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RESUMEN

Las enfermedades genéticas con un patron de herencia monogénica son entidades
raras pero que colectivamente representa un grupo importante de patologias que podrian ser
responsables de hasta 10% de la morbi-mortalidad de la poblacion general. Actualmente de
conocen aproximadamente unas 6,000 enfermedades mendelianas de las cuales
aproximadamente la mitad no tienen una base molecular identificada. Del total de estas
enfermedades, mas de un tercio incluyen afeccion ocular.

En la tltima década, el campo de la genética y gendmica ha experimentado una
revolucidn con la incorporacion de tecnologias genémicas como lo es la utilizacion de los
polimorfismos de un sélo nucledtido en las plataformas de microarreglos y el uso de la
secuenciacion de siguiente generacion, herramientas centrales para el diagndstico moderno
de enfermedades mendelianas raras, con fenotipos no cldsicos o con heterogeneidad
genética. De este modo han colaborado al diagnostico mdas rapido, méas econdémico y
preciso de cuadros clinicos que anteriormente representaban odiseas diagnosticas.

En este trabajo se presentan los resultados de estudios gendmicos en tres
oftalmopatias con patrén de herencia monogénica pero sin diagndstico genético-molecular,
incluyendo dos casos sin un diagnostico clinico definido. Los resultados mas importantes
de estos estudios fueron la identificacién de un nuevo gen en una de etas enfermedades y la
obtencion de diagnoésticos clinicos y moleculares en otras dos enfermedades que habian
sufrido odiseas diagnoésticas. La utilizacion exitosa en estos casos de abordajes gendmicos
como el mapeo de homocigosidad de genoma completo y la secuenciaciéon de exoma
completo , demuestra la eficacia de estas metodologias para el estudio de oftalmopatias

raras o con heterogeneidad genética .



INTRODUCCION

Pocas areas dentro de la Medicina Humana estan teniendo grandes avances como la
genética y la gendmica. En el inicio de este siglo, la conclusion del Proyecto del Genoma
Humana ha permitido conocer la secuencia completa del genoma humano (International
Human Genome Sequencing Consortium, 2004), lo que a su vez ha contribuido
enormemente a catalogar todos los genes humanos, a entender su estructura y su
regulacion, a determinar la variacidon de esos genes en distintas poblaciones, y por supuesto,
a reconocer como la variacion genética contribuye a las enfermedades humanas.
Actualmente, el genoma de cualquier individuo puede ser caracterizado completamente, en
lugar de estudiar un gen a la vez, y este logro estd haciendo posible el crecimiento del
campo de la medicina gendémica. Al mismo tiempo, se han desarrollado diversas
tecnologias gendmicas, tales la como genotipificacién con microarreglos y la secuenciacion
masiva de siguiente generacion (NGS), que han permitido la identificacion de genes
causantes de enfermedad para entidades clinicas poco comunes o raras o con gran

heterogeneidad genética.



HERENCIA MENDELIANA: ENFERMEDADES RARAS Y OFTALMOPATIAS
MONOGENICAS

En la préctica clinica, el principal objetivo de la genética es identificar el significado
de las variaciones y mutaciones genéticas que predisponen a enfermedad, para modificar su
evolucion o impedir, incluso su aparicion. Casi todas las enfermedades son el resultado de
una accion combinada de los genes y el ambiente, pero el papel desempefiado por cada uno
de estos factores puede ser mayor o menor. De este modo, hay tres tipos de enfermedades
de acuerdo a su modo de herencia: cromosémicas, multifactoriales y monogénicas
(Naussbaum y cols. 2015). En los trastornos cromosomicos el defecto no se debe a un error
simple en la secuencia genética, sino a un exceso o un defecto de los genes contenidos en
cromosomas completos o en fragmentos de éstos (Naussbaum y cols. 2015). Por su parte,
los trastornos multifactoriales son responsables de la mayor parte de las enfermedades, y
poseen susceptibilidad poligénica (muchos genes que tienen un pequeio efecto a menudo
aditivo) e influencia del medio ambiente (King et al. 2002).

Las enfermedades monogénicas o Mendelianas estan causadas por genes mutantes
individuales. A pesar de que por separado son raras, como grupo las enfermedades
mendelianas son responsables de una importante proporcion de enfermedades y muertes. La
prevalencia de los trastornos monogénicos en la poblacion general es de un 2%, mientras
que representa el 0.36% en recién nacidos. En la poblacién de nifios hospitalizados,
probablemente el 6-8% presenta trastornos monogénicos (Baired y cols. 1998). En
conjunto, los trastornos mendelianos se observan principalmente en la edad pediatrica,
menos del 10% se manifiestan después de la pubertad y unicamente un 1% en la edad

adulta (Naussbaum y cols. 2015).



Una alteracion en un gen puede ser dominante o recesiva. Una mutacién dominante
solo necesita estar presente en un miembro del par de alelos para tener un impacto clinico
evidente. Por otro lado, una mutacion de un gen recesivo se manifestara clinicamente
cuando ambas copias de ese gen estén alteradas. Si la localizacion cromosémica del gen
con la variante es dentro de un autosoma se denomina gen autosoémico (o enfermedad
autosdmica), mientras que si estd localizada en un gen situado en el cromosoma X, se dice
que es ligado al X (Cassidy y cols. 2010). Datos actuales enlistan unas 6,115 enfermedades
genéticas mendelianas, de las cuales 3,846 tienen una causa monogénica bien definida

(https://www.omim.org/statistics/geneMap).

El término enfermedad rara es utilizado para describir condiciones que se presentan
con una frecuencia igual o menor a 1 de cada 2,000 recién nacidos Aunque individualmente
son raras, hay cerca de 5900 enfermedades genéticas que afectan a mas del 10% de la
poblacion, representando asi un impacto significativo para la salud. Muchas de estas
enfermedades son hereditarias y son clasificadas como letales, severas no letales y no
severas. Con las nuevas tecnologias de andlisis gendmicos, el diagndstico de estas
enfermedades es mds rapido, menos caro y puede contribuir a la determinacion del

pronostico asi como también al tratamiento para la enfermedad (Pogue y cols. 2017).

ENFERMEDADES OCULARES MONOGENICAS

El ojo tiene un papel esencial en la evolucion del estudio del genoma humano. Al
menos 90% de los genes en el genoma humano son expresados en uno o mas de los muchos
tejidos del ojo y tipos celulares que lo conforman, en algin punto durante la vida de una
persona. Congruente con esta impresionante “huella gendémica” es la estadistica acerca de

que aproximadamente un tercio de las entradas en la base de datos Online Mendelian
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Inheritance in Man (OMIM) refiere alguna estructura del ojo en la sinopsis clinica, lo que
significa que la tercera parte de las enfermedades genéticas humanas tienen una repercusion
en mayor o menor grado en el ojo (Sheffield y Stone, 2011). En las ultimas 3 décadas se
han mapeado y caracterizado mas de 300 genes para enfermedades del ojo, con miles de
mutaciones identificadas que causan directamente tales enfermedades. La estrategia de
mapeo genético clésico, incluyendo investigaciones de genes candidatos y el andlisis de
ligamiento familiar a través de marcadores microsatélites o de SNPs distribuidos en todo el
genoma, ha sido notablemente efectiva y exitosa para un amplio espectro de enfermedades
del ojo, como en la retinosis pigmentaria (Nathans y Hogness, 1984), las distrofias
corneales (Munier y cols. 1997), el retinoblastoma (Friend y cols. 1987), la neuropatia
optica de Leber (Singh y cols. 1989), y la amaurosis congénita de Leber (Marlhens y cols.

1997), entre otras.

ENFERMEDADES GENETICAS DE LA ORBITA: TELECANTO Y COLOBOMA DE

PARPADO

Las malformaciones del ojo, la orbita y de los anexos oculares pueden ocurrir de
manera aislada, en combinacion con otras malformaciones oculares o craneofaciales, o
como parte de sindromes con numerosas malformaciones sistémicas. Muchas de estas
malformaciones pueden daflar severamente la vision, mientras otras solo tienen
significancia cosmética y otros no causan sintomatologia y pueden ser diagnosticadas
incidentalmente en una exploracion rutinaria del ojo (Levin, 2003). Las anomalias
congénitas pueden tener varias causas y aunque en un porcentaje notable de casos se deben

a defectos en genes criticos del desarrollo normal, también pueden ser causadas por
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alteraciones cromosdmicas, teratdgenos o complicaciones obstétricas como el

oligohidramnios (Dollfus y Verloes, 2004).

Malformaciones que alteran la distancia interocular e interorbitaria Es importante

distinguir entre los valores de normalidad y anormalidad para reconocer clinicamente
diversas anomalias de la orbita y de los tejidos perioculares. Muchos defectos congénitos
ocasionan una distancia anormal entre los 0jos como caracteristica cardinal. La distancia
interorbitaria, que es la distancia mas corta entre las paredes de la orbita, debe ser medida
por medio de estudios de radiologia o imagen para que la medicion sea mas precisa
(Guercio y Martyn, 2007). En cada paciente deben ser medidas la distancia interpupilar, las
distancias intercantal interna e intercantal externa, la longitud palpebral, y los resultados
deben compararse con los valores normales (Dollfus y Verloes, 2004).

El telecanto es una anomalia definida por un aumento de la distancia entre los cantos
internos, con distancia interpupilar normal y acompafiada generalmente de aumento del
tejido blando en la region frontonasal (Dollfus y Verloes, 2004). Varios sindromes
genéticos incluyen telecanto, entre otros el sindrome de Axenfeld Rieger (principalmente el
tipo 2) (Tumer y Bach-Holm, 2009), el sindrome de Barber-Say (Marchegiani y cols.,
2015), el sindrome de Kaufman/Oculocerebrofacial (Kaufman y cols., 1971), el sindrome
craneofacial-hipoacusia-mano (Gad y cols., 2008), el sindrome de microcornea, miopia,
telecanto y orejas rotadas (Khan, 2012), y el sindrome de Donnai-Barrow (Patel y cols.,

2007), entre otros.



Por su parte, el coloboma de parpados se caracteriza por una fisura o grieta en el margen
del parpado superior o inferior. Esta anomalia es usualmente triangular con la base en el
margen del parpado y es de tamafio variable. Los colobomas situados en el parpado inferior
pueden provocar ulceracion de la cornea (Levin, 2003). El coloboma puede ser aislado o
parte de sindrome congénitos y también ha sido descrito asociado a sindromes de bandas
amnioticas (Miller y cols., 1987). Entre las entidades genéticas sindromaticas con coloboma
de parpados se encuentran el sindrome de Fraser (Hoefele y cols., 2013), el sindrome de
Goldenhar/espectro oculoauriculovertebral (Stromland y cols., 2007), el sindrome de
MOTA (Chacon-Camacho et al., 2017), el sindrome de ablefaron-macrostomia (De Maria y
cols., 2016), el sindrome oculoectodérmico (Boppudi y cols., 2016), el sindrome de
lipomatosis encéfalo-croneo-cutanea (Bennett y cols.,, 2016), y el sindrome de

Schimmelpenning-Feurstein-Mims (Groesser y cols., 2012), entre otros.

CATARATA CONGENITA

La catarata es definida como una opacidad del cristalino que origina una variacion
de su indice refractivo. Esta variacion resulta de cambios en la estructura de la lente lo que
ocasiona una dispersion de la luz por la alta concentracion de agregados proteicos
(Messina-Baas y Cuevas-Covarrubias, 2017). Segin la Organizacion Mundial de la Salud,
en el mundo hay 253 millones de personas con discapacidad visual y 36 millones de
personas con ceguera de los cuales la mayoria se encuentra en los paises en desarrollo.
Aproximadamente un cuarto de los casos de esta discapacidad visual y un tercio de los
casos de  ceguera se deben a  cataratas no  operadas  (OMS:

http://www.who.int/mediacentre/factsheets/fs282/es/). La catarata congénita tiene una

prevalencia de 1-6 en 10,000 nacidos vivos y es una de las causas prevenibles de ceguera
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en el mundo. En un 70% se presenta de forma aislada, mientras que 15% se asocia a otros
defectos oculares, y 15% se acompafia de defectos sistémicos. Cerca de un 25% de las
cataratas congénitas son hereditarias, particularmente cuando son bilaterales (Pichi y cols.,
2016). La catarata congénita de tipo hereditario es genéticamente heterogénea y pueden
presentar cualquier forma de patron hereditario con mas de 100 genes causantes de la
enfermedad (Gillespie y cols., 2014). Asi, las cataratas congénitas hereditarias pueden ser
autosémicas dominantes, autosomicas recesivas o ligadas al cromosoma X. La forma
hereditaria més comun es la autosémica dominante. Estas formas hereditarias pueden
presentar variabilidad intra o interfamiliar, incluso en sujetos que portan la misma
mutacion causal (Messina-Baas y Cuevas Covarrubias, 2017). Messina-Baas y Cuevas-
Covarrubias han clasificado a las cataratas en 4 grupos de acuerdo a los genes asociados: a)
genes implicados en cataratas sindromdticas, b) genes implicados en cataratas
sindromadticas, pero con reportes solo de catarata congénita, c) genes que solo se asocian

catarata, y d) genes cuyas mutaciones ocasionan catarata y otras anomalias oculares.

Catarata congénita por deficiencia de GALKI

La deficiencia de galactocinasa es una enfermedad autosdmica recesiva muy rara
que tiene una incidencia de 1 en un milléon en Japon y 1 en 60000 nacidos en Estados
unidos (Singh y cols., 2012) y que se caracteriza por la formacion de catarata debido a la
acumulacion de galactitol en los cristalinos. Esas cataratas son bilaterales, son la tnica
manifestacion y aparecen durante las primeras semanas de vida, aunque ha sido reportado
en recién nacidos (Scriver y cols., 2002). El diagnostico de GALK1 se sospecha en nifios
con cataratas inexplicables e hiperglactosemia. Se comprueba con el test de la actividad de

GALKI (Beutler test) y por analisis molecular del gen GALKI. Las cataratas pueden ser
10



reversibles cuando se inicia una dieta libre de galactosa tempranamente, después de unos
pocos meses de edad, los cambios ya son permanentes (Oberman y cols., 1972). A la fecha
se han reportado cerca de 40 mutaciones, la mayoria de las cuales son sustituciones que

causan mutaciones de sentido equivocado (http://www.hgmd.cf.ac.uk/ac/validate.php).

DISTROFIAS RETINIANAS HEREDITARIAS: RETINOSIS PIGMENTARIA

Las distrofias de la retina son un grupo de enfermedades genéticas caracterizadas
por la degeneracion y atrofia de capas o células retinianas especificas. Constituyen la causa
mas comun de deficiencia visual hereditaria y tienen una prevalencia estimada de 1 en
1,500-2,000 sujetos en la poblacion general (Berger y cols., 2010). Actualmente, se han

identificado 261 genes relacionados a distrofias retinianas (https://sph.uth.edu/retnet/sum-

dis.htm#D-graph), lo que convierte a esta enfermedad en una de las mdas heterogéneas

genéticamente en el humano. Las distrofias retinianas hereditarias presentan una gran
variacion en sus caracteristicas fenotipicas y esto puede deberse a mutaciones en diferentes
genes, diferentes mutaciones en un mismo gen, variabilidad en el genoma en el que un gen
mutante es expresado o a la modulacion del fenotipo por factores ambientales. Ademas, el
diagnéstico preciso puede dificultarse por los cambios retinianos que suceden durante la
progresion de la enfermedad (Bird, 1995). En afios recientes, las técnicas de andlisis
genético molecular han revolucionado la comprension de las bases bioldgicas moleculares
de las distrofias retinianas hereditarias (Gupta y cols., 2017)|

Las distrofias retinianas se clasifican de acuerdo a su evolucion clinica en
estacionarias o progresivas y también de acuerdo al sistema de fotorreceptores (conos o

bastones) que esta principalmente afectado. Los conos operan durante condiciones de luz
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brillante (fotdpicas) y proporcionan la vision tricromica en color, mientras que los bastones
funcionan en la oscuridad (escotopica). La region macular localizada en el centro de la
retina es rica en conos y se encarga de maximizar la vision detallada, en tanto que la region
periférica es dominada por los bastones que proporcionan un campo de vision adecuado y
deteccion de movimiento (Bessant y cols., 2001; Michaelides y cols., 2003).

Distrofias Retinianas de bastones o periféricas: Las alteraciones que afectan
primariamente el sistema de bastones como la retinitis pigmentosa y la coroideremia se
presentan inicialmente con ceguera nocturna (nictalopia) y pueden progresar hasta causar
pérdida sustancial del campo visual periférico. Sin embargo, la vision central esta
preservada, al menos hasta etapas tardias de la enfermedad. Estas enfermedades se
clasifican como distrofias periféricas (Bird, 1975; Wang y cols., 2005; Hims y cols., 2003;
Hartong y cols., 2006; Hamel, 2006).

Distrofias retinianas de conos o centrales: Las alteraciones primarias del sistema de
conos (distrofias de conos) se manifiestan inicialmente con pérdida de la agudeza visual
central (vision borrosa) y de la vision al color y no afectan significativamente la vision
periférica a menos que el sistema de bastones se encuentra también afectado (distrofias
cono-baston). Algunas enfermedades afectan a ambos sistemas de fotorreceptores en la
zona especializada central de la retina, estas enfermedades son llamadas distrofias
maculares (Michaelides y cols., 2003; Hamel, 2007; Voo y Small, 2004). Dentro de este
grupo, la enfermedad de Stargardt o distrofia macular juvenil es la alteracion mas comun.
Distrofias retinianas sindréomicas: Aunque la mayoria de pacientes con una distrofia
retiniana tienen una degeneracidn retiniana sin asociacion a anomalias extraoculares,
existen algunas formas de distrofia retiniana sindromicas en las que la degeneracion

retiniana progresiva se acompaia de alteraciones sistémicas. En algunos casos, estas formas
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sindrémicas son causadas por defectos metabolicos conocidos; por lo tanto, permitiendo
conocer las bases fisiopatologicas de la alteracion retiniana. Durante la evaluacion de un
paciente con distrofia retiniana, el clinico debe estar alerta acerca de posibles signos
fenotipicos acompafiantes que permitan la identificacion de entidades sindrémicas bien
definidas. Tal es el caso de la hipoacusia en el sindrome de Usher, la polidactilia y obesidad
en el sindrome de Bardet-Biedl, y la ptosis y oftalmoplegia progresiva en el sindrome de
Kearns-Sayre, entre otros (Hims y cols., 2003; Hartong y cols., 2006; Reiners y cols., 2006;

Kremer y cols., 2006; Zaghloul y Katsanis, 2009; Lopez-Gallardo et al., 2009).

Retinosis Pigmentaria no sindromaticas

Las retinopatias hereditarias es una de las retinopatias causantes de ceguera y estan
caracterizadas por una degeneracion lenta y progresiva de la retina (Coco y cols. 2009). La
mayoria de los casos son debidos a mutaciones en un s6lo gen. Esas mutaciones ocurren
principalmente en los fotoreceptores (conos o bastones) y con menor frecuencia en el
epitelio pigmentario de la retina (EPR). Las retinopatias hereditarias se clasifican de
acuerdo al tipo de herencia (cuando es posible identificarlo) en autosémicas dominantes,
autosdmicas recesivas o ligadas al cromosoma X. De las formas més frecuentes y severas
de retinopatias esta la retinosis pigmentaria (RP).

La RP tiene una prevalencia que puede ir desde 1 en 750 a 9000 personas (Na y
cols., 2017) y esta caracterizada por depositos de pigmentos llamadas espiculas Oseas, las
cuales resultan de degeneracion de los fotoreceptores, predominantemente de la periferia de
la retina. Esta enfermedad es genética y fenotipicamente heterogénea con mutaciones que
afectan entre el 0.025-0.04% de la poblacion mundial (Soest y cols., 1999). La

sintomatologia puede estar restringida al ojo (RP no sindromatica), pero un 20-30% de los
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pacientes tiene alteraciones sistémicas (RP sindromica), que a la fecha incluyen
aproximadamente 30 distintos sindromes (Hartong y cols 2006).

En la mayoria de los casos, hay una degeneracion inicial de bastones con
subsecuente degeneracion de los conos (Hamel, 2006). Como los bastones estan
concentrados en la periferia de la retina, las personas afectadas manifiestan de deterioro
progresivo del campo visual periférico, hasta que finaliza como vision en tinel (Cuenca y
cols., 2014). Segin Hartong y cols. La enfermedad puede ser dividida en 3 etapas (Hartong
y cols., 2006). En etapas iniciales que normalmente ocurren durante la adolescencia
temprana, la nictalopia es el principal sintoma, la cual ocurre por disfuncion de los bastones
seguido por apoptosis y pérdida de los mismos. Esa sintomatologia es percibida
principalmente en lugares con luz tenue o escasa. En la etapa intermedia, la ceguera
nocturna se hace evidente por las dificultades para conducir o caminar en la noche. El
diagnéstico clinico es posible a través de la exploracion del fondo de ojo que revela la
presencia de depositos de pigmento. Un examen de campos visuales usualmente muestra
constriccion del campo visual y a menudo vision en tunel. En las etapas avanzadas, los
pacientes discapacidad en la vision durante el dia como resultado de la pérdida de la vision
periférica y central. La exploracion oftalmoldgica revela depositos de pigmentos dispersos,
atenuacion de vasos retinianos, atrofia del EPR y coriocapilares, y palidez del nervio
optico. El electroretinograma (ERG) se caracteriza por una reduccion a ausencia de la onda

y b en la fase escotdpica (Hartong y cols., 2006).

Genética molecular de la RP

La base genética y las mutaciones que llevan al desarrollo de la RP son muy complejas y

heterogéneas.Por ejemplo, mutaciones en ciertos genes pueden ocasionar diferentes tipos
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de retinopatias hereditaria, tales como la enfermedad de Stargardt, la amaurosis congénita
de Leber o también pueden estar asociadas a RP. De forma similar se ha reportado que
genes que causan formas sindrométicas de RP, tales con el sindrome de Bardet-Biedl,
también han sido identificados como causa de RP no sindromatica (Berger y cols., 2010;
Forsythe y Beales, 2013; Nash y cols., 2015). Todo esto sugiere mecanismos subyacentes
similares y vias comunes, a pesar de las diferencias en las caracteristicas clinicas.
Actualmente, se han identificados cerca de 70 genes como causantes de RP

(http://www.sph.uth.tmc.edu/retnet/). Los patrones hereditarios de la RP no sindrémica

incluyen formas autosémicas dominantes (15-25%), autosémicas recesivas (5-20%),
ligadas al cromosoma X (5-15%) y patrones desconocidos (40-50%) (Coco y cols, 2009;
Fahim y cols., 1993a, Ferrari y cols., 2011; Hartong y cols 2006; lipinski y cols., 2013;
Oishi y cols., 2014). Los genes con mayor frecuencia de mutacion incluyen RHO, RPRF,
PRPH2, RP1, IMPDHI y PRPF& para las formas autosomica dominantes; USH2A4, ABCA4,
PDE6A, PDE6B y RPEGS para las formas recesivas; y RPGR para las formas ligadas al X.
Las mutaciones del gen RHO son responsables del 20-30% de las formas autosdmicas
dominantes, el gen USH24 se asocia al 10-15% de las formas autosdémicas recesivas y las
mutaciones de RPGR explican la mayoria de los casos ligados al X. Mutaciones en estos
ultimos tres genes explican aproximadamente 30% de todos los casos de RP (Fahim y cols.,

1993b; Harton y cols., 20006).
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HERRAMIENTAS GENOMICAS: MAPEO DE HOMOCIGOSIDAD CON
MICROARREGLOS DE SNPs Y SECUENCIACION DE SIGUIENTE
GENERACION DE REGIONES CODIFICANTES (SECUENCIACION DE

EXOMA)

Microarreglos y mapeo de homocigosidad

Se estima que hasta 10% de la poblacion mundial practica las uniones
consanguineas.. La forma mas comun de uniones consanguineas es la de parientes de tercer
grado (primos primeros-primos hermanos), la cual es ampliamente practicada en paises de
Medio Oriente, Arabia Saudita, la India y Brasil, mientras las de segundo grado (tio-
sobrina) estd limitado a ciertas comunidades de paises como la India donde este tipo de
union se considera legal (Khlat y Khoury, 1991). En tales poblaciones consanguineas, el
promedio poblacional de coeficiente de consanguinidad (porcentaje del genoma que es
autocigoto) es considerablemente mas alto que la poblacién no consanguinea (Mueller y
Bishop, 1993). En un autocigoma, que es el conjunto completo de intervalos homocigotos
del genoma, un alto porcentaje se aproxima al coeficiente de consanguinidad (Alkuraya,
2010a). De esta forma, en sociedades en las cuales las uniones consanguineas son comunes
se eleva el tamafio de autocigomas cuando se compara con poblaciones no consanguineas
(Miano y cols. 2000). Mientras cada bloque autocigoto representa haplotipos que son
idénticos a causa de que segregan desde un ancestro comun (IBD: idéntico por
descendencia), los bloques homocigotos pueden representar haplotipos que son idénticos,
aunque surgen independientemente en la poblacion (identical by state, 1BS). Asi, la
evaluacion de autocigosidad es un proceso de dos pasos que inicia por la determinacion de

homocigosidad seguido por diferenciacion entre IBS de IBD. Cuando una poblacion tiene
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su origen en unos pocos fundadores, esos alelos asumiran una alta frecuencia, de modo que
dos individuos de esa poblacion podrian ser portadores y tendrian riesgo de tener un
descendiente afectado (Alkuraya, 2013).

El uso de marcadores de DNA es esencial para la determinacion de la
homocigosidad. Historicamente, los microsatélites se utilizaron cominmente para este
proosito, pero estos han sido reemplazados por los SNPs, que son los polimorfismos mas
abundantes del genoma humano (en promedio existe un SNP cada kilobase). La utilizacion
de microarreglos o “chips” de SNPs permite la identificacion simultdnea de miles de estos
polimorfismos en un genoma bajo estudio (Strachan y Read, 2011). Dichos arreglos estan
disponibles comercialmente en plataformas de microarreglos disefiados por casas
comerciales como Affymetrix o Agilent (Alkuraya, 2012).

En el mapeo de homocigosidad la distincion entre IBD e IBS es un proceso
esencialmente probabilistico. Entre mas grande sea un bloque de homocigosidad, es mas
probable que contenga SNPs que se originen de una regidon con baja recombinacioén y que
representen LD (desequilibrio de ligamiento). Otro factor importante que se debe tomar en
cuenta en la ancestria, factor que se correlaciona con el nimero de eventos de
recombinacion. Tomando en cuenta estos dos puntos, el valor de corte del tamafo de la
region homocigota debe ser mas grande cuando represente un IBD, y serd mas fuerte entre
mas cercano sea el grado de parentesco. Asumiendo que la mutacion se encuentra en una
posicion Z. La probabilidad de recombinacion en la posicion Z-1Mb es alrededor del 1% y
que similarmente la probabilidad de recombinacion en la posicion Z+1 es alrededor del 1%.
Asi, para la mutacion la probabilidad de recombinacion se encuentra dentro de un intervalo

de 2 Mb (Alkuraya, 2012). Tomando en cuenta ese valor de corte en el mapeo de
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homocigosidad, en la mayoria de estudios donde se analizan regiones < 2Mb rara vez se
identifican mutaciones homocigotas.

En enfermedades autosdmicas recesivas, los individuos afectados presentan
mutaciones en ambas copias del mismo gen. En caso de que un individuo presente una
mutacion homocigota, la misma mutacion es heredada de ambos padres. Asumiendo que la
mutacion en ambos padres se origina desde el mismo alelo ancestral, no s6lo la mutacion
sino la region cromosdmica alrededor de ella serd idéntica en ambos cromosomas del
paciente. Esta region, llamada TI1, es idéntica por descendencia (IBD). El tamafio de esa
region cromosomica dependerd de la tasa de recombinacion la cual a su vez depende del
numero de generaciones entre el ancestro portador de la variante y el paciente afectado
(Woods y cols. 2006). Las regiones homocigotas presentes en afectados pueden ser
detectadas por el uso de microarreglos que permiten caracterizar miles, incluso millones,
de SNPs distribuidos en todo el genoma. Cuando un SNP identificado es idéntico en cada
uno de los alelos, el SNP es llamado homocigoto. Cuando hay intervalos significantes de
SNPs homocigotos consecutivos juntos componen regiones homocigotas, las cuales pueden
suceder por azar y se consideran propiamente “homocigotas”, o pueden ser originadas de
un mismo ancestro, denominandose autocigotas, como se coment6 anteriormente (figura 1)

(Littink y cols. 2012).
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Figura 1. Arbol genealdgico donde se muestra como un alelo ancestral (*) es segregado a través de las
generaciones y como el haplotipo original de preserva parcialmente hasta ultima generacion que hereda los
dos alelos mutados (**). El haplotipo original va perdiendo regiones y eso se traza con diferentes colores. El
haplotipo alrededor (muy cercano) a la mutacion se preserva y es lo que representa las regiones homocigotas

alrededor de las mutaciones que son el fundamento de esta técnica gendmica. (Imagen tomada de: Alkuraya,

2012).

Secuenciacion de siguiente generacion: secuenciacion de exoma

Las tecnologias NGS han revolucionado el diagnostico molecular al permitir
secuenciar simultdneamente miles de genes o incluso genomas completos en un unico
experimento (Katsanis y Katsanis., 2013; Strande y Berg, 2016). Estos métodos han

demostrado una gran efectividad para identificar la causa subyacente de enfermedades
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monogénicas raras o con un diagndstico inespecifico, y han demostrado también gran
eficacia en el diagndstico de enfermedades con heterogeneidad genética en los diversos
campos de la medicina clinica. Actualmente, diferentes técnicas de NGS pueden ser
utilizadas para propositos diagnésticos, incluyendo secuenciacion completa del genoma
(whole genome sequecning: WGS), secuenciacion de los exones de todos los genes
codificantes de proteinas (whole exome sequencing: WES) o la secuenciacion dirigida
especifica de genes conocidos causantes de enfermedad (targeted resequencing: TRS) (de

Koning y cols., 2015).

Proceso de secuenciacion de exoma

En el proceso de secuenciacion el DNA gendmico es fragmentado por enzimas
denominadas transposasas, las cuales también a la vez que fragmentan también afiaden unas
pequenias secuencias llamadas adaptadores en cada extremo. A continuacién se unen unas
sondas de hibridacion que son secuencias cortas de RNA acopladas a biotina que a su vez
se adhieren a las regiones codificantes o intronicas flanqueantes de todos los exones.
Después estas regiones unidas a biotina son capturadas por perlas de estreptovidina por
medio de un iman unido a estreptovidina. A continuaciéon estos fragmentos son

amplificados por PCR y estan listos meterse a secuenciar.
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Figura 2. Proceso general de la secuenciacion del exoma. Tomado de: Bamshad y cols.,

2011).

a.Secuenciacidén de genoma completo (WGS)

Este método puede ser utilizado para determinar la secuencia completa del DNA,
incluyendo regiones codificantes y no codificantes. La mayor ventaja es que la informacion
gendémica completa estara disponible de una forma relativamente rapida, y podrd ser
utilizada para la identificacion de variantes causales de enfermedad en caso de
enfermedades monogénicas y también sera de utilidad para la identificacion de variantes de
susceptibilidad para enfermedades complejas debido a que puede identificar variantes raras
con frecuencias alélicas menores (MAF) <5% (Xuan y cols., 2013).

Una desventaja del WGS es que produce una gran cantidad de datos que requieren
un filtrado extenso a fin de proveer datos significativos acerca de las variantes génicas

relacionadas o causantes de la enfermedad. Otro problema es ético, y consiste en la
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identificacion de variantes patogénicas que no estan relacionadas a la enfermedad original

para la cual se realiz6 el estudio (de Koning y cols., 2015).

b.Secuenciacién de exoma completo (WES)

Este abordaje puede analizar simultdneamente las regiones codificantes de todos los
genes causantes de la enfermedad, como también para los genes potencialmente causantes
de enfermedad, o incluso puede utilizarse para aquellas entidades donde no se conoce la
causa genética de la enfermedad. Para realizar WES todo el DNA codificante necesita ser
enriquecido. La mayor ventaja de la WES es que todos los genes estan incluidos en el
analisis, genes conocidos causantes de enfermedad y aquellos que ain no han sido
relacionados a patologias. En particular, WES puede revelar genes nuevos para enfermedad
o mutaciones que todavia no sido asociados con ciertos fenotipos. WES es la mejor técnica
para la identificaciéon de mutaciones de novo en un trio (padres e hijo) para enfermedades
heterogéneas con un gran nimero de genes putativos (Vissers y cols., 2010).

No obstante, hay también algunos inconvenientes, como lo son que algunos exones
no son incluidos, o la baja cobertura en ciertos exones, principalmente relacionados a

secuencias ricas en G-C (Gilissen y cols., 2012).

C.Secuenciacion dirigida (TRS)

Este abordaje es ampliamente utilizado como una estrategia para enriquecer y
analizar las regiones codificantes de solamente los genes de interés para una enfermedad
especifica o alguna categoria diagnostica. Es conocido también como secuenciacion de
paneles diagndsticos de enfermedades hereditarias (SureSelect

[https://www.genomics.agilent.com/article.jsp?pageld=3083], TruSight One
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[https://www.illumina.com/products/by-type/clinical-research-products/trusight-one.html])
( o para evaluar el riesgo de cancer (Targeted cancer sequencing)

(https://www.illumina.com/areas-of-interest/cancer/research/sequencing-methods/targeted-

cancer-seq.html). Hay algunas ventajas de restringir el andlisis mutacional a un niimero
limitado de genes, como lo es una mayor profundidad de lectura con respecto a WGS y
WES. Otra ventaja es un menor desafio en el analisis de datos e interpretacion de las
variantes (Sikkema-Raddatz y cols., 2013). Ademas, dependiendo de la plataforma y la
estrategia de enriquecimiento utilizada, se pueden analizar varios cientos de genes de
multiples muestras de pacientes en una simple corrida y en un periodo de tiempo corto (de
Koning y cols., 2015). Utilizamos dos paneles, SureSelect inherited disease, para el analisis
de solo 2742 genes que se conocen causan enfermedades hereditarias

(https://www.genomics.agilent.com/en/SureSelect-DNA-Target-Enrichment-Baits-

/SureSelect-Panels/?cid=AG-PT-124&tabld=AG-PR-

1306&Nty=1&Ntx=mode+matchall&Ntk=BasicSearch&N=4294967292+4294967234+42

94967294 &type=baseSearch&No=0&Ntt=5190-4651). El  otro panel utilizado

frecuentemente corresponde a TruSight One para el andlisis de 4800 genes asociados a
enfermedad, el cual tiene la opcion de extenderse a 6700 genes

(https://www.illumina.com/products/by-type/clinical-research-products/trusight-one.html ).
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JUSTIFICACION

La ultima década ha sido testigo de avances dramaticos en el desarrollo de nuevos
métodos de andlisis gendomicos y de su aplicacion en el campo de la investigacion y el
diagnostico clinico. Una consecuencia de esta revolucion tecnoldgica es la creciente
identificacion de variantes causales de enfermedades raras y la subsecuente identificacion
de vias bioldgicas que permitan el reconocimiento de mejores blancos terapéuticos. Debido
a la heterogeneidad clinica y genética de muchas de estas patologias mendelianas, los
nuevos abordajes gendmicos buscan proporcionar a los enfermos un diagndstico clinico
correcto y rapido y evitar lo que se conoce como una odisea diagnéstica. En México no se
han llevado a cabo estudios gendmicos de enfermedades mendelianas oftalmoldgicas raras
o con heterogeneidad genética que nos permitan conocer rapidamente las bases moleculares
de estas enfermedades. A partir de este tipo de estudios es posible identificar nuevos genes
0 reconocer mecanismos mutacionales novedosos en genes conocidos. Ademas, el andlisis
gendémico permite el diagndstico clinico para entidades con fenotipos desconocidos, pero
con patrones hereditarios claramente mendelianos. La identificacién correcta del gen
causante de la enfermedad establece de manera precisa el patron hereditario de la
enfermedad, lo que permite un adecuado asesoramiento genético al afectado y a su familia.

Otro punto importante es que se prevé que las técnicas gendmicas que han mostrado
ser de alto rendimiento, precisas, de bajo costo y de certeza diagndstica, seran pronto
pruebas diagnésticas abiertas en los sistemas de salud para pacientes con alguna

enfermedad mendeliana rara o que presente una alta heterogeneidad clinica y genotipica.
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PLANTEAMIENTO DEL PROBLEMA

Las enfermedades mendelianas son patologias raras individualmente, pero de
manera grupal pueden afectar entre 2 y 10% de la poblacion; por lo tanto, son responsables
de una gran proporcion de la morbi-mortalidad general. Actualmente se han descrito mas de
6000 patologias con patrén hereditario mendeliano, de las cuales cerca de la mitad aun no
tienen una etiologia genética reconocida.

Los métodos tradicionales para la identificacion de variantes patogénicas para estas
enfermedades monogénicas, como lo son amplificacion del DNA por reaccion en cadena de
la polimerasa y la secuenciacion de DNA tipo Sanger, en muchos casos siguen siendo una
opcion diagndstica, principalmente cuando se conocen sitios calientes dentro del gen de
estudio o cuando existe una muy fuerte correlacion genotipo-fenotipo que indique que una
enfermedad es causada Unicamente por variaciones en un solo gen. No obstante, para
enfermedades muy raras con sospecha de herencia mendeliana o para aquellas
enfermedades monogénicas con alta heterogeneidad genética, los métodos tradicionales no
son la primera eleccion. En su lugar, nuevas tecnologias genémicas como el mapeo de
homocigosidad o la secuenciacion de siguiente generacion deben ser aplicadas como

primera opcidn para el diagndstico molecular.
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PREGUNTA DE INVESTIGACION
(Son eficaces las tecnologias de andlisis gendomico para el diagnoéstico molecular de casos

seleccionados de oftalmopatias hereditarias raras?

HIPOTESIS DE TRABAJO
Los abordajes genomicos de mapeo por homocigosidad utilizando microarreglos de SNPs y
de secuenciacion de siguiente generacion permitirdn reconocer la causa genética de

oftalmopatias hereditarias raras y/o con heterogeneidad genética

OBJETIVO GENERAL
e Identificar la causa genética de oftalmopatias hereditarias raras utilizando las nuevas

tecnologias de analisis gendmico.

OBJETIVOS ESPECIFICOS
e Identificar los genes responsables y las variantes patogénicas causales en casos
seleccionados de oftalmopatias hereditarias raras.
e Establecer el diagnostico definitivo en casos seleccionados de oftalmopatias

hereditarias raras.
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DESCRIPCION DE CASOS CLINICOS

CASO #1

Paciente femenino de 2 meses de edad referida a la consulta de Genética por
dismorfias faciales. Es originaria del municipio de Amatenango del Valle, Chiapas, hija de
padres sanos, no consanguineos. La paciente es la sexta y ultima hermana y sus otros 5
hermanos son completamente sanos. La madre de la paciente tuvo valoracion prenatal
regular y niega exposicion a teratdgenos. La propodsito nacid por parto eutocico con datos
somatométricos dentro de rango normal. Al nacimiento presento telecanto y un exceso de
tejido subcutaneo que se acumula en region naso-palpebral y se extiende a la frente y al
labio superior. Esta tumoracion es blanda y redondeada. Ademds, la paciente presenta
colobomas bilaterales en ambos parpados entre los tercio medio e interno de los parpados.
Con los datos clinicos identificados en la paciente se establece un diagnostico de sindrome
de lipoma-coloboma nasopalpebral. Esta enfermedad es una entidad rara que unicamente ha
sido descrita en 5 ocasiones previamente, dos de las cuales corresponden a casos familiares
con una herencia autosomica dominante. Este caso ilustra la importancia de la
secuenciacion de exoma completo para la identificacion de genes nuevos para

enfermedades raras con un claro patrén de herencia mendeliana
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CASO #2

Femenino de 64 afios de edad que fue revisada por el Servicio de Genética debido a ceguera
de etiologia desconocida. Es originaria de una poblacion endogamica en la provincia de
Alajuela, Costa Rica. Los padres son consanguineos (primos de primer grado), tuvieron 8
hijos, de los cuales cuatro presentaron cuadros clinicos similares. Los afectados
desarrollaron ceguera legal desde la infancia temprana y a pesar de que algunos tuvieron
cirugia oftalmologica se refiere que ésta no mejord de manera significativa la vision. Esta
familia no tuvo un diagnostico clinico de la enfermedad, y en la actualidad no se cuenta
con notas clinicas ni expedientes hospitalarios que pudieran orientar hacia la causa de la
deficiencia visual. Los afectados desean conocer que les ocasiond su ceguera, y los
familiares sanos desean conocer si existe riesgo de que la enfermedad pueda repetirse en las
siguientes generaciones. Este es un caso de ceguera de etiologia desconocida con clara
herencia autosdmica recesiva, por lo cual se les ofrece un estudio de analisis gendmico
denominado mapeo de homocigosidad, para la busqueda de regiones homocigotas dentro de

la cual podria encontrarse el gen responsable de la enfermedad.
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CASO #3

Se estudidé una familia de 4 generaciones con diagndstico de distrofia retiniana
hereditaria. Los padres de los afectados son sanos, no consanguineos, provienen de una
comunidad probablemente endogadmica y tuvieron 10 hijos, 5 de ellos afectados por el
mismo padecimiento retiniano. En otra rama de la familia muy cercana hay un matrimonio
consanguineo entre primos hermanos los cuales tienen un hijo aparentemente con la misma
enfermedad retiniana. A la exploracion oftalmologica todos los sujetos presentaron
caracteristicas clinicas similares caracterizados por mala agudeza visual y fotofobia desde
la primera década de vida. La fundoscopia demostr6 discos Opticos palidos, estrechamiento
de arteriolas, depositos de pigmentos intraretinianos, atrofia severa del EPR y espiculas
6seas en la periferia. ERG esta abolido. Este es un caso de distrofia retiniana de etiologia
desconocida, pero con un caracter mendeliano autosémico recesivo. Por lo anterior se
pensé como primera opcion realizar un analisis gendmico por mapeo de homocigosidad
debido a la afeccion de hermanos y a la consanguinidad demostrada en la genealogia.
Varios genes candidatos dentro de la region homocigotas fueron secuenciados, pero no
fueron identificadas mutaciones. Debido al resultado negativo, y la gran heterogeneidad
clinica y genética de las distrofias retinianas, se decidi6 realizar un andlisis de

secuenciacion de exoma.
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DISCUSION

DISCUSION CASO #1

El sindrome de coloboma-lipoma nasopalpebral es una entidad extremadamente rara
descrita previamente en sélo 5 casos, dos de ellos en formas familiares con franca herencia
autosémica dominante (Penchaszadeh y cols. 1982; Akarsu y Sayli, 1991) y 3 casos
esporadicos (Bock-Kunz y cols., 2000; Moreira y cols., 2003; Babu y cols., 2011). La
paciente descrita en este trabajo cumplid todos los criterios establecidos para el sindrome,
incluyendo lipomas nasopalpebrales congénitos bilaterales, colobomas bilaterales en ambos
parpados, frente amplia, pico de viuda, telecanto e hipoplasia maxilar. (Penchaszadeh y
cols., 1982). Los estudios de tomografia computada con reconstruccion osea y de tejidos
blando faciales, se demostraron varios hallazgos importantes: Primero que la separacion de
cantos internos fue un telecanto y no un hipertelorismo, lo cual es importante para hacer el
diagnostico diferencial con otras entidades genética como es la displasia frontonasal
(Sedano y Gorlin, 1988). También se demostré que la tumoracion observada en la region
nasopalpebral correspondia a tejido lipomatoso, lo cual fue confirmado con una biopsia.
Por medio de ecografia ocular se demostr6é nanoftalmos bilateral, lo que significa un nuevo
hallazgo clinico en la enfermedad (Chacon-Camacho y cols., 2013).

Esta enfermedad como pertenece al grupo de enfermedades raras y esporadicas, el
estudio de secuenciacion de exoma ofrece nuevas oportunidades para llegar a un
diagnéstico molecular (Ku y cols., 2011).

Para la identificacion de la causa genética de esta enfermedad utilizamos un
abordaje de secuenciaciéon de exoma completo que permitid identificar una variante

patogénica en un gen denominado ZDBF2. Como se describe en la publicacion anexa, la
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variante cumplié con criterios que permiten clasificarla como patogénica, entre otros ser
una variante de novo, con efecto de truncamiento en la proteina, no esta presente en bases
de datos poblacionales y afecta a un gen localizado en una region de impronta
probablemente implicado en el desarrollo craneofacial (Chacén-Camacho y cols., 2016). La
mutacion identificada en ZDBF2 en nuestro caso de sindrome de lipoma-coloboma
nasopalpebral, c.6245 624insTT (p.His2082fs*67) en estado heterocigota, provoca un
desplazamiento del marco de lectura y predice una mutacién terminadora 67 aminoacidos
corriente abajo. Segun las guias del Colegio Americano de Genetica Médica y Genémica la
variante tendria un criterio muy fuerte (mutacidon que provoca un codén de paro y proteina
de terminacién prematura) y un criterio fuerte (mutacién de novo, con ambos padres
confirmados, en un paciente con la enfermedad y sin historia familiar) lo cual
corresponderia a una variante patogénica (Richards y col.,, 2015). A pesar de que se
conocen muy pocos datos acerca de la funcion del gen, se propone que podria intervenir en
la morfogénesis del desarrollo medio-superior de la cara, y que su defecto provoca una
hiperplasia del tejido adiposo dirigiendo al desarrollo de los lipomas caracteristicos de la
enfermedad (Penchaszadeth y cols., 1982). Conociendo otros genes improntados, como los
identificados en el sindrome de Beckwith Widemann por ejemplo (Shuman y cols., 2016),
que es una enfermedad también caracterizada por aparicion de tumor embrionarios como
tumor de Wilms o hepatoblastoma, proponemos que estd region improntada donde se
encuentra el gen ZDBF, podria tener funciones similares que regulen el sobrecremiento de
ciertas estirpes celulares, como el tejido adiposo.

Para concluir es importante mencionar, que en otro grupo de estudio internacional

ya se identificd un paciente en quien se realizd estudio genético del gen ZDBF2, con
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resultado positivo para una variante patogénica (comunicacion personal), lo cual validaria
de forma definitiva al gen como causante del sindrome lipoma-coloboma nasopalpebral.

De forma similar, a partir del afio 2010 en muchas enfermedades raras y esporadicas
con la utilizacion de secuenciacion de exoma completo se han identificado los genes
causantes de enfermedades, como por ejemplo el gen MLL2 para el sindrome de Kabuki
(Ngy cols., 2010) y el gen SETBP para el sindrome de Schinzel-Giedion (Hoischen y cols.,

2010).

DISCUSION CASO #2

Muchos pacientes con enfermedades genéticas, como en la familia descrita no
cuentan con un diagnostico especifico. La practica estdndar de la medicina involucra el
reconocimiento de las caracteristicas clinicas-fenotipicas especificas, ademas de las
caracteristicas derivadas de estudios de laboratorio y gabinete, histopatologicos y genéticos.
Todos estos hallazgos juntos tienen el propdsito de generar un diagndstico al paciente. Pese
a ello, muchos pacientes permanecen sin un diagnostico. Nuestro caso clinico tiene una
etiologia oscura ya que se carecen de antecedentes que guien hacia un probable diagndstico
oftalmoldgico-genético. El antecedente de que los padres son consanguineos y que existen
4 hermanos afectados, sugiere fuertemente una entidad con patrén hereditario autosémico
recesivo. A pesar de que la enfermedad esta limitada a los 0jos y no hay afeccion sistémica
ni alteracion de la capacidad intelectual de los sujetos enfermos, la lista para enfermedades
recesivas que causan ceguera es amplia, e incluyen glaucoma congénito, distrofia corneal
congénita, distrofias retinianas de inicio temprano, y cataratas congénitas, entre otras. Los

genes candidatos para estas entidades pueden representar decenas de genes y es por lo tanto
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impractico intentar realizar un diagnostico con las técnicas moleculares tradicionales de
PCR vy secuenciacion Sanger. La familia deseaba conocer la causa de la ceguera y esto es
importante por varias razones: a) para instaurar un tratamiento potencial, principalmente en
las fases iniciales de la enfermedad; b) para dar un riesgo de recurrencia a los afectados y a
los familiares sanos; ¢) para proveer un prondstico. Un largo periodo para que se realice un
diagndstico genético es actualmente referido como una “odisea diagnostica” y es lo que
estd familia ha padecido por muchos afos (Yang y cols., 2013). La técnica de andlisis
genodmico como el mapeo de homocigosidad es una herramienta valiosa y costo-efectiva y
es una alternativa para el establecimiento de las bases genéticas de la enfermedad,
principalmente cuando se trata de familias con consanguinidad y se tienen que identificar
regiones homocigotas (Gillespie y cols., 2014). Utilizando un microarreglo que contiene
aproximadamente 250 mil SNPs se identificaron 2 regiones homocigotas, una en el
cromosoma 3 y otra en el cromosoma 17. Esta ultima region homocigota era de una
extension de 6.6 Mb (mega bases) y dentro de ella se encontraron 143 genes, uno de los
cuales era un gen conocido asociado a catarata, sin afeccion sistémica: GALK. El anélisis
dirigido por secuencia Sanger identificé la mutacion c.1144C>T (p.Q382*), que predice
una proteina de terminacion prematura. Para demostrar que la variante fuera patogénica se
realizo el analisis de segregacion familiar que demostré que todos los hermanos afectados
presentaban la misma variante en estado homocigoto, mientras que los sanos tuvieron
unicamente la variante silvestre. Con este estudio la familia pudo por fin conocer cudl era
su diagnostico y se pudo realizar una adecuada asesoria genética para toda la familia. La
deficiencia de la enzima galactosa 1 fosfato (GALK1) es una entidad muy rara, que origina
catarata congénita, la cual es reversible cuando se instaura de manera répida la suspension

de la galactosa en la dieta (Fridovich-Keil, y cols., 2008). Se debe mencionar que la
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mutacion identificada en estos pacientes fue reportada anteriormente por Kolosha y cols., y
de manera interesante los afectados con la misma mutacion en ese estudio eran originarios

de Costa Rica, lo que indica un posible efecto de mutacion fundadora en esa poblacion.

DISCUSION CASO 3

La heterogeneidad de locus, definida como la existencia de muchos loci asociados a
la misma enfermedad, es una caracteristica de numerosas entidades mendelianas
(Nausbaum y cols., 2015). Un ejemplo claro lo representan las distrofias retinianas, para las
que se han identificado aproximadamente 300 loci relacionados y se han caracterizado
cerca de 260 genes causales. Mutaciones en al menos 60 de estos genes ocasionan retinosis
pigmentaria no sindromatica con diversos patrones de herencia

(https://sph.uth.edu/retnet/sum-dis.htm#D-graph). Clasicamente, la elecciéon del gen a

analizar para realizar diagnéstico molecular en enfermedades con heterogeneidad genética
depende de varios criterios que incluyen: a) iniciar con el gen mas frecuentemente mutado,
b) identificar alguna correlacion genotipo-fenotipo, y ¢) el conocimiento previo de un
efecto fundador de la mutacion en un grupo étnico estudiado (Koenekoop y cols., 2007). Si
la mutacion causal no es identificada por los criterios previamente mencionados, el analisis
puede ser extendido a otros genes. Pero esta solucion del analisis gen por gen es
desgastante en cuanto a tiempo de procesamiento y de costo econdémico. El advenimiento
de las tecnologias de analisis genomico ha facilitado de una manera sin precedente el
diagnostico molecular en enfermedades con heterogeneidad genética cono las distrofias
retinianas.

Los resultados obtenidos en el caso familiar de distrofia retiniana presentado en este

trabajo demuestran la utilidad del abordaje de exoma completo en el diagndstico molecular.
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Los afectados mostraban dafio severo del area macular y de la retina periférica,
caracteristica que impedia una clasificacion clinica correcta. Debido a la heterogeneidad
genética propia de este grupo de enfermedades y considerando que las mutaciones del gen
ABCA4 son la causa mas frecuente de distrofias maculares (Allikmets y cols., 1997) y de
distrofias de cono-baston (Maugeri y cols., 2000), el primer abordaje fue la secuenciacion
Sanger de los 50 exones codificantes de este gen. Sin embargo, no se identificaron variantes
patogénicas en ABCA4 que explicaran el fenotipo en la familia. Posteriormente, tomando en
cuenta que la genealogia sugeria fuertemente una herencia autosémica recesiva, se procedio
a realizar un mapeo de homocigosidad de genoma completo mediante microarreglos de
SNPs. La hipotesis fue que la enfermedad era causada por una variante homocigota,
idéntica por descendencia, que podia ser localizada en alguna regién de autocigosidad
demostrada en el genoma de los enfermos. Este abordaje ha sido utilizado con éxito en
numerosos casos de retinosis pigmentaria autosdmicas recesivas descritos en la literatura
(Bandah-Rozenfeld y cols., 2010; Collin y cols., 2011). De este modo, el analisis gendmico
permitié identificar una region homocigota de aproximadamente 3 Mb en el cromosoma
18p11. Sin embargo, ninguno de los genes localizados dentro de tal region tenia asociacion
con enfermedades retinianas hereditarias, por lo que no se identific6 un gen candidato. Uno
de los genes dentro de la region fue TUBB6 (tubulina beta 6) que, aunque no ha sido
asociado a enfermedad en humanos, se expresa abundantemente en retina. Se procedio a
secuenciar este gen en DNA de uno de los afectados y se demostré que no presentaba
variantes patogénicas.

De acuerdo a estos resultados, se decidio realizar secuenciacion de exoma completo
para la identificacion de la causa de la enfermedad en esta familia, teniendo como

posibilidades la mutacién en un gen nuevo o incluso la presencia de heterocigocidad
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compuesta (Littink y cols., 2012). Como se describe en el articulo anexo, la secuenciacion
de exoma completo permitié el reconocimiento de dos variantes patogénicas heterocigotas
en el gen RDHI12, ¢.295C>A (p.L99]) y ¢.446T>C (p.L149P) en DNA de los afectados, es
decer, mutaciones en estado heterocigoto compuesto. El gen RDHI2 se expresa
ampliamente en los fotorreceptores y tiene un papel fundamental en la conversion del todo-
transretinal a 11 cis-retinal en el ciclo de la vitamina A (Haeseller y cols., 2002). A la fecha
se han identificado cerca de 100 mutaciones en RDHI12 causantes de distrofias retinianas
severas, particularmente amaurosis congénita de Leber y retinosis pigmentaria de inicio
temprano (Benayouny cols., 2009; Li y cols.,, 2017). La mayoria de las variantes
patogénicas descritas en RDH12 son sustituciones que predicen una mutacion de sentido
alterado en la proteina. Las mutaciones de RDH12 explican del 3 al 7% de los casos
autosomicos recesivos de distrofias retinianas (Valverde, 2009). Interesantemente, las
mutaciones heterocigotas compuestas, como la identificada en la familia, no son
infrecuentes en este gen (Li et al., 2017; Benayoun y cols., 2009; Valverde y cols., 2009).
La presencia de 2 alelos patogénicos distintos en esta familia explica la razon por la que el
andlisis de homocigosidad no fue concluyente y ejemplifica la importancia de considerar
esta posibilidad incluso en casos de enfermedades genéticas en los que exista
consanguinidad entre los padres o practicas endogdmicas. A la fecha no existe una
correlacion genotipo-fenotipo en este gen, aunque se considera que sus mutaciones resultan
en formas muy severas de distrofias retinianas (Chacon-Camacho y cols., 2013; Gong y

cols., 2015).
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CONCLUSIONES

e Las tecnologias gendmicas fueron eficaces para llegar a un diagndstico molecular en
los tres casos estudiados.

e Se establecié un diagnoéstico clinico en las 2 entidades con etiologia oscuras y
odisea diagnoéstica: ceguera secundaria a catarata congénita (mutaciones en GALK]/)
y retinopatia mendeliana (retinosis pigmentaria por mutaciones en RDH1?2).

e Se identifico un gen causal (ZDBF2) para el sindrome de lipoma-coloboma
nasopalpebral

¢ Se identificé una variante patogénica nueva en el gen RDHI2.

e Se identific6 una mutacion en el gen GALKI causante de ceguera en la familia

costarricense.
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Nasopalpebral lipoma-coloboma syndrome (NPLCS, OMIM%
167730) is an uncommon malformation entity with autosomal
dominant inheritance characterized by the combination of
nasopalpebral lipoma, colobomas in upper and lower eyelids,
telecanthus, and maxillary hypoplasia. To date, no genetic
defects have been associated with familial or sporadic NPLCS
cases and the etiology of the disease remains unknown. In this
work, the results of whole exome sequencing in a sporadic
NPLCS patient are presented. Exome sequencing identified a
de novo heterozygous frameshift dinucleotide insertion
€.6245_6246 insTT (p.His2082fs*67) in ZDBF2 (zinc finger,
DBF-type containing 2), a gene located at 2q33.3. This variant
was absent in parental DNA, in a set of 300 ethnically matched
controls, and in public exome variant databases. This is the first
genetic variant identified in a NPLCS patient and evidence
supporting the pathogenicity of the identified mutation is dis-
cussed. © 2016 Wiley Periodicals, Inc.

Key words: nasopalpebral lipoma; coloboma; exome sequen-
cing; ZDBF2

INTRODUCTION

Nasopalpebral lipoma-coloboma syndrome (NPLCS, OMIM%
167730) is a rare malformation syndrome of autosomal dominant
inheritance primarily characterized by nasopalpebral lipomas,
upper and lower eyelid colobomas, telecanthus, and maxillary
hypoplasia. Penchaszadeh et al. [1982] first described the disease
in 1982 in a family from Venezuela comprising nine affected
subjects in three consecutive generations. To date, two familial
[Penchaszadeh et al., 1982; Akarsu and Sayli, 1991] and four
sporadic [Bock-Kunz et al., 2000; Moreira Gonzalez and Jackson,
2003; Babu et al., 2011; Chacon-Camacho et al., 2013] NPLCS cases

© 2016 Wiley Periodicals, Inc.
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have been reported in the literature. Frequent additional clinical
features include broad forehead, displaced, or aplastic lacrimal
punctae, persistent epiphora, aberrant eyelashes, conjunctival
hyperemia, corneal and lens opacities, and divergent strabismus
[Penchaszadeh et al., 1982; Chacon-Camacho et al., 2013]. NPLCS
has complete penetrance and a relatively homogeneous phenotype
in both familial and sporadic cases.

The pathophysiology of the disorder is unknown and defects in
migration of cells of neural crest or a dysplasia of adipose tissue
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were previously proposed to explain the aberrant craniofacial
development observed in the syndrome [Penchaszadeh et al,
1982]. To date, a specific genetic alteration has not been associated
with this Mendelian disorder.

In this work, we report the identification of a de novo truncating
mutation in the ZDBF?2 (zinc finger, DBF-type containing 2) gene in
a patient with the NPLCS detected by whole exome sequencing
(WES) and summarize evidence supporting pathogenicity of such
mutation.

PATIENT AND METHODS

The propositus is a 2-year-old Mexican girl with a clinical diagnosis
of NPLCS (Fig. 1). She was born from unrelated, healthy parents.
No family history of congenital malformations or inherited dis-
eases was recorded. The clinical, radiological, and histopatholog-
ical features of this sporadic case were described by or group
[Chacon-Camacho et al., 2013]. In an attempt to identify the
genetic defect underlying the syndrome, samples from the pro-
band, and her healthy parents were subjected to WES in the Baylor-
Hopkins Centers for Mendelian Genomics (BHCMG).

Briefly, we captured the CCDS exonic regions and flanking
intronic regions totaling ~51 Mb by using the Agilent SureSelect
Human All Exon V4 51 Mb Kit and performed paired end 100 bp
reads on all three family members with the Illumina HiSeq2000
platform. We aligned each read to the reference genome (NCBI
human genome assembly build 37; Ensembl core database release
50_36110) with the Burrows-Wheeler Alignment (BWA) tool
[Li and Durbin, 2009] and identified single-nucleotide variants
(SNVs) and small insertion-deletions (indels) with SAMtools
[Li et al., 2009]. We also performed local realignment and base
call quality recalibration by using GATK [McKenna et al., 2010;

FIG. 1. Facial appearance of the proband at 7 months of age
demonstrating the characteristic nasopalpebral lipoma which
also involves the frontal region. [Color figure can be seen in the
online version of this article, available at http://
wileyonlinelibrary.com/journal/ajmgal.

DePristo et al., 2011]. We identified potentially causal variants by
standard filtering criteria: SNV and indel minimal depth of 83, root
mean square mapping quality of 25, strand bias P-value below 104,
end distance bias below 104, and filtering out SNVs within 3 bp of
an indel and indels within 10 bp of each other; followed by the use
of the Analysis Tool of PhenoDB [Sobreira et al., 2015] to design
the prioritization strategy.

We prioritized rare functional variants (missense, nonsense,
splice site variants, and indels) that were heterozygous de novo
mutations, homozygous, or compound heterozygous in the pro-
band and excluded variants with a Minor Allele Frequency (MAF)
>0.01 in dbSNP 126, 129, and 131, in the Exome Variant Server
(release ESP6500SI-V2), 1000 Genomes Project, or Exome Aggre-
gation Consortium database (ExAC), Cambridge, MA (URL:
http://exac.broadinstitute.org). We also excluded all variants
found in our in-house controls (CIDRVar 51 Mb). Sanger sequenc-
ing confirmed candidate mutations Identified in WES. For dis-
tinguishing parental origin of the allele carrying the candidate
causal mutation, allele-specific PCR employing primer ASO-RV:
5'-TGGTTGCTCCTATTAAAAAAT G- 3’ (underlined bases indi-
cate a dinucleotide insertion) and Sanger sequencing were used.
Complete oligonucleotide sequences and PCR conditions for
allele-specific PCR are available on request.

RESULTS

After filtering variants detected by WES, 1 heterozygous de novo
variant, 12 compound heterozygous variants in six genes, and one
homozygous variant were identified in propositus’ DNA (Suppl.
Table SI). The de novo variant is a novel heterozygous
€.6245_6246insTT (p.His2082fs*67) insertion in the third coding
exon of the ZDBF2 gene (NM_020923), which was absent from
parental DNA on WES. Bidirectional Sanger sequencing confirmed
that the proband carried the ZDBF2 dinucleotide insertion (Fig. 2)
while her parents exhibited wild-type alleles. The variant has not
been reported in the above-mentioned public variant databases and
was absent from a set of 300 ethnically matched control alleles
genotyped by direct Sanger sequencing. We also identified a second
variant in ZDBF2 in the proband inherited from her mother
(c.2086A>C; p.Asn696His) (Suppl. Table I), which was employed
for recognition of the maternal ZDBF2 allele. As shown in supple-
mentary Figure S1, allele-specific sequencing demonstrated that
the ZDBEF2 allele carrying the frameshifting dinucleotide insertion
was the paternally derived one.

The remaining variants identified in proband’s DNA by WES
(i.e., a single homozygous mutation and six compound heterozy-
gous mutations) were excluded by its presence in the parents,
assuming a dominant mutation model for NPLCS.

DISCUSSION

The pathophysiology of the NPLCS is currently unknown. It has
been suggested that the primary defect could involve a dysplasia of
adipose tissue leading to nasopalpebral and upper lid lipomas
during embryogenesis, with the rest of the malformations being
secondary to interference of morphogenesis of the mid-upper face
developmental field from the lipomatous hamartomas [Penchas-
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FIG. 2. Partial nucleotide sequence of ZDBF2 gene. The upper
nucleotide sequence (A) corresponds to the proband’s DNA
demonstrating the heterozygous c.6245 6246insTT insertion
(arrow), which predicts a p.His2082fs*67 protein change.
Nucleotide sequencing in B is a ZDBF2 sequence in a control
DNA. [Color figure can be seen in the online version of this
article, available at http://wileyonlinelibrary.com/journal/ajmga].

zadeh et al., 1982]. Only two familial cases of the disease have been
described and in both pedigrees the phenotype was transmitted as
an autosomal dominant trait [Penchaszadeh et al., 1982; Akarsu
and Sayli, 1991]. In this work, WES of a sporadic NPLCS case
allowed the identification of a de novo truncating mutation in
ZDBF2, a gene located on human chromosome 2q33.3 and com-
posed of three coding exons that encodes a 2,354 amino acid
polypeptide. Both ZDBF2 mRNA and protein are highly expressed
in human tissues as prostate, cerebral cortex, adrenal gland, skin,
and adipose tissue, among other body structures (www.
proteinatlas.org/ENSG00000204186-ZDBF2/tissue). ZDBF2 is a
nucleic acid binding protein with a DBF-zinc finger domain but
its particular function is currently unknown.

Human ZDBF2 locus was first described to be expressed only
from the paternal allele [Kobayashi et al., 2009]. However, recent
work has shown that ZDBF2 is under atypical dynamic imprinting
with both maternal and paternal imprinting control during devel-
opment [Duffié et al., 2014]. ZDBF2 does not follow the rules of
classic imprinted human genes that exhibit acquisition of a differ-
entially methylated region in one of the parental germlines only and
have an uninterrupted continuum of paternal or maternal-specific
methylation from gametes to adult progeny [Kobayashi et al., 2012;
Duffié et al., 2014].

Two lines of evidence support that the heterozygous p.
His2082fs*67 truncating ZDBF2 variant identified in our patient
is associated with her malformative phenotype. First, the hetero-
zygous and truncating nature of the ZDBF2 variant identified in
our patient (but not in her healthy parents) is compatible with an
autosomal dominant inheritance fitting the transmission pattern
described in familial cases of the disease. The variant was absent
from a set of 300 ethnically matched control alleles and is not

AMERICAN JOURNAL OF MEDICAL GENETICS PART A

annotated in publicly available databases, including the recently
released ExAC, which contains exome data of ~4,000 Mexican
people [SIGMA Type 2 Diabetes Consortium, 2014]. Second, loss
of ZDBF2 in humans leads to a similar set of craniofacial malfor-
mations that includes some of the anomalies observed in the
NPLCS. The DECIPHER database (https://decipher.sanger.ac.
uk/) includes seven individuals with 2q33.3 deletions involving
ZDBF2 and six of them feature craniofacial defects including
abnormal palpebral fissure and/or eyelashes (IDs 249506,
249239,249612,256887,292523) and prominent/wide nasal bridge
(IDs 249506, 256887) (complete data available at https://decipher.
sanger.ac.uk/search?q = ZDBF2#consented-patients/results).

It is important to make note that two instances of females
transmitting NPLCS to their children have been described in
familial cases of the disease [Penchaszadeh et al., 1982; Akarsu
and Sayli, 1991], and this fact would invalidate the paternally
active-ZDBF2 being the NPLCS causal gene. However, taking
into account the recent findings demonstrating that ZDBF2 is
under atypical dynamic imprinting with both maternal and pater-
nal imprinting control during development [Duffié et al., 2014],
the causality of ZDBF2 in such cases of female transmission cannot
be excluded. Alternatively, the possibility of genetic heterogeneity,
with mutations in a different gene causing the syndrome, can also
be considered in those instances of NPLCS transmission from
affected females.

In conclusion, we demonstrated a ZDBF2 mutation in a NPLCS
patient and discussed evidence supporting the pathogenicity of this
gene variant. However, genetic analyses of additional patients with
this uncommon craniofacial malformation phenotype and/or the
development of a knock-out model would provide additional
evidence to confirm ZDBF2 involvement in the NPLCS.

The authors thanks to the Baylor-Hopkins Center for Mendelian
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analysis, and the grant from the National Human Genome Research
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ARTICLE INFO ABSTRACT

Objective: Monogenic congenital cataract is one of the most genetically heterogeneous ocular conditions with al-
most 30 different genes involved in its etiology. In adult patients, genotype-phenotype correlations are troubled
by eye surgery during infancy and/or long-term ocular complications. Here, we describe the molecular diagnosis
of GALK1 deficiency as the cause of autosomal recessive congenital cataract in a family from Costa Rica.
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Ilfleyw ords: ) Methods: Four affected siblings were included in the study. All of them underwent eye surgery during the first
C:tr:r(;?t/gosny mapping decade but medical records were not available. Congenital cataract was diagnosed by report. Molecular analysis

CALK] included genome wide homozygosity mapping using a 250 K SNP Affymetrix microarray followed by PCR ampli-
fication and direct nucleotide sequencing of candidate gene.

Results: Genome wide homozygosity mapping revealed a 6 Mb region of homozygosity shared by two affected
siblings at 17q25. The GALK1 gene was included in this interval and direct sequencing of this gene revealed a ho-
mozygous c.1144C>T mutation (p.Q382*) in all four affected subjects.

Conclusions: This work demonstrates the utility of homozygosity mapping in the retrospective diagnosis of a fam-
ily with congenital cataracts in which ocular surgery at early age, the lack of medical records, and the presence of

Galactosemia

long term eye complications, impeded a clear clinical diagnosis during the initial phases of evaluation.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cataract is defined as any opacity of the lens and is the leading cause
of irreversible blindness (Foster and Johnson, 1990). There are an esti-
mated 200,000 children blind from cataract worldwide and 20,000 to
40,000 children with developmental bilateral cataract are born each
year (Traboulsi, 2012). Defined by age at onset, a congenital or infantile
cataract is visible within the first year of life, a juvenile cataract occurs
within the first decade of life, a presenile cataract occurs before the
age of 45 years, and the senile or age-related cataract occurs thereafter
(Francois, 1982). Inherited cataracts usually present early in life and are
often assumed to be congenital (Graw, 2004). The genetic background

Abbreviations: BRLMM, Bayesian Robust Linear Model with Mahalanobis distance clas-
sifier; C, cytosine; DNA, desoxyribonucleic acid; GALK1, galactokinase; GALT, galactose-1-
phosphate uridyltransferase; GALE, UDP-galactose-4’-epimerase; Mb, megabase; Ng, nano-
gram; OMIM, On line Mendelian Inheritance in Man; SNPs, single nucleotide polymorphisms;
PCR, polymerase chain reaction; Q, glutamine; T, thymine.
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of inherited cataracts is highly heterogeneous and underlying genetic
characteristics remain incompletely characterized to date. Cataracts of
genetic origin are most often inherited in an autosomal dominant pat-
tern, although autosomal recessive and X-linked inheritance can also
occur (Traboulsi, 2012). Inherited cataracts are most often isolated, al-
though they may be associated with other ocular anomalies or be part
of multisystem genetic disorders (Haargaard et al., 2004; Hejtmancik,
2008). To date, mutations in 29 genes have been associated with con-
genital cataracts, 9 of them with autosomal recessive inheritance
(Huang and He, 2010; Yasmeen et al., 2010).

Defects in genes controlling basic metabolic pathways may result in
cataract formation in association with more complex syndromes such as
galactosemia, an autosomal recessive disorder that results from defects
in galactokinase (GALK1), galactose-1-phosphate uridyltransferase
(GALT), or UDP-galactose-4’-epimerase (GALE), enzymes which con-
vert galactose into glucose-1-phosphate (Foster et al., 1997). The symp-
toms and severity of the disease are variable and depend on the degree
of functional defects of the affected enzyme (Fridovich-Keil and Walter,
2008). GALK1 deficiency (OMIM # 230200) often causes bilateral con-
genital cataract associated with galactosemia and galactosuria (Segal
et al., 1979). The galactosemia-associated cataract is the result of osmotic
phenomena caused by the accumulation of galactitol in the lens of new-
borns exposed to dietary galactose (Asada et al., 1999).
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The lack of early remarkable signs of a metabolic disease in galacto-
semia implies that affected children will not receive medical attention
and that their disorder will only be diagnosed after the development
of lens opacities or blindness. In most countries, galactosemia is diag-
nosed as a result of newborn screening. However, in regions where neo-
natal screening is not available, retrospective diagnosis of GALK1
deficiency in adult patients with early cataract formation is complicated
by the development of long term ocular complications such as inflam-
matory changes, glaucoma, or retinal detachment. In such cases, the ap-
plication of genomic analysis tools could help to unravel the molecular
defect. In this study we describe the successful use of genome wide ho-
mozygosity mapping to identify a nonsense mutation in GALK1 gene as
the cause of recessively inherited cataracts in 4 adult patients from a
Costa Rican family.

2. Material and methods
2.1. Patients

The family under study came from a small town populated by ap-
proximately 1350 inhabitants, in the Alajuela province of Costa Rica. In-
formed consent for genetic analysis was obtained from all participants
and the research was approved by the Institutional Review Board. Gene-
alogical investigation disclosed parental consanguinity (Fig. 1). Four sibs
out of 11 (Fig. 1) were reported to suffer from congenital bilateral cata-
racts during their first decade of life and all of them underwent an ocular
surgical procedure at early age (IlI-3: at 4 years old; IlI-4: at 11 years
old, IlI-6: at 9 years old, and IlI-10: at 11 years old). No medical records
concerning previous ophthalmologic examinations and procedures
were available. Both deceased parents were reported to have normal vi-
sion until older ages. At present, all 4 affected subjects are adults in their
60s (II-3 and IlI-4) and 50s (IlI-6 and IlI-10) and were blind (no light
perception). Ophthalmologic examination identified bilateral nystagmus
(I11-3, 111-4, and III-6 in Fig. 1), pale optic nerve (IlI-3 and IlI-4), retinal
detachment (IlI-6), and glaucoma and corneal edema (IlI-10). All sub-
jects were surgically aphakic. A systemic examination confirmed that
affected individuals did not present associated extra-ocular anomalies
or intellectual disability. None of the 4 affected sibs was married nor

had descendants.
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2.2. Genome-wide linkage analysis

To identify shared regions of homozygosity, a genome-wide linkage
scan using Affymetrix 250 K single nucleotide polymorphism (SNP) map-
ping array (Affymetrix, Inc., Santa Clara, CA) was undertaken in DNA from
two affected siblings. Briefly, 250 ng of pooled DNA (125 ng from each
patient) was first digested with the Nsp1 restriction enzyme (New
England Biolabs, Boston, MA) and then ligated to adaptors. Each Nspl
adaptor-ligated DNA was amplified in three 100 pl PCR reactions using
AmpliTaq Platinum (Clontech Laboratories, Inc., Palo Alto, CA).
Fragmented PCR products were then labeled, denatured and hy-
bridized to the array following washing and staining steps on the
Affymetrix GeneChip fluidics station 450. Fluorescence intensities were
quantified with an Affymetrix array scanner 3000-7G and the data were
collected by the Affymetrix GeneChip Operating Software (GCOS) v 1.4.
Genotypes were generated using the GTYPE software for BRLMM analysis
using default settings. The Homozygosity Mapper software (www.
homozygositymapper.org) was used to analyze the genotypes and
for the identification of potential region(s) harboring the disease-
associated gene (Seelow et al., 2009). Candidate genes within inter-
vals >2 Mb were identified using GeneDistiller software (Seelow
et al., 2008), available at www.genedistiller.org.

2.3. GALK1 mutational analysis

Mutations in GALK1 (Transcript ID ENSG00000108479) were screened
by direct sequencing using primer pairs for the 8 coding exons of the
gene. All exons were amplified by PCR using Hotstart Taq polymerase
(Qiagen Mexico, Mexico City, Mexico). Primer sequences and PCR condi-
tions are available on request. PCR products were cleaned up and directly
sequenced by means of the Big Dye Terminator Cycle Sequencing System
using an ABI PRISM 3130 DNA Analyzer (Applied Biosystems, Foster City,
CA, USA).

3. Results
3.1. Genetic linkage studies and mutational analysis

Genome-wide SNP data analyzed by Homozygosity Mapper revealed
two extended (>2.0 Mb) regions of homozygosity on chromosome 3
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Fig. 1. Genealogy of the congenital cataract family. Solid symbols designate affected subjects. Slash indicates deceased individuals. The squares and circles indicate male and female,
respectively; numbers inside diamonds indicate the number of siblings from a specific individual or couple.
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Fig. 2. Genome-wide analysis using Homozygosity Mapper. Genotypes obtained with the Affymetrix 250 K SNP chip were analyzed with the Homozygosity Mapper software for the iden-
tification of large stretches of homozygosity. Red top bars indicate homozygous regions identified in pooled DNA from two affected patients. Chromosome numbers (in green color) are
shown in the X axis (top). As shown in the screen shot, two chromosomal regions of maximal homozygosity were identified. The largest region corresponded to chromosome 17q25.1
(6.6 Mb; from rs903101 to rs4313838) and contained 163 known genes, pseudogenes, and hypothetical proteins genes. The GALK1 gene, associated with congenital and juvenile cataract,

was located within this candidate interval.

(2.76 Mb; from rs117407287 to rs120165394), and chromosome 17
(6.6 Mb; from rs903101 to rs4313838), shared by both affected siblings
(Fig. 2). No ocular disease genes were identified within the 2.76 Mb re-
gion on chromosome 3. The 6.6 Mb chromosomal region at 17q25.1
contained 163 known genes, pseudogenes, and hypothetical proteins
genes. The GALKT gene, associated with congenital and juvenile cataract,
was located within this candidate interval. Direct sequencing of GALK1
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was carried out in DNA from one affected subject and a homozygous
¢.1144C>T point mutation was detected in exon 8 of this gene. This
mutation predicts a nonsense change at amino acid residue 382
(p.Q382*) of the GALK protein (Fig. 3). The p.Q382* mutation was
found to be homozygous in all 4 affected individuals. DNA analysis
in the four unaffected siblings revealed that they were homozygous
for the wild type GALK1 allele.
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Fig. 3. Partial nucleotide sequence of GALK1 gene exon 8 in DNAs from a control subject (A) and from one of the congenital cataract siblings (B). A homozygous c.1144C>T mutation is
observed in patient's DNA (arrowed nucleotide). This substitution predicts a p.Q382* nonsense mutation at the protein level.
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4. Discussion

Inherited congenital cataract is one of the principal causes of treatable
impaired vision in pediatric patients and one of the most genetically het-
erogeneous ocular disorders. To date, autosomal dominant, recessive, or
X-linked cataractogenic mutations have been identified in approximately
29 distinct genes (Huang and He, 2010; Yasmeen et al., 2010).

In this study, we localized the candidate locus of an autosomal reces-
sive Costa Rican congenital cataract pedigree using genome wide ho-
mozygosity mapping and identified a homozygous p.Q382* nonsense
mutation in the GALK1 gene as the cause of the disease. As all four af-
fected sibs in this family underwent ocular surgery during childhood
and their medical records were not available, a phenotype-driven
molecular investigation was complicated. Instead, a retrospective di-
agnosis of GALK deficiency was made using a homozygosity mapping
(autozygosity) strategy followed by sequencing of candidate gene
within the linked region. Our work offers an additional example of
the value of homozygosity mapping in the discovery of the genetic
basis of recessive disorders (Alkuraya, 2010, 2012; Littink et al., 2012).

Galactosemia is an autosomal recessive disorder caused by a deficien-
cy of either galactokinase, galactose-1-phosphate uridyltransferase, or
uridine diphosphate galactose 4-epimerase. In contrast to classical galac-
tosemia caused by transferase deficiency, patients with galactokinase de-
ficiency exhibit early onset cataracts as the major clinical manifestation
(Fridovich-Keil and Walter, 2008).

The p.Q382* nonsense mutation identified in the affected siblings
predicts a premature termination and the resulting protein lacks its
C-terminal amino acids, which are critical for galactokinase activity
(Kolosha et al., 2000). The Q382" mutation identified in this pedigree
is identical to that previously reported by Kolosha et al. (2000) in 6
apparently unrelated GALK deficient children from Costa Rica identified
by neonatal screening. Although it was not possible to relate those pa-
tients with the affected subjects described in our pedigree, these results
suggest a founder mutation effect for the cataractogenic GALKT Q382*
mutation in Costa Rica.

Mutations in GALK1 as the cause of familial cataracts were first dem-
onstrated in 1995 by Stambolian et al. (1995) and since then, approxi-
mately 35 GALK1 mutations, most of them missense changes, have
been demonstrated in patients with congenital cataracts from different
countries (mutation list available www.hgmd.cf.ac.uk). Recently, a
p.L139P mutation was identified in a large family from Pakistan seg-
regating autosomal recessive congenital cataracts using a genome-
wide scan with polymorphic microsatellite markers (Yasmeen et al,
2010).

Congenital cataracts are genetically and phenotypically heteroge-
neous. The relationships between genotype and phenotype are complex
and a specific clinical cataract phenotype may be the result of mutations
in several different genes. Although more than 20 genes have been iden-
tified to underlie monogenic forms of non-syndromic cataracts, there is
possibly even more heterogeneity with more genes remaining to be
identified and thus the clinical and molecular analysis of additional fam-
ilies from distinct ethnic origins is warranted.

In conclusion, this work demonstrates the utility of homozygosity
mapping in the retrospective diagnosis of a family with congenital

cataracts in which ocular surgery at early age, the lack of medical re-
cords, and the presence of long term eye complications, situations
which are still common in several countries, impeded a clear clinical
diagnosis during the initial phases of evaluation.
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ABSTRACT

Objective: Retinitis pigmentosa (RP) is the most prevalent type of inherited retinal degeneration and one of the
commonest causes of genetically determined visual dysfunction worldwide. To date, approximately 35 genes
have been associated with nonsyndromic autosomal recessive RP (arRP), however the small contribution of
each gene to the total prevalence of arRP and the lack of a clear genotype-phenotype correlation complicate
the genetic analysis in affected patients. Next generation sequencing technologies are powerful and cost-
effective methods for detecting causative mutations in both sporadic and familial RP cases.

Methods: A Mexican family with 5 members affected from arRP was studied. All patients underwent a complete
ophthalmologic examination. Molecular methods included genome-wide SNP homozygosity mapping, exome
sequencing analysis, and Sanger-sequencing confirmation of causal mutations.

Results: No regions of shared homozygosity among affected subjects were identified. Exome sequencing in a sin-
gle patient allowed the detection of two missense mutations in the RDH12 gene: a c.446T>C transition predicting
a novel p.L149P substitution, and a c.295C>A transversion predicting a previously reported p.L99I replacement.
Sanger sequencing confirmed that all affected subjects carried both RDH12 mutations.

Conclusions: This study adds to the molecular spectrum of RDH12-related retinopathy and offers an additional

example of the power of exome sequencing in the diagnosis of recessively inherited retinal degenerations.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Retinitis pigmentosa (RP) is an inherited retinal disorder in which
progressive loss of photoreceptors, predominantly rods, leads to night
blindness, peripheral visual field loss, and, at later stages, to irreversible
blindness. Fundus examination findings in affected individuals include
bone-spicule pigmentation, retinal blood vessel attenuation, and waxy
pallor of the optic disk (Berson, 1993). The disease has an estimated
prevalence of 1 in 3500-4000 (Bunker et al., 1984) and is a prototypic

Abbreviations: A, adenine; arRP, autosomal recessive retinitis pigmentosa; Bp, base
pairs; BRLMM, Bayesian robust linear model with Mahalanobis distance classifier; C, cyto-
sine; DNA, desoxirribonucleic acid; ERG, electroretinogram; FAG, fluorescein retinal angi-
ography; GCOS, GeneChip Operating Software; I, isoleucine; L, leucine; LCA, Leber
congenital amaurosis; LM-PCR, ligation mediated-PCR; Logmar, logarithm of the mini-
mum angle of resolution; MgCl2, magnesium chloride; NAD(P), nicotinamide adenine di-
nucleotide phosphate; Ng, nanogram; OCT, optical coherence tomography; P, proline; PCR,
polymerase chain reaction; PolyPhen2, polymorphism phenotyping 2; RDH12, retinol
dehydrogenase 12; RP, retinitis pigmentosa; SIFT, sorting intolerant from tolerant; SNP,
single nucleotide polymorphism; T, thymine; pl, microliter.
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example of a genetically heterogeneous disorder as autosomal domi-
nant, autosomal recessive, X-linked, or mitochondrial modes of inheri-
tance can be observed in affected families (Hartong et al., 2006). To
date, about 60 genes involved in human non-syndromic RP have been
recognized (RetNet, at https://sph.uth.edu/retnet).

The most common and genetically heterogeneous RP subtype is the
autosomal recessive form (arRP), with more than 35 genes implicated.
Nonetheless, this group of identified genes is estimated to account for
only 30 to 60% of cases with this mode of inheritance (Daiger et al.,
2007; den Hollander et al., 2010). Due to this extraordinary locus het-
erogeneity, complete sequence analysis of all known arRP genes is
time consuming and expensive and therefore, several approaches
have been developed to uncover the causal mutation in familial and
sporadic cases of the disease. For example, about one third of arRP
genes were discovered by homozygosity mapping combined with a
candidate gene selection approach (Bandah-Rozenfeld et al, 2010;
Collin et al., 2011).

In arRP pedigrees that are not suitable for linkage mapping or in
sporadic cases of unknown mode of transmission, next generation se-
quencing methodologies offer efficient strategies to identify the genetic
basis of the disease (Tucker et al., 2011; Wang et al.,, 2012; Zuchner et al.,
2011).
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Here, we employed whole-exome sequencing to uncover the genetic
cause of arRP in an inbred Mexican family in which homozygosity map-
ping failed to identify the disease locus. Compound heterozygosity for
RDH12 gene mutations was recognized as the origin of the disease.
Our results show that exome sequencing is a powerful approach for mo-
lecular diagnostics of arRP families where autozygosity fails to identify
the disease locus due to allelic heterogeneity.

2. Materials and methods
2.1. Subjects

The study was approved by the Institutional Review Board of the
Institute of Ophthalmology “Conde de Valenciana”, at Mexico City. All
patient samples were collected with written informed consent and clini-
cal investigations were conducted according to the principles expressed
in the Declaration of Helsinki. A three generation family was studied
and although the parents of affected subjects in the third generation were
not aware of a common ancestry, they originate from the same small isolat-
ed village (currently ~8000 inhabitants), making a distant relationship
possible. In addition, the absence of cases in previous generations, the con-
sanguinity (first cousins) of the asymptomatic parents of an affected subject
in the fourth generation IV-7 (Fig. 1), and the fact that males and females
were diseased, strongly suggested autosomal recessive inheritance of RP.

Ophthalmologic examination of four affected siblings (IlI-1, IlI-2, II-3,
and [II-6, Fig. 1) and their parents (II-5 and II-6) and of the one affected
nephew in the fourth generation (IV-7) included best-corrected visual
acuity, slit-lamp biomicroscopy, fundus examination and photography,
fundus fluorescein angiography, optical coherence tomography (OCT)
for assessment of retinal thickness, and full-field flash electroretinograms
(ERGs). ERGs were recorded following the standards of the International
Society for Clinical Electrophysiology of Vision. Scotopic rod-driven re-
sponses and cone-driven photopic single flash and 30 Hz flicker stimuli
were recorded sequentially.

2.2. Whole-genome SNP homozygosity mapping

A genome-wide linkage scan using an Affymetrix 250K Nspl single
nucleotide polymorphism (SNP) mapping array (Affymetrix, Inc.,
Santa Clara, CA) was undertaken to identify shared regions of homozy-
gosity, as previously described (Zenteno et al., 2011). Briefly, 250 ng of
pooled genomic DNA (83 ng from each of patients III-3, IlI-6, and V-7,
in Fig. 1) were first digested with the Nspl restriction enzyme
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(New England Biolabs, Boston, MA) and then ligated to adaptors.
Each Nspl adaptor-ligated DNA was amplified in three 100 ul PCR
reactions using AmpliTaq Platinum (Clontech Laboratories, Inc.,
Palo Alto, CA). Fragmented PCR products were then labeled, dena-
tured and hybridized to the array following washing and staining
steps on the Affymetrix GeneChip fluidics station 450. Fluorescence inten-
sities were quantified with an Affymetrix array scanner 3000-7G and the
data were collected by the Affymetrix GeneChip Operating Software
(GCOS) v 14. Genotypes were generated using the GTYPE software for
BRLMM analysis using default settings. The HomozygosityMapper soft-
ware (www.homozygositymapper.org) was used to analyze the geno-
types and for the identification of potential region(s) harboring the
disease-associated gene (Seelow et al., 2009). Candidate regions within
intervals >2 Mb were identified using GeneDistiller software (Seelow
et al,, 2008), available at www.genedistiller.org.

2.3. Exome capture and sequencing

Exome sequencing was performed on a single RP patient from this
family (IV-7) by Ambry Genetics, Aliso Viejo, CA, USA. Samples were pre-
pared using Illumina's protocol TruSeq DNA Sample Preparation Guide.
Briefly, samples were sheared to an average size of 300-400 bp using
sonication. DNA fragment ends were repaired and phosphorylated
using Klenow, T4 DNA Polymerase and T4 Polynucleotide Kinase. Next,
an ‘A’ base was added to the 3’ end of the blunted fragments, followed
by ligation of Illumina Paired-End adapters via T-A mediated ligation.
From here, samples were prepared using the NimbleGen protocol
outlined in “NimbleGen SeqCap EZ Exome Library SR User's Guide”
(Version 3.0). The libraries were amplified using LM-PCR and 1ug of
amplified sample libraries were hybridized with Nimblegen's Exome
Library baits for 64 h at 47 °C. Captured DNA was then washed and re-
covered using Streptavidin Dynabeads. The captured DNA was LM-PCR
amplified for a total of 17 cycles. The amplified capture DNA library
size and concentration were determined using an Agilent bioanalyzer.
The captured library was then loaded on a HiSeq 2000 platform for se-
quencing with a mean exome coverage of 30x. Raw image files were
processed by Illumina Pipeline v1.7 for base calling. SNPs and indels
were called using an in-house developed software (Ambry Genetics).
Identified variants were filtered against the Single Nucleotide Polymor-
phism database (dbSNP 129, http://www.ncbi.nlm.nih.gov/projects/
SNP/snp_summary.cgi), 1000 genomes project (www.1000genomes.
org), and Exome Variant Server (http://evs.gs.washington.edu/EVS/)
databases.
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Fig. 1. Genealogy of the RP family showing the segregation of the p.L99I and p.L149P RDH12 mutations. Solid symbols designate affected subjects. Arrow indicates the propositus and slash

indicates deceased individuals. Note that I1I-8 and III-9 are first cousins.
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2.4. Analysis of novel exomic variants

Novel missense variants were evaluated in silico using the
PolyPhen2 (Polymorphism Phenotyping, available at http://genetics.
bwh.harvard.edu/pph2/) and SIFT (Sorting Intolerant from Tolerant,
available at http://sift,jcvi.org/) programs to analyze sequence conser-
vation, chemical change, and likelihood of pathogenicity, to predict
their possible impact on the structure and function of the protein.
Detected variations were also investigated in the 1000 Genomes and
Exome Variant Server databases for excluding them as common
polymorphisms.

2.5. PCR and Sanger sequencing for familial segregation analysis of RDH12
variants

Genomic DNA was extracted from peripheral blood leukocytes using
a semiautomated Quickgene system (Fujifilm, Tokyo, Japan). The exons
3 and 4 of RDH12 were amplified by PCR using pairs of primers derived
from gene normal sequences (exon 3 Fwd: 5’-ATG GCT GGG AGA ATG
AAT GC-3’; Rev: 5'-CAT AGA TGG TCT AGG GTG GA-3’; and exon 4
Fwd: 5’-TAT GCA GGT CTG TTA CAG GC-3’, Rev: 5’-CCC TGG ACA TTC
TCC ACA TT-3', Ensembl ID 00000539142). Each 25 pl PCR amplification
reaction contained 1x buffer, 100 ng of genomic DNA, 0.2 mM of each
dNTP, 2 U Taq polymerase, 1 mM of forward and reverse primers, and
1.5 mM MgCI2. PCR products were analyzed in 1.5% agarose gels from
which the bands with the amplified templates were excised and the
DNA was subsequently purified with the help of Qiaex II kit (Qiagen,
Hilden, Germany). Direct automated sequencing of both exons of
RDH12 was performed with the BigDye Terminator Cycle Sequencing
kit (Apllied Biosystems, Foster City, CA, USA). All samples were analyzed
on an ABI 3130 Genetic Analyzer (Applied Biosystems). Wild-type and
mutated RDH12 sequences were compared manually. Familial segrega-
tion of both variants was analyzed.

3. Results
3.1. Clinical assessment

Ophthalmic examination identified four siblings (III-1, IlI-2, IlI-3, and
[11-6) and a nephew (IV-7) affected from arRP (Fig. 1), among 12 exam-
ined family members. Affected subjects in this family exhibited similar
clinical features. All patients had a progressive bilateral decrease of
visual acuity and photophobia since the first decade of the life. Actual
mean visual is 0.04 LogMAR (range: 0.0005-0.06). Fundus and FAG

examination showed pale optic discs, narrowing of the arterioles,
dense intraretinal pigment migration, severe macular retinal pigment
epithelium atrophy, severe atrophic pigmentary maculopathy and spic-
ular pigmentations in periphery (Fig. 2A-F). OCT scan demonstrated
retinal atrophy with marked macular thinning. Severe cystoid macular
edema was also demonstrated in patient II-6 (Fig. 2G). ERG showed
undetectable or severely attenuated rod and cone responses (Fig. 2H),
indicating severe generalized retinal dysfunction from a young age.

3.2. Genome-wide SNPs array Homozygosity mapping analysis

The initial genotyping did not identify any regions of homozygos-
ity containing any known arRP gene. A single region of ~3 Mb was
identified at chromosome 18p11.2 but it does not contain any obvi-
ous RP candidate gene after analysis with the HomozygosityMapper
and GeneDistiller software. The TUBB6 gene, encoding a beta-tubulin
isotype, was initially chosen as a candidate gene within this region
but no mutations were identified after sequencing it in DNA from
an affected subject (data not shown).

3.3. Exome sequencing results

Exome sequencing identified 88,831 SNPs and 1702 indels in DNA
from the single arRP affected subject analyzed (IV-7, Fig. 1), which
were then filtered against several public variation databases. Homozy-
gous mutations were identified in 69 different genes but none of them
was related to retinal disease nor were apparently involved in retinal
function. This led us to investigate the possibility of recessive compound
heterozygous inheritance. Compound heterozygous mutations were
identified in 33 genes, including RDH12, which was the only gene within
this group that is associated with arRP (Janecke et al., 2004). The first
RDH12 mutation was a ¢.295C>A transversion at exon 3, predicting a
previously reported p.L99I substitution (Thompson et al., 2005); the
second mutation was a ¢.446T>C transversion at exon 4 which predicts
a novel p.L149P substitution. In addition, exome analysis did not reveal
any potential pathogenic mutation in the 18p11 chromosome 3 Mb
region initially identified by means of homozygosity mapping, con-
firming that this locus is not associated to the disorder in the pedigree.

3.4. Novel RDH12 variant analysis

The novel p.L149P RDH12 mutation was predicted to be damaging
by both SIFT and Polyphen programs with scores of 0 and 1, respectively

Fig. 2. Ocular phenotype in affected patients. (A-E) Funduscopic features include dense intraretinal pigment migration, severe retinal pigment epithelium atrophy, and arteriolar atten-
uation, with a severe atrophic pigmentary maculopathy. Note that the degree of macular atrophy is age-dependent. (F) Fluorescein angiography images evidencing retinal vascular atten-
uation and chorioretinal atrophy. (G) OCT demonstrates retinal atrophy and severe cystoid macular edema. (H) ERG shows no detectable rod or cone responses.
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(protein ID ENSP00000449079), and was not annotated at 1000
genomes or Exome Variant Server databases.

3.5. Verification of familial segregation of RDH12 variants

All available family members (II-5, 11-6, IlI-1, IlI-2, I1I-3, III-5, I1I-6,
I1I-8, 1I-9 and IV-7) were then screened by PCR amplification and
Sanger sequencing for the two RDH12 mutations, c.295C>A and
c.446T>C (Fig. 3). Genetic analysis demonstrated that only arRP
affected patients carried both mutations (Fig. 4).

4. Discussion

RP is one of the commonest causes of genetically determined visual
dysfunction worldwide. To date, mutations in over 60 genes have been
implicated in RP, and this makes it one of the most genetically heteroge-
neous families of disease (Ferrari et al., 2011). The identification of caus-
ative genes for RP has been challenging due to the significant overlap in
disease phenotypes and the lack of sufficient information on pheno-
type-genotype associations. Therefore, there has been partial success
with approaches of screening of known RP candidate genes by conven-
tional Sanger sequencing. Recent advances in exon capture and mas-
sively parallel high-throughput DNA sequencing enabled scanning of
the protein-coding regions, the exome, of virtually all genes which com-
prise ~1% to 2% of the genome (Ng et al., 2010). Exome sequencing has
come to the aid by enabling the identification of RP-associated muta-
tions by sequencing the whole exome of a small number of affected in
a family or even in sporadic cases (Khateb et al., 2012; Tucker et al.,
2011; Wang et al., 2012; Zuchner et al., 2011).

Currently, the most useful approach for the identification of the dis-
ease locus in arRP is homozygosity mapping using genome-wide SNPs
genotyping (Bandah-Rozenfeld et al., 2010). This technique has proven
to be more effective in inbred families as consanguinity is known to
render a percentage of the genome homozygous by descent that is
directly correlated to the degree of consanguinity. However, allelic
heterogeneity (i.e., different mutations occurring within a single gene)
can occur even in consanguineous families, impeding locus identifica-
tion by autozygosity. Allelic heterogeneity is a known pitfall for homo-
zygosity mapping of retinal dystrophies and has been recognized in a
number of previous studies (Banayoun et al., 2009; Ducroq et al., 2006;
Miano et al.,, 2000). Given the low levels of homozygosity obtained

RDH12 exon 3: c. 295 C>A; p. L99I

after SNP array homozygosity mapping in this family, the possibility of
compound heterozygosity was considered and we decided to perform
exome sequence analysis in a single affected individual from this pedi-
gree. Compound heterozygous mutations in the RDH12 gene, at chromo-
some 14q23, were demonstrated to be the cause of the retinal phenotype
in this inbred family. A previously known p.L991 substitution and a novel
p.L149P missense mutation in RDH12 were identified in compound
heterozygous state in all five affected subjects in this family. Both substi-
tutions are located at the NAD(P)-binding domain of RDH12 protein,
which is involved in nucleotide binding.

Mutations in RDH12 as a cause of retinal dystrophy were first
described by Janecke et al. (2004) and by Perrault et al. (2004) in
patients with Leber congenital amaurosis (LCA) or early-onset retinal
dystrophy, respectively. RDH12 encodes a member of the superfamily
of short-chain alcohol dehydrogenases/reductases and is expressed pre-
dominantly in the inner segments of photoreceptors (Haeseleer et al.,
2002) where it plays a critical role in the interconversion of vitamin A
(all-trans retinal) to 11-cis retinal, the light-absorbing chromophore of
rhodopsin and cone opsins. To date, approximately 65 different RDH12
mutations, most of them missense, have been demonstrated predomi-
nantly in LCA patients (Perrault et al,, 2004; Sun et al., 2007; Valverde
et al,, 2009) but also in early-onset retinal dystrophy (Janecke et al.,
2004) and in one family with autosomal-dominant RP (Fingert et al.,
2008). It is estimated that RDH12 mutations account for approximately
3-7% of cases of autosomal recessive retinal dystrophy (Mackay et al.,
2011; Thompson et al., 2005; Valverde et al., 2009).

The fundus phenotype in patients carrying RDH12 mutations is
characterized by widespread retinal pigment epithelium (RPE) atrophy
with minimal intraretinal pigment migration, and maculopathy at
younger ages and striking intraretinal pigmentation, severe pigmentary
maculopathy, yellow macular deposits, and macular excavation, as the
patients age (27). These retinal features coincided with those observed
in both the young and adult patients in our study. In addition, severe
cystic macular edema was shown by OCT in adult patient IlI-6, a feature
also previously described in RDH12-associated retinal disease (24).
Based on the present and previous reports, it appears that either homo-
zygous or compound heterozygous RDH12 mutations cause a very sim-
ilar fundus phenotype (MacKay et al, 2011; Schuster et al, 2007).
Although it can be argued that the retinal phenotype could guide us to
initially choose RDH12 as a candidate gene in this family, it is also well
known that a strict genotype-phenotype correlation does not occur in

RDH12 exon 4: c. 446 T>C; p. L149P

Fig. 3. RDH12 mutational analysis by Sanger sequencing. (C) A heterozygous ¢.295C>A transversion (arrow) was demonstrated in RDH12 exon 3 in DNA from an affected RP patient. (D) A
novel heterozygous c.446T>C transition (arrow) was identified in exon 4 of the other RDH12 allele. Normal RDH12 sequences are shown for comparison in A and B.
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Fig. 4. Simplified pedigree of the arRP family showing the segregation of the p.L99I and p.L149P RDH12 mutations. Filled symbols represent affected patients; WT indicates wild type

sequence.

RP. Moreover, linkage analysis was negative for 14q, the RDH12 locus,
suggesting the involvement of this gene unlikely.

The a priori assumption is that when a recessive disease arises in a
consanguineous family, it must be due to a mutation that is identical-
by-descent. Nevertheless, while the relative frequency of an AR disease
in anisolated population (or in an extended family, as the one described
here) usually suggests a founder effect, in certain cases the high fre-
quency is due to more than one mutation in either one or several
genes (Zlotogora, 2007). Compound heterozygosity in a consanguine-
ous family can be attributed to the increased force of genetic drift in in-
bred populations (Carrasquillo et al., 1997).

Our study shows that exome analysis in a single affected subject from
this family efficiently identified causative compound heterozygous mu-
tations in RDH12. This work offers an additional example of the power
of exome sequencing for the identification of causative mutations in
arRP pedigrees. It can be anticipated that in the next few years, this tech-
nology will allow the identification of numerous cases of arRP caused by
compound heterozygosity (either in non-consanguineous or consan-
guineous families), which is not amenable of mapping by homozygosity
or by other linkage-based positional cloning methods.
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ABSTRACT

Introduction: Retinal dystrophies (RDs) are the most common cause of inherited blindness and one of
the most genetically heterogeneous human diseases. RDs arise from mutations in genes involved in
development and function of photoreceptors or other retinal cells. Identification of the genetic defect
causing RD allows accurate diagnosis, prognosis, and counseling in affected patients. Molecular diag-
nosis is a tremendous challenge in RDs due to their locus and phenotypic heterogeneity. As conven-
tional DNA sequencing approaches are impractical in such situation, Next Generation Sequencing
(NGS)-based protocols are needed to identify RD-causing mutations. This is being accomplished by
sequencing RD gene panels or by whole exome or whole genome sequencing approaches.

Areas covered: This review discusses the current strategies for molecular diagnosis in RDs including
their advantages and limitations, as well as their utility in diagnosis of non-syndromic versus syndromic
RDs. Results of ongoing gene therapy protocols in RDs are also presented.

Expert commentary: Molecular diagnosis in RD improves the medical management of patients.
Importantly, demand for molecular screening for RDs is greatly expanding not only as a result of
increasing development and availability of NGS technologies, but also of the growing number of gene-
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based clinical trials offering a potential treatment to patients.

1. Introduction

The application of molecular analysis for the diagnosis of
genetic diseases has allowed unprecedented diagnostic preci-
sion in medicine, greatly favoring individualized care of
patients and improving prevention of complications. For sin-
gle gene disorders with a recognized clinical indication and/or
known mutational hot spots, Sanger sequencing of the target
gene or region has been traditionally used as an accurate and
cost-effective method to reach a definitive molecular diagno-
sis [1,2]. Contrarily, molecular diagnosis in diseases with
genetic heterogeneity (i.e. identical phenotypes being caused
by mutations in one of dozens of genes) is a complicated task
[3,4]. In this group of diseases, genetic diagnosis could take
considerable amount of time, months or even years, using
standard procedures that include PCR amplification and direct
Sanger sequencing of candidate gene(s).

Currently, the choice of the gene to be analyzed for mole-
cular diagnosis in genetically heterogeneous diseases relies on
several criteria that includes testing first the most commonly
mutated gene(s), screening of the gene according to pheno-
typic particularities (genotype-phenotype correlations), and
previous knowledge of founder mutation effect in a given
ethnic group, among other considerations [5,6]. If no causal
mutations are identified after this approach, genetic analysis
must be extended to other gene(s). However, mutation
screening in a gene-by-gene analysis approach is time-

consuming and expensive. Despite the inherent difficulties,
molecular diagnosis of patients with suspected genetic dis-
eases provides a number of benefits as it can supply an
accurate prognosis of the clinical course of the disease and
appropriate genetic counseling to the families for reproduc-
tive planning, including carrier testing and preimplantation or
prenatal genetic screening. In addition, the molecular charac-
terization of patients allows their future inclusion in clinical
trials based on gene therapy.

Retinal dystrophies (RDs) are the most common cause of
inherited blindness worldwide. They are defined as a group of
disorders arising from genetic defects in proteins with a role in
development, function, and maintenance of specific retinal
cells [7]. RDs occur at a collective frequency of approximately
1 in 2,000-2,500 with retinitis pigmentosa (RP), affecting >2
million people worldwide, being the most common subtype
[8,9]. Clinical symptoms, age of onset, and progression rate of
RDs are extremely variable and depend primarily on the
involved cell layer [10,11]. For example, RP (also known as
rod-cone dystrophy) affects primarily rod photoreceptors and
is characterized by nyctalopia, reduced peripheral visual fields,
and typical pigmentary changes in retinal fundus. Conversely,
cone-rod dystrophies, macular dystrophies, and pattern dys-
trophies exhibit predominantly cone (macular) dysfunction
leading to decreased visual acuity, blurred vision, and color
vision deficiency as initial symptoms. In cone dystrophies,
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there is clinical (dyschromatopsia, central scotomata, nystag-
mus and photophobia) and electrophysiological evidence of
abnormal cone function [12]. The rare stationary forms of cone
dystrophy showing no rod involvement in advanced stages
are termed cone dysfunction syndromes [13]. Isolated dysfunc-
tion of rods is observed in congenital stationary night blind-
ness (CSNB), a non-progressive disorder manifesting as night
or dim light vision disturbance or delayed dark adapta-
tion [14].

Although most RD cases initially exhibit localized affectation to
a specific cell type, it is extremely common that other retinal layers
be affected in advanced stages of diseases, which produces aggra-
vation of visual deficiency and eventually, blindness. In late stages
of disease, phenotypic characterization of RD is difficult as the
entire retina might be affected [15,16].

RDs are one of the most genetically heterogeneous diseases in
humans. Since the identification of Rhodopsin as the first RD gene
in 1990 [17], approximately 250 genes responsible for isolated
(non-syndromic) or syndromic forms of the disease have been
characterized to date (https://sph.uth.edu/retnet/, accesed on 1
June 2017). RD-associated genes exhibit all Mendelian modes of
transmission (autosomal recessive, autosomal dominant, and
X-linked) and some of them are even transmitted atypically as
mitochondrial or digenic traits [10,18]. Remarkably, proteins
encoded by known RD genes have roles in a strikingly variety of
biological processes including retinoid recycling pathway, func-
tion and maintenance of the connecting cilium, phototransduc-
tion cascade, RNA splicing, retinal development, components of
the cytoskeleton and the extracellular matrix, and lipid metabo-
lism, among other pathways [19,20]. At present, it is not comple-
tely understood why defects in proteins needed for essential
cellular roles manifest only as retinal cell degeneration.

The remarkable locus heterogeneity of RDs is not the only
factor complicating an efficient molecular diagnosis in
affected patients. Also, mutations in the same gene can pro-
duce different retinal phenotypes, both among subjects from
different families and between patients from a same pedigree
[21,22]. For example, mutations in CRX (MIM 602225), encod-
ing a master regulator of photoreceptor gene expression, may
result in a range of dissimilar retinal phenotypes including
cone-rod dystrophy, Leber congenital amaurosis (LCA), RP,
and cone dystrophy [23]. Genetic defects in the GUCY2D
gene (MIM 600179), encoding a retina-specific guanylate
cyclase predominantly expressed in photoreceptors, are
responsible for dominant forms of cone dystrophy or cone-
rod dystrophy, but also for cases of recessively inherited LCA
and RP [24,25]. Atypical patterns of inheritance can also occur
as observed in families carrying genetic defects in PRPF31
(MIM 606419), which codes for a protein involved in pre-
mMRNA splicing [26]. Dominant mutations in PRPF31, account-
ing for up to 10% of autosomal dominant RP cases, can be
non-penetrant in some families [27], implicating that addi-
tional genetic variants allow the phenotypic expression of
particular mutations (epistatic effect) [28].

To complicate the picture, it is estimated that 30-40% of genes
involved in RDs are currently unknown [29,30], and thus, a mole-
cular cause in a subset of individuals cannot be demonstrated
even if all currently known RD genes are analyzed. For RP, the most

common RD subtype, nearly 90 genes have been recognized to
date [31].

2. NGS technologies for molecular characterization
of RDs

NGS technologies have revolutionized molecular diagnosis by
allowing the simultaneous sequencing of thousands of genes
or even whole genomes in a single experiment [32,33]. This
approach has demonstrated to be tremendously effective in
identifying the underlying cause of monogenic diseases with
no specific clinical diagnosis or in diseases with genetic het-
erogeneity including neurologic, cardiac, skeletal, and intellec-
tual disorders, among many others. Given the extreme locus
heterogeneity of RDs (~250 characterized loci to date), NGS
has emerged as a cost-effective approach for the identification
of mutations causing this expanding group of inherited dis-
eases [34,35]. NGS can be applied to characterize all variants
harbored by the whole group or a subgroup of RD genes
(gene panel sequencing), sequencing the portion of the gen-
ome (~1%) encoding for proteins (exome sequencing) or even
for sequencing the entire patient’s genome (whole genome
sequencing (WGS)) [36].

2.1. Sequencing of gene panels

NGS gene panel approach involves the sequencing of genes
that have been targeted and validated for a specific disease or
group of related diseases. This characteristic can make gene
panels much more sensitive than other sequencing
approaches, such as whole exome sequencing (WES).
Recently it has been shown that gene panels have similar
sensitivity compared to whole genome sequencing (WGS),
when identifying pathogenic variants [37]. Using disease-spe-
cific gene panels may allow to sequence more samples per
run, increasing read depth and coverage of screened regions
at a cheaper cost. Because fewer genes are sequenced when
gene panels are used, fewer disease-unrelated variants are
identified, therefore, reducing the risk of secondary findings
[38,39] and decreasing the chances of calling variants of
uncertain significance or non-pathogenic variants that could
lead to an uncertain diagnosis. Still, one of the greatest advan-
tages that gene panels offer is the possibility to personalize
their design with any coding or non-coding region within a
genome.

2.2. Gene panel sequencing for molecular diagnosis of RDs

RDs are excellent candidates to be screened through gene
panels due to their wide genetic heterogeneity and clinical
phenotypic variability. Several research groups have designed
distinct panels using a variable combination of genes with the
intention to ease variant detection in RD patients. Reported
rates of success in the discovery of causal variants with these
panels ranges from 50% to 76%, simultaneously allowing the
characterization of novel pathogenic variants in several known
RD genes [37,40-44]. Additionally, commercial companies
such as Illumina and Agilent, offer pre-designed panels that
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contain thousands of clinically relevant genes, including most
of the genes known to be implicated in RDs. For example, the
lllumina Trusight One kit utilizes a panel designed for the
enrichment of 4,811 genes involved in human inherited dis-
eases, including 197 out of the 256 genes that, as in May of
2017, have been identified to be associated with inherited
retinal diseases (https://sph.uth.edu/retnet/). Similarly, the
SureSelect Inherited Disease panel, developed by Agilent,
includes probes that allow for the capture of the coding
regions of 2,742 genes related to inherited diseases, of
which, 193 are RD genes. Other groups have used a more
specific enrichment approach for screening large genomic
regions including a particular locus, as recently shown for
ABCA4 (MIM 601691) in Stargardt disease (MIM 248200) [45].
This approach resulted in increased variant sensitivity and
discovery rate by including the analysis of both exonic and
intronic sequences [45]. ABCA4 is a highly polymorphic gene
comprised of 50 exons and 49 introns. Because of its great
size, direct Sanger sequencing is neither practical, nor eco-
nomically convenient, and an NGS approach for this gene is
likely to be less expensive and time consuming for its proper
analysis [46].

2.3. Considerations and limitations of gene panel
sequencing in the analysis of RDs

One of the most important aspects to consider when using gene
panels for NGS is the enrichment method used to select the
regions to be sequenced. The most common enrichment
approaches include amplicon-based enrichment, which relies
mainly on amplification of certain regions of the genome, and a
combination of PCR and hybridization enrichment probes. Former
work has shown that capture methods using hybridization probes
have a more efficient performance than amplicon-based methods
when sequencing and creating datasets to call true genetic var-
iants [47]. Recently, capture methods developed by Agilent,
lllumina, and NimbleGen were compared in a study that analyzed
24 patients with a custom panel designed to search for mutations
in genes associated with non-syndromic hearing loss, Usher syn-
drome, and autosomal recessive RP. It was observed that, even
though they show significant differences in their performance, all
three technologies proved to be effective in building datasets
reliable and useful for variant detection [48]. However, it is impor-
tant to consider that this effectiveness and reliability may depend
on certain parameters and quality standards when building
libraries and analyzing results. Some of these parameters include
read depth and coverage of each sample during the sequencing
run, the amount of reliable data produced, and the pipelines used
to manage data and to call true gene variants. Therefore, despite
the fact that current technologies have demonstrated efficiency to
detect pathogenic variants in patients with retinal diseases, some
of this effectiveness also relies on a variety of technical aspects.
Furthermore, because most approaches to enrich gene panels are
based on PCR ampilification, they may be accompanied by some
limitations inherent to this technique. Some of these limitations
may include low coverage (or no coverage) of regions intractable
by PCR amplification, such as GC-, AG-rich regions, or the untrans-
lated regions of many genes [49]. Additionally, because most gene
panels are represented by only a subset of targeted coding
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regions, most of the times they fail to reveal emerging and novel
causes for RD, such as pathogenic variants found in introns or in
genes that have not been associated to the disease before, and do
not produce appropriate data for the analysis of structural geno-
mic rearrangements [40].

2.4. Whole exome sequencing (WES)

Even though gene panels have shown to be useful for reach-
ing a molecular diagnosis in RD patients, this may not always
be the case. Sometimes, we might find ourselves with incom-
plete results or no conclusive results at all (i.e. no causal
mutation(s) identified) after analyzing data obtained from cus-
tom gene panels sequencing. Whenever personalized panels
fail to detect the pathogenic variants responsible for a parti-
cular phenotype, exome sequencing may be considered as an
option. WES involves the enrichment and sequencing of all
protein-coding nuclear genes within a genome (not including
mitochondrial genes). Most exon-enrichment approaches are
very similar to the ones used to generate gene panels and
involve a combination of PCR and hybridization enrichment
probes. Approximately, 2% of human genome is composed by
exons and ~95% of the exome can be sequenced with the
currently available techniques [50]. Therefore, unlike gene
panels, WES offers the possibility to discover novel RD-asso-
ciated genes. For example, a WES study performed by De
Castro-Mir6 et al. [51] analyzing 33 families with a variety of
retinal disorders identified SEMA6B (MIM 608873), CEP78 (MIM
617110), and SCLT1 (MIM 611399) genes as novel candidates
for non-syndromic RDs. Although success rates vary consider-
ably according to the type of disease and sample character-
istics, it has been shown that WES can effectively lead to a
reliable diagnosis in about 20-30% of the cases where the
patient had been previously undiagnosed [39]. However,
because WES enrichment methods are also based on PCR
they may share some limitations with gene panels, such as
uneven coverage along certain regions of the genome, espe-
cially GC-, AG-rich regions, and off-target enrichment [49].

2.5. Whole genome sequencing

WGS is a free-PCR NGS approach that refers to the sequencing
of all the coding (exons) and non-coding (introns, regulatory,
and intergenic sequences) regions within a genome. Because
of this characteristic, WGS has proved itself a very efficient tool
for the discovery of new variants, especially those located in
non-coding regions or involving structural rearrangements
that are not easily detectable by gene panels or WES. A
study made by Ellingford et al. in 2016 [40] compared the
efficacy of WGS in diagnosing inherited RDs in relation to gene
panels and concluded that, even though WGS and gene panel
sequencing shared similar sensitivity and specificity, the use of
WGS pipelines could have a higher detection rate of patho-
genic variants than gene panels, increasing the diagnostic
yield up to 29% more. Additionally, WGS showed to have a
wider spectrum for variant detection by identifying large dele-
tions that ranged from 520 kb to 1.7 kb, mutations in non-
coding regions excluded from the targeted sequencing pipe-
line, and pathogenic variants in genes that were not included


https://sph.uth.edu/retnet/

Downloaded by [201.157.55.26] at 08:31 20 October 2017

1012 (&) O.F. CHACON-CAMACHO ET AL.

in sequencing panels [40]. Likewise, Carrs et al. [36] recently
showed that WGS could uplift diagnostic yields resulting from
WES by up to 30%, reaffirming WGS ability to identify struc-
tural variants and mutations that are not covered either by
gene panels or WES. This approach has also been helpful for
understanding the nature of some specific forms of RD. For
example, a recent WGS analysis in patients from three differ-
ent families suffering from an RD known as North Carolina
Macular Dystrophy (MIM 136550) allowed for the identification
of rare non-coding causal variants [52].

Aside all the benefits, it has been difficult for most labora-
tories around the world to adopt WGS as a routine test because
it still remains expensive and more time consuming compared
to WES and gene panels, and it involves the need of great
computer power and storage for handling WGS processing
and data. Analyzing the entire data produced by WGS might
seem as an overwhelming idea. However, several work groups
have developed and applied very useful bioinformatic tools and
pipelines to generate virtual gene panels that aid in WES and
WGS data analysis [53]. This approach can be used to extract
variants from selected genomic regions from a data set result-
ing from WES or WGS, facilitating its analysis. As new variants
responsible for the phenotypes of interest are being discovered,
virtual gene panels can be updated for future analysis of the
same datasets without the need to repeat experiments in order
to reach a correct molecular diagnosis [54].

2.6. Important aspects to consider to have a reliable
molecular diagnosis for RDs through NGS

One of the most important aspects to successfully obtain a
reliable interpretation from molecular data in RD patients
is, unquestionably, to have a specific pre-test clinical diag-
nosis. Because of the great clinical variability of RDs and
the heterogeneity of genes associated to this group of
diseases, the findings revealed by NGS may sometimes
not be consistent with the initial clinical impression.
Therefore, it is needed to call the patient for a revaluation,
based on the genetic findings, in order to determine a
correct diagnosis [51], an approach that has been termed
‘reverse phenotyping’ [55].

In some cases, even when the initial clinical diagnosis is
believed to be accurate in RD patients, the rate of pathogenic
variant detection obtained through gene panels may be low. In a
recent study of 16 rod-cone RD patients of Maori and Polynesian
descent using a 105 genes-specific panel for inherited retinal
diseases, a 43.7% rate of molecular diagnosis was obtained [56].
This result could be due because the panel used in this study is
only using about half of the genes reported to be implicated in
RDs (https://sph.uth.edu/retnet/). Therefore, it is very important
that gene panels be up to date with the most recently described
RD genes in order to achieve a higher variant detection rate. These
results also indicate that pathogenic variant detection may
depend in some degree on specific characteristics of the popula-
tion or ethnic group being evaluated [56]. If a specific population
has pathogenic variants in novel or in recently described genes, it
might be difficult to detect pathogenic variants through gene
panels, and WES and WGS may be needed for a definitive mole-
cular diagnosis.

An important issue when analyzing data generated by NGS
is the validation of candidate pathogenic variant(s) by means of
an alternative methodology. Currently, most laboratories
include Sanger Sequencing as the ‘golden standard’ to validate
NGS results. However, recent studies from different work
groups have suggested that NGS results may be as reliable as
Sanger sequencing data, and that Sanger validation, in many
cases, is unnecessary. Most of these studies have used Sanger
sequencing for screening groups of variants detected by gene
panel sequencing or WES in subsets of genes resulting from
targeted sequencing and WES, consistently observing validation
rates above 99% [57-60]. A study by Beck et al. in 2016 even
suggested that a single round of Sanger sequencing is more
likely to incorrectly refute a true-positive variant from NGS than
to correctly identify a false-positive variant from NGS [61]. These
results have suggested that NGS data are reliable by itself and
that Sanger validation could be redundant, time consuming,
and unnecessary. However, it is important to consider that
different enrichment methods for NGS libraries may vary in
performance regarding read depth, coverage, and sequencing
quality in general. For example, Samorodnitski et al. [47] sug-
gested that amplicon-based methods were more likely to miss
variants that were detected by hybridization-based approaches.
Furthermore, as will be discussed later in more detail, NGS
technologies still fail to completely produce reliable and repro-
ducible data, as occurs for repetitive and GC, GA-rich regions of
the genome, leaving Sanger sequencing as a better candidate
for variant analysis in such cases. Overall, these studies imply
that, if sufficient quality and control standards are applied
during NGS analysis, Sanger sequencing may not be strictly
necessary to validate NGS data, but it is still recommended for
low-quality data and for certain regions of the genome that
may be difficult to analyze through NGS methods. Of course,
familial segregation analysis of the candidate causal variant(s)
becomes an essential tool to support the pathogenicity of a
mutation (especially when working with familial RD cases), and
this is easily accomplished by means of targeted Sanger
sequencing.

2.7. Limitations and challenges of NGS in molecular
diagnosis of RDs

Even though gene enrichment panels may seem a convenient
option to identify pathogenic variants and provide a fast and
certain molecular diagnosis, they have some limitations. For
example, if a gene has not been linked to a specific disease at
the time of the panel design, it will escape detection. In some
cases, even though the genes responsible for a disease have
been included in a panel, the sensitivity of the enrichment
method can prevent a certain region to be captured, and the
disease-causing variants will only be detected by a more
sensitive method [44]. As before mentioned, the effectiveness
of a gene panel may also depend on technical aspects during
library preparation and data analysis. Another disadvantage is
that gene panels may only include genes that have been
described or validated for a certain phenotype, preventing
the possibility to detect variation in novel disease genes or
in non-coding sequences. Additionally, some studies have
suggested that the rate of success of a specific gene panel
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may vary depending on the ethnic group being studied and
that the variation sensitivity of a panel can drop significantly
when working with very specific ethnic groups [56]. To over-
come this point, several groups have developed ethnic-based
gene panel as a recent one applied to RD patients from Spain
[62]. It is also important to consider that even though NGS is
an excellent option for genetic testing of RDs, they may show
certain shortcomings. Some of the causal genetic mechanisms
that cannot reliably be detected by clinical exome sequencing
include alterations that influence gene expression without
DNA modifications, such as imprinting errors and uniparental
disomy, or causal variants being located in highly repetitive
regions of DNA or in mitochondrial DNA. Additionally, NGS is
not a reliable approach to detect somatic mosaic changes or,
in case of targeted sequencing and WES, large copy number
variants [63]. Furthermore, even though some studies report
that WGS can significantly improve the coverage of repetitive
regions compared to sequencing panels and WES [36], it still
fails to generate consistent coverage across these areas of the
genome. For example, in a recent study comparing targeted
sequencing vs WGS, it was observed that neither approach
was able to generate consistent coverage of the AG-rich,
repetitive regions of RPGRorf15 (MIM 312610) [40], an RPGR
retinal photoreceptor isoform, which is responsible for about
70-75% of all X-linked RP [64]. Therefore, Sanger sequencing
remains as a pertinent method to detect genetic variants in
such regions. A comparison of features among the three main
NGS approaches (gene panels, whole exome sequencing, and
whole genome sequencing) is presented in Table 1.

NGS is becoming the gold standard test for molecular
diagnosis of RD patients, and it is expected the detection
rate will increase in the next few years by improving genomic
coverage and nucleotide read depth as well as by refinement
of variant calling pipelines, and best classification of non-
pathogenic variants, especially for candidate intronic or synon-
ymous variants. In addition, the establishment of more precise
genotype—phenotype correlations and a wider accessibility of
genetic testing services will positively impact in a better mole-
cular characterization of RDs.

3. Importance of molecular diagnosis in RDs

Extensive clinical heterogeneity and overlapping phenotypes
in RDs frequently impede a specific diagnosis based on retinal
clinical findings alone, and thus, genetic testing is essential for
these patients. As previously mentioned, identification of the
genetic defect that causes retinal disease has critical implica-
tions, not only in prognosis and genetic counseling in affected
families, but also in the recognition of patients who could
benefit for the increasing number of gene therapy protocols.
On the other hand, it is expected that the wider availability of
genetic counseling services and of molecular diagnostic plat-
forms facilitates inclusion of RD patients in molecular diagnos-
tics protocols. In a recent survey, Eden et al. [67] interviewed
48 patients with RP and showed that 92% of them desired
genetic counseling and 86.5% wanted genetic testing, demon-
strating that most patients value these services. While during
the last three decades RDs genetic diagnosis has relied in
Sanger sequencing, the advent of the NGS technology has
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opened an extraordinary opportunity for genetic characteriza-
tion of RD patients. NGS studies for molecular diagnosis of RDs
are available in a growing number of specialized care centers.
Figure 1 shows a scheme representing the utility of NGS
approaches considering the extensive phenotypic and genetic
heterogeneity of RDs.

3.1. Syndromic vs non-syndromic RDs: impact of
molecular diagnosis

RD can occur as an isolated anomaly or be accompanied of
extraretinal findings and are classified as syndromic RD. Up to
30% of RP cases have associated findings and there exist at
least 30 different syndromic forms of RP, with Usher syndrome
(20%) and Bardet-Biedl syndrome (BBS) (6%) being the two
most frequently diagnosed [68]. Systemic anomalies in syndro-
mic RP are diverse and include dissimilar findings as hearing
loss and vestibular dysfunction in Usher syndrome, obesity and
polydactyly in BBS, and metabolic disturbances and cardiomyo-
pathy in Alstrdm syndrome, to cite a few examples. Since RD
can be the first manifestation of a multisystemic condition, early
diagnosis is crucial as some features of syndromic RDs are
treatable or preventable. This is particularly important in
young children in whom molecular testing can identify those
patients who are at risk of systemic involvement, such as renal,
neurologic, or metabolic anomalies, and who will benefit from
opportune diagnosis and treatment [69]. Early identification of a
syndromic RD allows parents and physicians to know what
systemic complications may arise and therefore require period-
ical scrutiny for early detection. In young patients, diagnosis can
be challenging, as characteristic clinical features of some syn-
dromes (e.g. obesity, hearing loss, diabetes mellitus, cardiovas-
cular anomalies, neurologic disturbances) may not be apparent
until later childhood [16,70]. In sum, the impact on the health
management of the patient will be completely different in
syndromic versus non-syndromic RD.

As previously mentioned, molecular testing has direct impli-
cations in clinical diagnosis and prognosis of RD patients.
Recognition of a genetic cause can allow identification of syn-
dromic forms of RD not clinically suspected due to clinical varia-
tion among patients. For example, recessive mutations in the
CLN3 gene (*607042) have been classically associated with
Batten disease (#204200, also known as Ceroid Neuronal lipofus-
cinosis), a severe neurological entity characterized by early onset
RD (4-7 years of age) causing loss of visual acuity and leading to
blindness within 2-10 years and followed by cognitive decline,
behavioral and psychiatric disturbances, and epileptic seizures
developing between 7 and 18 years of age [71]. The severe and
progressive cognitive and motor decline leads to premature
death at third decade of life. Recently, mutations in CLN3 have
been also demonstrated in adult individuals with apparently
non-syndromic RD indicating that CLN3 mutations are not invari-
ably associated with the devastating Batten disease [72]. This
variability has tremendous implications for genetic counseling
and prognosis in affected families. Similarly, mutations in
ABHD12 (*613599) have been associated with PHARC syndrome,
an autosomal recessive neurodegenerative disease that leads to
demyelinating Polyneuropathy, Hearing loss, cerebellar Ataxia,
RP, and early-onset Cataracts (PHARC, #612674) [73]. Recently,
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Nishiguchi et al. [74] demonstrated that ABHD12 mutations can
also result in non-syndromic forms of retinal degeneration imply-
ing that PHARC syndrome can exhibit extreme clinical variability,
even within a pedigree [74]. These observations have profound
implications in the differential diagnosis of ‘deaf-blindness’ dis-
eases (including Usher syndrome) as confirming the presence of
associated symptoms is necessary for differentiating some deaf-
blindness syndromes. Again, mutation analysis is a central tool
for confirming the diagnosis. In another example, mutations in
IFT172 (*607386), a member of a gene family encoding proteins
involved in the process of intraflagellar transport, are a recog-
nized cause of Bardet-Biedl syndrome, a syndromic form of RD
which also exhibits polydactyly, obesity, genital abnormalities,
renal defects, and learning difficulties (OMIM PS209900) [75].
Bujakowska et al. [76] showed that IFT172 mutations can result
in isolated RD forms (RP71; #616394), which indicates that muta-
tions in genes originally reported to be associated with syndro-
mic ciliopathies should also be considered in subjects with non-
syndromic RD. These few examples illustrate that although it is
complex to establish a definitive genotype-phenotype correla-
tion in RD patients, NGS analysis is rapidly establishing the
spectrum of associated phenotypes linked to mutations in RD
genes.

In young patients, RD can be the earliest manifestation of a
syndromic entity, and thus, the patient be erroneously diag-
nosed as having an isolated form of disease. In such cases,
sequencing of panels that only includes genes known to be
mutated in isolated forms of retinal disease might result in
diagnostic failure. Therefore, a patient with RD that tested nega-
tive for a gene panel specific for isolated RDs, should also be
considered to be analyzed for panels containing genes involved
in syndromic RDs. Choosing a panel that contains genes respon-
sible for syndromic and non-syndromic RDs (or even exome
sequencing) could be a better initial approach, particularly in
centers offering genetic testing to pediatric population.

4. Gene therapy in RDs: the role of molecular
analysis

A major impact field of molecular diagnosis of RDs is the
identification of patients who carry genetic defects that are
amenable to be treated through gene therapy approaches.
Although there are few available gene therapy protocols for
RDs, an increasing number of preclinical trials are being con-
ducted for a number of other subtypes of the disease [77]. In
the following section, we will revise the main clinical results of
ongoing gene therapy protocols for RDs.

Gene therapy is an approach intended to treat, cure, or pre-
vent a disease by transferring one or more therapeutics nucleic
acids to patient’s cells (gene replacement therapy) or by correct-
ing a defective gene (elimination of mutant alleles). The eye, an
immunologically privileged, well compartmentalized, and easy
accessible monitoring organ, is an ideal target for new genetic
therapies. The use of different genetic vectors with minor unfa-
vorable effects, the availability of comparative studies using eyes
of large animal models, as well as the possibility of using the
contralateral untreated eye as control are other features that
make the eye a suitable organ for gene therapy [78,79].
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4.1. Human gene therapy in LCA due to RPE65
mutations

Gene transfer for restoring vision in an RD subtype named
Leber congenital amaurosis or LCA is one of the most success-
ful examples of gene therapy for a human disease. LCA is a
congenital RD that affects individuals since very early ages and
comprises a spectrum of retinal phenotypes with considerable
variability in disease progression. Early and severe visual def-
icit before one year of age, severely subnormal or non-detect-
able ERG, and associated signs as nystagmus and near absent
pupillary response are the most common LCA clinical findings
[80]. At least 22 genes associated to LCA have been identified
to date, with autosomal recessive transmission in virtually all
of them [81]. Mutations in RPE65 (*180069) are responsible for
LCA2 (#204100), a subtype of the disease accounting for up to
15% of all LCA forms [55]. In 2008, three independent studies
began phase | clinical trials in order to assess the efficacy of
unilateral subretinal injection of the AAV-RPE65 vector in LCA
patients carrying RPE65 mutations. Bainbridge et al. [82]
included three young adults with early-onset, severe retinal
dystrophy with limited residual retinal function. In each sub-
ject, the worse eye was selected for the gene therapy.
Microperimetry, dark-adapted perimetry, and visual mobility
time in low light improved in one patient. Likewise, mobility
errors decreased from 8 to 0 in the same patient (Bainbridge
et al., 2008). Maguire et al. [83] studied three LCA patients with
ages between 19 and 26 years, in whom a transgene carrying
the human RPE65 cDNA was retinally injected. Baseline testing
of pupillary light reflex in all patients shown much less sensi-
tivity to light than control subjects. Two weeks after the
procedure all patients also demonstrated improvement of
vision in dimly environments and several months after, the
eyes that received the injection became almost three times as
sensitive to light when compared to baseline. All patients
presented severe nystagmus at baseline, which reduced after
the gene therapy. Hauswirth et al. [84] reported an indepen-
dent clinical trial in which an rAAV vector gene therapy was
subretinally injected to the eye with worse vision in three
young adults (aged 21-24 years) suffering from RPE65-related
LCA. Although visual acuity did not show significant difference
from baseline, all patients showed increased light sensitivity
which was more perceptible in decreased light conditions [84].

In 2009, Maguire et al. [85] presented results for the com-
plete phase 1 dose-escalation trial, which assess the safety and
efficacy of AAV2. Twelve patients were recruited and treated
with AAV2 in the eye with worst vision. Patients were treated
in three different cohorts depending on the dose of vector:
low, medium, and high doses. All patients showed improved
vision in dimly lit environments as early as 2 weeks after
injection. Improvements in visual acuity were substantial in
all patients who received both low and middle doses, as well
as one patient administered in high dose. Visual field improve-
ment was observed in all cases while improvements in full-
field sensitivity were noteworthy in youngest patients.
Pupillary responses improvement occurred in all individuals
tested, and was detectable as early as day 7 after injection.
After administration, four children presented great improve-
ment in their ambulation when using only their treated eye
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Figure 1. A scheme representing the utility of different sequencing approaches based on phenotypic specificity and genetic heterogeneity in RDs.

[85]. In 2015, Bainbridge et al. [86] reported three-year results
of a phase 1-2 human RPE65 trial, involving 12 participants to
evaluate the safety and efficacy of the gene therapy.
Improvements in retinal sensitivity were seen in six partici-
pants on dark adapted perimetry and in five of these partici-
pant on microperimetry. Five participants displayed
improvements in night vision, and three of them showed
improvements in vision-guided ambulatory navigation [86].
After the success of gene therapy in one eye, Bennet et al.
[87] investigated if retinal and visual function may improve if
contralateral eye, the better-seeing eye, is injected with AAV2-
RPE65 vector. Twelve patients were enrolled (11 of them from
the original study) and were followed up at the Children’s
Hospital of Philadelphia. In four patients, visual field showed
expansions by day 30 after the initial injection, and there were
also robust improvements in both rod and cone function by
day 30 in the contralateral eyes. Improvements from baseline
remained during the 3 years analyzed. Most patients improved
mobility after administration of contralateral eye [87].

In addition, Spark Therapeutics recently reported positive
phase Il results for SPK-RPE65 targeting the treatment of LCA2
by RPE65 gene mutations. The phase Il trial enrolled 31 patients,
who improved navigation on the mobility test, with highly sig-
nificant differences (p = 0.001) in 21 patients when compared with
the control group (10 patients). Treated patients also outper-
formed control subjects in other key secondary endpoints as full-
field light sensitivity threshold testing (p < 0.001) and the mobility
test score change for the first injected eye (p = 0.001). Interestingly,
13 of 20 treated patients passed the mobility test at the lowest
illumination level of one lux (equivalent to a moonless summer
night), while control (uninjected) patients did not pass this test
during one year. With this positive phase Ill results, Spark
Therapeutics has requested an FDA Biologics License Application
and also submitted a Marketing Authorization Application (MAA)
to the European Medicines Agency (EMA) for the RPE65 gene
therapy treatment [88,89].

4.2. Gene therapy for other RDs

Choroideremia (#303100) is an X-linked recessive, gradually pro-
gressive, and degenerative retinal disease mainly affecting males

and arising from mutations in CHM1 (¥*300390), a gene located in
Xg21.2 [90]. Its cardinal findings are reduced night vision in
adolescence associated with loss of peripheral vision and blind-
ness in middle age. A Phase I/l clinical trial of subretinally deliv-
ered CHM in six patients with choroideremia was recently
completed by MaclLaren et al. [91], showing the therapy to be
safe. Six male patients at different stages of the disease were
enrolled and all of them had a mean gain in visual acuity in their
treated eyes of 3-8 letters. The point of maximal light sensitivity
increased 2-3 dB in the treated eye 6 months after surgery. At 6-
month follow-up, microperimetry showed reduction in retinal
sensitivity of —0.8dB for the untreated eyes when compared
with treated eyes, while in the treated eyes a 2.3 dB increase
was noticed [91]. One third of the patients in the treatment
group had more than 15-letter improvement at 3.5 years com-
pared with none in the control group [92].

Stargardt disease (#248200) is an inherited macular dystrophy
caused by biallelic mutations in ABCA4 (*601691), a gene coding
for a retinal transporter protein [46]. Stargardt disease is the most
common cause of macular degeneration in pediatric ages and
patients with the disease suffer from severe and irreversible
vision loss within their first or second decades of life.
Conservation of photoreceptor cells until adult life could permit
sufficient time for carrying out a gene transfer therapy [93]. A
clinical trial for patients with Stargardt disease (NCT01367444;
www.clinicaltrials.gov) for subretinal delivering of ABCA4 using
StarGen, a lentiviral viral vector, started in 2011. The study is
being conducted in the United States and France. It is currently
in phase II/lll with 46 enrolled patients, and it has been estimated
to be completed by November 2018. Although results have not
been published yet, in 2012 Oxford BioMedica and Sanofi
informed a Data Safety Monitoring Board evaluation indicating
that eight patients were treated at dose level 1, and no serious
adverse events related to StarGen or its methods of administra-
tion were observed. Twenty-eight new patients were enrolled to
evaluated three dose levels for safety, tolerability, and aspects of
biological activity (http://www.oxfordbiomedica.co.uk/press-
releases/oxford-biomedica-announces-positive-dsmb-review-of-
ongoing-retinostat-r-and-stargen-clinical-studies/).

MERTK (¥604705), a gene encoding a protein involved in the
phagocytosis regulation of the retinal pigment epithelium, is


http://www.clinicaltrials.gov
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mutated in about 3% of RP cases [94]. In a study published in
2001, it was shown that subretinal gene transfer of Mertk to the
retina of the Royal College of Surgeon (RCS) rat, a well character-
ized model of recessive RP arising from a mutation in the Mertk
gene, resulted in correction of the RPE phagocytosis defect and
preservation of photoreceptors [95]. More recently, LaVail et al.
[96] demonstrated that when the RPE-specific AAV2-VMD2-
hMERTK vector was injected subretinally, it also protected photo-
receptors from degeneration and reversed the phagocytic
defects in the RCS rat model. They also found that in the Mertk
knockout mouse, which exhibits rapid loss of most photorecep-
tors, subretinal injection of the AAV2-VMD2-hMERTK vector pro-
tected a majority of photoreceptor cells from degenerating.
Results of a phase | clinical trial of an AAV2 vector expressing
human MERTK cDNA driven by an RPE-specific promoter in
patients with MERTK-associated retinal disease (NCT01482195)
were recently published (Ghazi et al. 2016). Six patients aged from
14 to 54 years and with baseline visual acuities ranging between
20/50 and less than 20/6,400, were followed for up to 2 years after
treatment. At the 2-year time point, none of the patients devel-
oped complications that could be attributed to the gene vector.
Three patients had measurable improvements in visual acuity
(VA); for instance, patient 1 had a preoperative VA of 20/6400 at
a testing distance of 0.5 m, and his postoperative examination at
days 10, 30, 90, and 365, were 20/160 (0.5m), 20/80(0.5m), 20/40
(0.5m), 20/50(0.5m), respectively. Unfortunately, by 1.5 years, and
2 years after injection, a marked VA reduction was noted. Patients
in this cohort suffer from advanced RP (RP38) and it will probably
be necessary to evaluate the true efficacy of the MERTK gene
therapy in patients with better visual acuities [97].

Finally, other clinical trials for gene therapy in inherited RD
are being conducted in diseases as achromatopsia (#262300;
#216900) caused by CNGB3 (¥*605080) or CNGA3 (*600053)
mutations (https://clinicaltrials.gov/ct2/show/NCT02599922
and NCT02610582), Usher syndrome type 1B (#276900) due
to MYO7A (¥276903) defects (https://clinicaltrials.gov/ct2/
show/NCT01505062), and X-linked retinoschisis (#312700)
caused by RST (¥300839) mutations. (https://clinicaltrials.gov/
ct2/show/NCT02416622 and CT02317887).

Although limited, available data indicate that gene therapy
protocols for RDs stand as an option for preventing blindness in
affected individuals. Again, a prerequisite for enrolling patients in
gene therapy trials is the characterization of the causal mutation.

5. Stem cell therapy for inherited retinal diseases

Stem cells have the ability to differentiate into several cell types
but they are also capable of indefinite self-renewal in their
undifferentiated state. Considerable developments have made
over the past few years on the therapeutic application of stem
cells, particularly in the form of cell replacement therapy. Here,
the stem cells are differentiated into the desired cell type, which
is then delivered to the damaged tissue in order to integrate and
restore function. This therapy is an attractive option for cell
replacement in retina, and to date approximately 25 stem/pro-
genitor cell therapy trials are listed on www.clinicaltrials.gov.
Three different sources of these cells can be used: pluripotent
Stem Cells (PSQ), fetal, and postnatal [98]. At present, two types
of PSCs are used for the treatment in retinal degenerations:
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human embryonic stem cells (hESCs) [99], and induced pluripo-
tent stem cells (iPSCs) [100]. ESCs are isolated from developing
inner cell mass of blastocyst during 4-5 days after fertilization
and prior to implantation [98], while iPSCs are pluripotent cells
derived from adult cells that can be generated by viral transduc-
tion of a variety of transcription factors including Oct4, Sox2, Kif4,
and Myc [101,102]. One potential advantage of iPSC-derived
retinal precursor cells is the possibility to be originated from
the same patient to whom the transplant is destined, thus
decreasing the risk the immune response. Other type of stem
cells that are being used for retinal diseases trials are stem/
progenitor cells derived of fetal central nervous system, includ-
ing progenitor retinal cells that can have limited self-renewal and
tissue-specific differentiation, thus building cells fated only for
the retina [103]. In addition, adult stem/progenitor cells are non-
pluripotent postnatal cells that can differentiate into some, or all,
of the cell types building the organ from which they originate;
bone marrow-derived cells, umbilical-derived cells, and
mesenchymal stem cells, among others have been employed
for treating a variety of retinal disorders [104,105]. Currently,
stem cell therapy trials are being conducted for a number of
retinal disorders including Stargardt disease (NCT02445612,
NCT01469832, NCT03011541, NCT01345006, NCT02941991,
NCT02749734), RP (NCT03011541, NCT01068561,
NCT01560715, NCT01531348, NCT02280135, NCT03073733,
NCT02709876), and Best vitelliform macular dystrophy
(NCT02162953), among others. Although cell-based treatments
for inherited retinal disease are in their beginnings, they consti-
tute a promising alternative for developing an efficient, muta-
tion-independent, therapy to restore retinal function.

6. Expert commentary

RDs are one of the most genetically heterogeneous human dis-
eases. Collectively, they are the most common cause of inherited
blindness and due to its monogenic nature possess an elevated
risk of recurrence in pedigrees. Clinical onset, phenotypic presen-
tation, and rate of progression of visual deficit are highly hetero-
geneous, even in individuals suffering from the same RD subtype,
which precludes accurate diagnosis based on retinal phenotype,
degree of visual impairment, or other visual functional tests.
During the past 15 years, tremendous advances have been
achieved in the recognition of the molecular defects underlying
dozens of RDs. This knowledge has allowed not only a better
genotypic—phenotypic correlation in affected patients, but also
has led to an improved comprehension of the molecular pathways
involved in normal retinal physiology. Up to now, mutations in
more than 250 genes have been identified as responsible of a
myriad of retinal dystrophic phenotypes. In addition, it has
become evident that a number of genes that were initially asso-
ciated with syndromic forms of the disease could also result in
isolated RD phenotypes when mutated, greatly complicating
genetic counseling. Molecular diagnosis in RDs (i.e. the identifica-
tion of the causal mutation in a given patient) is of extreme
importance as it provides a definitive diagnosis, offers a more
realistic prognosis information, provides concise information for
reproductive planning, and, importantly, is a prerequisite for the
enrollment of patients in a number of gene therapy protocols
around the world. Thus, obtaining a molecular diagnosis should
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be an imperative in the medical approach of individuals suffering
from RDs. Since the discovery of the first RD gene in 1990, mole-
cular diagnosis has relied in standard methodologies as PCR
amplification and Sanger sequencing in a gene-by-gene basis.
Given the extreme heterogeneity of RDs this approach is imprac-
tical and expensive, especially in those forms of disease that
exhibit variations in clinical presentation or in phenotypes that
can be associated to mutations in numerous genes. Next genera-
tion sequencing technologies (NGS) has come to revolutionize
molecular diagnosis in RDs, allowing the simultaneous character-
ization of dozens of RD genes (gene panels), the entire coding-
sequence of human genes (whole exome) or the entire genome of
an individual (whole genome). These approaches have greatly
improved the successful molecular diagnostic rate in RD subjects,
reaching figures of up to 70%. Although highly efficient, NGS
technologies have specific indications depending on criteria as
homogeneity/heterogeneity of the observed phenotype, number
of loci involved in a particular RD subtype (genetic heterogeneity),
or even ethnic-specific mutational particularities. With an increas-
ing number of clinical and preclinical gene therapy protocols for
treatment of RDs, the characterization of the underlying molecular
defect is nowadays an indispensable element in the care of
patients suffering from these visually devastating conditions.

7. Five-year view

In the next five years, the molecular features of novel forms of
RDs will be elucidated by means of technologies of massive
DNA sequencing. It will be also recognized that numerous RD
cases with no mutation in known genes arises from patho-
genic variations in areas of the genome that are not generally
screened during molecular diagnosis, as intronic or regulatory
regions or by gene structural variants. The development of
ethnic-based RD gene panels will greatly facilitate the identi-
fication of the causal defect by analyzing only genes that have
been demonstrated to be frequently mutated in a given
population. Molecular diagnosis will be considered an essen-
tial tool for clinical follow-up of RD patients with confirmed
mutations in genes associated with syndromic forms of the
disease, in order to prevent or ameliorate complications.
Significant increase in the availability of molecular testing
facilities will allow the recognition of the molecular cause in
a growing number of RD patients, with the consequent
improvement of our knowledge about genotype-phenotype
correlations, the discovery of novel disease-associated genes,
and the better characterization of the mutational spectrum in
patients from different geographic regions. The results of
several ongoing gene therapy clinical trials for diverse RD
forms will be published, allowing objective evaluation of
their efficacy in visual restoration. Finally, extended molecular
diagnosis in RDs would lead to an increase in potential use of
preimplantation genetic diagnosis for at-risk couples to avoid
the birth of children with severe RD forms.

Key issues

® Retinal dystrophies (RDs) are a clinically and genetically
heterogeneous group of monogenic disorders arising from

progressive dysfunction of photoreceptors or other retinal
cell types.

® (Collectively, RDs are the most common cause of inherited
blindness around the world.

® Extensive genetic heterogeneity is observed in RDs, with
over 250 associated genes identified to date.

® Recognition of the causal mutation in a given RD patient is
essential for diagnosis confirmation and for provision of
clinical prognostic information.

® Benefits of molecular diagnosis also include the delivery of
information for reproductive planning in families and the
possibility of early enrolling patients in gene therapy trials
according to their genotype.

® Novel DNA sequencing technologies are revolutionizing
molecular diagnosis of RDs, by allowing the simultaneous
screening of hundreds of genes or even complete genomes
and substantially increasing the rate of successful genetic
diagnosis.

® (linicians and others involved in the care of RD patients
need to recognize the benefits arising from molecular diag-
nosis and also the advantages and limitations of the novel
genetic screening approaches.

® The most successful example of RD gene therapy is the
gene replacement for RPE65, in Leber congenital amaurosis
2 (LCA2), an early onset form of RD caused by mutations in
the RPE65 gene.

® As a growing number of preclinical and clinical gene therapy
protocols for RDs are being conducted, molecular diagnosis
is an imperative for patients with these diseases.
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