.1043C>G p.(Thr348Ser) missense HOM_ALT rs33944211 0.0964 0.067 0.01
CC2D2A €.247+26A>G intronic HOM_ALT rs10000250 0.8602 0
CC2D2A c.1519A>G p-(Lys507Glu) missense HET rs144439937 0.00638 0,683 0
CC2D2A €.1764+45T>G intronic HET rs1558572 0.7535 0
CC2D2A €.2003+19C>T intronic HET rs17476642 0.1093 0
CC2D2A €.2003+730A>G intronic HET rs1125378 0.7563 0.03
CC2D2A €.3183-8T>C 3'UTR HOM_ALT rs13121363 0.7061 0
CC2D2A €.3288+41A>C intronic HOM_ALT rs13116304 0.7073 0
CC2D2A €.4065+28A>T 3'UTR HOM_ALT rs6832789 0.9856 0
CC2D2A €.*21G>C 0.445 3'UTR HET rs1134634 0.5772 0
CC2D2A c.*64T>G 0.556 3'UTR HET 0.000002045 0
AHI1 €.3426+13G>A 3'UTR HOM_ALT rs6914831 0.5876 0
AHI1 ¢.3015A5G p.(Ser1005Ser) synonymous HET 541287054 0.01752 0
AHI1 €.2961+7_2961+21delinsGACTTTTTTAAAGTTTTAAA Splice site HET rs786200964 0
AHI1 €.2961+17C>A intronic HET rs201291897 0
AHI1 €.2961+16G>A intronic HET rs199671265 0
AHI1 €.2961+14A>T intronic HET rs200731111 0
AHI1 €.2961+9A>C intronic HET rs201870233 0
AHI1 €.2961+8T>A - Splice site HET rs199887601 0
AHI1 €.2961+7T>G - Splice site HET rs200658320 0
AHI1 €.1780-14C>T - intronic HOM_ALT rs2757645 0.9044 0
RPGRIP1L c.*55T>A 3'UTR HET rs4784319 0.3727 0.02
RPGRIP1L €.2959-32G>A intronic HET rs7203525 0.3441 0.12

*MANE transcripts NM_001174150.2 (ARL13B), NM_001378615.1 (CC2D2A), NM_001134831.2 (AHI1).
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Table S3. Variants in modifier genes (AHI1, ARL13B, CC2D2A and RPGRIP1L) in proband 2. Table S4: Clinical and genetic characteristics of individuals with biallelic pathogenic CEP290 variants identified in our
internal IRD cohort.
Proband 2
Gene Nucleotide change A';‘lil::aceid Variant type Zygosity dbSNP gnomAD Revel SpliceAl Case  Sex AO Age FamHx Clinical diagnosis Alleles Location
ARL138 €.1043C>G p.(Thr348Ser) missense HET 1533944211 0.0964 0.067 0.01 1 F 1 8 No Joubert syndrome ¢.5227-13G>A, p.(?) Intron 38
cc2p2A €.247+26A>G - intronic HET rs10000250 0.8602 - 0 €.6271-8T>G, p.(?) Intron 45
cc2p2A €.1765-24A>G - intronic HET rs1861044 0.5457 - 0 2 M 1 20 No Leber Congemtal €.2991+1655A>G, p'(?) Intron 26
- - Amaurosis ¢.2991+1655A>G, p.(?) Intron 26
CC2D2A €.1764+45T>G - intronic HOM_ALT rs1558572 0.7535 - 0
—— Leber Congenital €.2991+1655A>G, p.(?) Intron 26
CC2D2A €.2003+19C>T - intronic HET rs17476642 0.1093 - 0 3 M 1 14 No
Amaurosis ¢.2991+1655A>G, p.(?) Intron 26
ccap24 €.2003+730A>G - intronic HOM_ALT rs1125378 0.7563 - 0.03
Leber Congenital €.2991+1655A>G, p.(?) Intron 26
cC2D2A €.3183-8T>C - 3'UTR HOM_ALT 1513121363 0.7061 - 0 4 M 1 10 No .
Amaurosis ¢.3400_3401del, p.(Asp1134Ter) Exon 29
cc2p2A €.3288+41A5C - intronic HOM_ALT rs13116304 07073 - 0
T c.5932C>T, p.(Argl978Ter) Exon 43
cc2p2A €.4065+28A5T - 3UTR HOM_ALT 156832789 0.9856 - 0 5 F 14 28 No  Retinitis Pigmentosa
c.7341dup, p.(Leu2448ThrfsTer8) Exon 54
ccap24 €.*21G>C 0.445 3UTR HET rs1134634 05772 - 0 -
6 M 1 4 N Leber Congenital c41A>G, p.(Aspl4Gly) Exon 2
*64T> X y - X . o
ceapa ki 0556 JuTR HET 0.0000020%5 0 Amaurosis ¢.133_136del, p.(GIn45LysfsTer3) Exon 3
AHIL €.3426+13G>A - 3UTR HET rs6914831 05876 - 0 Leber Congenital 2991+1655A5G, p.(? Intron 26
AHIZ 3015A5G Ser1005S HET 41287054 0.01752 0 7 M 1 5 No 8 P
c3015A> p{Serl003Ser) | synonymous ‘S : : Amaurosis €.2991+1655A>G, p.(?) Intron 26
AHIL €.1780-14C>T - intronic HOM_ALT 152757645 0.9044 - 0 Senior-Loken CA813-1G>A, p.(?) Intron 36
RPGRIP1L C.*55T>A - FUTR HET 154784319 03727 - 0.02 8 F 10 32 No syndrome 5736G>A, p.(Trp1912Ter) Exon 42
RPGRIP1L €.2959-32G>A - intronic HET rs7203525 0.3441 - 0.12 Leber Congenital C2991+1655A>G, p(7) Intron 26
*MANE transcripts NM_001174150.2 (ARL13B), NM_001378615.1 (CC2D2A), NM_001134831.2 (AHIT). 9 M 1 6 No A R 4661_4663del, p.(Glu1554del) E 35
maurosis C. _ el, p.(Glu el XOon

F: female, M: male, AO: Age of onset, FamHx: Family history
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Resum article 3

Titol: Estrategies genomiques personalitzades per millorar el
diagnostic de les distrofies hereditaries de la retina: un
enfocament seqiiencial centrat en el pacient (Personalised genomic
strategies improve diagnostic yield in inherited retinal dystrophies: a

stepwise, patient-centred approach).

Objectiu: Avaluar I'impacte d’'un enfocament genomic personalitzat —
integrant reanalisi d’exoma (WES), seqiienciacié de genoma (WGS),
panells personalitzats i assajos funcionals— en casos no resolts de

distrofies hereditaries de la retina (DHR).

Metodes: Cohort retrospectiva de 597 individus (525 casos index i 72
familiars). Dels 221 casos no resolts, 101 es van reavaluar mitjangant
WES actualitzat, WGS en casos seleccionats i seqlienciaci6 de regions
complexes. La interpretacié de variants va incloure criteris revisats,

analisi de segregacid i assajos funcionals (ARNm, minigen/midigen).

Resultats: El rendiment inicial va ser del 59,6% (313/525). L’aplicaci6
de I'enfocament personalitzat en 101 casos no resolts va permetre
obtenir 49 diagnostics nous (42 index i 7 familiars), amb un rendiment

del 48,5% en aquesta subcohort i una taxa global del 67,6% (355/525).

Conclusions: Un enfocament seqiiencial i centrat en el pacient
augmenta significativament el diagnostic molecular de les DHR. La
reanalisi periodica, I'ts selectiu de WGS, els panells personalitzats i els
estudis funcionals sén estrategies escalables i transferibles a la practica
clinica, i constitueixen una base solida per avangar cap a la medicina de

precisio.
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approach

Anna Esteve-Garcia® ', Ariadna Padro-Miquel 3. Jaume Catala-Mora*®, Cristina Sau’, Delia Yubero®’, Zelia Corradi®,
Frans P. M. Cremers®, Pilar Barberan-Martinez®?, José M. Millan®°'°, Gema Garcia-Garcia®®, llyana Ismael'!, Luis Arias'’,

511 3

Estefania Cobos and Cinthia Aguilera

© The Author(s) 2025

BACKGROUND: Inherited retinal dystrophies (IRDs) are a genetically heterogeneous group of conditions, with approximately 40%
of cases remaining unresolved after initial genetic testing. This study aimed to assess the impact of a personalised genomic
approach integrating whole-exome sequencing (WES) reanalysis, whole-genome sequencing (WGS), customised gene panels and

functional assays to improve diagnostic yield in unresolved cases.

SUBJECTS/METHODS: We retrospectively reviewed a cohort of 597 individuals with IRDs, including 525 probands and 72 affected
relatives. Among the 221 genetically unresolved cases, a subset of 101 was selected for stepwise re-evaluation. This included WES
reanalysis with updated virtual panels, WGS in selected cases and targeted sequencing of complex regions. Variant interpretation
was refined using updated classification criteria, segregation analysis and functional assays such as mRNA and minigene/midigene

studies.

RESULTS: An initial diagnostic yield of 59.6% (313/525) was achieved through first-tier genetic testing. Re-evaluation of the 101
prioritised cases resulted in 42 new diagnoses in probands and resolution of 7 more familial cases, yielding 49 additional
diagnoses among previously unresolved patients (48.5%). This increased the overall diagnostic rate for probands to 67.6% (355/
525). Functional assays confirmed pathogenicity of variants in ABCA4, ATF6, REEP6, and TULP1, while WGS enabled the detection of
structural and deep intronic variants, further enhancing diagnostic accuracy.

CONCLUSIONS: A patient-centred, stepwise genomic approach significantly improved the molecular diagnosis of IRDs. This
strategy supports the clinical utility of periodic WES reanalysis and targeted use of customised panels, WGS and functional assays.
The proposed workflow is scalable and applicable to routine clinical practice, contributing to precision medicine in IRDs.

Eye; https://doi.org/10.1038/541433-025-03981-1

INTRODUCTION

Inherited retinal dystrophies (IRDs) are a leading cause of
blindness worldwide, characterised by extensive genetic hetero-
geneity that complicates molecular diagnosis [1-3]. To date,
pathogenic variants in over 300 genes have been implicated in
IRDs (RetNet, https://web.sph.uth.edu/RetNet/; accessed on 3
February 2025), affecting both coding and non-coding regions.
These include deep intronic variants (e.g., ABCA4, CEP290 and
USH2A), GC-rich regions (RPGR-ORF15) and structural variants
(SVs) such as large deletions and complex rearrangements [4-10].

Next-generation sequencing (NGS), particularly whole-exome
sequencing (WES) and gene panels, has transformed IRD
diagnostics by enabling simultaneous analysis of multiple genes
[11-13]. However, despite these advancements, a significant
proportion of cases remain unresolved, with diagnostic yields
ranging from 49% to 75%, leaving nearly 40% of patients without
a molecular diagnosis [3, 12-14]. This highlights key limitations of
current NGS approaches: gene panels fail to capture non-targeted
regions and WES has limited sensitivity for deep intronic variants
[15]. Additionally, both methods struggle with SVs detection and
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pathogenic variants in repetitive or homologous regions [15].
Whole-genome sequencing (WGS) provides a more comprehen-
sive analysis, covering both coding and non-coding regions and
allowing the identification of complex genomic rearrangements
often missed by WES [16-20].

Beyond sequencing, variant interpretation remains a challenge,
with many variants classified as variants of uncertain significance
(VUS), complicating clinical decision-making [2, 21]. Emerging
research continues to refine variant classification, revealing that
synonymous and hypomorphic variants, previously considered
benign, can contribute to IRD pathogenesis [22, 23]. This
highlights the need for periodic WES reanalysis and refinements
to American College of Medical Genetics and Genomics and the
Association for Molecular Pathology (ACMG-AMP) guidelines to
improve diagnostic accuracy [24-26].

Functional validation is critical for confirming variant patho-
genicity, particularly in non-coding regions. However, the
inaccessibility of retinal tissue remains a key challenge [27]. In
vitro assays, such as mRNA analysis and minigene/midigene
assays, have emerged as powerful tools to elucidate IRD
mechanisms and improve variant interpretation [28, 29].

This study focuses on a subset of 101 unresolved cases,
selected from a larger diagnostic cohort, to assess the impact of a
personalised, case-by-case re-evaluation strategy. By integrating
WES reanalysis, customised gene panels, WGS, functional assays
and updated classification frameworks, this approach aims to
enhance the diagnostic yield for IRDs. Beyond improving
molecular diagnosis, this strategy contributes to a better under-
standing of IRD pathogenesis, facilitates access to gene-targeted
therapies and enables more accurate genetic counselling.

SUBJECTS AND METHODS

Cohort description

We retrospectively reviewed the clinical and genetic records of 597 adult
patients with a confirmed clinical diagnosis of IRD, all monitored at the
Hereditary Retinal Dystrophies Unit of Bellvitge University Hospital. This
cohort included 525 probands from unrelated families and 72 affected
relatives (familial cases). Clinical diagnoses were based on comprehensive
ophthalmological assessments, including fundus examination, optical
coherence tomography, autofluorescence imaging and electrophysiology
when indicated. All individuals underwent genetic testing between 2021
and 2024, primarily through targeted gene panels or WES, both of which
included copy number variant (CNV) analysis as part of standard
diagnostic protocols.

Among the 525 probands, 221 remained without a conclusive
molecular diagnosis after initial testing. Based on clinical presentation,
family history and previous genetic findings, a subset of 101 unresolved
cases were selected for further re-evaluation. This subgroup constitutes
the primary study population in which the personalised genomic
approach described in this study was applied.

Genetic testing workflow

Initially, cases were classified as resolved or unresolved based on prior
genetic results. From the 221 unresolved cases, a subset of 101 cases was
selected for stepwise, case-by-case genetic re-evaluation. This re-
assessment involved one or more of the following approaches: variant
reinterpretation and reclassification, WES reanalysis with updated virtual
panels, WGS, customised gene panels or functional studies, depending on
the specific characteristics of each case. This additional testing was
performed between 6 months and 3 years after the initial analysis,
depending on the clinical course, newly available evidence and the
implementation of updated sequencing tools.

Case prioritisation was based on both clinical and genetic criteria,
including reproductive planning, family history of IRDs, the presence of a
single pathogenic variant in recessive genes with a consistent phenotype,
and cases with no candidate variants in which the initial study had been
performed over a year earlier—especially when the original panel might
not have included recently associated IRD genes. Notably, timing alone
was not the sole determinant; in several cases, prioritisation was driven
more by the nature of preliminary findings than by the time elapsed since
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the first analysis. Exclusion criteria included patient mortality, lack of
clinical follow-up or reclassification of the phenotype as non-IRD.

WES REANALYSIS

Unresolved cases underwent WES reanalysis using an updated
IRD gene panel for non-syndromic cases (Supplementary Data)
and a phenotype-driven approach with Human Phenotype
Ontology (HPO)-guided analysis for syndromic IRDs [30]. Updated
annotation tools were applied in both analyses, with bioinfor-
matics performed using Datagenomics software (versions 19.1
and 22.4.0) and CNV detection was carried out via the VarSeq
platform (Golden Helix).

WHOLE-GENOME SEQUENCING ANALYSIS AND CUSTOMISED
GENE PANEL SEQUENCING

WGS was performed using the KAPA HyperPrep Kit (Roche) and
the xGen DNA Library Prep EZ Kit (Integrated DNA Technologies),
with sequencing conducted on the lllumina NovaSeq 6000
platform. Bioinformatics analysis was carried out using the CNAG
(Centro Nacional de Andlisis Genomico) GPAP (Genome-Phenome
Analysis Platform, hg19) and Emedgene (lllumina, hg19) plat-
forms. Variants were filtered using an expanded IRD panel that
also included candidate IRD genes (Supplementary Data) [17, 31].
A customised gene panel targeting ABCA4 deep intronic regions
and RPGR-ORF15 repetitive region was processed using the
Agilent SureSelect XT HS2 and the Magnis NGS Prep system
(Agilent Technologies, CA, USA), sequenced on the lllumina MiSeq
platform and analysed using the Datagenomics software.

VARIANT FILTERING AND CLASSIFICATION

Variants with read depth >20x and an allele frequency >20% were
considered, except for RPGR-ORF15, where all variants were
retained. A minor allele frequency threshold of 0.05 in gnomAD
v2.1.1 [32] was applied, prioritising deleterious variants, including
nonsense, frameshift, splice site and missense variants. Patho-
genicity was assessed using REVEL [33] for missense variants and
SpliceAl [34] for splicing impact. Variants were classified accord-
ing to the ACMG-AMP classifications standards [24], the latest
recommendations from the Sequence Variant Interpretation
Working Group (SVI-WG) [35] and gene-specific adaptations, such
as those from Cornelis et al. (2023) for ABCA4 gene [36].

VALIDATION OF VARIANTS AND SPLICE SITE ASSAYS
Variants were validated using Sanger sequencing, digital PCR,
array-CGH or MLPA, depending on variant type, following
standard protocols. Splicing impact was assessed through mRNA
analysis and minigene/midigene assays.

To evaluate the impact of REEP6 ¢.349-4G>T and c.349-1G>A
variants, as well as the ATF6 c.160-8A>G variant, RNA was
extracted from nasal ciliary cells (REEP6) and whole blood (ATF6)
using the RNeasy Mini Kit (Qiagen) and Maxwell® RSC SimplyRNA
Blood Kit (Promega), respectively. cDNA synthesis was performed
using the PrimeScript RT Reagent Kit (TaKaRa), followed by PCR
amplification with primers listed in Supplementary Table S1. PCR
products were purified (ExoSAP-IT, Applied Biosystems) and
analysed by Sanger sequencing (BigDye Terminator v3.1, Applied
Biosystems). Electropherograms were analysed using Mutation
Surveyor v5.1.2 (for ATF6) and FinchTV (for REEP6) software. The
potential protein impact of these variants was assessed using
Expasy translate tool [37].

The splicing effect of ABCA4 ¢.859-442C>T variant was investi-
gated using an in vitro splice assay based on a previously
established wild-type midigene (BA7) containing ABCA4 exons 7
to 11 [38]. The variant was introduced via site-directed mutagenesis
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Clinical and genetic distribution in resolved cases. A The most common clinical diagnoses in the genetically resolved cohort (n = 376)

were non-syndromic retinitis pigmentosa (nsRP, 40.4%, 152/376), Stargardt disease (STGD, 11.4%, 43/376) and Usher syndrome (USH, 6.3%, 24/
376). B Pathogenic variants were identified in 70 genes across 24 IRD subtypes. Only genes implicated in >5 cases are shown; the remaining 49
genes not shown were found in fewer than 5 cases. The most frequently affected genes were ABCA4 (18.1%, 68/376), USH2A (8.5%, 32/376), and
RPGR (6.7%, 25/376). CD cone dystrophy, BMD best macular dystrophy, LCA leber congenital amaurosis, sRP syndromic retinitis pigmentosa, CRD
cone-rod dystrophy, BBS Bardet-Biedl syndrome, CHM choroideremia, CSNB congenital stationary night blindness, ACHM achromatopsia,
AOVMD adult-onset vitelliform macular dystrophy, PXE pseudoxanthoma elasticum.

using oligonucleotides listed in Supplementary Table S2. Wild-type
and mutant constructs were transfected into HEK293T cells,
followed by RNA extraction (Nucleospin RNA, Machery-Nagel)
and cDNA synthesis (iScript, Bio-Rad). RT-PCR was performed using
ACTB and RHO exon 5 as controls. Splicing defects were analysed
via electrophoresis, Sanger sequencing and semi-quantitative
mRNA analysis using Fiji software. Further details on the midigene
assay are provided in the Supplementary Material.

Additionally, a minigene splice assay for TULPT c.822G>T was
conducted as previously described [39].

Ethical considerations

This study was approved by the Research Ethics Committee of
Bellvitge University Hospital (reference number PR014/22) and
conducted in accordance with the Declaration of Helsinki [40].
Informed consent was obtained from all participants and
biological samples were sourced from the Biobank HUB-ICO-
IDIBELL, part of the ISCIll Biobanks and Biomodels Platform when
needed.

RESULTS
Cohort characterisation
Of the 597 cases, 376 were classified as genetically resolved (P1-
P376 in Supplementary Table S3), including 313 probands and 63
familial cases. This cohort exhibited a near-equal sex distribution
(189 females and 187 males). The mean age of symptom onset
was 23.3 years (range: 1 to 75 years), with 51.1% (192/376) of
patients reporting a family history of IRD. Pathogenic variants
were identified in 70 genes across 24 IRD subtypes (Fig. 1).
Among the 525 probands tested, first-tier genetic testing
achieved a diagnostic yield of 59.6% (313/525).

From the 221 unresolved cases, a subset of 101 was selected for
personalised reanalysis based on clinical and genetic prioritisation
criteria. This group constitutes the primary study population.

Diagnostic improvement

The 101 selected cases underwent further analysis through a
stepwise, case-by-case strategy. Variant re-evaluation and
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reclassification were conducted for 41 cases with VUS that
matched the clinical phenotype (P377-P417, Table 1), resolving
18 cases through VUS reclassification to likely pathogenic or
pathogenic (Fig. 2). WES reanalysis identified 16 additional
diagnoses, while WGS and customised gene panels provided
molecular diagnoses for 15 more cases from a subset of 60
patients (P418-P477, Table 2).

In total, 49 new molecular diagnoses were established,
comprising 42 probands and 7 familial cases. This personalised
approach achieved a diagnostic rate of 48.5% (49/101) in
reassessed cases and increased the overall diagnostic rate for
probands to 67.6% (355/525), reflecting a 13.4% relative
improvement in diagnostic yield.

Reclassification of candidate variants

Family co-segregation and functional studies played crucial roles in
reclassifying VUS. In patient P394, the REEP6 c.349-4G>T variant,
initially classified as a VUS, was upgraded to likely pathogenic
following co-segregation and mRNA analysis, which revealed a 32 nt
deletion in exon 4 resulting in a frameshift (Supplementary Fig. S1).
Computational predictions (SpliceAl) predicted minimal splicing
impact (acceptor loss: 0.07; cryptic acceptor activation: 0.16)
(Supplementary Table S4), but ¢cDNA sequencing demonstrated
loss-of-function, supporting pathogenicity. Conversely, despite a
strong genotype-phenotype correlation, the AIPL1 ¢.767T>G variant
identified in case P395 remained classified as a VUS due to
insufficient functional evidence.

In addition to the 18 resolved cases, the reclassification of
variants also contributed to the partial resolution of 23 additional
cases, for which future evidence may provide further insights
leading to conclusive classification.

Non-coding variants

Pathogenic non-coding variants were identified in ABCA4, ATF6,
NPHP4, RPGRIP1 and USH2A genes through WES reanalysis, a
customised ABCA4 panel and WGS (Table 2). Seven deep intronic
variants in ABCA4 were detected, including six previously
reported [36] (c.4539+2064C>T in P420, P429 and P432;
¢.51964+1137G>A in P423 and P430; and c.4253+43G>A in
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Fig.2 Diagnostic yield improvement through stepwise testing. Among the 101 unresolved cases prioritised for further assessment, 41 cases
(37 probands and 4 familial) with phenotype-associated VUS underwent reclassification, leading to 18 new diagnoses (15 probands and 3
familial). The remaining 23 cases were considered partially resolved due to phenotype-matching VUS. WES reanalysis identified 16 additional
diagnoses (14 probands and 2 familial), while targeted ABCA4/RPGR panel testing and WGS contributed to 5 and 10 new diagnoses, respectively.
However, 29 cases (28 probands and 1 familial) remained inconclusive due to insufficient evidence of pathogenicity or genotype-phenotype

discordance.

P428) and a novel ¢.859-442C>T variant in patient P434.
Segregation analysis clarified cases initially classified as resolved.
For example, in patients P423 and P430, it confirmed that ABCA4
variants were in cis, leading to the identification of deep intronic
variants in trans, which resolved both cases.

WGS identified the novel ABCA4 c.859-442C>T variant in P434.
SpliceAl predictions indicated acceptor and donor gain (acceptor
gain: 0.28; donor gain: 0.23) (Supplementary Table S4). In vitro
splice assays revealed three splicing alterations: inclusion of a 238
nt pseudoexon (37%), exons 8-10 skipping (35%) and exon 8
skipping (7%) (Supplementary Table S5), which resulted in
frameshifts and premature stop codons, likely disrupting ABCA4
function (Fig. 3). Consequently, the c.859-442C>T variant was
classified as moderately-severe in line with previous severity
ABCA4 variants classifications [28, 38, 41].

In patient P448, diagnosed with non-progressive cone-rod
dystrophy at age 10, WES reanalysis identified a homozygous

SPRINGER NATURE

ATF6 ¢.160-8A>G variant with a strong genotype-phenotype
correlation. SpliceAl predicted a highly impactful acceptor gain
(score: 0.99) and a minor acceptor loss (score 0.11) (Supplemen-
tary Table S4). mRNA analysis confirmed the inclusion of 7 nt of
intron 2 into de coding sequence, leading to a frameshift and
introducing a premature stop codon (Supplementary Fig. S2). This
led to the reclassification of the variant as likely pathogenic.

In siblings P435 and P436, biallelic splice-site NPHP4 variants
(c.2485+2T>C and c.26114+1G>A) were identified, which had
been missed due to the absence of NPHP4 from the original
virtual panel. This finding confirmed the diagnosis of Senior-
Loken syndrome and revealed previously unrecognised kidney
involvement in one sibling.

WES reanalysis also identified a second RPGRIP1 c.2367+23del
variant in trans with a previously detected c.1111C>T pathogenic
variant in patient P445, confirming the molecular diagnosis.
Additionally, WGS identified a novel deep intronic USH2A c.11048-

Eye
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del

digital PCR

ND

N/A

WES reanalysis + WGS Inconclusive

Yes

Retinal pattern
dystrophy

43 Yes

H

P475 50

ND

N/A

Inconclusive

WES reanalysis + WGS

3
P

pigmentosa

H

P476 41

ND

Yes

p.(Glu3867Lysfs*11)

AR c.11598del

NM_017890.5

Inconclusive VPS13B

15 No Cone-rod Yes WES reanalysis
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1055A>G variant in siblings P446 and P447, reinforcing their
clinical diagnosis.

Structural and copy number variants

WGS detected previously overlooked SVs (Table 2), including a
partial exon 6 deletion in ABCA4 in patient P433 and a
homozygous deletion affecting three genes, including NPHP1, in
patient P440, who presented with retinitis pigmentosa and renal
disease. WES reanalysis identified a homozygous intragenic PDE6B
deletion in P443 and a likely pathogenic deletion involving ARSG
exon 2 in P418, which had been missed due to limitations in the
original analysis pipeline for detecting CNVs.

Coding variants and emerging gene associations

WES reanalysis identified previously overlooked coding variants in
ABCA4, CERKL, HK1, RPGR, and TULP1 (Table 2). Emerging
functional evidence, newly reported gene-disease associations,
and advances in bioinformatics facilitated the detection and
reclassification of variants. For example, biallelic ABCA4 variants,
including the c.5603A>T hypomorphic variant, were identified in
several cases (P421, P422, P424, P425, P426, P427 and P431).
Additionally, a pathogenic homozygous CERKL c.769C>T variant
was detected in patient P441, previously missed due to outdated
transcript annotation.

In patient P444, a de novo pathogenic HKT ¢.1334C>G variant
was identified through WES reanalysis, guided by HPO terms. In
patients P438, P439 and P442, variants in RPGR-ORF15 were
detected using a customised RPGR panel, which facilitated the
detection of variants in low-coverage regions. Finally, a novel
splice-site TULP1 ¢.822G>T variant was identified in patient P437,
with its pathogenicity validated through a minigene assay
previously reported by our group [39].

DISCUSSION

This study demonstrates a significant improvement in the
molecular diagnostic yield for IRDs through a patient-centred,
multi-step genomic approach. By integrating variant reclassifica-
tion, WES reanalysis, WGS, customised gene panels and functional
assays, we resolved previously undiagnosed cases, providing
deeper insights into IRD pathogenesis. These findings highlight
the diagnostic challenges posed by the genetic heterogeneity of
IRDs, particularly the presence of SVs and variants in GC-rich and
non-coding regions, which are often missed by conventional
methods [42].

The initial WES diagnostic yield in our cohort was 59.6%,
aligning with previously reported rates for IRDs [3, 12-14].
However, incorporating variant reclassification, additional
sequencing and functional validation increased the yield to
48.5% among the prioritised cases that were re-evaluated. This
surpasses diagnostic rates reported in large cohort studies where
WGS alone was used as a second-tier method (33.3% [19], 24%
[27] and 13% [18]), emphasising the value of a personalised
approach.

While WES and WGS significantly contributed to variant
identification, the interpretation of VUS remains challenging.
Cases P394 and P448 exemplify how segregation analysis and
functional assays can refine variant classification and resolve
previously inconclusive cases. In contrast, patient P395 remained
unresolved despite a strong genotype-phenotype correlation,
underscoring the need for periodic reassessment and functional
validation beyond in silico predictions.

The ABCA4 c.5603A>T hypomorphic variant, now recognised as
pathogenic [22], was initially not reported due to limited evidence
of pathogenicity. This variant is estimated to account for
approximately 50% of unresolved cases in individuals carrying
only one ABCA4 pathogenic variant [43], reinforcing the need for
WES reanalysis as new evidence emerges [44]. However, its
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Fig.3 Overview of splice defects caused by ABCA4 c.859-442C>T variant in HEK293T cells. A Wild-type and mutant midigenes assay results.
Rhodopsin exon 5 (RHO ex5) RT-PCR was used as a control for transfection efficiency. To the right, schematic representation of WT midigene
(BA7_WT), in which the position of the variant is indicated with an arrow and the forward (fwd) and reverse (rev) primers used for PCR
amplification are depicted as triangles. Beneath, schematic representation of the four RT-PCR products identified in panel, heteroduplex bands
are labelled with an asterisk. ABCA4 ¢.859-442C>T variant leads to the inclusion of a 238 nt long pseudoexon (PE) in intron 7 (Fragment 1), exon
8 skipping (Fragment 3), exon 8 to 10 skipping (Fragment 4) and WT product (Fragment 2). B The chromatograms show the exact exonic and
intronic breakpoints in the four fragments as confirmed by Sanger sequencing.
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interpretation requires caution, as it is only considered patho-
genic when in trans with severe variants. For instance, in cases
P449, P459 and P472, c.5603A>T was found in trans with non-loss-
of-function variants, limiting resolution of these cases.

Additionally, updates to transcript annotation were crucial, as
demonstrated by case P441, where a CERKL variant was initially
undetected. Similarly, in other cases, the detection of causative
variants was hindered by the absence of certain genes in the
applied virtual panels, highlighting the need for continuous
updates to gene lists, transcript-aware analysis and periodic WES
reanalysis using updated bioinformatics pipelines [44, 45].

One case was resolved through HPO-driven reanalysis, demon-
strating its utility in syndromic cases, though its impact on non-
syndromic IRDs remains limited [46]. Furthermore, the use of a
customised RPGR panel enriched for low-coverage regions proved
particularly effective in detecting variants within the ORF15
region, providing a cost-effective alternative to WGS and long-
read sequencing technologies for sequencing this hotspot [47, 5].

Our findings reinforce the role of non-coding variants in IRD
pathogenesis [18]. The identification of pathogenic intronic
variants in ABCA4, ATF6, NPHP4, RPGRIP1 and USH2A further
validate their significance in disease development [4, 25, 48].
Notable examples include the novel deep intronic variants ABCA4
c.859-442C>T and USH2A c.11048-1055A>G, both classified as
pathogenic following segregation and/or functional analyses. The
acceptor gain position at ABCA4 ¢.859-685 (243 nt upstream of
-442) appears to be recurrently activated, as shown in Khan et al.
(2020) and Corradi et al. (2022) [49, 50], where it coincided with
pseudo-exon inclusion and the largest exon elongation for the
-25A>G variant of intron 7. Another variant using this splice
acceptor site has also been reported [22], reinforcing its
functional relevance. These findings highlight the need for
routine non-coding region screening, particularly in ABCA4 and
USH2A. Cases P423 and P430 further emphasise the importance of
segregation analysis to prevent misinterpretation when patho-
genic variants are inherited in cis.

The identification of SVs—including a previously overlooked
homozygous intragenic PDE6B deletion, a partial exon 6 deletion
in ABCA4, which represents the second most frequently reported
SV in ABCA4, particularly prevalent in the Spanish population [51]
and a large deletion involving NPHP1—, reinforces the need to
integrate WGS as a second-tier test in unresolved cases. These
findings highlight the limitations of WES in detecting complex
genomic rearrangements and emphasise the need for comple-
mentary approaches to improve diagnostic accuracy [18, 19].

Beyond diagnostics, these findings have direct clinical implications.
Establishing a molecular diagnosis enables tailored genetic counsel-
ling, informed clinical decision-making and eligibility for emerging
gene-specific therapies [52]. In addition to the 49 new diagnoses,
segregation analysis in asymptomatic individuals identified carriers,
facilitating reproductive counselling in at-risk couples, some of whom
opted for preimplantation genetic diagnosis, directly impacting the
next generation. Moreover, the identification of previously unde-
tected variants enhances our understanding of disease mechanisms,
which is crucial for developing more precise molecular diagnostic
protocols for IRDs [41, 53].

Based on our findings, we propose a flexible and scalable
diagnostic workflow for IRDs that integrates reanalysis, WGS and
functional assays as complementary tools. Targeted gene panels
and WES remain cost-effective and reliable first-line options in
many healthcare settings, especially when their design is
periodically updated to include newly associated IRD genes.
However, clinicians must be aware of their limitations in detecting
non-coding, structural and complex variants. Current literature
supports systematic reanalysis of WES data every 18 to 24 months,
due to ongoing advances in gene discovery and variant
interpretation [54]. Nonetheless, timing should remain flexible
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and adapted to individual clinical contexts, particularly when
preliminary findings suggest the presence of deep intronic or SVs,
or when reproductive planning is a priority [16]. In selected cases
with strong genotype-phenotype correlation, such as individuals
carrying a single pathogenic variant in ABCA4 or USH2A, re-
evaluation should not be delayed, even if the initial study was
recent, as deep intronic or SVs may have been missed. In this
context, the increasing implementation of genome sequencing as
a first-tier test in certain countries may further accelerate and
streamline the diagnostic process [55]. Overall, this patient-
centred, stepwise approach proved effective and can be adapted
to routine clinical practice to optimise IRD diagnostics.

In conclusion, our case-by-case genomic approach significantly
improved the diagnostic yield for IRDs. These findings support the
routine integration of advanced sequencing methodologies,
variant reclassification and functional validation in IRD diagnostics
to optimise patient outcomes and expand the role of precision
medicine in ophthalmic genetics. Future efforts should prioritise
refining diagnostic workflows, identifying novel candidate genes,
improving variant classification systems and incorporating emer-
ging technologies such as long-read sequencing to further
enhance diagnostic accuracy and patient care [47, 56].

SUMMARY

What was known before:

® Whole-exome sequencing (WES) is the primary diagnostic
tool for inherited retinal dystrophies (IRDs), yet approximately
40% of cases remain unresolved.

® Whole-genome sequencing (WGS) and functional assays have
demonstrated potential to improve the diagnostic yield.

® Variants of uncertain significance (VUS) complicate clinical
interpretation and limit patient access to gene therapies.

What this study adds:

® A personalised genomic approach integrating WES reanalysis,
WGS and customised gene panels improves IRD diagnosis.

® Deep intronic, non-coding and structural variants were
identified, broadening the spectrum of IRD-related variants.

® Functional assays and systematic variant reclassification
resolved previously undiagnosed cases.
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(NM_000383.4), ALDH3A2 (NM_000382.3), ALMS1 (NM_001378454.1), ALPK1 (NM_025144.4), AMACR
(NM_014324.6), ARHGEF18 (NM_001367823.1), ARL138 (NM_001174150.2), ARL2BP (NM_012106.4),
ARL3 (NM_004311.4), ARL6 (NM_001278293.3), ARSG (NM_001267727.2), ATF6 (NM_007348.4),
ATOH7 (NM_145178.4), BBIP1 (NM_001195305.3), BBS1 (NM_024649.5), BBS10 (NM_024685.4),
BBS12 (NM_152618.3), BBS2 (NM_031885.5), BBS4 (NM_033028.5), BBS5 (NM_152384.3), BBS7
(NM_176824.3), BBS9 (NM_198428.3), BCOR (NM_001123385.2), BEST1 (NM_004183.4), C1QTNF5
(NM_001278431.2), C21orf2 (NM_004928.3), C2orf71 (NM_001029883.3), C80rf37 (NM_177965.4),
CABP4 (NM_145200.5), CACNATF (NM_001256789.3), CACNA2D4 (NM_172364.5), CAPN5
(NM_004055.5), CC2D2A (NM_001378615.1), CDH23 (NM_022124.6), CDH3 (NM_001793.6), CDHR1
(NM_033100.4), CEP164 (NM_014956.5), CEP250 (NM_007186.6), CEP290 (NM_025114.4), CEP41
(NM_018718.3), CEP78 (NM_001330691.3), CERKL (NM_201548.5), CFAP20 (NM_013242.3), CFH
(NM_000186.4), CHM (NM_000390.4), CIB2 (NM_006383.4), CLCC? (NM_001377458.1), CLN3
(NM_001042432.2), CLN5 (NM_006493.4), CLN6 (NM_017882.3), CLN8 (NM_018941.4), CLRN1T
(NM_174878.3), CNGA1 (NM_001379270.1), CNGA3 (NM_001298.3), CNGB1 (NM_001297.5), CNGB3
(NM_019098.5), CNNM4 (NM_020184.4), COL11A1 (NM_001854.4), COL18A1 (NM_001379500.1),
COL2A1 (NM_001844.5), COL4A1 (NM_001845.6), COL9AT (NM_001851.6), COL9A2 (NM_001852.4),
COL9A3 (NM_001853.4), COQ2 (NM_001358921.2), COQ8B (NM_024876.4), CRB1 (NM_201253.3),
CRX (NM_000554.6), CSPP1 (NM_001382391.1), CTC1 (NM_025099.6), CTNNA1 (NM_001903.5),
CTNNB1 (NM_001904.4), CTNND1 (NM_001085458.2), CTSD (NM_001909.5), CWC27 (NM_005869.4),
CYP4V2 (NM_207352.4), DHDDS (NM_205861.3), DHX38 (NM_014003.4), DRAM2 (NM_001349884.2),
DYNC2H1 (NM_001377.3, NM_001080463.2), EFEMP1 (NM_001039348.3), ELOVL4 (NM_022726.4),
ERCC6 (NM_001277058.2, NM_000124.4), ERCC8 (NM_000082.4), EXOSC2 (NM_014285.7), EYS
(NM_001142800.2), FAM161A (NM_001201543.2), FAM57B (NM_031478.6), FBLN5 (NM_006329.4),
FLVCR1 (NM_014053.4), FRMD7 (NM_194277.3), FSCN2 (NM_012418.4), FZD4 (NM_012193.4), GDF6
(NM_001001557.4), GNAT1 (NM_144499.3), GNAT2 (NM_001377295.2), GNB3 (NM_002075.4), GNPTG
(NM_032520.5), GPR143 (NM_000273.3 ), GPR179 (NM_001004334.4), GRK1 (NM_002929.3), GRM6
(NM_000843.4), GRN (NM_002087.4), GUCA1A (NM_001384910.1), GUCA1B (NM_002098.6), GUCY2D

1
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(NM_000180.4), HARS (NM_002109.6), HCCS (NM_005333.5), HGSNAT (NM_152419.3), HK1
(NM_000188.3, NM_001358263.1), HKDC1 (NM_025130.4), HMCN1 (NM_031935.3), HMX1
(NM_018942.3), IDH3A (NM_005530.3), IDH3B (NM_006899.5), IFT140 (NM_014714.4), IFT172
(NM_015662.3), IFT27 (NM_001177701.3), IFT43 (NM_001102564.3), IFT74 (NM_025103.4), IKBKG
(NM_001099857.5), IMPDH1 (NM_000883.4), IMPG1 (NM_001563.4), IMPG2 (NM_016247.4 ), INPP5E
(NM_019892.6 ), IQCB1 (NM_001023570.4), KCNJ13 (NM_002242.4), KCNV2 (NM_133497.4), KIAA1549
(NM_001164665.2), KIF11 (NM_004523.4), KIF3B (NM_004798.4), KiZ (NM_018474.6), KLHL7
(NM_001031710.3), LAMA1 (NM_005559.4), LAMP2 (NM_002294.3), LCA5 (NM_001122769.3), LRAT
(NM_004744.5), LRIT3 (NM_198506.5), LRP2 (NM_004525.3), LRP5 (NM_002335.4), LZTFL1
(NM_020347.4), MAK (NM_001242957.3), MCOLN1 (NM_020533.3), MED12 (NM_005120.3), MERTK
(NM_006343.3), MFRP (NM_031433.4), MFSD8 (NM_001371596.2), MKKS (NM_170784.3), MKS1
(NM_017777.4), MMACHC (NM_015506.3), MPDZ (NM_001378778.1), MSTO1 (NM_018116.4), MTTP
(NM_001386140.1), MVK (NM_000431.4), MYO7A (NM_000260.4), NBAS (NM_015909.4), NDP
(NM_000266.4), NEUROD1 (NM_002500.5), NMNAT1 (NM_022787.4), NPHP1 (NM_001128178.3),
NPHP3 (NM_153240.5), NPHP4 (NM_015102.5), NR2E3 (NM_014249.4), NR2F1 (NM_005654.6), NRL
(NM_001354768.3), NYX (NM_001378477.1, NM_001378477.3), OAT (NM_000274.4), OFD1
(NM_003611.3), OPA1 (NM_130837.3), OPA3 (NM_025136.4), OPN1LW (NM_020061.6), OPNTMW
(NM_000513.2), OTX2 (NM_021728.4), P3H2 (NM_018192.4), PANK2 (NM_001386393.1), PAX2
(NM_000278.5), PCDH15 (NM_001384140.1, NM_033056.4), PCYT1A (NM_001312673.2), PDE6A
(NM_000440.3), PDE6B (NM_000283.4), PDE6C (NM_006204.4), PDE6G (NM_002602.4), PDE6H
(NM_006205.3), PDSS1 (NM_014317.5), PDZD7 (NM_001195263.2), PEX1 (NM_000466.3), PEX2
(NM_000318.3), PEX6 (NM_000287.4), PEX7 (NM_000288.4), PHYH (NM_006214.4), PITPNM3
(NM_031220.4), PLA2G5 (NM_000929.3), PLK4 (NM_014264.5), PNPLA6 (NM_001166114.2), POC1B
(NM_172240.3), POMGNT1 (NM_017739.4), POMGNT2 (NM_032806.6), POMT1 (NM_001077365.2),
PPT1 (NM_000310.4), PRCD (NM_001077620.3), PRDM13 (NM_021620.4), PROM1 (NM_006017.3),
PRPF3 (NM_004698.4), PRPF31 (NM_015629.4), PRPF4 (NM_001244926.2), PRPF6 (NM_012469.4),
PRPF8 (NM_006445.4), PRPH2 (NM_000322.5), PRPS1 (NM_002764.4), PYGM (NM_005609.4), RAB28
NM_001017979.3, NM_004249.4), RAX2 (NM_001319074.4), RBP3 (NM_002900.3), RBP4
NM_006744.4), RCBTB1 (NM_018191.4), RD3 (NM_001164688.2), RDH12 (NM_152443.3), RDH5
NM_002905.5), REEP6 (NM_138393.4, NM_001329556.3), RGR (NM_001012720.2), RGS9
NM_003835.4), RHO (NM_000539.3), RIMST (NM_014989.7), RIMS2 (NM_001348484.3), RLBP1
NM_000326.5), ROM? (NM_000327.4), RP1 (NM_006269.2), RP1L1 (NM_178857.6), RP2
NM_006915.3), RP9 (NM_203288.2), RPE65 (NM_000329.3), RPGR (NM_001034853.2), RPGRIP1
NM_020366.4), RPGRIP1L (NM_015272.5), RS1 (NM_000330.4), RTN4IP1 (NM_032730.5), SAG
NM_000541.5), SAMD7 (NM_001304366.2), SCAPER (NM_020843.4), SDCCAG8 (NM_006642.5),
SEMA4A  (NM_022367.4), SGSH (NM_000199.5), SLC24A1 (NM_004727.3), SLC38A8
(NM_001080442.3), SLC6A6 (NM_003043.6), SLC7A14 (NM_020949.3), SNRNP200 (NM_014014.5),

(
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(
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(
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SPATA7 (NM_018418.5), SRD5A3 (NM_024592.5), SSBP1 (NM_003143.3), STN1 (NM_024928.5),
TEAD1 (NM_021961.6), TIMM8A (NM_004085.4), TIMP3 (NM_000362.5), TINF2 (NM_001099274.3),
TMEM216 (NM_001173990.3), TMEM218 (NM_001258244.2), TMEM231 (NM_001077418.3), TMEM237
(NM_001044385.3), TMEM67 (NM_153704.6), TOPORS (NM_005802.5), TPP1 (NM_000391.4),
TRAF3IP1 (NM_015650.4), TREX1 (NM_033629.6), TRIM32 (NM_012210.4), TRNT1 (NM_182916.3),
TRPM1 (NM_001252024.2), TSPAN12 (NM_012338.4), TTC8 (NM_144596.4), TTLL5 (NM_015072.5),
TTPA (NM_000370.3), TUB (NM_177972.3), TUBB4B (NM_006088.6), TUBGCP4 (NM_014444.5),
TUBGCP6 (NM_020461.4), TULP1 (NM_003322.6), UNC119 (NM_005148.4), USH1C (NM_153676.4,
NM_005709.4), USH1G (NM_173477.5), USH2A (NM_206933.4), USP45 (NM_001346022.3), VCAN
(NM_004385.5), VPS13B (NM_152564.5, NM_017890.5), VWA8 (NM_015058.2), WDPCP
(NM_015910.7), WDR19 (NM_025132.4), WHRN (NM_015404.4), ZFYVE26 (NM_015346.4), ZNF408
(NM_024741.3), ZNF423 (NM_001379286.1).

Candidate genes analysed and corresponding transcripts used

CCZ1B (NM_198097.5), CROCC (NM_014675.5), FOXI2 (NM_207426.3), FUT5 (NM_002034.2), GARIN4
(NM_153606.4), IRX5 (NM_005853.6), ITIH2 (NM_002216.3), NAALADL1 (NM_005468.3), NUMB
(NM_001005743.2), NUMBL (NM_004756.5), OR2M7 (NM_001004691.1), OXR1 (NM_001198533.2),
PLD4 (NM_138790.5), PODNL1 (NM_001370095.3), POMZP3 (NM_012230.5), PRDX6 (NM_004905.3),
PRTFDC1  (NM_020200.7), SLC37A3  (NM_207113.3), TLCD3B  (NM_031478.6),
UBAP1L (NM_001163692.2), WASF3 (NM_006646.6).

2 Supplementary Methods

ABCA4 midigene-based splice assay

The splicing effect of ABCA4 ¢.859-442C>T was assessed using an in vitro splice assay, based on a
previously established wild-type (WT) midigene (BA7) containing ABCA4 exons 7 to 11 (1). The variant of
interest was introduced into the WT construct via site-directed mutagenesis, followed by Gateway Cloning.
Both constructs were transfected separately into Human Embryonic Kidney (HEK293T, ATCC# CRL-3216)
cells, cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% foetal bovine serum,
1% penicillin-streptomycin and 1% sodium pyruvate at 37°C and 5% CO.. Cells were seeded in a six-well
plate and transfected at 70% confluency with 600 ng of plasmid DNA using FUGENE HD reagent (Promega,
Madison, WI, USA), as per the manufacturer’s protocol. Transfection of the mutant construct was performed
in duplicate. After 48 hours, total RNA was extracted using the Nucleospin RNA kit (Machery-Nagel, Diren,
Germany) and cDNA was synthesised from 1000 ng of RNA using the iScript cDNA Synthesis kit (Bio-Rad,

Hercules, CA, USA). Reverse transcription—polymerase chain reaction (RT-PCR) was performed to

3
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evaluate splicing. RT-PCR conditions for the ABCA4 RNA were as follows: initial denaturation at 94°C for
two minutes, followed by 30 cycles of 30 seconds at 94°C, 30 seconds at 58°C, and five minutes at 72°C,
with a final extension step of two minutes at 72°C. ACTB (actin beta) was selected as housekeeping gene
control and exon 5 of RHO served as a transfection control. RT-PCR conditions for these controls were:
initial denaturation at 94°C for two minutes, followed by 35 cycles of 30 seconds at 94°C, 30 seconds at

58°C, and thirty seconds at 72°C and a final extension step of two minutes at 72°C.

Details on the primers used for mutagenesis, PCR, and Sanger sequencing are provided in Supplementary
Table S2. Following PCR amplification, agarose gel analysis and Sanger sequencing were performed to
assess the nature of splicing defects. Ratios between different RNA products were assessed by semi-

quantification using Fiji software after agarose gel electrophoresis (Supplementary Table S5).

3 Supplementary Figures
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Fig. S1. Effect of splicing variants ¢.349-1G>A and ¢.349-4G>T in REEP6. (A) Pedigree of P394

illustrating variant co-segregation within the family. (B) Sanger sequencing electropherograms showing that

both splice site variants lead to the deletion of 32 nucleotides from exon 4 of the REEP6 gene.
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Fig. S2. Splicing analysis of the c.160-8A>G variant in ATF6 gene. (A) Pedigree of P448 demonstrating
that both parents are carriers of the ¢.160-8A>G variant. (B) Agarose gel analysis revealing a subtle
increase in the band corresponding to the amplification of exons 1-5 of the ATF6 gene in P448 compared
to the control. Bellow, electropherograms illustrate the insertion of seven nucleotides from intron 2 into the
coding sequence in P448 relative to the control.
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4 Supplementary Tables

Table S1. Primers used for mRNA analysis of the variants identified in ATF6 and REEP6.

Product
Gene Forward Primer (5'-3') Reverse Primer (5'-3")
size (bp)
REEP6 CACTCTGCTAAGCCTGTATC CACTTGTCCTTCGGCTGC 432
ATF6 CACAGGCTGGATGAAGATTG AGTCTTGTTCCTAGGACCAG 424

Table S2. Oligonucleotides used in the splicing assay. (A) Primers for reverse transcription-PCR analysis

and Sanger sequencing. (B) Oligonucleotides designed to introduce mutations into wild-type entry clones.

Publicacions | 9

Table S4. In silico splicing predictions for candidate variants in REEP6, ATF6 and ABCA4.

Splice Al score Splice Al score Splice Al score Splice Al score
Gene Variant Acceptor loss Acceptor gain Donor loss Donor gain
(position) (position) (position) (position)
REEP6 €.349-1G>A 0.99 (1 bp) 0.17 (33 bp) - 0.01 (212 bp)
REEP6 c.349-4G>T 0.07 (4 bp) 0.16 (36 bp) - -
ATF6 c.160-8A>G 0.11 (8 bp) 0.99 (1 bp) - -
ABCA4 | c.859-442C>T 0.01 (-304 bp) 0.28 (243 bp) - 0.23 (6 bp)

Table S5. Semi-quantification of RT-PCR fragments based on densitometry analysis of the gel

electrophoresis results. Semi-quantification was performed on gel electrophoresis images using ImageJ

software for two independent transfection experiments (biological replicates) and in technical replicates (1)

and (2). PCR fragments are numbered as in Fig. 3. The average values were considered to determine the

order of splice defects in the protein notation.

A
BA_ID Primer sequences (5'-3') Product size (bp)
BA7_forward ACACTCCTAGACAGCCGTTC
780
BA7_reverse CTCCAGGTATTGATTGACCAG
RHO_exon5_forward ATCTGCTGCGGCAAGAAC
140
RHO_exon5_reverse AGGTGTAGGGGATGGGAGAC
ACTB_mouse_exon3 ACTGGGACGACATGGAGAAG
383
ACTB_mouse_exon4 TCTCAGCTGTGGTGGTGAAG
B
WT DNA variant_primer Mutagenesis primer sequences
fragment orientation (5'-3"

€.859-442C>T_Fwd

CGATGTCTACTCACTGTAAGTTCTGCCCCCCAGG

BA7
€.859-442C>T_Rev

CCTGGGGGGCAGAACTTACAGTGAGTAGACATCG

160

Raw Raw Size Corrected | Corrected
Mutant intensi . . Fragment f . X y . P Average
Fragment intensity |intensity size (nt) correction intensity intensity ercentage (%)
(1) (2) factor (1) (2)
1 765,3 795,9 1.018 1,0 765,3 795,9 36,5%
1st 3 75,1 89,9 539 0,5 141,8 169,8 7,3% 73',6;6
biological S ( )
replicate 4 212,3 213,3 282 0,3 766,3 769,86 35,9%
2 340,0 326,3 780 0,8 443,77 4259 20,3% 20,3%
(WT)
1 2543,9 2588,0 1.018 1,0 2543,9 2588,0 36,9%
ond 3 2737 280,1 282 0,3 516,9 529,1 7,5% 79%
biological . (MUT)
replicate 4 669,4 663,9 539 0,5 2416,4 2396,9 34,6%
2 1106,6 1130,9 780 0,8 14443 1475,9 21% 21% (WT)
References

1. Sangermano R, Khan M, Cornelis SS, Richelle V, Albert S, Garanto A, et al. ABCA4 midigenes reveal
the full splice spectrum of all reported noncanonical splice site variants in Stargardt disease. Genome
Res. 2018 Jan;28(1):100-10.
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10 | Discussi6

10.1. Context i importancia del diagnostic genetic
en les DHR

Les DHR s6n malalties minoritaries, progressives i altament
heterogénies que provoquen una perdua visual greu amb un impacte
funcional i psicosocial considerable (27). Malgrat I'aprovacié d’una
primera terapia genica i el desenvolupament d’assajos clinics
prometedors, la majoria dels pacients encara no disposen d’opcions
curatives. A més, les estratégies terapeutiques existents o en curs

depenen sobretot del gen causal implicat (18).

En aquest context, el diagnostic genetic esdevé I'eix central de la
medicina de precisi6. L’alteraci6 molecular responsable permet
completar el diagnostic clinic, afinar el pronostic, orientar
I'assessorament familiar i reproductiu, i garantir I'accés tant a estudis
clinics com a terapies dirigides (20,82,101). Aixi, la informaci6 genética
es consolida com un pilar fonamental en la presa de decisions

assistencials, reproductives i terapéutiques (3).

Tanmateix, assolir un diagnostic molecular continua sent un repte
en un percentatge significatiu de casos. L’elevat nombre de gens
implicats, la varietat de mecanismes patogeénics i les correlacions
genotip-fenotip encara incompletes s’afegeixen a limitacions técniques
i a un coneixement parcial de la fisiopatologia de les DHR (27). Davant
d’aquesta complexitat, calen estrategies diagnostiques dinamiques,

que superin els enfocaments lineals i estandarditzats.

Aquesta tesi proposa i valida un model integrador que combina

coneixement clinic, analisi genomica avancada i estudis funcionals amb
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'objectiu d’assolir diagnostics moleculars de valor real en la practica
medica. El model posa I'accent en l'eficiéncia i la contextualitzacid
clinica, i defineix un marc escalable i transferible a altres entorns

especialitzats.

10.2. Implementacid6 d'un nou algoritme i
resultats globals

L’aplicacié d'un algoritme seqiiencial, flexible i centrat en el pacient
ha demostrat ser altament efica¢ per millorar el rendiment diagnostic
en casos no resolts després d'una primera analisi amb WES. A
diferencia d’enfocaments que opten per repetir estudis amb
tecnologies més costoses —com el WGS— sense una estratificacié
prévia, aquest model aposta per reaprofitar les dades genomiques
disponibles amb una mirada critica i actualitzada, integrant informaci6

genetica, fenotipica i funcional (89).

L’estrategia es basa en una revisio estructurada i iterativa de les
dades previes —WES i panells virtuals— articulada en dues etapes
principals: (i) la reavaluacié de variants segons criteris ACMG/AMP
actualitzats i nova evidencia (funcional, poblacional i familiar), i (ii)
'actualitzacid dels panells virtuals, transcrits de referéncia i pipelines
bioinformatics. Aquest procés evita una lectura rigida de les dades i
permet recuperar variants previament descartades per limitacions

tecniques o de coneixement, sovint infravalorades en entorns clinics.

L’enfocament dual de revisi6é i reinterpretacié6 s’ha mostrat no

només efectiu, sindé també eficient i sostenible: optimitza recursos,
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redueix la necessitat de repetir proves i fomenta una practica
diagnostica fonamentada en 'actualitzaci6 constant. Tanmateix, la seva
implementacié6 requereix temps, expertesa i accés a eines
bioinformatiques avancades, factors que poden limitar-ne l'aplicacié
sistematica en entorns amb menys recursos (43,60). Malgrat aixo, el
model és transferible i escalable, i ofereix un marc potencialment

aplicable a altres malalties genetiques complexes.

Els resultats obtinguts en aquesta tesi n’avalen la utilitat. El
rendiment inicial amb WES i panell virtual va ser del 59,6%, en linia
amb la bibliografia que consolida aquest enfocament com a primera
linia robusta en DHR (48). En la subcohort no resolta (n=101),
I'aplicaci6 del model va permetre identificar 49 nous diagndstics
(48,5%) i elevar el rendiment global al 67,6%, amb un increment
relatiu del 13,4% (Figura 17). Aquest guany supera els increments
habituals (<10%) associats a estrategies massives de reseqiienciacio
sense estratificacié clinica, les quals sovint generen una elevada

carrega de VUS i una relaci6 cost-benefici discutible (102-104).

Aquests resultats qiiestionen la tendencia a recorrer de manera
indiscriminada a tecnologies emergents davant de casos no resolts, i
posen de manifest que la millora del rendiment diagnostic no depén
només de l'adopcié de noves plataformes, siné de la capacitat
d’analitzar, reinterpretar i contextualitzar les dades existents. El model
desenvolupat en aquest treball exemplifica com una revisié experta i
iterativa pot transformar informacié prévia en diagnostics clinicament

utils, amb un impacte directe en I'atencio i la planificacié medica.
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Figura 17. Flux seqiiencial del diagnostic molecular en una
cohort de 677 adults amb DHR. L’aplicaci6 del model
desenvolupat en aquesta tesi a la subcohort de 101 casos no
resolts va aportar 49 nous diagnostics, amb un increment relatiu
del rendiment del 13,4%. Figura original.
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10.3. Reptes del diagnostic molecular

Tot i els avencos en les técniques de seqiienciaci6o i en el
coneixement geneétic, aquesta tesi constata que el diagnostic molecular
de les DHR continua limitat per factors interpretatius i técnics que
afecten tant la classificacié de variants com la seva detecci6. L’analisi
critica d’aquests reptes, centrada especialment en la gesti6 de les VUS i
en les limitacions dels pipelines bioinformatics, ha permes identificar
estrategies innovadores per superar-los, optimitzar els recursos

disponibles i augmentar I'impacte clinic dels resultats genetics.

10.3.1. Gestio de variants de significat clinic incert

Aquesta tesi ha posat de manifest que la interpretaci6 de variants
genétiques és un dels principals reptes del diagnostic molecular de les
DHR. L’elevada heterogeneitat genetica, la baixa prevalencga i la manca
d’evidéncia funcional per a molts gens en dificulten la classificacio
robusta, fet que limita 'aplicacié estricta de les guies ACMG/AMP
(56,95) i genera una elevada proporcié de resultats no concloents.
Segons la literatura, fins a un 40-50% dels pacients reben informes
amb VUS (105), la qual cosa repercuteix directament en
I'assessorament geneétic, la presa de decisions reproductives i I'accés a

terapies dirigides.

Els casos d’aquesta tesi i estudis recents mostren que I'aplicacié
rigida de criteris com BA1l o PVS1 pot conduir a interpretacions
erronies, especialment en gens complexos com ABCA4 (106,107), on
alguns al-lels hipomorfics presenten freqiiéncies elevades pero séon

patogénics en contextos especifics (56). Variants inicialment
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descartades, com p.(Asn1868lle) o c.4253+43G>A, es van confirmar
després de la reanalisi com a P en trans amb variants severes (106). De
manera similar, dades poblacionals i fenotipiques representatives han
permes reclassificar variants com CNGB1 c.1644-3C>G i RPE65
p.(Phe83Leu) i p.(Gly187Glu) (108). Aquestes experiencies evidencien
que l'aplicacié flexible dels criteris, juntament amb la disponibilitat de
cohorts locals i ben caracteritzades, és clau per evitar biaixos i

optimitzar la fiabilitat del diagnostic (31).

La determinacié de fase és un altre element critic per a la gesti6 de
VUS en malalties recessives (109). Aquesta tesi ha identificat tres
escenaris recurrents: (i) pacients amb una variant LP/P i una VUS
reclassificable en confirmar la disposici6 en trans; (ii) casos amb
variants aparentment concordants perd en cis, que ocultaven una
tercera variant intronica profunda (p. ex., ABCA4) (56); i (iii) pacients
amb una Unica variant LP/P en ABCA4 que eren realment portadors
d’'una alteraci6 causal en un altre gen (110). Aquests casos
exemplifiquen que la segregaci6 familiar i, cada cop més, I'is de
tecnologies emergents com el long-read sequencing sén eines decisives
no només per confirmar la fase al-lélica, sin6 també per evitar

diagnostics erroniament “resolts” (109).

Els estudis funcionals han resultat determinants en aquells casos
on les prediccions in silico no han estat suficients per establir la
patogenicitat d’'una variant. En aquesta tesi, l'analisi d’ARN va
confirmar alteracions d’splicing (ATF6 c.160-8A>G), mentre que I'is de
ceél-lules ciliars nasals va permetre detectar defectes en gens amb baixa

expressio en sang (REEP6 ¢.349-4G>T). A més, els assajos amb
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minigens i midigens van validar variants situades fora dels llocs
canonics d’splicing (ABCA4 ¢.859-442C>T 1 TULP1 c.822G>T)
(111,112). Aquestes estrategies han transformat diagnostics parcials
en casos resolts i han evidenciat el paper clau de la validacié funcional

per millorar la precisi6 diagnostica.

Tanmateix, el seu Us generalitzat és limitat pel cost, la complexitat
i 'expressid sistéemica reduida de molts gens retinals (105). Aquestes
restriccions reforcen la importancia d’eines computacionals
avancades, com els pipelines de lancu et al. (2021) (113) i Fernandez-
Sudrez et al. (2025) (114), que integren correlacié genotip-fenotip,
segregaci6 i prediccions in silico per reduir la incertesa en abséncia de
dades experimentals. Aquestes aproximacions apunten cap a un futur
on la intel-ligéncia artificial complementi els assajos funcionals i en

multipliqui el valor clinic.

En sintesi, la gesti6 de VUS en DHR requereix un enfocament
flexible que combini (i) aplicacié critica dels criteris ACMG/AMP, (ii)
determinacié de fase al-lelica (iii) validacié funcional i/o (iv) eines
computacionals i pipelines predictius. Aquest enfocament, alineat amb
les recomanacions de Finnegan et al. (2025) (105), demostra que la
incertesa diagnostica pot esdevenir una oportunitat per innovar
metodologies, enriquir el coneixement translacional i millorar la presa

de decisions per a pacients i families.
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10.3.2. Limitacions técniques i bioinformatiques

Més enlla de la interpretacid, el diagnostic genetic de les DHR
continua fortament condicionat per limitacions tecniques i
bioinformatiques que en dificulten la identificacidé precisa de la causa
molecular. Entre les més rellevants destaquen les diferencies entre
pipelines analitics, la dependencia de transcrits de referéncia, la
cobertura incompleta o irregular de regions critiques —com introns o
el domini ORF15 de RPGR— i els reptes associats a la deteccié de SV.
Aquests factors comprometen la sensibilitat i la fiabilitat dels resultats

(115-120).

L’experiencia d’aquesta tesi mostra que la reanalisi critica i
I'actualitzacié periodica dels panells virtuals tenen un impacte
diagnostic directe. Variants inicialment no detectades —com en CERKL
després de revisar el transcrit de referéncia— o diagndstics
aparentment no sindromics, reclassificats en incorporar gens exclosos
inicialment (p. ex.,, NPHP4), il-lustren el valor d’aquest enfocament. La
detecciéo d'una delecié parcial en PDE6B, possible només després
d’optimitzar el cribratge de CNVs i revisar manualment les lectures,
subratlla com els pipelines poden condicionar significativament la

fiabilitat dels resultats (48,120).

Eines de prioritzacié fenotipica com I’Human Phenotype Ontology
(HPO) (121) han estat igualment utils per orientar el diagnostic en
casos amb sospita sindromica, facilitant la identificaci6 de gens com
HK1 o RPGRIP1. Aquest treball confirma que una reanalisi selectiva

guiada per informaci6 fenotipica pot superar els guanys diagnostics del
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15-20% descrits en altres estudis (122,123), reforcant la necessitat

d’una aplicacié critica i contextualitzada (100).

L'ds d'un panell amb cobertura reforcada a ORF15 il-lustra
clarament el potencial d’aquest enfocament. En un pacient amb sospita
inicial de RP recessiva, atribuida a la presencia d’'una variant en ABCA4,
la revisio fenotipica —amb identificacié d’estafiloma posterior, miopia
i altres troballes— va reorientar el diagnostic cap a RPGR (Figura 18).
Tot i que inicialment no s’havien detectat variants en aquest gen,
’analisi manual de la regié ORF15 —interpretant zones amb cobertura
limitada— amb el panell de disseny especific va permetre identificar
retrospectivament una delecié en hemizigosi (c.2527del), confirmada

posteriorment per seqiienciacié Sanger.

Finalment, el WGS s’ha mostrat essencial per detectar variants
introniques profundes i SVs, confirmant afectacié bial-lelica en ABCA4 i
USHZA, revelant una delecio homozigota en NPHP1 i una deleci6 parcial
de I'ex6 6 en ABCA4 (c.699_768+341del) que havien escapat al WES.
Tot i que el seu guany addicional és limitat en cohorts exhaustivament
analitzades (124), els resultats d’aquesta tesi i la literatura
(89,102,116) demostren que el WGS assoleix la seva maxima utilitat

quan s’aplica de manera selectiva dins d'un model escalonat.

En conjunt, aquest treball demostra que una gestio estrategica de
les limitacions tecniques i interpretatives, mitjancant reanalisi critica,
panells personalitzats i WGS selectiu, pot transformar obstacles
estructurals en oportunitats per millorar l'eficiéncia diagnostica i
generar un impacte clinic tangible, tant en el maneig oftalmologic com

en la prevencié de complicacions sistemiques.
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Figura 18. Identificacié6 d’'una variant patogénica en
RPGR mitjancant panell personalitzat. A) Imatges
multimodals: retinografia d'ultra camp i FAF mostrant atrofia
coriorretiniana perifoveal i OCT macular amb disrupcié de les
capes externes fora de la fovea i estafiloma posterior. UD: ull dret;
UE: ull esquerre. B) Panell superior: visualitzacié en IGV de la
regio ORF15 amb cobertura insuficient per absencia de sondes
(cercle vermell). Panell central: cobertura optimitzada amb el
panell personalitzat. Panell inferior: IGV de la deleci6 en

hemizigosi (RPGR:c.2527del). Figura original.
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10.4. Coneixement generat més enlla del
diagnostic

L’analisi detallada de diversos casos d’aquesta tesi ha generat
informacié que transcendeix 'objectiu inicial d’obtenir un diagnostic,
aportant noves dades sobre la patogenesi de les DHR. Algunes
d’aquestes observacions han permes afinar la correlacié genotip-
fenotip, mentre que d’altres han posat de manifest gens amb evidencia
emergent de patogenicitat, ampliant el coneixement clinic i molecular

disponible.

10.4.1. Correlacio genotip-fenotip

La correlaci6 genotip-fenotip en les DHR rarament és lineal o
predictible. Gens associats historicament a un fenotip concret poden
donar lloc a presentacions cliniques diverses, modulades per la
combinacié al-lelica, mecanismes moleculars i factors genetics,

epigenetics i ambientals (125).

Diversos casos d’aquesta tesi exemplifiquen aquesta complexitat.
En CEP290, dos germans amb la mateixa combinacio bial-lélica
mostraven trajectories molt diferents: una mantenia una AV funcional
a 'edat adulta, mentre que l'altre presentava perdua visual greu i
precog (126). Casos similars han estat descrits en pacients homozigots
per USHZA p.(Trp3955Ter) amb edats d’inici que oscil-len entre els 4 i
els 42 anys i graus de degeneracié variables (46,127), fet que apunta al
paper de modificadors. En el nostre cas, el germa amb fenotip més greu

presentava variants addicionals en gens funcionalment relacionats
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amb CEP290 (AHI1, RPGRIP1L, CC2D2A), reforcant la hipotesi que la
carrega genetica global pot influir en la severitat clinica. També s’ha
plantejat que mecanismes posttranscripcionals, com el NMD, el
nonsense-associated altered splicing o el basal exon skipping, poden

permetre una expressio residual de proteina i modular el fenotip (128).

En TULPI1, les variants bial-leliques mostren una heterogeneitat
fenotipica destacable, amb casos que van des de formes greus i d’inici
preco¢ fins a presentacions atipiques, com la maculopatia amb
pigmentacio perivascular documentada en aquesta tesi (111,129,130).
El nostre cas, amb una variant d’splicing en trans amb una missense al
domini Tubby, il-lustra la variabilitat intragenica i els limits dels models
predictius. La influéncia potencial de modificadors genetics, com
MAP1A en models murins (131), apunta a una arquitectura poligénica

complexa.

Altres exemples reforcen aquesta visié6 multifacetica. En ABCA4 i
USHZA, la combinacié d’un al-lel hipomorfic amb un altre patogenic pot
donar lloc a fenotips intermedis dificils de classificar (42). La
coexistencia de variants patogeéniques en més d'un gen, com ABCA4 i
CNGB3, pot originar fenotips combinats per digenisme o sinergisme
patogénic (73). A més, estudis recents suggereixen que fins i tot factors
sistemics, com el sexe biologic, poden contribuir a I'expressivitat clinica

d’algunes DHR (132).

Aquests exemples evidencien que la correlaci6 genotip-fenotip en
les DHR és multidimensional —al-lelic, genic, intergenic i sistemic— i

que una interpretacié acurada requereix integrar informacié genetica,
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funcional i clinica per aconseguir un impacte diagnostic i terapeutic

real.

10.4.2. Evidencia emergent de gens candidats

Més enlla de la variabilitat genotip-fenotip observada en gens
ampliament validats, un repte persistent en el diagnostic de les DHR és
la identificaci6 i validaci6 de nous gens candidats. L’ampliaci6é del
cataleg de gens associats és, en principi, essencial per resoldre pacients
no diagnosticats, especialment en cohorts amplies i clinicament ben
caracteritzades (133). Tot i aixi, la major part dels diagnostics es
concentra en un nombre reduit de gens recurrents —com ABCA4,
USHZA, EYS, RPGR o RS1—, mentre que els gens emergents representen

una fraccié minoritaria pero potencialment rellevant de casos.

Una part d’aquests candidats s’ha proposat a partir d’analisis
d’enriquiment de variants rares en cohorts de pacients, com I'estudi de
Carss et al. (2017) (134), que va identificar 19 gens fins aleshores no
associats a DHR, entre ells CROCC, IRX5 i NUMB, relacionats amb
processos clau com la ciliogenesi, el desenvolupament neuroretinia o
la polaritat cel-lular. Tot i la seva plausibilitat biologica, la majoria
encara no han estat replicats en cohorts independents ni incorporats a
marcs de validacié estandarditzats com ClinGen, cosa que limita la seva

aplicabilitat clinica actual.

Altres candidats compten amb evidencia experimental en models
animals, com TLCD3B o UBAP1L, la pérdua de funci6 dels quals provoca

fenotips retinals en ratolins i en peix zebra (135,136). Tot i aixo, la

184

Discussi6 | 10

translacié d’aquests resultats al context huma és encara preliminar i
requereix una validacié genetica i funcional solida en poblacions

independents.

Un tercer grup correspon a gens amb un interes translacional més
immediat, com THRB. Classicament associat a resisténcia a hormones
tiroidals, aquest gen s’ha vinculat recentment a fenotips oculars sense
afectacié sistemica, amb variants patogeniques en heterozigosi que
segreguen en families amb distrofia macular i miopia alta (137,138).
Aquest exemple il-lustra com gens ben caracteritzats en altres sistemes
fisiologics poden adquirir un paper inesperat en la retina i obrir noves

hipotesis patogéniques.

Els gens mitocondrials també mereixen consideracid. Tot i la seva
baixa prevalenca, variants en MT-ATP6 o MT-TL1 s’han associat a
atrofia optica, RP i distrofia macular (45). No obstant aixo0, en cohorts
amplies, com la de 677 adults inclosa en aquest estudi, només tres casos
presentaven alteracions mitocondrials, fet que confirma que, tot i
formar part de protocols diagnostics integrals, la seva contribucié al

rendiment global és marginal.

En la cohort d’aquesta tesi no s’han identificat variants en gens
candidats, probablement com a conseqiiencia de 1'iis d’'un panell virtual
extens i d'una taxa de resolucié elevada propia d'un centre d’alta
especialitzacid. Aquest resultat reforca que els gens emergents, tot i el
seu potencial cientific, expliquen actualment un percentatge infim de
casos. Tanmateix, representen una font d’informacié valuosa per
ampliar la comprensié dels mecanismes moleculars i explorar noves

vies de diagnostic i recerca translacional.
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En conseqiiencia, l'estratégia més adequada és mantenir una
vigilancia critica sobre aquests gens, incorporar-los progressivament
als panells virtuals només quan existeixi evidencia solida, i participar
en iniciatives de col-laboracié internacional que permetin validar o
descartar candidats de manera definitiva. Aquest enfocament, alineat
amb el model seqiiencial i adaptatiu d’aquesta tesi, afavoreix
actualitzacions dinamiques i reanalisis guiades pel context clinic,

maximitzant el rendiment diagnostic i la generacié de coneixement.

10.5. Implicacions cliniques, limitacions i
perspectives futures

Els resultats d’aquesta tesi consoliden el diagnostic molecular com
una eina clinica central en les DHR, amb implicacions directes en el
seguiment assistencial, I'accés a assajos clinics —com LUNA i
HYPERION (139,140)— i la planificacié reproductiva, incloent-hi el
DGP. Aquest impacte clinic tangible refor¢a que la utilitat del diagnostic
genetic no depen tant de la tecnologia emprada siné com de la capacitat
d’integrar i reinterpretar dades genetiques, cliniques i funcionals en un

marc iteratiu i contextualitzat (124).

Tanmateix, aquest model també presenta limitacions estructurals
i metodologiques. La dependencia d’expertesa especialitzada, 1'is de
panells virtuals restringits a gens validats i la filtracio bioinformatica
estricta poden excloure mecanismes no convencionals, com el

digenisme, les variants reguladores o ’heréncia mitocondrial. A més, el
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predomini d’'una cohort adulta pot haver limitat la detecci6 de formes

sindromiques d’inici precog.

En paral-lel, els resultats obtinguts i la literatura actual suggereixen
linies de millora clares: reanalisi sistematica (cada 18-24 mesos), us
selectiu del WGS, circuits formals de revisié6 multidisciplinaria i
derivaci6 estructurada a estudis funcionals o assajos clinics
(62,114,141). Tecnologies emergents —com el long-read sequencing,
els organoides retinals i la intel-ligencia artificial — poden jugar un
paper clau en pacients no resolts o amb VUS, tot refor¢ant ’enfocament

personalitzat i translacional (142,143).

Un altre repte emergent és superar el paradigma monogenic
classic. La variabilitat fenotipica observada en les DHR apunta cap a
una arquitectura més complexa, influida per variants modificadores,
interaccions oligogéniques i factors ambientals. L'estudi sistematic
d’aquests mecanismes requerira iniciatives col-laboratives, bases de
dades compartides, harmonitzacié fenotipica mitjancant codis HPO
refinats i reanalisis iteratives alineades amb l'evidencia emergent

(105,109,144).

L’experiencia d’aquesta tesi també demostra la transferibilitat del
model a altres centres especialitzats, sempre que hi hagi
infraestructura multidisciplinaria i capacitat d’interpretacio experta. El
protocol proposat (Figura 19), basat en un panell inicial de 302 gens
amb evidencia moderada o fortaien la presa de decisions consensuada,

permet una aplicacié escalonada i adaptable a entorns clinics diversos.
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Figura 19. Diagrama de flux de l'algoritme diagnostic
personalitzat segons el resultat i les accions consegiients.

Figura original.

Per gestionar la incertesa, aquest model incorpora dues categories

internes intermedies —complementaries a la classificacié
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ACMG/AMP—: “VUS en revisid/pendent de validacié”, que agrupa
variants prioritzades per completar estudis de fase, funcid6 o
freqiiencia, i “gen d’interes per a la cohort”, que identifica gens amb
evidencia preliminar rellevant en una poblaci6 especifica. Aquesta
darrera categoria ha permes incloure i monitoritzar THRB, reportat en
séries espanyoles de DHR pero encara absent en moltes guies de
diagnostic (137,138). Totes dues categories disposen de criteris de
sortida i tracabilitat a través de comités de revisid, en linia amb
propostes recents que defensen classificacions dinamiques i circuits de

reanalisi iterativa (56,114,145).

En sintesi, aquesta tesi demostra que 'exit del diagnostic genetic
no depén només de la incorporacié de noves tecnologies, sind de la
qualitat de la integracio clinica i de la capacitat de traduir les dades en
decisions amb impacte real. Es en aquest punt on la medicina gendmica
adquireix la seva maxima dimensio: com a eina col-laborativa, centrada
en el pacient i transformadora del model assistencial en malalties

minoritaries.
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El diagnostic genetic és una eina essencial en el maneig clinic de
les distrofies hereditaries de la retina, ja que identifica la causa
molecular subjacent i orienta el pronostic, I'assessorament

geneétic i 'accés a opcions terapéutiques emergents.

Un model diagnostic seqiiencial, flexible i adaptatiu, que integri
coneixement clinic, analisi genomica avancada i tecniques
funcionals, incrementa significativament el rendiment

diagnostic en aquestes malalties.

La reavaluacié critica de les dades genomiques, juntament amb
I'actualitzacié constant dels criteris interpretatius, permet

transformar troballes incertes en diagnostics clinicament utils.

La resoluci6 de casos complexos sovint requereix una
aproximacio personalitzada que combini eines
complementaries, com l'analisi funcional de variants, 'estudi de

la fase al-lelica i la seqiienciacié genomica completa.

El coneixement expert i la col-laboraci6 multidisciplinaria s6n
fonamentals per a la interpretaci6 de variants, especialment en

contextos amb elevada heterogeneitat geneética o fenotipica.

La correlacié genotip-fenotip és complexa i pot estar modulada
per factors com la configuraci6 al-lelica, mecanismes

posttranscripcionals o la presencia de modificadors genetics.

Conclusions | 11

7. L’analisi funcional, aplicada de manera selectiva i guiada pel

context clinic, és determinant per confirmar I'efecte patogenic
de variants d’alteracié de Isplicing i validar diagndstics

moleculars en casos amb informaci6 genetica incompleta.

L’avaluacié de gens amb evideéncia emergent de patogenicitat
contribueix a expandir el coneixement molecular d’aquestes
malalties i estableix les bases per millorar el diagnostic en casos

encara no resolts.

El model diagnostic desenvolupat en aquest treball és
transferible a altres entorns clinics sempre que es disposi d’'una
estructura interdisciplinaria i d’'un sistema de revisié continua

del coneixement.

10.L’aplicacié clinica de la genética en aquest grup de patologies ha

de basar-se en un procés dinamic, integrador i centrat en el
pacient, capa¢ de generar coneixement util, sostenible i amb

projeccio6 translacional.
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