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1. INTRODUCCION

1.1 El retraso mental de origen genético

El retraso mental (RM) se define como una discapacidad intelectual que se manifiesta antes
de los 18 afios de edad, caracterizada por un funcionamiento intelectual significativamente
inferior a la media, que coexiste con limitaciones asociadas en dos o mas de las siguientes
habilidades adaptativas: comunicacién, cuidado personal, vida en el hogar, habilidades
sociales, uso de servicios de la comunidad, autogobierno, salud y seguridad, habilidades
académicas funcionales, ocio y trabajo (Luckasson et al, 1992). La Clasificacion
Internacional de Enfermedades (CIE) establece que existe un retraso mental cuando el CI en
un individuo joven es igual o inferior a 70. El coeficiente de inteligencia (CI) es un test
cognitivo estandarizado que permite establecer una clasificacion de los distintos grados de
retraso mental. Se considera un retraso mental leve cuando los valores de CI se situan en el
rango de 50-70, retraso mental moderado con un CI entre 35-49, retraso mental grave con un
CI entre 20-34 y finalmente retraso mental profundo cuando el CI es inferior a 20. En la
poblacion general la incidencia del retraso mental esta estimada entre un 1-3% para los casos
de retraso mental leve a moderado y 0,5% para los casos de retraso mental grave a profundo

(McLaren y Bryson 1987).

1.1.1 Etiologia del Retraso Mental de Origen Genético

El estudio del retraso mental es uno de los campos mas complejos de la genética humana
debido a la alta heterogeneidad que presenta. A pesar del gran nimero de estudios que
existen, mas de un 50% de los casos tiene una etiologia desconocida. Se sabe que alrededor
de un 15% estan causados por factores ambientales tales como la malnutricién durante el
embarazo, infecciones, asfixia neonatal o el sindrome de alcohoélico fetal, mientras que un
30% de los casos son de origen genético (Chelly y Mandel, 2001). Este ultimo grupo

engloba las anomalias cromosomicas, los reordenamientos cripticos, los factores
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monogénicos y los multifactoriales. La tabla 1 muestra una clasificacion etiolégica mas

detallada del retraso mental.

Tabla 1. Clasificacion etioldgica del Retraso Mental

Etiologia del RM

Factores Ambientales
Intoxicacion materna (alcohol, drogas, etc)
Nacimiento Prematuro
Infeccion fetal
Trauma pre o post natal, asfixia neonatal, etc
Infecciones post-natales

Factores Genéticos

Alteraciones cromosomicas
Numéricas
Estructurales

Alteraciones cromosomicas cripticas
Reordenamientos subteloméricos
Reordenamientos cripticos intersticiales

Factores monogénicos
Mutaciones puntuales
Defectos de impronta genética
Desordenes metabolicos

Multifactorial

1.1.1.1 Factores cromosomicos

Las anomalias cromosomicas numéricas o estructurales detectadas por -citogenética
convencional son responsables de aproximadamente un 10% de los casos de RM leve y un
40% del RM grave (Shevell et al., 2003). Entre las alteraciones numéricas mas frecuentes
encontramos las trisomias 13, 18 y 21 y las anomalias en los cromosomas sexuales. Gracias
a la implantacion del diagndstico prenatal, la incidencia de estas anomalias ha descendido
notablemente en los ultimos afios. Respecto a las anomalias estructurales, el efecto
fenotipico de las mismas depende no solo del tamafio de la alteracion sino de la regiéon y de

la funcidén de los genes implicados.
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1.1.1.2 Alteraciones cromosomicas cripticas

El desarrollo de tecnologias cada vez mas sensibles para el analisis de todo el genoma se
traduce en un incremento en la deteccion de reordenamientos cripticos, pequefias deleciones
o duplicaciones submicroscopicas no detectables por citogenética convencional (<3-5 Mb).
Diversos estudios ya han demostrado que este tipo de anomalias son una causa importante
de retraso mental, presentando una incidencia del 10-20% (Shaw-Smith et al., 2004;
Schoumans et al., 2005; Friedman et al, 2006). Entre las alteraciones mas comunes
encontramos los reordenamientos subteloméricos responsables de un 5-7% de RM (Flint e?
al., 1995, de Vries et al, 2001, Rodriguez-Revenga et al., 2004) o las deleciones
submicroscopicas intersticiales, que dan lugar a sindromes microdelecionales y/o sindromes

de genes contiguos como el sindrome de William-Beuren (Ewart et al., 1993).

1.1.1.2.1 Variaciones en numero de copia

Recientemente se ha descubierto que el genoma humano es genéticamente mas variable de
lo esperado. Estas variaciones existen en el genoma a diferentes niveles: desde cambios de
una sola base hasta cambios que abarcan cientos o miles de kb (Tabla 2). Hasta la fecha se
consideraba que los SNPs (Single Nucleotide Polimorphisms) eran la fuente de variacion
genética mdas importante del genoma humano. Sin embargo, estudios recientes han
identificado en la poblacién general gran cantidad de cambios numéricos submicroscopicos
de fragmentos de DNA que varian desde 1kb a varias Mb en tamaifio (lafrate et al., 2004;
Sebat el al., 2004). Estos cambios que incluyen deleciones, inserciones y duplicaciones con
una frecuencia en la poblacion superior al 1%, son conocidos como variaciones en niimero
de copia (CNVs). Las CNVs representan una de las principales fuentes de variacion
genomica con cerca de 1.500 regiones variables descritas, abarcando aproximadamente el
12% del genoma y miles de genes por lo que parecen tener un papel importante en la

evolucion del genoma humano (Redon et al., 2006).
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Tabla 2. Clasificacion de la variacion genética en el genoma humano

Tipo

Definicion

Frecuencia en el genoma
humano

Single nucleotide
polimporphism (SNP)

Variante delecion/insercion
(InDel)

Microsatélite
Minisatélite y nimero de
repeticiones en tandem

(VNTRs)

Variacion en numero de
copia (CNV)

Inversion

Traslocacién

Reordenamientos
desequilibrados

Substituciones de una base presentes en
>1% en una poblacion determinada

Delecién o insercion de un segmento de
DNA

Repeticiones multiples de 1-6 pb

Secuencias polimoérficas de 20—50
copias de repeticiones de 6100 pb

Cambios numéricos >1 kb, presentes en
>1% en una poblacion determinada

Reordenamientos que causan que un
segmento de DNA esté presente en
orientacion inversa

Reordenamiento en el que un segmento
de DNA esta localizado en un
cromosoma diferente al de origen

Reordenamientos que dan lugar a una
ganancia o pérdida de DNA

~10 millones de SNPs

~1 millén de polimorfismos
de insercién/delecion >1 bp

>1 millén microsatélites

~150.000 minisatélites

La frecuencia de CNVs es
todavia desconocida. Se
estima que abarcan
aproximadamente 12% del
genoma

Frecuencia estimada de
inversiones
microscopicamente visibles
es de 0,12-0,7%
(pericéntricas) y 0,1-0,5%
(paracéntricas); se
desconoce la frecuencia de
inversiones
submicroscdpicas

1/500 recién nacidos es
heterocigoto para un
traslocacion reciproca y
1/1.000 para una
traslocacion Robertsoniana

1/1.500 recién nacidos

De hecho se especula que la proporcion de nucléotidos involucrados en CNVs es
aproximadamente igual o incluso superior al nimero de nucleodtidos afectados por SNPs
(Freeman et al., 2006). Las CNVs pueden contribuir de diferentes formas a enfermedades
genéticas humanas, por ejemplo pueden causar la disrupcion directa de uno o varios genes

mediante reordenamientos cromosdémicos, a veces tienen un efecto directo en la alteracion
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de la dosis o la expresion génica o pueden desenmascarar alelos recesivos o polimorfismos

funcionales (Buckland et al., 2003; Feuk ef al., 20006).

1.1.1.2.2 Origen de las variaciones en numero de copia

En un estudio reciente, Redon et al., 2006 investigaron los mecanismos de formacion de
diversas CNVs. De las 1447 regiones estudiadas, aproximadamente el 24% estaban
asociadas a duplicaciones segmentarias (DSs) o low copy repeats (LCRs). Sabemos que
alrededor de un 5% del genoma consiste en regiones duplicadas que comparten al menos un
90% de identidad (Lander et al., 2001). Las duplicaciones pueden ocurrir dentro de un
mismo cromosoma, lo que se conoce como duplicaciones segmentarias intracromosomicas,
o entre cromosomas distintos, conocidas como duplicaciones segmentarias
intercromosdmicas. El primer tipo, las DSs intracromosomicas, fueron inicialmente descritas
como regiones genomicas inestables asociadas a sindromes de microdelecion y
microduplicacion. Un gran numero de puntos de rotura de reordenamientos recurrentes
mapan dentro o muy cerca de DSs. El segundo tipo de DSs, las intercromosdmicas, son los
que se producen entre secuencias homologas que se localizan en cromosomas distintos.
Muchas de estas DSs mapan dentro de las regiones teloméricas, en las que ya se habian
descrito regiones ricas en elementos repetitivos (Eichler e al., 1998). La probabilidad de que
una CNV esté asociada a una duplicacion segmentaria es mayor en el caso de duplicaciones
intracromosdmicas que intercromosomicas y se correlaciona con el aumento de semejanza
entre las copias duplicadas. De hecho el proceso de recombinacion homologa no alélica
(NAHR) se da principalmente entre duplicaciones segmentarias intracromosomicas con un
grado de semejanza entre las copias del 97 al 100% (Redon ef al., 2006). La presencia de
DSs que comparten un alto nivel de identidad en la secuencia podria promover alteraciones
estructurales mediante recombinacién homodloga originando procesos de traslocacion,
delecion, inversion o duplicacion (Figura 1). Cuando la region implicada contiene genes
sensibles a dosis 0 genes imprintados, estos reordenamientos pueden dar lugar a sindromes

genéticos especificos
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-y —ey— / Delecion

‘-"_H\

Duplicacién

Figura 1. NHAR entre secuencias repetitivas homologas o LCRs. En raras ocasiones, durante la
meiosis se producen errores en el alineamiento entre LCR, lo que puede resultar en un
entrecruzamiento errébneo que da lugar a deleciones, duplicacion (LCRs orientados en el mismo
sentido) o inversiones (LCRs inversamente orientados). Los reordenamientos generados por NAHR
no son necesariamente patogénicos, pueden contribuir a variaciones estructurales o numéricas
polimoérficas, como por ejemplo el caso de las variaciones en niimero de copia del gen de las opsinas,

proteinas implicadas en la recepcion de los colores.

Existe otro tipo de elementos que pueden promover la NAHR, como por ejemplo las
secuencias Alu. Las secuencias A/u son pequeflos transposones de poco mas de 300 pares de
bases de longitud y en el genoma humano existen cerca de un millon de estas secuencias. Se
ha propuesto que las A/u pueden ser una fuente importante de variabilidad evolutiva de los
genomas. Su insercion provoca en la mayoria de los casos mutaciones que son causas de
enfermedades. Los mecanismos mutacionales de las secuencias A/u pueden variar desde la
disrupcion de un gen, alteracion de la expresion génica, alteracion de un sitio de splicing o
pueden promover procesos de recombinacidon homologa no alélica dando Ilugar a
duplicaciones y/o deleciones (Deininger y Batzer, 1999).

Los procesos de NAHR son habitualmente el mecanismo responsable de los
reordenamientos cuyos puntos de roturan mapan en regiones ricas en LCR o DS, sin
embargo no todos los casos de reordenamientos gendomicos pueden ser explicados por la
NAHR mediada por LCRs o secuencias Alu. Otros mecanismos como la recombinacién no
homoéloga por union de extremos (NHEJ) se han observado particularmente en
reordenamientos con puntos de rotura dispersos (Shaw y Lupski, 2004). La NHE] utiliza dos
secuencias no homologas como substrato para la recombinacion, siendo el mecanismo

habitual de reparacion de roturas en la doble hélice del DNA (Roth ef al., 1985).
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1.1.1.2.3 CNVs involucradas en desordenes genéticos

Como ya se ha mencionado anteriormente, las regiones flanqueadas por DSs son
susceptibles de sufrir reordenamientos mediante NAHR y representan puntos calientes de
inestabilidad genomica propensos a variacion en numero de copia. Este es el mecanismo
responsable de la mayoria de desordenes genéticos (Tabla 3). Los procesos de NAHR
generan duplicaciones y deleciones reciprocas, por lo que para la mayoria de regiones en las
que se han identificado microdeleciones, existe la microduplicacion correspondiente. En
teoria estas duplicaciones deberian ocurrir con la misma frecuencia que ocurren las
deleciones. Sin embargo hasta la fecha se han caracterizado relativamente pocos casos de
microduplicaciones, debido fundamentalmente a las dificultades técnicas para detectar este
tipo de reordenamientos. El sindrome de Williams (7q11.23), el velocardiofacial (22q11.2),
o el sindrome de Smith-Magenis (17pl11.2) son algunos ejemplos de sindromes
microdelecionales mediados por procesos de NAHR (Inoue ef al., 2002; Bayes et al., 2003).
Para cada una de estas microdeleciones se ha identificado una microduplicaciéon reciproca
(Robinson et al., 1998; Potocki et al., 2000; Ensenauer et al., 2003; Somerville et al.,2005).
Merecen una atencion especial dentro de este apartado los reordenamientos que afectan a las
regiones subteloméricas. Los teldémeros de los todos los cromosomas son regiones bastante
complejas que presentan una estructura rica en duplicaciones segmentarias, por lo que son
propensos a sufrir reordenamientos por recombinacion (Moyzis et al., 1988). Las regiones
subteloméricas son ricas en genes por lo que los reordenamientos subteloméricos tienen mas
probabilidad de presentar consecuencias fenotipicas que los reordenamientos que afectan
otras zonas del genoma. De hecho actualmente sabemos que entre un 5-7% de los casos de

RM inespecifico son debido a reordenamientos subteloméricos (Knight ez al., 2000).
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Tabla 3. Principales regiones implicadas en sindromes de microdelecion/duplicacién

Region Reordenamiento Sindrome Genes implicados
Intersticial
4pl6.3 Delecién, SGC Wolf-Hirschhorn ZNF141, FLJ20265, LETM1, WHSC1
5pl5.3 Delecién, SGC Cri du Chat TERT, LOC133957, PDCD6, CRRY
5q35.3 Delecion Sotos NSDI
7ql11.23 Delecién, SGC Williams ELN, LIMK1, GTF2IRDI *

8q24.11-24.13
11p13
15q12
16p13.3
17p11.2
17p13.3
17q11.2
22ql1.21
22q13
Xq28
Subtelomérica
1p36
3929

9q34

Duplicaciéon
Delecion, SGC

Delecion

Delecion, SGC

Delecion
Delecion, SGC
Duplicaciéon, SGC
Delecion
Delecion
Delecion, SGC

Delecion

Duplicacién SGC

Delecion, SGC

Delecion

Delecion SGC

Duplicacion 7q11.23
Langer-Giedion
Wagr

Prader-Willi /
Angelman
Rubinstein-Taybi

Smith-Magenis
Potocki-Lupski
Miller-Dieker
NF1

DiGeorge
Phelan-Mcdermid

Microduplicacién
MECP2

Microdeleciéon 1p36

Microdelecion 3q29

Microdelecion 9q34

TRPS1, EXTI

PAX6

CYFIP1, MKRN3, NDN, SNRPN, UBE3A4

CREBBP

RAII, LRRC4S8, LLGLI

PAFAHIBI

NFI

IL17R, BID, CLDN5, GPIBB, SNAP29
ARSA, RABL2B

MECP2, LICAM*

TNFRSF4, GABRD, TNFRSF1, CAB45,
SCNNID, GNBI*

KIAA0226, BDH, DLGI

DPP7, GRINI, SSNAI, ZMYNADI9,
MRPL41, CACNAIB

SGC: sindrome de genes contiguos, * principales genes implicados en el fenotipo
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1.1.1.3 Factores monogénicos responsables de RM

Actualmente la base de datos “Online Mendelian Inheritance in Man” (OMIM)
(http://'www.ncbi.nlm.nih.gov/entrez/) contempla mas de 1.400 condiciones sindromicas y/o
desordenes neurologicos asociados a retraso mental que estan causados por alteraciones en
un Unico gen. En los ultimos afios, las estrategias de clonacion posicional han permitido la
identificacion de muchos de estos genes. Sin embargo nuestro conocimiento de las causas
monogénicas de RM es todavia limitado, principalmente en los autosomas. Identificar los
genes responsables en aquellos casos en los que el RM es el tnico signo evidente resulta
todavia un reto para la genética. La mayoria de los genes implicados en RM estan
involucrados en vias moleculares importantes para las funciones neuronales, especialmente
aquellas vias relacionadas con la funcidén cognitiva. En muchos casos el RM es parte de un
sindrome que comprende alteraciones cerebrales tales como microcefalia, heterotopia
neuronal, agenesia del cuerpo calloso etc., donde el RM es, probablemente, causa secundaria
de estas alteraciones (RM sindrémico), y los genes responsables en estos casos son
componentes esenciales para el correcto desarrollo del sistema nervioso central. Por el
contrario, en los casos en los que el RM estd presente con una estructura cerebral
aparentemente normal, las alteraciones que afecten al funcionamiento de las células
neuronales o su conectividad son seguramente el origen del RM (RM inespecifico). La tabla
4 muestra una lista de los principales genes autosomicos implicados en RM.

Gran cantidad de genes responsables de RM mapan en el cromosoma X, por lo que
dedicaremos un apartado especial al RM ligado al cromosoma X (XLMR). Probablemente
esta sobrerrepresentacion es debida no solo a la cantidad de genes en este cromosoma
relacionados con las habilidades cognitivas sino también a la facilidad que comporta la
identificacion de genes responsables de RM ligados al X, respecto a genes autosémicos.
Dentro de la clasificacion de RM monogénico se sittian los sindromes causados por la
desregulacion de genes o regiones imprintadas, tales como la region 15q11-q13 asociada a
los sindromes de Prader-Willi (SPW) y Angelman (SA). En el genoma humano se han
identificado aproximadamente 80 genes sometidos a imprinting (Morison et al., 2004). La
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impronta gendmica se refiere a la expresion preferencial o exclusiva de un gen en funcion de
su origen parental (Moore et al., 1991). Las alteraciones genéticas que originan el SPW
(deleciones, disomia uniparental y defectos de imprinting) tienen como consecuencia comun
una falta de expresion de varios genes de origen paterno, mientras que las anomalias
genéticas asociadas al SA (deleciones, disomia uniparental, defectos de imprinting y
mutaciones puntuales) ocasionan la falta de expresion del gen UBE3A materno.

Por ultimo, debemos tener en cuenta los errores congénitos del metabolismo, que son
alteraciones bioquimicas causadas por mutaciones en genes que codifican enzimas de
diversas vias metabolicas. En algunos casos estas alteraciones llevan a una intoxicacion por
acumulacion de compuestos toxicos. Las manifestaciones clinicas de afectacion neurologica
suelen ser tardias pero irreversibles, por lo que en muchas ocasiones estas enfermedades
estan incluidas dentro de los programas de cribado neonatal para su diagndstico precoz. Este

es el caso, por ejemplo, de la fenilcetonuria.
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Tabla 4. Algunos genes autosémicos responsables de RM monogénico

Gen/ Proceso Locus Sindrome/Fenotipo

Procesos de neurogénesis

ASPM 1q31 Microcefalia vera
CENPJ 13q12.2 Microcefalia vera
MCPH1 8p22-pter Microcefalia vera

Factores de transcipcion y casdadas de seriales

CBP 16p13.3 Sindrome de Rubinstein-Taybi

DNMT3B 20ql1.2 Sindrome de inmunodeficiencia, inestabilidad
centromérica y anomalias faciales (ICF)

EP300 22ql3.1 Sindrome de Rubinstein-Taybi

GTF2I1 /GTF2IRDI 7q11.23 Sindrome de Williams

NF1 17q11 Neurofibromatosis tipo I

Migracion neuronal

FCMD (Fukutin) 9p31 Distrofia muscular

congénita de Fukayama
LiSI 17p13.3 Sindrome de Miller Dieker
POMTI 9q34 Sindrome de Walker-Warburg
POMT2 14924.3 Sindrome de Walker-Warburg
POMGnTI 1p34 Trastorno ojo-musculo-cerebro
RELN 7922 Lisencefalia
VLDLR 9p24 Lisencefalia

Diferenciacion neuronal

UBE3A4 15ql11 Angelman

Modificado de Chelly et al., 2006
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1.1.2 Retraso Mental Ligado al Cromosoma X

El retraso mental ligado a cromosoma X (XLMR) requiere un apartado especial dentro de la
etiologia del RM. Los primeros trabajos sobre la incidencia del RM en la poblacién general
indican que el RM es significativamente mas frecuente en varones que en mujeres,
especialmente en el RM de rango leve a moderado (IQ entre 35 y 70) (Penrose et al., 1938).
Esta observacion y la descripcion de numerosas familias afectadas de RM con un patron de
herencia ligado al cromosoma X, evidencian que existe una gran cantidad de genes en este
cromosoma involucrados en la etiologia del RM. Los efectos de mutaciones en estos genes
son evidentes en los varones hemizigotos, los cuales no pueden compensar el efecto de dosis
causado por la mutacién. El cromosoma X contiene aproximadamente 1.100 genes, de los
cuales 800 codifican para proteinas. Aunque esto solo equivale a un 4% de los genes
codificantes de todo el genoma, cerca del 40% de estos genes se expresan en el cerebro y
estan involucrados en las habilidades cognitivas del ser humano, lo que les convierte en
candidatos potenciales de enfermedades neuroldgicas ligadas a cromosoma X (Turner y
Partington, 1991). De hecho, actualmente hay descritos alrededor de 300 genes del
cromosoma X relacionados con distintas condiciones sindromicas de RM, lo que representa
un 10% de las enfermedades genéticas con herencia mendeliana (Ross et al., 2005) (Figura

2).

1.1.2.1 Retraso mental sindréomico y no sindromico

Convencionalmente las formas genéticas de XLMR se subdividen en dos grandes categorias:
el RM sindrémico y el no sindromico o inespecifico. La forma sindromica se presenta
asociada a unas caracteristicas clinicas, fisicas y/o neuroldgicas reconocibles, mientras que
en la forma no sindréomica el RM se presenta como la tinica manifestacion clinica. Aunque
esta clasificacion resulta muy util en el diagnodstico clinico, estudios recientes de correlacion
fenotipo/genotipo estan indicando que algunas formas catalogadas como RM inespecifico
corresponden en realidad a RM sindromico, por lo que la barrera entre las formas

sindrémicas y no sindrémicas resulta a veces confusa (Frints ef al., 2002). De hecho, en
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algunos casos los genes que causan XLMR sindromico pueden causar también XLMR no
sindrémico como sucede con los genes ARX, ATRX, FGDI1, MECP2 y RSK2 (Castellvi-Bel y
Mila, 2001; Frints et al, 2002; Inlow y Restifo, 2004). Actualmente hay descritas
aproximadamente 140 formas sindréomicas de XLMR, para las que casi la mitad se ha podido

identificar las mutaciones responsables. Por el contrario solo en 24 de las 82 familias con

RM inespecifico se ha podido aislar el gen responsable (Ropers, 2006).
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Figura 2. Principales genes implicados en XLMR sindromico y no sindrémico. En azul se muestran los genes

implicados en ambas formas.
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1.1.2.2 Principales funciones moleculares y biologicas de los genes implicados en XLMR

Como ya se ha comentado anteriormente, el cromosoma X presenta una elevada proporcion
de genes asociados a las habilidades cognitivas y el desarrollo intelectual. Los genes
implicados en XLMR codifican para proteinas que intervienen en diversos procesos
neuronales, entre ellos factores de transcripcion, receptores, canales de transporte, proteinas
de union al DNA o RNA, reguladores y/o efectores de las vias de las RhoGTPase, etc.
(Tabla 5). A pesar de esta aparente diversidad, la mayoria de estos genes estan involucrados
en las mismas vias biologicas que intervienen en los mecanismos fisiopatoldgicos del RM.
Por ello, Chelly y colaboradores (2006) proponen prestar una especial atencion a aquellos
genes que intervienen en las funciones neuronales basicas. En esta clasificacion

distinguiremos dos categorias funcionales:

A) Control de la transcripcidn y remodelacién de la cromatina: factores de

transcripcion, proteinas involucradas en cascadas de sefializacion o en la

remodelacién de la cromatina.

B) Estructura y funcién sinaptica, migracidn neuronal: regulacion del citoesqueleto

de actina y los microtubulos, reguladores o efectores de las vias RhoGTPasas

(vias de sefializacion), proteinas transmembrana, etc.

-28 -



Tabla 5. Principales genes implicados en retraso mental ligado al cromosoma X.

Gen/ Proceso bioldgico Locus Sindrome/Fenotipo Funcion

Procesos de sinapsis

ARHGEF6 Xq28 XLMR, autismo Activacion de Raccdc42 mediada por integrinas, estimulacion del crecimiento de las
neuritas

DLG3 Xql3.1 XLMR Regulaciéon de la acumulaciones de receptores post-sinapticos

FGDI Xpll.2 XLMR Rho-GEF, estimulacion del crecimiento de las neuritas

FMRI Xq27 X Fragil Proteina de unioén al mRNA, factor de transcripcion

GDI1 Xq28 XLMR Regulacién en el sinaptosoma del “pool” de Rab4 y Rab5, posible papel en endocitosis

ILIRAPL Xp22.1 XLMR Regulacién de la exocitosis, modulador de la liberacion de neurotransmisor

NDP Xpll.4 Sindrome de Norrie Interaccion entre células neuroectodérmicas

NLGN4 Xp22.3 XLMR Proteina de membrana post-sinaptica, induccion de las estructuras pre-sinapticas

OPHNI Xql2 RM con hipoplasia cerebelar Activacion de las Rho-GTPasas, mediador indirecto de la morfogénesis de las espinas

dendriticas
PAK3 Xqg21.3 XLMR Regulacién del citoesqueleto de actina, estimulacion del crecimiento de las neuritas
TMA4SF2 Xqll XLMR Modulacidn de la sefializacion mediada por integrinas, formacion de las sinapsis

Factores de transcripcion, cascadas de sefiales

ARX Xp22.1 Lisencefalia ligada a X con genitales ambiguos  Factor de transcripcion proliferacion neuronal, diferenciacion de las neuronas

(XLAG), S. West, S. Partintong, XLMR GABAérgicas




Gen/ Proceso bioldgico Locus Sindrome/Fenotipo Funcion

CDKLS5 Xp22.2 Sindrome de Rett-like Interaccion con MECP2, potencial implicacion en la remodelacion de la cromatina
FMR2 Xq28 XLMR Regulacién de la transcripcion, implicado en formacion de la memoria a largo plazo
JARIDIC Xpll.2 XLMR Remodelacion de la cromatina

MECP2 Xq28 Sindrome de Rett Represor transcripcional, interviene en mecanismo de “splicing”

PHF6 Xq26 Sindrome de Borjesson-Forssman-Lehmann Factor de transcripcién

PHFS§ Xpll.2 RM con hendidura palatina Papel potencial en transcripcion

RPS6KA3 Xp22.2 Sindrome de Coffin-Lowry Fosforilacion de CREB, implicado en formacion de la memoria a largo plazo
SOX3 Xq27 RM, deficiencia de hormona del crecimiento Factor de transcripcion

XNP Xql3 XLMR Remodelacidon de la cromatina, regulacion de la expresion génica

ZNF41 Xpll.2 XLMR Regulador de la transcripcion, remodelacion de la cromatina

Migracion neuronal

DCX Xq22.3 Lisencefalia tipo | Proteina asociada a los microtiibulos

FLNA Xq28 Heterotopia nodular periventricular Regula la reorganizacion de los filamentos de actina

LICAM Xq28 CRASH (hipoplasia cuerpo calloso, RM, Glicoproteina axonal

afasia, paraplejia espastica, hidrocefalia).




Gen/ Proceso bioldgico Locus Sindrome/Fenotipo Funcion

Vias de sefializacion

AGTR?2 Xq24 XLMR Receptor de la angiotensina, interviene en diversas vias de sefializacion

Otros genes

DKDCI Xq28 Disqueratosis congénita Procesamiento y modificacion de rRNA

FACL44 Xq22.3 XLMR Reciclaje y sintesis de membrana

FTSJI Xqll.2 XLMR Modificacion de los tRNAs y regulador de 1 a translacion

MID1 Xpll4 Sindrome de Optiz tipo I Formacion de estructuras de anclaje a los microtibulos

OCRLI Xq25 Sindrome de Lowe Interacciona con proteinas RhoGAP

POPBI Xqll.2 XLMR Regulador de la transcripcion y el splicng de mRNA

SLC6A48 Xq28 XLMR Transportador de creatina, mantenimiento del “pool” de (fosfo)creatina en el cerebro
SLC16412 Xql3.2 RM, hormonas tiroideas alteradas Transportador de monocarbohidrato

SMS Xp22.1 Sindrome de Snyder-Robinson Metabolismo poliaminas

UPF3B Xq24 XLMR Regulacion de la transcripcion. Mecanismo degradacion de mRNA sin sentido.

Modificado de Chelly et al., 2006



A)_Control de la transcripcién y remodelacion de la cromatina

Las mutaciones en genes que codifican factores y cofactores de transcripcion, miembros de
las cascadas de traduccion de sefiales o proteinas de remodelacion de la cromatina son una
de las principales causas de XLMR monogénico (Tabla 5). Una de las cascadas de
sefializacion-trascripcion implicadas en desordenes cognitivos mas estudiadas es la via de las
Ras/MAPK (Ras-Mitogen-Activated Protein Kinase). Las proteinas MAPK son una familia
de quinasas ampliamente conservadas que son activadas en la respuesta celular frente a una
gran variedad de estimulos extracelulares (Garrington y Johnson, 1999). Las cascadas
Ras/MAPK estan involucradas en rutas de sefializacion tan importantes como la apoptosis o
la diferenciacion celular. Concretamente en neuronas Ras/MAPK forma parte de los
mecanismos necesarios para la estabilidad y consolidacién de la memoria y la plasticidad
neuronal (Miyamoto, 2006). La importancia de la via de sefializacion de las MAPK y su
implicacion en el RM estd ampliamente demostrada por la implicacion de varios
componentes de estas cascadas en desdrdenes que cursan con RM. A modo de ejemplo
tenemos la proteina codificada por el gen RPS6KA3 (ribosomal protein S6 serine/ threonine
kinase, alias RSK2) responsable del sindrome de Coffin-Lowry (Trivier ef al., 1996). El gen
RPS6KA3 pertenece a una familia de quinasas serina/treonina (RSK1, RSK2, RSK3, RSK4)
que intervienen en la via de activacion de Ras/MAPK. Estas proteinas son directamente
fosforiladas y activadas por las quinasas ERK1/2 (Extracellular signal-Regulated Kinases)
en respuesta a factores de crecimiento, hormonas peptidicas etc. (Chen et al., 1991; Sturgill
et al., 1991). Estas proteinas son las encargadas, una vez activadas, de fosforilar substratos
nucleares como las histonas o diversos factores de transcripcion (c-Fos, c-Jun, Nur77, SRF y
CREB) ¢ interaccionan a su vez con la proteina CBP, que es un co-activador transcripcional
(Xing et al, 1996; Nakajima et al, 1996). En concreto, RPS6KA3 estd directamente
implicada en la fosforilacién del factor de transcripcion CREB (cAMP response element
binding protein). La expresion génica y la sintesis de proteinas mediadas por CREB juegan
un papel importante tanto en el aprendizaje como en la memoria en humanos (Harum et al.,
2001). Otros ejemplos de genes implicados en alteraciones de la via MAPK responsables de
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diversas formas de RM son los genes autosémicos NF/ y CBP. Mutaciones en NFI y CBP
son responsables de los sindromes de neurofibromatosis y el sindrome de Rubinstein—Taybi,

respectivamente.

B) Estructura y funcidn sindptica, migracion neuronal

La sinapsis es un proceso que se produce en lugares especializados (terminales sinapticos) y
cuya funcion es mediar la comunicacion entre dos neuronas. Estructuralmente estan
formadas por un terminal pre-sinaptico (axén) y una region post-sinaptica (dendrita). La
formacion y mantenimiento de las sinapsis requiere la activacion coordinada tanto de
moléculas estructurales como de moléculas que intervienen en vias de sefalizacion
(Nakayama y Luo, 2000; Rao y Craig, 2000; Sheng y Kim, 2002). La localizacién pre y post
sinaptica de varias proteinas codificadas por genes implicados en RM sugiere que los
defectos en la sinaptogénesis, especialmente en la etapa post-natal de aprendizaje y
desarrollo de las funciones intelectuales, son probablemente los principales procesos
celulares que contribuyen al deterioro cognitivo. Un claro ejemplo de la importancia de la
sinapsis en la fisiopatologia del retraso mental es el gen FMRI. Las alteraciones
morfologicas y funcionales de las sinapsis en el cortex cerebral, cerebelo e hipocampo son
las causas principales que contribuyen al déficit cognitivo en pacientes con sindrome de X
fragil. La proteina FMRP, codificada por el gen FMRI, presenta tres dominios de unién a
RNA. Esta proteina se une a un nimero elevado de mRNAs, un 4% de los cuales se
expresan en tejido cerebral fetal (Veneri ef al., 2004). Estudios in vitro han demostrado que
los niveles de FMRP se incrementan en respuesta a la activacion de neurotransmisores,
demostrando su implicacién en la maduracion y/o formacion de las sinapsis (Weiler at al.,
1997; Greenough et al., 2001).

Las alteraciones en la organizacion del citoesqueleto de actina de los terminales sinapticos
de las dendritas y los axones, dan lugar a una disminucion de la conectividad neuronal y a un
deterioro de la funcion cognitiva ya que la regulacion y plasticidad de las sinapsis son
factores esenciales para la correcta actividad neuronal (Newey et al., 2005). El citoesqueleto
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de actina es fundamental para muchas funciones celulares como el mantenimiento de la
forma, la division, adhesion, traduccion de sefiales y orientacion y ramificacion tanto de los
axones como de las dendritas, etc. De hecho, la formacion de lamelipodios es dependiente
del citosqueleto y es esencial para las primeras etapas de movilidad del cono de crecimiento
axonal (Dent y Gertler, 2003). La estructura y funcién sinaptica esta regulada por vias de
sefializacion, siendo una de las principales la via de las Rho-GTPasas, implicadas en la
dinamica del citoesqueleto de actina. Estas proteinas juegan un papel relevante en varios
aspectos de la morfogénesis neuronal y sinaptica. La implicacion de las Rho-GTPasa en la
fisiopatologia del RM estd demostrada por la identificacion de varios genes que codifican
reguladores y/o efectores de estas proteinas (Figura 3, Tabla 4) (Ramakers 2002). Algunos
ejemplos son el gen OPHNI, que codifica para una proteina Rho-GAP (GTPase-activating
protein) que estimula la actividad GTPasa de RhoA, RAC1 y cdc42 (Billuart ez al., 1998), el
gen PAK3 que codifica una quinasa serina/treonina que ejerce de mediador de entre las
proteinas Rac y Cdc42 y el citoesqueleto de actina y la expresion génica (Allen ef al., 1998)
o el gen ARHGEF6 que codifica un factor de intercambio de nucledtidos guanina para Racl

y Cdc4 (Kutsche et al., 2000).
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Figura 3. Regulacion de los filamentos de actina a través de la via de sefializacion de las Rho-
GTPasas. Errores en diferentes proteinas Rho (sefialadas en rojo) son responsables de diferentes

formas de RM sindréomico y no sindrémico (tabla 4). Modificado de Newey et al., 2005
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Otra proteina que interviene en el mantenimiento de los filamentos de actina en los
terminales sinapticos es la filamina, que estd codificada por el gen FLNA. La filamina es una
proteina de unién a la actina que forma una unidn entre las proteinas de la membrana
plasmatica y el citoesqueleto. También interacciona con las integrinas y los complejos
receptores transmembrana, actuando como anclaje de estas proteinas al citoesqueleto de
actina. Las funciones conocidas de la filamina y el patrén de expresion de FLNA son
consistentes con un papel en la locomocién de las neuronas migratorias. Mutaciones en la
filamina son responsables del sindrome FG o sindrome de Opitz-Kaveggia, un sindrome raro
que causa XLMR asociado a enfermedad cardiaca congénita, atresia anal, hernia inguinal,
criptorquidismo y otras anomalias (Unger e? al., 2007).

Las proteinas transmembrana NLGN4 y ILIRAPLI, y la proteina soluble GDII son otro tipo
de proteinas responsables de RM y que estan implicadas en la formacion de terminales
sinapticos. El gen NLGN4 codifica una proteina de la superficie celular neuronal que actua
como ligando para las beta-neurexinas y esta involucrada en la formaciéon y remodelacion de
las sinapsis del SNC. Se han descrito mutaciones en este gen implicadas en autismo y
sindrome de Asperger. La proteina codificada por el gen /L/RAPLI pertenece a la familia de
los receptores de la interleukina 1. A nivel post-natal se expresa principalmente en las
estructuras cerebrales implicadas en sistema de memoria del hipocampo, lo que sugiere un
papel especializado en los procesos fisiopatoldgicos responsables de la memoria y el
aprendizaje. Hay reportadas deleciones y mutaciones de este gen en pacientes con XLMR.
Por ultimo, el gen GDI! (inhibidor de disociacion de GDP) codifica una proteina que regula
la reaccion de intercambio GTP de la familia de proteinas Rab, una familia de proteinas de
unién a GTP que pertenecen a la superfamilia de proteinas Ras, implicadas en el trafico
vesiculas de moléculas entre organulos celulares. Se han descrito diversas mutaciones en

este gen implicadas en XLMR (D’Adamo et al., 1998).
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1.1.3. Diagnostico genético del RM

El diagnostico del RM presenta ciertas dificultades debido a su elevada heterogeneidad. El
primer paso es la exploracion clinica minuciosa enfocada a la deteccion de anomalias
mayores y menores, y la obtencion de datos sobre antecedentes personales y familiares. En
funcion de los datos clinicos obtenidos, el protocolo de estudio dependera de si existe
sospecha diagndstica clara de un sindrome que curse con RM o si por el contrario nos

encontramos frente a un caso de RM inespecifico (Mila et al., 2006).

1.1.3.1 RM sindromico

A) Ante la sospecha de una cromosomopatia se realizara un cariotipo con una resolucion
minima de 550 bandas.

B) Cuando se sospeche de un sindrome microdelecional (ej. Sindrome de Williams) se
aplicaran las técnicas de hibridacion in situ fluorescente (FISH), que permitira la deteccion
de alteraciones estructurales o numéricas menores de 500 Kb o la hibridacion genomica
comparada (CGH) para la deteccidén de desequilibrios numéricos a nivel de todo el genoma
con una resolucion de 3-5Mb.

C) Cuando se sospeche de un sindrome causado por genes sometidos a imprinting (ej.
Sindrome de Angelman) se realizaran estudios de metilacion (que nos permitird conocer qué
genes estan activos o inactivos) y/o estudios de disomia uniparental con marcadores
microsatélites distribuidos a lo largo del cromosoma implicado.

D) En el caso de una sospecha de un sindrome monogénico (ej. Sindrome de Rett: gen
MECP?2 o sindrome de Coffin-Lowry: gen RPS6KA3) se realizara el estudio mutacional del
gen correspondiente mediante diferentes técnicas de busqueda de mutaciones como Single
Strand Conformation Polimorfism (SSCPs), Denaturing Gradient Gel Electrophoresis
(DGGESs), Denaturing High Performance Liquid Chromatography (DHPLC), o

secuenciacion directa de todo el gen.
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1.1.3.2 RM inespecifico

En los casos en los que la evaluacién clinica no permita un diagndstico claro, el protocolo
establecido incluye el estudio de:

A) Cariotipo (>550 bandas). El estudio del cariotipo es un paso rutinario, a pesar de que en
los casos de RM no sindrémico practicamente no hay cromosomopatias detectables
mediante citogenética convencional.

B) Estudio molecular de la expansion CGG del gen FMRI (Sindrome X fragil). Este estudio
esta establecido en el protocolo de estudio de RM debido no solo a que constituye la causa
de retraso mental hereditario mas comun entre los varones (30% de los casos de XLMR)
sino también a que es un estudio directo, facil y barato.

C) Estudio de las regiones subteloméricas. Aproximadamente un 6-10% de los casos de RM
inespecifico son debidos a reordenamientos en regiones subteloméricas. En los tltimos afios
se han descrito nuevos sindromes de reordenamientos subteloméricos que cursan con RM y
facies dismorficas (Knight et al., 2000; De Vries et al., 2003; Rodriguez- Revenga et al.,
2004). Aunque las sondas de FISH subteloméricas han sido hasta ahora el método mas usado
para la deteccidon de reordenamientos subteloméricos, la técnica de Multiplex Ligation Probe
Amplification (MLPA) se presenta actualmente como el método mas eficiente para la

deteccion de este tipo de reordenamientos.

1.2 Técnicas de estudio del RM

Desde el descubrimiento de las bandas G en los afios 70, el analisis del cariotipo ha sido la
principal herramienta para el diagnodstico de alteraciones cromosdémicas en RM, tanto de
aneuploidias  totales o parciales como de reordenamientos (traslocaciones,
microduplicaciones y microdeleciones). La citogenética convencional tiene una resolucion
de 6-10 Mb, por lo que la identificacién de alteraciones submicroscopicas requiere de
técnicas mas sensibles. La aplicacion de nuevas tecnologias de citogenética molecular como

el FISH o la CGH ha permitido superar en parte esta limitacion.
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1.2.1 Técnicas convencionales

1.2.1.1 Hibridacion in situ Fluorescente

La técnica de FISH, desarrollada en los afios 80 (Pinkel et al., 1986), supuso un gran avance
para la deteccion y/o confirmacion de anomalias cromosdmicas que estan mas alld del poder
de resolucion de la citogenética convencional. Esta técnica se basa en el marcaje de sondas
de DNA con fluorescencia que posteriormente se hibridaran al DNA de la muestra en el sitio
diana (Figura 3). La sensibilidad de la técnica (80-100kb) es muy superior a la citogenética
convencional por lo que gran numero de sindromes microdelecionales son directamente
diagnosticados por FISH. Los BAC (Bacterial Aritificial Chromosome), PAC (P1-derived
Artificial Chromosome) y YAC (Yeast Artificial Chromosome), son un tipo de “vectores de
alta capacidad” usados para clonar fragmentos de DNA de aproximadamente 100 a 300 kb.
El marcaje de clones, ya sean BACs, PACs o YACs, se ha convertido en una valiosa
herramienta tanto para la caracterizacion detallada de puntos de rotura a lo largo del genoma
humano y la identificacion de genes responsables de desordenes genéticos en base a su

localizacion cromosomica (clonacion posicional), como para la construccion de bibliotecas

gendmicas, como en el Proyecto Genoma Humano.

Figura 3. Hibridacién in sifu dual
sobre una preparacidn cromosomica
de un paciente varén. Las sefiales
verde y roja corresponden a sondas
amplificadas y marcadas a partir de

BACs de la region Xpl1.4.
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Una de las desventajas que presenta la hibridacidn in situ es que es necesario conocer la
region que se quiere estudiar. Son estudios dirigidos a la confirmacion de una sospecha
diagnostica de sindromes microdelecionales/microduplicionales y/o confirmacion de

resultados obtenidos mediante otras técnicas como el MLPA o los arrays de CGH (aCGH).

1.2.1.2 Hibridacion Genomica Comparada (CGH)

La CGH es una técnica surgida en los afios 90 que permite la deteccion de desequilibrios
cromosomicos abordando todos los cromosomas en un sélo experimento (Kallionemi et al.,
1992), lo que constituyd un gran avance sobre las técnicas citogenéticas y moleculares
utilizadas hasta el momento para el diagnéstico. La CGH se basa en un proceso de
hibridacion competitiva en base al cual el DNA a estudiar es marcado con un fluorocromo
especifico (verde), y el DNA control es marcado con otro fluorocromo distinto (rojo); estos
DNA se combinan y son hibridados en cromosomas humanos sin anomalias. El analisis
posterior se realiza mediante un programa informatico que cuantifica la fluorescencia roja y
verde a lo largo de los cromosomas, estableciendo un perfil del ratio de fluorescencia
verde/roja para cada cromosoma. Ratios entre un valor de 0,75 y 1,25 indican una cantidad
relativa de DNA equivalente entre el DNA problema y el DNA control, ratios superiores a
1,25 o inferiores a 0,75 indican una ganancia o pérdida en el DNA problema,
respectivamente. Las principales limitaciones de la CGH son la resolucidn, ya que no detecta
reordenamientos cromosémicos inferiores a 5-10Mb y tampoco permite detectar alteraciones
cromosomicas equilibradas. Ademas se trata de una técnica laboriosa con la que no se

obtienen resultados hasta pasadas 72 horas.

1.2.2 Nuevas tecnologias aplicadas a la deteccion de reordenamientos cripticos
El desarrollo de nuevas tecnologias cada vez mas sensibles esta permitiendo la deteccion de
reordenamientos cripticos que muchas veces no pueden ser detectados con las técnicas de

citogenética convencional. En el campo del RM, la aplicacion de estas nuevas tecnologias,
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como los arrays de CGH o el MLPA, esta permitiendo la identificacion y caracterizaciéon de

alteraciones cromosdmicas desequilibradas que resultan en variaciones en nimero de copia.

1.2.2.1 Multiplex Ligation-dependent Probe Amplification

La técnica del MLPA se ha convertido en una valiosa herramienta para la deteccion de
reordenamientos cripticos. El MLPA se basa en la deteccion simultinea del numero de
copias de una secuencia diana mediante la hibridaciéon genémica del DNA con una mezcla
de sondas especificas (Schouten et al, 2002). Cada sonda esta constituida por un
oligonucledtido sintético y un fragmento derivado del bacteriofago M13 (figura 4). Cada uno
de estos segmentos presenta secuencia una secuencia complementaria a la secuencia diana y
una secuencia de primers que comun para todas las sondas (primesr X e Y). El fragmento
derivado del bacteri6fago presenta ademas una secuencia comodin que varia en tamafio para
cada sonda que nos permitira diferenciar los productos amplificados por el tamafio. Cuando
ambas partes de la sonda hibridan de forma especifica sobre el DNA problema, se produce la
ligacion entre ambos fragmentos de la sonda y la posterior amplificacion de esta secuencia.
Las sondas que no hayan hibridado o no se hayan ligado no seran amplificadas. La cantidad
relativa de producto amplificado se corresponde con el nimero de copias de la secuencia
diana. Los productos amplificados son identificados y cuantificados mediante electroforesis
capilar (Figura 4).

En el campo del retraso mental, la aplicacion del MLPA ha sido de especial utilidad para el
estudio de reordenamientos subteloméricos, responsables del 5-7% de los casos de RM
inespecifico. El gran numero de estudios surgidos en los ultimos afios, ponen de manifiesto
que esta tecnologia es altamente eficiente para el analisis a gran escala de desequilibrios
subteloméricos en pacientes con RM (Koolen et al., 2004; Rooms et al., 2005; Montfort et
al., 2006). Actualmente en el mercado existen sondas para el estudio tanto de regiones
implicadas en RM (ex. regiones subteloméricas, diversas regiones del cromosoma X) como

para sindromes concretos (ej. Sindrome de Williams o Sindrome de Rett).
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Figura 4. Esquema de la reaccion de MLPA. Los productos de amplificacion tienen una medida tinica para cada

secuencia diana.

Por otro lado el disefio de sondas de MLPA Jocus especificas es relativamente sencillo, por
lo que es posible disefiar estudios de regiones especificas. El disefio de sondas de MLPA
constituye una herramienta rapida para el estudio de reordenamientos en regiones especificas
del genoma. Una de las desventajas de esta tecnologia es sin embargo, que no permite
detectar alteraciones cromosomicas equilibradas y que el analisis queda limitado a las

regiones para las que se han disefiado las sondas.

1.2.2.2 Array CGH (aCGH): array de BACs y array de oligonucleotidos
Hasta la fecha, la técnica mas empleada para la deteccion de cambios en el nimero de copia
de DNA a lo largo de todo el genoma ha sido la CGH. La aparicion de la CGH supuso una

enorme ventaja frente a las técnicas de citogenética convencional. Sin embargo, tiene un
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poder de resolucion similar al de la citogenética de alta resolucion, permitiendo sélo detectar
pérdidas o ganancias superiores a 5-10Mb. La aparicién de los aCGH, con un mayor poder
de resolucion (<IMb), ha permitido la deteccion de reordenamientos cripticos
desequilibrados a lo largo de todo el genoma no detectables con las técnicas convencionales.
El aCGH es una técnica que combina la tecnologia de los microarrays con la CGH, en la que
la hibridacion se realiza sobre secuencias de DNA conocidas fijadas en un soporte soélido,
generalmente un soporte de cristal (Figura 5). En funcion del tipo de material que se fija en
el soporte, disponemos de diferentes tipos de arrays. En los aCGH de BACs, los segmentos
fijados son fragmentos de DNA, de localizacidon fisica conocida, de aproximadamente 100-
150kb, clonados en forma de BAC o PAC. El aCGH es actualmente -el método méas usado
para el screening a gran escala de variaciones en numero de copia. Comparado con el
cariotipo convencional, el aCGH proporciona no sélo una mayor resolucion sino también
permite mapar directamente las alteraciones detectadas a una secuencia gendmica conocida..
Su resolucion estd determinada por el tamafio y la densidad de secuencias fijados en el
soporte. Los arrays “tiling path” tienen una resolucion de aproximadamente 1 clon cada
100kb, por lo que la cobertura de la regidn a estudiar es total. Los aCGH permiten ademas
un disefio diferente para cada experimento, por lo que muchos laboratorios realizan estudios
con aCGH usando clones de regiones gendmicas seleccionadas. En retraso mental es comun
el uso de arrays disefiados especificamente para la deteccion de sindromes
microdelecionales o microduplicacionales (Locke et al., 2004; Klein et al., 2004; Shaw et
al., 2004) y deteccidon de reordenamientos subteloméricos (Veltman et al., 2002).

Otro tipo de arrays habitualmente usados para la deteccion de CNVs son los de
oligonucledtidos (Lucito et al., 2003; Huang et al., 2004), en los que el material fijado son
oligonucledtidos sintéticos de un tamafio de 25 a 80 bases. Debido al menor tamafio de las
sondas, los arrays de oligonucledtidos permiten una densidad mucho mayor. Asi, un array
de lecm® puede llegar a contener hasta 100.000 oligonucledtidos, lo que proporciona un

poder de resolucion muy elevado (<50kb).
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Figura 5. Esquema de la tecnologia del aCGH. A) En los aCGH la hibridacion de las muestras control y
problema se realiza sobre secuencias de DNA conocidas fijadas en un soporte sélido. Ademas cada experimento
se realiza por duplicado cambiando los fluorocromos (dye swap). De esta forma si en el primer experimento se
marca la muestra en verde y el control en rojo, en el segundo experimento se invierten los colores. B) En el perfil
del aCGH cada punto representa la media transformada y normalizada del log2 del ratio de la intensidad de la
muestra frente al control. Este ratio se obtiene de un numero de puntos independientes replicados en el array (el
namero de réplicas depende del disefio). Los desequilibrios genémicos se determinan en base al log2 de los ratios

Cy5/Cy3 de cada clon.
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Los progresos recientes en las tecnologias de diagndstico genético estdn permitiendo la
deteccion de alteraciones cromosomicas submicroscopicas a nivel de todo el genoma,

mejorando de forma significativa el diagnostico en los pacientes afectos de RM.
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2. OBJETIVOS

El objetivo principal de esta tesis es la caracterizacion de variantes genomicas responsables
de RM y la aplicacion de diferentes metodologias al diagndstico del RM de origen genético.

Los objetivos concretos son:

1. Evaluar la eficiencia de las nuevas tecnologias para la deteccién de reordenamientos

cripticos en pacientes con RM: aCGH del cromosoma X y MLPA.

2. Disefio y construccion de un array especifico del cromosoma X que consta de una bateria

de 1.600 clones representando la secuencia de todo el cromosoma X a intervalos de

aproximadamente 100kb.

3. Establecer una relacion fenotipo/genotipo en aquellos pacientes portadores de

reordenamientos en este cromosoma.

4. Identificacién de nuevos genes involucrados en la patologia del RM.

-47 -






3. MATERIAL YRV Y00







3. MATERIAL Y METODOS

3.1 Construccion del array de CGH

El disefo, la construccion del array y la hibridacién de las muestras se han realizado en el
laboratorio de microarrays del Centro de Regulacion Gendmica de Barcelona (CRG,
Barcelona). E1 aCGH del cromosoma X consta de aproximadamente 1.600 BAC gendmicos
derivados del cromosoma X, més 3 clones especificos de Drosophila (control negativo). La
seleccion de clones se hizo a través de la base de datos de la University of California Santa
Cruz (http://genome.ucsc.edu/). El conjunto de clones utilizados para la construccion de este
array deriva de la libreria humana de 32k suministrada por el Children Hospital Oakland
Research Institute (http://bacpac.chori.org/home.htm). Cada array contiene cuadruplicados
de los 1,600 clones, con una densidad de 1 clon cada 100 kb, lo que representa una

resolucidn teodrica de 100 kb.

3.1.1 Extraccion de DNA de BACs

La extraccion de DNA se realiza a partir de 1,5 ml de cultivo medainte el kit Montage

BAC96 Miniprep (Millipore, Billerica, MA), siguiendo las instrucciones del proveedor.

3.1.2 Amplificacion por DOP-PCR

Para la amplificacién del DNA extraido se ha seguido el protocolo descrito por Fiegler y col.
(2003).
Material:

- 10x polimerasa Buffer sin MgCL, (Biotools)

- Taq polimerasa 5 U/ul (Biotools)

- 50mM MgCl, (Biotools)

- dNTPs 100mM (dATP, dCTP, dGTP, dTTP) (Roche). Se prepara una mezcla de los 4 a
una concentracion final de 10mM.

- primers a una concentracion de 100pM
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DOP1: 5°-CCG ACT CGA GNN NNN NCT AGA A-3°
DOP2: 5°- CCG ACT CGA GNN NNN NTA GGA G-3°
DOP3: 5°- CCG ACT CGA GNN NNN NTT CTA G-3°
DOP4: 5°- GGA AAC AGC CCG ACT CGA G-3’ (5* amino modificado)

La amplificacion consta de dos reacciones:

1. DOP-PCR R1

En un volumen final total de 50ul se prepara:

10xPol Buffer Sul (1x final)
MgCl, 50mM 2ul (2mM final)
dNTPs 10mM 1ul (0.2mM final)
Primer DOP1 Ipul (2uM final)
Primer DOP2 Ipul (2uM final)
Primer DOP3 Ipul (2uM final)
Taq polimerasa 5U/ul 1ul (2.5 U final)
BAC DNA 2ul

Las condiciones de PCR son las siguientes:

1) 3 min 94°C

2) 1 min 30 seg 94°C

3) 2 min 30 seg 30°C

4) Aa0,1°C/seg de 30°C a 72°
5) 3 mina 72°C

6) Iral paso 2,9 veces mas
7) 1 mina 94°C

8) 1 min 30 seg 62°C

9) 2 min 72°C

10) Ir al paso 7, 29 veces més
11) 8 min 72°C

12) 15° C, Final

Se carga 1/10 parte de la reaccion en un gel de agarosa al 1%. Se debe ver un smear entre

0,3-3kb, especifico para cada muestra.
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2. DOP PCR R2

Se prepara una mezcla de reaccion para un volumen final de 60pl:

10xPol Buffer 6ul (1x final)

MgCl, 50mM 3ul (2,5mM final)
dNTPs 10mM 1,5ul (0.25mM final)
Primer DOP4 1ul (0.6uM final)
Taq polimerasa S5U/ul 1ul (5U final)

DNA (DOP PCR R1) 2ul

Las condiciones de PCR son las siguientes:

1) 3 min 94°C

2) 1 min 94°C

3) 1 min 30 seg 60°C

4) 7 mina 72°C

5) Iral paso 2, 34 veces mas
6) 10 min 72°

7) 15°C

8) Final

Se cargan entre 3-5pl en un gel de agarosa al 0,7%. Debe observarse un smear de bandas
entre 0,3-3kb.

La purificacién de los productos de PCR se realiza con las placas Montage PCR96

(Millipore), siguiendo las instrucciones del fabricante.

3.1.3 Determinacion de la concentracion

Preparar una dilucion del reactivo de cuantificacion* en DMSO, 1:200 en 1xTE (10xTE,
Invitrogene).
* Reactivo de cuantificacion (PicoGreen ds DNA Quantification kit, Molecular Probes)
PicoGreen 50ul
TE 1X 9,95ml

3.1.3.1 Curva de standards de DNA

1) Realizar una dilucion del standard DNA BAC purificado de 100pug/pl.

2) Diluir primero 1:100, obteniendo una concentracién de 1000ng/ml.
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3) Para una sola muestra de esta dilucion, afiadir 2 pul de DNA a 198ul de 1xTE.
4) A partir de esta dilucion, se obtienen las concentraciones de DNA entre 400-

25ng/mL.

3.1.3.2 Cdlculo de la concentracion

1) En los 8 pocillos de la primera fila de una placa de 96 se pipetean 100ul de cada
una de las diluciones estandar: 1000, 500, 250, 100, 50, 20, 10 y 4 ng/ml,
respectivamente.

2) En el primer pocillo de la segunda fila se pipeptean 100ul de TE (blanco).

3) En el resto de pocillos se afiade pipetea una dilucion 1:20 de las muestras a
analizar (2ul de muestra en 38ul de 1xTE) y 100ul de la dilucién 1:200 (en 1xTE)
del reactivo de cuantificacion.

4) Mezclar a temperatura ambiente durante 10 minutos en el agitador de placas,
protegido de la luz con un cubre de aluminio.

5) Medir en el fluorimetro de placas (Spectra max, Gemini XPS).

3.1.4 Espoteado y blogueo de los vidrios (protocolo del Grupo del Dr. Lauro Sumoy, CRG)

Los productos purificados y cuantificados son secados en un speed-vaccum, disueltos a 400
ng/ul en 50% DMSO y espoteados en los vidrios por cuadruplicado usando el VersArray
ChipWriter'™ Pro System (Bio-Rad). Antes de poder ser utilizados, los vidrios deben ser
bloqueados.
1. Materiales:

- portaobjectos espoteados y con el DNA fijado

- H,O milliQ autoclavada

- BSA (albumina sérica bovina)

- 20x SSC (filtrado)

- 10% SDS (filtrado)

- filtros de 0,22 um de poro
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- cestillos pera portaobjetos

2. Preparacion de la solucién de bloqueo:

1) Preparar 250 ml de solucion con BSA al 1%, 6xSSC, 0.5% SDS en agua mQ.
20xSSC 75 ml
10% SDS 12.5 ml
BSA (98% en polvo) 2.5 g
agua miliQ 162.5 ml

2) Filtrar la solucion por filtros de 0,22 pum de poro.

3) Poner la solucion en una cubeta de prelavados y calentamos a 42°C.

4) Afiadir 12 portaobjetos como maximo y dejamos 1h a 42°, con agitacion.

5) Realizar 4 lavados con agua mQ.

6) Centrifugar 5 min a 1500 rpm a RT para secarlos.

3.1.5 Marcaje e Hibridacion de las muestras

La hibridacion de las muestras se realizo siguiendo el protocolo del kit Bioprime (BioPrime
Array CGH Genomic Labeling System, Invitrogen, Life technologies, Carlsbad, CA)
modificado para aCGH (Fiegler et al., 2003; Wang et al., 2004). Para cada hibridacion se
marcan 400 ng de DNA del paciente y DNA control mediante random priming. En todos los
casos se utiliz6 el sistema de marcaje reverso para minimizar el efecto artefactos especificos
de marcaje.
1. Materiales:

- kit Bioprime (Invitrogen)

- dCTP-Cy3 y dCTP-Cy5 1 mM (Amersham Biosciences)

- DNA genoémico purificado

- 10x ANTP mix (dATP, dTTP y dGTP a 2 mM, dCTP a 1,2 mM)

- Columnas para limpiar la reaccion (Qiaquick PCR purification kit)
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2. Procedimiento:
1) Para cada muestra de DNA gendmico se prepara un tubo de 0,2 ml para PCR
donde se mezclan:
- 400 ng de DNA genomico a estudiar
- 20 pl de 2,5x Primer Mix del kit
- Ajustamos el volumen hasta 42 pl y H,O mQ autoclavada
2) Dejar 10 min a 99°C en el termociclador. Hacemos un spin y dejamos los tubos en
hielo.
3) En el tubo se anade:
-5 ul de 10x ANTP mix
-2 pul de dCTP-Cy3 o0 dCTP-Cy5 1 mM (segun la muestra)
- 1 ul Klenow (40 U/ul) del kit
4) Dejar O/N a 37° (aprox. 18 horas).
5) Limpiar las muestras de nucle6tidos no incorporados con el kit “Qiaquick PCR
purification” (Qiagen), siguiendo las instrucciones del proveedor.
6) Medir la absorbancia a 532 y 650 de las muestras con el espectrofotometro
(ND100, NanoDrop Technologies) para determinar la cantidad de fluorocromo
incorporado.
En este punto se pueden guardar las muestras a -20°C hasta un periodo de tres meses o

seguir con la precipitacion de la sonda y la posterior hibridacion.

Precipitacion de las sondas

1) En un eppendorf afiadir 50pl de muestra marcada con Cy3, 50ul de muestra
marcada con Cy5, 100ug de Cot-1 DNA (1pg/ul)(Roche Diagnostics)

2) 20pl de NaCl pH 5.2 y 500ul de etanol 100% frio

3) Mezclar los tubos por inversion e incubar 1h a -20°C

4) Centrigufar durante 30 min. a 13.200rpm a 4°C

5) Descartar el sobrenadante y dejar secar el pellet
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Hibridacién
1) Resuspender los pellets en 70 pl de solucion de hibridacion
2) Hacer un spin y dejar 20 min a 72°C y 2 h a 45°C
3) Hacer un spin, afiadir los 70 pl de muestra sobre un cubre de vidiro de 24x60mm
y colocarlo sobre la zona del porta donde estan los spots.
4) Poner el porta en una camara de Corning y afiadir 20 pl de agua mQ en cada
pocillo.
5) Cerrar las camaras y dejar 40 h a 45°C en un horno de hibridacion.
Lavados
1) 1x con 50% formamida, 2xSSC y 0.1% SDS durante 20 min, a 45°C con agitacion
2) 2x con 0.2x SSC, 10 min, a temperatura ambiente con agitacion
3) 1x con H20 miliQ, 10 min, a temperatura ambiente con agitacion
4) Centrifugar a 1.500 rpm, 5 min a temperatura ambiente

5) Escanear y cuantificar el array

3.1.6 Lectura de los arrays y andlisis de los resultados

Los vidrios se escanean con el sistema Agilent G2565BA MicroArrayScanner (Agilent Inc.,
Palo Alto, CA) y las imagenes adquiridas se analizan mediante el software GenePix Pro 6.0
(Axon, Molecular Devices). Los datos extraidos son filtrados y normalizados (normalizacién
Lowess) mediante el software Bacanal (Lozano y col., sin publicar). Se calcula el ratio log2
y la Desviacion Standard (SD) para cada clon para cada hibridacion. Los desequilibrios
genomicos se determinan en base al log2 de los ratios Cy5/Cy3 de las cuatro réplicas de cada
clon, considerandose que existe una ganancia o una pérdida cuando al menos dos clones

consecutivos exceden el rango +0.2 0 -0.2, respectivamente.

3.1.7 Validacion del array del cromosoma X

Con el fin de validar la especificidad y sensibilidad del array para detectar variaciones en
numero de copia, se analizaron cuatro muestras de DNA de pacientes portadores de
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alteraciones del cromosoma X caracterizadas mediante citogenética convencional:
46,XX,dupXq22-q26; 46,XX,dupXq28; 46,XX, delXq27-qter; 46,XX, dupXpl1-p21. De las
misma forma, se realizaron hibridaciones de una misma muestra contra si misma para
detectar aquellos clones que excluiremos del analisis. Los criterios seguidos para considerar
que un clon era problematico son:

1) clones con valores absolutos de log, ratio >0.2 en las hibridaciones de una

muestra contra si misma son considerados falsos positivos

2) clones con valores de SD superiores a 2 veces la desviacion de las desviaciones

en diferentes hibridaciones

3) clones que muestran valores de log2 ratios normales dentro de una alteracion

conocida son considerados falsos negativos

3.2 Diseiio de sondas locus especificas de MLPA

La confirmacion y caracterizacion de las CNVs encontradas mediante el aCGH se ha
realizado mediante sondas locus especificas de MLPA. El disefio de las sondas se ha
realizado consultando la base de datos de la University of California Santa Cruz

(http://genome.ucsc.edu/).

Protocolo para el disefio de las sondas

1) A la hora de escoger la secuencia diana, es importante evitar la presencia de
polimorfismos en esta region ya que pueden afectar a la union de la sonda con la
secuencia diana dando lugar a falsos positivos.

2) Cada sonda disefiada debe consistir en dos segmentos, S1 y S2, que son dos
secuencias adyacentes y complementarias a las secuencia diana a estudiar.

3) Cada segmento puede tener un tamafio entre un minimo de 21 pb y un méaximo de
80 pb.

4) La diferencia minima entre dos sondas debe ser de 4pb. Este rango nos permite

discriminar las secuencias por tamafio.
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5) El extremo 5’ de S1 de cada sonda es totalmente complementario a un primer F
(marcado con FAM o HEX) que se utiliza para amplificar las secuencias.
6) El extremo 5’ de S2 de cada sonda presenta una modificacion fosfato necesaria
para la ligacion de ambos segmentos de la sonda (S1y S2).
7) El extremo 3’ de S2 de cada sonda es totalmente complementario a un primer R
que se utiliza para amplificar las secuencias.

Para preparar la mezcla de sondas se diluyen 0,8l de cada sonda (1uM) en 1XTE, hasta un

volumen final de 200ul.

Protocolo
1. Diluir el DNA (20-500ng DNA) en H,O, hasta un volumen final de 5Spul.
2. Desnaturalizar 5 minutos a 98 °C, dejar enfriar hasta 25 °C.
3. Afadir 1.5ul de SALSA Probe-mix (MRC-Holland, Amsterdam, The Netherlands) y
1.5pl de la mezcla de sondas que hemos preparado.
4. Mezclar con cuidado. Calentar 1 min. 95°C, e incubar 16 h. a 60°C.
5. Transcurrido el tiempo de incubacidn, bajar la temperatura del termociclador a 54°C
y afiadir 32l de Ligase-65 mix (MRC-Holland, Amsterdam, The Netherlands).
6. Dejar incubar 15 min. a 54°C
7. Tras el periodo de incubacién se realiza la PCR. Se mezclan 4ul de 10 X SALSA
PCR buffer (MRC-Holland, Amsterdam, The Netherlands), 26ul de H20 y 10ul de la
reaccion de ligacién. Cuando el termociclador esta a 60°C, se afiaden 10ul de Tag
polimerasa a la mezcla anterior. Las condiciones de la PCR son:
35 ciclos: 30 segundos a 95°C;
30 segundos a 60°C
60 segundos 72°C,

extension final: 20 min. a 72°C.
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8. La separacion de los productos amplificados se realiza en un analizador de
fragmentos ABI 310 y los datos se analizan mediante el software GeneMapper (Applied

Biosystems, CA, USA).
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Justificacion del estudio 1

MLPA as first screening method for the detection of microduplications and microdeletions in
patients with X-linked mental retardation. Genet Med. 2007, 9(2):117-22

El estudio genético del RM constituye uno de los campos mas complejos de la genética humana;
el avance en la identificacion y caracterizacion de los factores genéticos responsables de RM se
ve limitado por la heterogeneidad tanto clinica como molecular de esta patologia. El hecho de
que cada gen sea responsable de RM en un numero reducido de familias, existiendo mas
familias sin diagnosticar que familias con alteraciones genéticas identificadas, hace mas dificil
la identificacion de estos genes. Hasta ahora la mayoria de las mutaciones identificadas en genes
responsables de RM son mutaciones no sindmimas y deleciones, posiblemente debido a la falta
de técnicas lo suficientemente eficaces para la deteccidon de otro tipo de reordenamientos. La
técnica de MLPA permite la deteccion de alteraciones en el niimero de copia mediante la
amplificacion de sondas adyacentes que identifican una secuencia diana. Actualmente esta
técnica es ampliamente utilizada debido a su alta relacion efectividad/coste y a que puede ser
utilizada en cualquier laboratorio de biologia molecular. De la misma forma, en los casos en que
se sospecha un XLMR, se incluye el screening de reordenamientos en el cromosoma X
mediante un MLPA especifico de este cromosoma. La puesta a punto del MLPA ha permitido
incluir el screening de regiones subteloméricas por MLPA en los protocolos de estudio de RM,
de tal forma que ahora este estudio se realiza ante todo RM que tenga un cariotipo normal y una

vez descartado el sindrome del cromosoma X fragil.

Los objetivos especificos de estos estudios fueron:

1. Evaluar la técnica de MLPA para la deteccidon de reordenamientos cripticos en pacientes con
XLMR.

2. Determinar la incidencia de microdeleciones y microduplicaciones en una poblacion de

individuos con XLMR mediante MLPA.



Justificacion del estudio 2

X-chromosome tiling path array detection of copy number variants in patients with
chromosome X-linked mental retardation. BMC Genomics. 2007, 8(1):443

El estudio de reorganizaciones submicroscopicas requiere de técnicas mas sensibles a la
citognética convencional. Las limitaciones de la citogenética convencional fueron en parte
superadas gracias a la aparicion de la Hibridacion Gendémica Comparada (CGH) y la hibridacién
“in situ” fluorescente (FISH). Sin embargo la principal limitacion de la CGH es su resolucion ya
que no detecta reordenamientos cromosdémicos menores a 3Mb y del FISH es que se requiere
conocer la regién que queremos estudiar. Los arrays de CGH permiten detectar reordenamientos

cromosomicos desequilibrados de <1 Mb.

Los objetivos especificos de estos estudios fueron:

1. Diseflo y construccidén de un array especifico del cromosoma X que constara de una bateria
de aproximadamente 1600 clones representando la secuencia de todo el cromosoma X a
intervalos de aproximadamente 100 kb.

2. Determinar la incidencia de microdeleciones y microduplicaciones en una poblacion de

individuos con XLMR mediante el array de CGH del cromosoma X.



Justificacion de los estudios 3,4 v 5

Contiguous deletion of the NDP, MAOA, MAOB, and EFHC2 genes in a patient with Norrie
disease, severe psychomotor retardation and myoclonic epilepsy. Am J Med Genet A. 2007,
143(9):916-20. (Factor de Impacto: 2,063)

Complete deletion of ornithine transcarbamylase gene confirmed by CGH array of X
chromosome. J Inherit Metab Dis. 2007, 30 (5):813

Deletion of the OPHNI gene detected by aCGH. J Intel Dis Res (Published article online.: 29-

Oct-2007 doi: 10.1111/j.1365-2788.2007.00997.x)

Una aplicacién basica de los aCGH es la caracterizacion de sindromes
microduplicaciones/microdelecionales conocidos, lo que es de gran importancia clinica no solo
para el consejo genético, especialmente en mujeres portadoras, sino también para el
establecimiento temprano de un tratamiento. Ademas gracias a ellos podemos caracterizar de
forma precisa la region implicada y establecer correlaciones fenotipo/genotipo.

Los objetivos especificos de estos estudios fueron:

1. Caracterizacién molecular de alteraciones previamente descritas en los pacientes con
XLMR.

2. Establecer una correlacion fenotipo/genotipo en estos pacientes.



4.1. Articulo 1

MLPA as first screening method for the detection of microduplications
and microdeletions in patients with X-linked mental retardation.

Madrigal et al.
Genet Med. 2007; 9(2):117-22
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MLPA as first screening method for the detection of
microduplications and microdeletions in patients
with X-linked mental retardation

Irene Madrigal, BS"?, Laia Rodriguez-Revenga, PhD"?, Celia Badenas, PhD"?, Aurora Sdnchez, PhD, MD"?,
Francisco Martinez, PhD’, Isabel Fernandez, PhD?, Miguel Ferndndez-Buriel, PhD’, and M. Mila, PhD"*

Purpose: Routine protocols for the study of mental retardation include karyotype, analysis for fragile X syndrome,

and subtelomeric rearrangements. Nevertheless, detection of cryptic rearrangements requires more sensitive

techniques. Mutation screening in all known genes responsible for X-linked mental retardation is not feasible, and

linkage analysis is sometimes limited. Multiplex ligation probe amplification is a recently developed technique

based on the amplification of specific probes that allows relative quantification of 40 to 46 different target DNA

sequences in a single reaction. Methods: In the present study, we assessed multiplex ligation probe amplification

for the detection of microduplications/microdeletions in 80 male patients with suspicion of X-linked mental

retardation. Results: We detected four copy number aberrations (5%): three duplications (GDI1, RPS6KA3, and

ARHGEF6) and one deletion (OPHN1). All these changes were confirmed by other molecular techniques, and

patients were clinically re-evaluated. Conclusions: We strongly recommend the use of multiplex ligation probe

amplification as a first screening method for the detection of copy number aberrations in patients with mental
retardation because of its cost-effectiveness. Genet Med 2007:9(2):117-122.

Key Words: MLPA, X-linked mental retardation, microduplications, microdeletions

INTRODUCTION

The molecular basis of X-linked metal retardation (XLMR)
is poorly understood because of the high genetic heterogeneity
of this disorder. Genes causing XLMR are thought to contrib-
ute to the specific development of human cognitive abilities.
Many of these genes are conserved among vertebrates, suggest-
ing they are engaged in basic cellular mechanisms, such as cy-
toskeleton organization (PAK3, OPHNI, ARHGEF6, DCX,
ILIRAPLI, TM4SF2), chromatin remodeling (FMR2, MECP2,
RSK2, ATRX), or signaling cascades (GDII, PAK3, OPHNI,
ARHGEF6).1» Mutations in most of them cause nonsyn-
dromic mental retardation, although several are also associ-
ated with a specific syndrome.> The search for nonspecific
XLMR genes remains expensive, and findings are limited by
the small number of families found to harbor mutations in the
same X-linked gene. Therefore, a large number of these XLMR
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families remain undiagnosed in most genetics services. Rou-
tine protocols for the study of XLMR include karyotype and
analysis for fragile X syndrome, which is responsible for 15% to
20% of all patients with XLMR. Thus, the genetics etiology of
more than 50% of patients with mild to moderate mental re-
tardation (MR) and 20% of patients with severe MR remains
still unknown. Furthermore, detection of cryptic rearrange-
ments requires more sensitive techniques than conventional
cytogenetics. Classical polymerase chain reaction (PCR) is
widely used in the study of genetic alterations, but it is not
sensitive enough to detect small deletions or duplications. Re-
cently developed technologies such as multiplex ligation probe
amplification (MLPA) have become effective tools for the de-
tection of these aberrations.* MLPA is based in the relative
quantification of specific DNA sequences by the hybridization
of genomic DNA with a mixture of probes.> This methodology
allows the study of copy number changes in 40 to 46 different
sequences in a single experiment. In this study, we assessed the
use of MLPA in the detection of microrearrangements in pa-
tients with XLMR.

PATIENTS AND METHODS

Patients

A total of 80 unrelated male patients belonging to families
from GIRMOGEN (Spanish Network for Mental Retardation
Study) that met criteria for XLMR (more than one affected
male family member in several generations or more than three
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affected brothers) were included in this study. Previous studies
showed normal karyotype and no FMRI expansions, and sub-
telomeric rearrangements were ruled out using MLPA for sub-
telomeric regions.

Methods

MLPA assay

MLPA was performed according to manufacturer’s recom-
mendations (Salsa P106, MRC, Holland). The P106 kit contains a
specific probe mixture with 43 probes for 14 known genes respon-
sible for XLMR (PQBP1, TM4SF2, ARX, ILIRAPLI, RPS6KA3,
OPHNI, FACL4, DCX, PAK3, ARHGEF6, FMR1, FMR2, GDI],
and SCL6AS). Electrophoresis was performed using the ABI
310 genetic analyzer (Applied Biosystems, Foster City, CA)
with Rox 500 size standard and GeneMapper software v3.0
(Applied Biosystems). GeneMapper data were exported to an
Excel file to perform the analysis. Normalization of MLPA data
was always required to avoid quantitative differences of mea-
sured values among samples because of variations in experi-
mental conditions. This normalization was achieved by divid-
ing the signal value of each probe by the sum of the signal
values of all probes for each sample. Previous analysis of 20
samples from normal male subjects and 20 samples from nor-
mal female subjects allowed for normal cut-off levels to be
established. A normal copy number should generate a normal-
ized signal value of 1. For men, a deletion in a locus should
result in the suppression of signal because they only have one X
chromosome, whereas amplification results in an increment
greater than 30%. For women, a reduction of relative signal
greater than 30% was considered a deletion, and an increment
in signal strength greater than 30% was considered a duplica-
tion because no control sample exceeded these values.

Assessment of MLPA sensitivity

To test the sensitivity of MLPA, we designed an experiment in
which we screened a series of sample dilutions (80%, 50%, and
30%) of DNA from a 1p36 deletion carrier for subtelomeric copy
number changes with Salsa PO36B (MRC, Holland).

Confirmatory studies

All MLPA findings were confirmed by other molecular tech-
niques. The deletion affecting exons 21 and 22 of the OPHNI gene
was confirmed by PCR using specific primers: 21F (5'-TTAT-
CATTAATCTTCCCTCTTGG-3'), 21R (5'-AAGTAGTTAGG-
GTCAGCTCTGG-3'), 22F (5'-AAGTTGGCCCAGGTAACTCT-
3'),and 22R (5'-GTGATCCTGAAAGCATTCCT-3').

Duplication of the RPS6KA3 gene was confirmed by using a
tiling-path X-chromosome CGH array consisting of approxi-
mately 1600 genomic BAC clones derived from the X chromo-
some (unpublished data). Thresholds for copy numbers were
established by log ratios, >0.2 for gains and =0.2 for losses.
ARHGEF6 duplication was confirmed by fluorescence in situ
hybridization (FISH) in interphase nuclei using BAC clones
mapping on Xq26.3 (RP11-431K12, RP11-812C12, RP11-
378N15). In the case of GDII duplication, we investigated its
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effect on mRNA expression. Total RNA of the patient and
other affected male family members was extracted from whole
blood. Expression of the GDII gene was analyzed by real time
RT-PCR using TagMan probes (Applied Biosystems). Quan-
tification was performed against a control amplicon of the
GUSB mRNA (Applied Biosystems). Furthermore, we investi-
gated the possible duplication of the near MECP2, FLNA, and
EMD genes using a specific MLPA for MECP2 (SALSA P015C;
MRC) and probes for FLNA and EMD genes.

In all cases, segregation of alterations with phenotypes was
confirmed by studying other members of the families.

RESULTS

Of the 80 patients, 4 (5%) analyzed using MLPA showed
evidence of a cryptic aberration: three duplications (affecting
RPS6KA3, GDI1, and ARHGEF6 genes) and one deletion (af-
fecting OPHNI1 gene). Pedigrees of these families are shown in
Figure 1.

DNA copy numbers for each studied sequence were re-
flected by ratios between normalized peak areas and the corre-
sponding mean of normalized peak areas of the female or male
reference data set. Altered ratios for patients harboring dupli-
cations and deletions are depicted in Figure 2.

Family 1

The three probes for the RPS6KA3 gene were duplicated in the
patient (Fig. 1A, I1.1) and two affected male family members (Fig.
1A, L5 and I1.3). As expected, two women (Fig. 1A, 1.2 and 1.4)
were diagnosed as carriers. An X-chromosome CGH array con-
firmed a duplication of IMb in Xp22.12, affecting four genes (CX-
orf23, FL]14503, EIF1AX, and RPS6KA3) (data not shown). All
affected male family members presented nonspecific mental re-
tardation and robust build, and two were dyslexic.

Family 2

MLPA identified a duplication in the two probes of the GDI1
gene in the patient (Fig. 1B, I1.2) and two affected uncles (Fig.
1B, 1.3,1.4). As expected, the patient’s mother (Fig. 1B, 1.2) was
diagnosed as a carrier. Expression of GDII was analyzed at the
mRNA level, and significant differences were detected between
affected male subjects and male controls with a significantly
higher mRNA expression in patients carrying the duplication
(from 2.8- to 5-fold compared with controls). Specifically de-
signed MLPA showed duplication of FLNA and EMD genes,
but no alterations were detected in the MECP2 gene. All af-
fected male subjects presented moderate MR, a peculiar face
with dysmorphic features, and microcephaly.

Family 3

MLPA analysis showed a deletion affecting exon 21 of the
OPHNI gene in four affected male subjects (Fig. 1C, I1.1, 1.4,
11.6, and 11.8). Using PCR, we confirmed a deletion spanning
exons 21 and 22. Two women in the family (Fig. 1C, 1.2 and
11.7) could be diagnosed as carriers (Fig. 3). This deletion does
not result in a truncated protein but includes the domain of
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Fig. 1. Pedigrees of Families 1, 2, 3, and 4. Affected individuals are represented with black symbols. Carrier women are shown with a black dot inside their symbol. The N inside symbols
refers to non-affected individuals after molecular study. Empty symbols correspond to non-studied individuals.
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Fig.2. Relative peak area for each probe measured in Patient II.1 of Family 1 (A), Patient II.2 in Family 2 (B), Patient II.1 in Family 4 (C), and Patient II.1 in Family 3 (D). X-axis, 46 tested
probes (for a complete list of probes, see www.mrc-holland.com). Y-axis, Normalized ratios. Bars that exceed the limit of 1.30 in A-C correspond to probes for RPS6KA3, GDII, and
ARHGEF6 genes, respectively. In D, the lack of one peak is evidence of the OPHNI deletion (black arrow).

interaction with actin, located in the carboxyl-terminal end of
the protein. All affected male subjects share a conspicuous phe-
notype of severe MR showing strabismus, synophrys, prominent
nose, and a broad high nasal root. The magnetic resonance imag-
ing scan of two of the affected male subjects evidenced cerebellar
hypoplasia and a Dandy-Walker variant malformation.

Family 4
MLPA showed duplication of the four probes of the ARHGEF6
gene in the patient (Fig. 1D, II.1) and his brother (Fig. 1D, I1.2).
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Two women in the family (Fig. 1D, 1.2 and I.4) were diagnosed
as carriers. FISH in interphase confirmed duplication of clones
RP11-812C12, RP11-378N15, and RP11-431K12 located in
the region (Fig. 4). Both affected patients had moderate MR
and displayed dysmorphic features.

Assessment of multiplex ligation probe amplification
sensitivity

In the series of DNA dilutions using material from an indi-
vidual with a known 1p36 deletion, MLPA was able to detect
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Fig.3. Multiplexligation-dependent probe amplification electropherogram traces from a control sample (A), a female carrier of the OPHNI deletion (B), and the patient with the OPHN1
deletion (C). Amplified probes are detected as fluorescent signals, the areas of which are compared and normalized to quantify the gene dosage. The lack of the peak corresponding to exon
21 of the OPHNI gene (arrows) reveals a deletion in the patient (C). The carrier state of the mother and the sister is shown by the half-signal intensity of the peak compared with the control

sample.

Fig.4. A, Dual-color FISH used to detect the duplication in the region of the previously
reported ARHGEF6 duplication. Probe: RP11-431K12 (red) and RP11-378N15 (green). B,
Duplication of the RP11-812C12 clone (red arrow) in an interphase nuclei.

alterations in samples with at least 50% of aberrant cells. Rel-
ative peak area ratios corresponding to samples with 30%,
50%, and 80% of mosaicism were 0.74, 0.6, and 0.54, respec-
tively.

DISCUSSION

In the last few years, much interest has been focused on the
identification of X-linked genes implicated in MR. OMIM lists
395 XLMR entries (syndromic and nonsyndromic), but ad-
vances in this field are limited because of the high heterogene-
ity of this entity. Each gene usually accounts for a small number
of families; thus, families with an unknown cause clearly ex-
ceed the number of families with identified mutations.® The
development of new diagnostic tools, such as MLPA and array
CGH, has facilitated the detection of deletions and duplica-
tions in patients with idiopathic MR.”# Some deletions and
duplications are not easily detected by PCR analysis, and de-
spite the high reliability of other methods, such as Southern
blot analysis or FISH, they are laborious and not suitable for
routine screening. We used an MLPA approach to detect copy
number aberrations in 80 patients with XLMR, and we identi-
fied one deletion and three duplications possibly involved in MR.
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None of these aberrations has been described as a genomic poly-
morphism (see database: http://projects.tcag.ca/variation/).
Duplication of the RPS6KA3 gene seems to be disease-caus-
ingin Family 1. RPS6KA3 codes a member of the RSK family of
serine/threonine kinases, acting in the Ras-mitogen—activated
protein kinase (MAPK) signaling pathway.® Activation of the
RPS6KA3 protein by MAPK leads to the activation of numer-
ous and diverse cytosolic and nuclear substrates (CREB, c-
FOS, ¢c-JUN, SRF, Nur77) and various histones, among others.
RPS6KA3 protein seems to be important in chromatin-remod-
eling events and in gene regulation. Mutations in this gene
cause Coffin-Lowry syndrome, an XLMR syndrome.!®!!' Mu-
tations causing Coffin-Lowry are heterogeneous and include
truncating mutations (60% of cases) and mis-sense mutations
(38% of cases). Our patient carrying the RPS6KA3 duplication
does not share the typical phenotype of Coffin-Lowry syn-
drome, characterized by severe MR, facial dysmorphism, and
progressive skeletal malformations. The other three genes that
map in the duplicated region are an essential eukaryotic trans-
lation initiation factor (EIFIAX) required for the binding of
the 43S complex (a 40S subunit, eIF2/GTP/Met-tRNAi and
elF3) to the 5 end of capped RNA, an open reading frame 23
(CXorf23), and a predicted hypothetical protein (FLJ14503).
We cannot rule out that other genes may contribute to the
clinical phenotype. RPS6KA3 is the only known gene in this
region that plays a fundamental role in neural development
and signaling. We hypothesize that dosage effect of RPS6KA3
may be the major cause for the MR syndrome in this family.
Duplication of the GDII gene in Xq28 was detected in Fam-
ily 2. This is one of the genes involved in the control of cycling
between the active and inactive states of the RAB3 protein, a
member of the Rab family, and has a major role in mental
disorder. Mutations in GDI1 are responsible for nonspecific
XLMR. Mutations described in the GDII gene include one
non-sense and two mis-sense and are known to decrease the
affinity between RAB3 and GDI1 proteins.'>!3 Expression
analysis of GDII at the mRNA level detected a significant in-
crement in those patients carrying the duplication. Xq28 is a
chromosomal region frequently affected by rearrangements
and contains several genes mutated in MR. Emerin (EMD) is a
serine-rich nuclear membrane protein and a member of the
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nuclear lamina-associated protein family. It mediates mem-
brane anchorage to the cytoskeleton. Mutations in the EMD
gene cause the X-linked recessive form of Emery Dreifuss
dystrophy.'4!> Filamin A, encoded by the FLNA gene, is a
widely expressed protein that regulates reorganization of the
actin cytoskeleton by interacting with integrins, transmem-
brane receptor complexes, and second messengers. Recent re-
ports suggest that neuropathological anomalies and clinical
mental retardation seen in an affected male subject with the
BPNH disorder could result from a mutation of the FLNA
gene.'®!7 Until now, no duplication has been found to be re-
sponsible for MR in any of these genes. However, the implica-
tion of duplications in the MECP2 region, also mapping in
Xq28, has recently been described in severe MR.!® Thus, we
examined our patient to determine whether the duplication
expanded to the MECP2 region. Results of the MLPA did not
show alterations in the MECP2 gene and allowed us to discard
the implication of MECP?2 in our patient’s phenotype.

In our study of Patient 3, we detected an intragenic deletion
in the OPHNI gene. This gene was identified through the clon-
ing of a balanced X-12 translocation in a girl affected with
MR."” OPHNI encodes a Rho-GTPase—activating protein
(Rho-GAP) involved in the regulation of the G-protein cycle.
Mutations in this gene were initially reported to be responsible
for nonspecific XLMR. However, new reports suggest that
OPHNI mutations result in a recognizable syndrome. All pa-
tients display similar neuroradiological anomalies such as cer-
ebellar hypoplasia and ventriculomegaly.?°-22 We have noted
the importance of magnetic resonance imaging in male pa-
tients diagnosed with XLMR to investigate these anomalies
(unpublished data).

The variation detected in Family 4 was a duplication in the
ARHGEF6 gene. ARHGEF6 encodes a Racl/Cdc42-specific
guanine nucleotide exchange factor. Mutations in this gene
have been implicated in XLMR. ARHGEF6 is mainly expressed
in the central nervous system, in ventricular zones where neu-
ronal progenitor cells are located and in other non-neural tis-
sues involved in different signaling cascades in Rho-mediated
signaling pathways.?324

Errors in regulators or effectors of the Rho GTPases are a
significant cause of XLMR, revealing the important role of Rho
signaling in cognitive function. ARHGEF6 and OPHNI1 pro-
teins directly interact with Rho GTPases, a family of regulatory
molecules that play an important role in the organization of
the actin cytoskeleton. GDI1 is one of the proteins controlling
the activity of the small GTPases of the Rab family in vesicle
fusion and intracellular trafficking. These three proteins are
crucial for neuronal morphogenesis and connectivity, and all
of them participate in numerous cellular processes.?>

Reports in the literature indicate that deletions in XLMR
genes are more frequent than duplications. Our findings high-
light the advantage of MLPA compared with other previously
used techniques for the detection of duplications. The use of
MLPA will allow investigators to determine the real implica-
tion of these kinds of rearrangements in patients with MR.
Male subjects with duplications within the long or the short
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arm of the X chromosome are rare, and the phenotype associ-
ated with these duplications is usually attributed to an excess of
gene dosage. One of the most recent cases described in the
literature is the previously mentioned microduplication syn-
drome involving the MECP2 region. Other high-resolution
technologies, such as array CGH, also allow the screening for
copy number aberrations in patients with MR.2¢ Nevertheless,
they are still not suitable for routine diagnosis in most molec-
ular laboratories not only because of their high cost, but also
because of the difficulty in their interpretation.

MLPA allows the study of up to 46 sequences in a single
experiment with results in less than 48 hours. It only requires
20 ng of human DNA and the necessary equipment present in
most molecular biology laboratories. Furthermore, it is both
highly specific and sensitive, allowing the detection of mosa-
icisms and the diagnosis of carriers, which is a powerful tool
when providing genetic counseling. Families 1 and 3 went un-
diagnosed for a long time; the daughters, carriers of the
RPS6KA3 duplication and OPHNI1 deletion, will benefit from
our studies by receiving genetic counseling.

However, MLPA analysis is limited to deletions/duplica-
tions closer to the selected probe mixes in the kit, although
probes can be easily designed for specific regions.

We conclude that MLPA is a powerful tool for screenings of
small deletions and duplications in XLMR because of its cost-
effectiveness (we detected the causative mutation in 5% of pa-
tients), and it should be included in routine diagnostic proto-
cols for patients with XLMR.
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Abstract

Background: Aproximately 5-10% of cases of mental retardation in males are due to
copy number variations (CNV) on the X chromosome. Novel technologies, such as
array comparative genomic hybridization (aCGH), may help to uncover cryptic
rearrangements in X-linked mental retardation (XLMR) patients. We have constructed
an X-chromosome tiling path array using bacterial artificial chromosomes (BACs) and
validated it using samples with cytogenetically defined copy number changes. We have
studied 54 patients with idiopathic mental retardation and 20 controls subjects.
Results: Known genomic aberrations were reliably detected on the array and eight
novel submicroscopic imbalances, likely causative for the mental retardation (MR)
phenotype, were detected. Putatively pathogenic rearrangements included three
deletions and five duplications (ranging between 82 kb to one Mb), all but two affecting
genes previously known to be responsible for XLLMR. Additionally, we describe
different CNV regions with significant different frequencies in XLMR and control
subjects (44% vs. 20%).

Conclusions: This tiling path array of the human X chromosome has proven successful
for the detection and characterization of known rearrangements and novel CNVs in

XLMR patients.



Background

Mental Retardation (MR) is a common disorder affecting 1-3% of the general
population [1]. An excess of affected males over females has been noted among
mentally delayed patients, especially in moderate to severe MR. This phenomenon has
usually been explained by the presence of many genes responsible for MR on the X
chromosome. X-linked MR (XLMR) is an heterogeneous condition representing an
important proportion of patients affected by MR and can be classified either as
nonsyndromic, when mental delay is the only symptom, or as syndromic when MR is
associated with other specific clinical features.

Copy number variations (CNVs) are defined as copy number changes including
deletions, insertions and duplications of genomic regions that range from one kilobase
(kb) to megabases (Mb) in size. CNVs can influence gene expression by directly
disrupting genes or by altering gene dosage [2,3], and some are involved in specific
genetic disorders such as microdeletion and microduplication syndromes (e.g. Williams-
Beuren, Smith-Magenis or DiGeorge syndromes). Several studies report an incidence of
cryptic chromosomal imbalances in about 10-25% of MR cases [4-6]. Other copy
number variations are present as polymorphisms in the general population without
apparent relation to disease [7-10]. Several of these cryptic chromosomal
rearrangements occur in regions flanked by segmental duplications or low-copy repeats
and likely result from non-allelic homologous recombination between different copies
of these repeats [11].

Nowadays, array-based comparative genomic hybridization (aCGH) represents a
useful and cost-effective tool for the detection of submicroscopic copy number changes
in genetic diseases [12]. Here, we describe the development, validation and use of a

BAC derived tiling path array covering the entire euchromatic portion of the human X



chromosome, which has allowed the screening for copy number changes in 54 XLMR

patients.

Results

Validation of the X-chromosome BAC array

Sensitivity and specificity of the X-array to detect copy number changes were tested
with DNA from four patients with known cytogenetic aberrations on the X chromosome
(see material and methods). In all these individuals, the corresponding changes in copy
number were clearly detected and confirmed by the array-CGH. A series of sex
mismatched hybridizations of controls versus controls, as well as self-self
hybridizations allowed the detection of clones in the array that performed abnormally.
Criteria for considering problematic clones were: 1) clones with absolute value of log,
ratios >0.2 in self-self hybridizations, 2) clones with high standard deviations (SD) (> 2
times the deviation of deviations) in different hybridizations and 3) clones displaying
normal log2 ratios within a known aberration. Thirty clones were considered
problematic and were excluded from further analyses.

Array CGH findings in X-linked MR patients

Fifty-two patients with unexplained XLMR and two patients with an X-linked trait were
analyzed using the tiling path X chromosome array. Copy number variations were
observed in 26 patients (48%) and in 8 patients (14.8%), we identified imbalances
probably causative of the phenotype observed in the patients. An overview of these
imbalances is shown in Figure 1. Table 1 summarizes the phenotype and genotype of

these 8 patients.



Known genomic aberrations

In the two patients with a presumed rearrangement in the short arm of the X
chromosome (Xp11.4 and Xp11.3), aberrations in these regions were identified by the
array CGH.

Case 1

Case one was a newborn biochemically diagnosed of OTC deficiency. His mother had
been diagnosed of OTC deficiency and associated neurological impairment since
childhood. We identified a small deletion (400kb) at Xp11.4 both in the patient and his
mother. This deletion involved six adjacent clones (RP13-486L5, RP11-401A21. RP11-
727P7, CTD-213N1, RP11-41616 and RP11-604A4) and OTC, TSPAN7 (TM4SF2) and
RPGR genes at Xpl1.4 [13]. Deletion of the OTC and RPGR genes in the patient was
confirmed by PCR. Deletion of the TMSF4 gene was confirmed by MLPA both in the
patient and his mother (see Additional file 1A).

Case 2

Case two was a boy with clinical suspicion of Norrie disease. He presented a severe
psychomotor retardation without verbal language skills, microcephaly, bilateral retinal
detachment and epilepsy. A deletion spanning 11 clones with an estimate size of 1Mb
was identified at Xp11.3 in the patient and his mother (see Additional file 1B). Array
results confirmed the clinical suspicion of Norrie disease. The deletion involves NDP,
MAOA, MAOB, EFHC2 genes. In this case, epilepsy, not a common trait of Norrie
disease, is probably caused by the deletion of the EFHC2 gene [14].

Patients with non-syndromic mental retardation

In 6 out of 52 patients, we identified genomic imbalances in regions, which included at

least one gene related with MR (Table 1). Family studies supported the causal



relationship with the MR phenotype observed in the index cases and demonstrated that
the imbalance was inherited from an obligate carrier, except in case 8.

Case 3

Case three was one of four MR siblings from healthy, consanguineous parents (see
Additional file 1C). The major clinical features were mild mental retardation,
strabismus, hypogenitalism, a marked synophrys or medial eyebrow flare, a prominent
nose and a broad high nasal root. aCGH detected a deletion spanning two clones on
Xql2 affecting OPHN1 gene (Figure 1C). MLPA detected a deletion of exon 21 of this
gene. The estimation of the altered size was achieved by PCR which revealed a deletion
involving only exons 21 and 22. The deletion fully segregates with the phenotype in the
family. X-inactivation analysis showed a skewed X-inactivation pattern in the carrier
mother (99/1) and not skewed in the carrier sister (72/28).

Case 4

Case 4 was a boy affected by mild MR, dyslexia and mild dysmorphic features. A
duplication of approximately 1Mb was detected at Xp22.12 (Figure 1D), affecting four
genes (CXorf23, MAP7D2, EIFIAX and RPS6KA3). MLPA study detected duplication
of RPS6KA3 in the patient, one sister, mother and affected uncles (see Additional file
1D). X-inactivation studies showed a random X-inactivation pattern in the mother
(41/59).

Case 5

This boy was born to healthy nonrelated parents at term. His psychomotor development
was delayed with severe MR, generalized hypotonia, limited walking and speech delay.
He has a family history of MR (affected relatives not studied)(see Additional file 1E).
He presented some mild facial dysmorphisms such as narrow forehead, thin nose, small

mouth and marked dark rings under the eyes. aCGH showed a duplication of at least



700kb involving 15 genes at Xq28 (Figure 1E), including SCL6A8 and MECP2 genes.
Specific MLPA for this region confirmed duplication of MECP2, LICAM and IRAK]
genes in the patient and his mother.

Case 6

This boy was diagnosed of mild MR with an IQ of 58. He was born at 8§ months from
non-consanguineous parents after a pregnancy affected by acute pancreatitis. He
presented neonatal seizures and cyanotic crisis. He acquired sedestation at 6 months,
deambulation at 14 months and speech at 15 months. He showed psychomotor delay
and learning disabilities, microcephaly, hyperkinesias and other mild dysmorphic
features such as medial eyebrow flare and deep palate. A duplication spaning 6 clones
with an estimate size of 250kb was identified at Xq28 (Figure 1F). MLPA confirmed
duplication of GDI1, FLNA and EMD genes and discarded any alteration in the MECP2
gene in the patient, two affected relatives and two carrier women (see Additional File
1F). RT-PCR studies revealed a significantly higher GDII expression in the patient and
his affected uncle (from 2.8 to 5 fold compared to four male controls; (SD = 0.19 Ct
controls; SD= 0.09 Ct patient; SD= 0.25 Ct affected uncle). The carrier mother showed
a complete skewed X-inactivation (100/0) inactivating the X-chromosome inherited by
the patient.

Case 7

Case 7 was a boy affected by moderate MR, and minor dysmorphic features. aCGH
detected a duplication of approximately 420kb spanning the HUWE! gene and probably
the PHFS§ gene at Xp11.22 (Figure 1G). The development of MLPA custom probes for
HUWEI and PHFS allowed confirmation of the duplication of HUWEI gene both in the
patient and his affected brother (see Additional file 1G) and discard implication of

PHFS8 gene in the duplication. His mother was carrier of the duplication. X-inactivation



pattern was skewed in the mother (90/10) and not skewed in the aunt (77/23). The
screening of 75 normal male controls did not detect this CNV in any of them.

Case 8

Case 8 was a boy with moderate mental retardation and minor facial dysmorfisms. He
has a family history of MR although no family members were available for study (see
Additional File 1H). A duplication of approximately 350kb, involving four clones on
Xql2 was identified by aCGH (Figure 1H). The duplication spans the EDA2R gene that
encodes a receptor of the tumor necrosis factor receptor family. MLPA screening with
custom probes for EDA2R gene confirmed the duplication in the patient and discarded it
in 75 male controls.

Some other variations identified in XLMR patients correspond to previously
reported CN'Vs present in the reference database of genomic variants [15]. The most
common ones were deletions and reciprocal duplications in the Xq28 and Xq26.3
regions of an average size of 200 kb and 140 kb, respectively. The proportion of
patients carrying CNVs was double than that of controls (44% vs. 20%). Further
description of the identified CN'Vs is provided in Table 2. In general XLMR patients
presented more changes and duplications were more common in XLMR patients than in

controls (Table 3).

Discussion

The applicability of the array-based comparative genomic hybridization
technology to detect copy number changes in mentally delayed patients has been
described in a number of previous reports. An incidence of cryptic imbalances in about
10-25% of the cases has been reported [4,5,16-18]. With the aim of identifying novel

aberrations involved in the cognitive impairment in XLMR patients, we have developed



a tiling path X chromosome array for CGH with a 100 kb resolution. Clinically relevant
imbalances were identified in 8 cases (14,8%) with genomic sizes ranging between 100
kb and 900 kb. In all these cases we have identified genes related to MR that could be
responsible for the phenotype in these patients (Table 1). In cases 1 and 2, array CGH
supported the previous clinical suspicion and helped to roughly delineate the location of
breakpoints for the different aberrations. In case 3, the identification of an 82 kb
deletion, affecting exons 21 and 22 of the OPHNI gene at Xq12, demonstrated the
usefulness and accuracy of array CGH to detect small copy number changes. In cases 4,
5 and 6 we identified duplication of RPS6KA3, MECP2, and GDII genes, respectively,
all of them implicated in mental retardation and neurological disease. Mutations in
RPS6KA3 are responsible for the Coffin-Lowry Syndrome and GDI! has been related to
nonsyndromic MR forms. As previously pointed out [19] we propose that the copy
number alteration of dosage sensitive genes RPS6KA3 and GDII may be the major
cause for the mental retardation in cases 4 and 6, respectively. In fact, case 6 and related
family members carrying the duplication at Xq28 presented higher GDI1 mRNA levels
than controls. As far as we are aware, there is only other report describing duplications
of RPS6KA3 and GDII genes causing MR. Froyen et al.,(2007) described a boy with
psychomotor delay with a small duplication of 0.3Mb in size involving the XLMR
genes FLNA and GDII, among others [20]. In the same work, they also detected a
duplication of 21 Mb involving known MRX genes such as RPS6KA3, CDKL5 and
NLGN4X in a patient affected by severe psychomotor delay. The detection in our series
of two cases with smaller duplications involving GDII and RPS6KA3 genes reinforces
the idea that increased gene dosage of these genes may be related to abnormal cognitive

impairment.



In cases 7 and 8 we detected duplications of regions in which no genes involved
in MR have been described. In case 7, the duplication at Xp11.22 was proximal but
close to the MR related PHF8 gene [21]. MLPA only confirmed duplication of HUWE]
gene and although PHF$ is not implicated in the duplication, it might be somehow
influenced by this CNV. In case 8, the duplication at Xq12 was confirmed by MLPA of
EDAZ2R gene, which encodes a tumor necrosis factor receptor. Although the imbalance
was confirmed by other molecular method, no DNA from the parents was available for
genotyping and we could not establish the causativeness of the aberration in the
observed phenotype. Nevertheless, duplications of HUWEI and EDA2R have not been
detected upon screening 75 male controls neither have ever been reported as genomic
polymorphisms, suggesting that these changes are not very common in the general
population. Nevertheless, further studies are needed in order to clarify their role in MR.

It has been shown that in several X-linked disorders, the X-inactivation process
evidences a bias in mothers of affected individuals [22]. We have investigated the X-
inactivation pattern in six female carriers. Fifty per cent of them showed a skewed X-
inactivation of the chromosome carrying the mutant allele, which is in agreement with
the literature [22]. However we have to bear in mind that this inactivation pattern has
been observed in blood samples and we do not know what is happening in other tissues.

Until now among mentally retarded patients, deletions were the most commonly
genomic aberrations identified. Recently, the use of array technologies has led to the
detection of new duplications in mentally retarded patients and the description of new
syndromes, i.e. MECP2 duplication syndrome [23]. The identification of new cases
harboring duplications in these genes should be of help in order to elucidate their

potential involvement in XLMR.
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The number of described CN'Vs in human genome is exponentially increasing
due to the high number of genome wide analyses. Nowadays there are reported more
than 3500 CNVs, 110 on the X-chromosome [15]. We described here seven different
CNV regions in the X-chromosome (Table 2). All these CNV regions overlap with
others previously identified [10,24,25], and all are associated with segmental
duplications. One of the most common CNV both in XLMR patients and in control
subjects is at Xq28, at approximately two Mb from the telomere and associated to
known segmental duplications. CNV regions and segmental duplications are not
uniformly distributed throughout the genome, being significantly overrepresented in
number within two Mb of telomeres and centromeres [26]. This Xq28 polymorphic
region encompasses the opsin cluster, a family of genes involved in color perception. It
has been previously reported that many genes involved in the senses such as olfactory
receptors and opsins (cone pigments) associate with CNVs [10,27]. The second most
common CNV in XLMR patients is at Xq26.3. This region is polymorphic in the
general population [10,25,28] and it contains several cancer-related genes such as
SAGE and MAGE tumor antigen families. Curiously, CNVs are more common in
XLMR patients than in controls; i.e. 26% of patients were polymorphic for the Xq28
region vs. 5% of controls. Furthermore, the percentage of CNVs is statistically higher in
XLMR than in controls (proportion test Z=2,51, p=0,012; Fisher's exact test: P-Value =
0,035). Also the average size is higher of CN'Vs seems to be higher in patients than in
controls (Table 3). We still do not know the significance of some of these CNVs, i.e.
they can influence expression of other genes. Further characterization of these variable
regions, including quantitative analyses, opens a new field of study that should assist to

understand the role of this genomic variation in mental retardation.

11



Conclusions

The X chromosome aCGH presented here has been proven successful for the detection
of novel CNVs and characterization of known rearrangements in XLMR patients. Even
more we have detected some polymorphic CNV that seem to be more frequent in
XLMR than in controls. Further characterization of these variable regions, including
quantitative analyses, opens a new field of study that should assist to understand the role

of this genomic variation in MR.

Methods

Patient and control samples

We studied a total of 54 unrelated patients with mental retardation: 52 MR patients
belonging to families compatible with an X-linked inherited MR and two patients with
suspicion of an X chromosome deletion due to their clinical manifestations (OTC
deficiency and Norrie disease). All XLMR patients displayed normal karyotype, and
CGG-expansions of the FMR1 gene were ruled out. We also studied four samples with
cytogenetically visible copy number aberrations validated by molecular cytogenetic
techniques (46,XX,dupXq22-q26; 46,XX,dupXq28; 46,XX, delXq27-qter; 46,XX,
dupXpl1-p21) and a series of 20 control males.

This study has been approval by the ethic committee of the Hospital Clinic of
Barcelona. All the subjects provided written informed consent for the use of their
phenotypic and genetic data.

Construction of the tiling-path X chromosome CGH array

The X chromosome-specific tiling path array consists of about 1,600 genomic BAC
clones derived from the human X chromosome plus 3 Drosophila negative control
clones. The clone set used to produce this array was mainly derived from the 32K

human BAC library from the Children Hospital Oakland Research Institute [29]. Gaps
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were covered using BACs from other libraries (mainly RP11). Slides contained
quadruplicates of the 1,600 clones providing an average density of at least one clone per
100 kb along the entire euchromatic portion of the X chromosome. The production of
the X-array, probe preparation, and hybridization on the array were performed in the
Microarray Unit of the Center for Genomic Regulation (CRG, Barcelona, Spain). BAC
DNA was isolated from 1.5 ml bacterial cultures using the Montage BAC96 Miniprep
kit following manufacturer’s instructions (Millipore, Billerica, MA). DNA amplification
by DOP-PCR was done as previously described [30]. PCR products were purified using
the Montage PCRy¢ Plates kit (Millipore, Billerica, MA) and quantified using the
PicoGreen dsDNA Quantification kit (Invitrogen, Life technologies, Carlsbad, CA).
Purified products were dried, dissolved at 400 ng/ul in 50% DMSO and spotted in
quadruplicate using a VersArray ChipWriter' ™ Pro System (Bio-Rad).

Sample hybridization

Hybridization was performed as previously described [31]. For each hybridization, 400
ng of test and control DNA were labeled by random priming using the BioPrime Array
CGH Genomic Labeling System (Invitrogen, Life technologies, Carlsbad, CA).
Reversed-dye labeling of the samples was always used to minimize the effect of dye-
specific artifacts. Each patient was hybridized against a sex-matched pool of 50 healthy
controls. Arrays were scanned using an Agilent G2565BA MicroArrayScanner System
(Agilent Inc., Palo Alto, CA) and the acquired images were analyzed using GenePix Pro
6.0 software (Axon, Molecular Devices) using the irregular feature finding option.
Extracted raw data was filtered and Lowess normalized using Bacanal (LLozano et al.,
unpublished), an in—house developed suite for microarrays analysis linked to a

management system.
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On top of an Apache server and an Oracle database, a combination of different R
packages process the raw data obtained from GenePix, performs a quality control of the
signals, performs a loess normalisation of spot signals (using LIMMA package) taking
into account spot quality control and background intensities and tries to identify copy
number variable regions using circular binary segmentation (using the DNAcopy R
package). SD of all X-chromosome clones was calculated for each hybridization
experiment. Genomic imbalances were determined based on log2 of the Cy5/Cy3 ratios
of the average of the four replicates, and regions were considered as duplicated or
deleted when at least two consecutive clones exceeded the +0.2 range.

Confirmatory analyses

Putative copy number aberrations were confirmed by other molecular techniques such
as Multiplex Ligation-dependent Probe Amplification (MLPA), quantitative PCR
(gPCR) and/or PCR

Multiplex Ligation Probe Amplification

All 54 samples were included in a parallel MLPA screening [32] in which we used a
commercial specific probe mixture with 43 probes for 14 known genes responsible for
X-linked MR (Salsa P106, MRC-Holland, Amsterdam, The Netherlands). Additionally
for MECP2 gene we used a specific kit for Rett syndrome that includes probes for
MECP2, LICAM and IRAK1 genes (Salsa PO15C, MRC-Holland, Amsterdam, The
Netherlands). The assays were performed following manufacturer’s recommendations
(MRC-Holland, Amsterdam, The Netherlands). Specific MLPA probes were designed
for HUWEII, PHFS8, EMD, EDA2R and FLNA genes for screening of 75 male controls

(see Additional file 2).
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PCR

PCR was always performed for confirmation of our array-CGH data when losses were
detected. Primers for OPHNI gene (case 3) were designed with the Primer3 software
(primer3 V0.3.0) (see Additional file 3).

Quantitative RT-PCR

Expression of GDII gene was analyzed by real time RT-PCR using TagMan probes
(ref. Hs00181741_m1, Applied Biosystems, CA, USA). Total RNA of the patient and
other affected males in the family was extracted from whole blood. Relative
quantification was performed against a control amplicon of the GUSB mRNA following
manufacturer instructions (Applied Biosystems, CA, USA).

X-inactivation

Androgen-receptor gene methylation assay to assess the methylation status was
performed over lymphocyte genomic DNA of female carriers, as previously described
[33]. Results are presented as the percentages of inactivation of both alleles. Skewed

alleles were considered when the inactivation percentage was over 80%.
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Figure legend
Figure 1

Array CGH profiles for XLMR patients with relevant CNVs. Each dot represents the
mean log2 transformed and Lowess normalized test over reference intensity ratio (y-
axis), which is derived from four independent replicate spots on the array, in a replicate
dye swap experiment. The Mb position of the clones on the X chromosome is displayed
in the x-axis, ordered from p-telomere to g-telomere on the basis of physical mapping
positions, according to the hgl7 assembly of the UCSC genome browser [34]. (A) 400-
kb deletion at Xp11.4 (37.9-38.8 Mb) in patient 1. (B) Deletion spanning a region of 1
Mb (43.01-43.98 Mb) in Xp11.3 in patient 2. (C) Deletion of two clones in Xq12
spanning 82 kb (67.10-67.18 Mb) in patient 3. (D) 800-kb duplication at Xp22.12
(19.82-20.65 Mb) in patient 4. (E) Duplication of 700 kb at Xq28 (152.4-153.1 Mb) in
patient 5. (F) Duplication of 250 kb at Xq28 (153.2-153.5 Mb) in patient 6. (G)
Duplication of 400 kb at Xp11.22 (53.53-53.94 Mb) in patient 7. (H) Duplication of 180

kb at Xq12 (62.07-62.26 Mb) in patient 8.

22



Table 1. Patients with mental retardation and imbalances detected with the X-chromosome tiling path BAC array not identified in control

samples
. Gain/ i . . Confirmator
Case Region Size Origin Phenotype Altered clones Affected genes . y
loss kb studies
Known
1 Xpll.4 Loss 400 Inherited OTC  deficiency, neurological RP13-486L5, RP11-401A21, RP11-727P7, RPGR, OTC, TMSF4 (TSPAN7), SRPX
deterioration CTD-2135N1, RP11-41616, RP11-604A4 Arranz et al., 2007
2 Xpll.3 Loss 1Mb Inherited  Norrie disease, severe psychomotor RP11-558117, RP11-561022, RP11-643D7,
retardation, epilepsy, microcephaly, RP11-45507, RP11-72]J3, RP11-291H16, Rodriguez-Revenga
RP11-355020, RP11-11B9, RP11-634A3, NDP, MAOA, MAOB, EFHC2 et al., 2007
RP11-110B2, RP11-605123
Causal
3 Xql2 Loss 82 Inherited Severe MR, strabismus, cerebellar RP11-586C9, RP11-466E18 OPHN1 MLPA
hypoplasia, Dandy-Walker PCR
malformation, prominent chin, high
nasal root
4 Xp22.12  Gain 800 Inherited Mild MR, Robust built, dyslexia, RPI11-191B9, RP11-393H10, RP11-382L18, RPS6KA3, CXorf23, EIFIAX
facial dysmorphism RP11-254G9, RP11-367L17, RP11-203E14, MLPA
RP11-703P16, RP11-48D14, RP11-712B24,
RP11-158M19
5 Xq28 Gain 700 Inherited  Severe MR, psychomotor RP11-54120, RP11-437K1, RPI11-314B3, SLC6AS, PLXNB3, LICAM, MECP2,
retardation, hypotonia, RP11-398P14, RP11-846A22, RP11-617G6, IRAK1, ARHGAP4, OPNIMW, CXorf2, MLPA
RP11-485N14, RP11-119A22, RP11-33306, TKTLI, PDZK4, ABCDI1, PNCK, DUSP9,
RP11-330B2, CTD-2238E23 FAMS58A, ATP2B3
6 Xq28 Gain 250 Inherited Moderate MR, facial dysmorphism, RP11-666B23, RP11-316P8, CTD-2511C7, GDI1, FLNA EMD, TAZ, TKTLI, RPL10, MLPA
microcephaly, CTD-2242014, RP11-696D6, RP11-103M23 DNASEILI RT-PCR
Causal?
7 Xpll1.22  Gain 420 Inherited Moderate MR RP11-390E18, RP11-585D6, RP11-555J12, HUWEI, PHF8? MLPA
RP11-272G22, RP13-444K19
8 Xql2 Gain 350 ND Moderate MR RP11-414C19, RP13-547B18, RP11-655E9, EDA2R MLPA

RP11-715J23

ND, not determined; in bold are represented the genes related to MR.

23



Table 2. X-chromosome CNVRs detected in patients and controls using the X-chromosome tiling path BAC array.

. Controls Cases . . OMIM Genes
Region (20) (54) Start Clone End Clone Size kb Gain/Loss within CNVs
Xp22.33 - 1 2497952 RP11-325D5 2773932 RP11-457M7 278 Gain CD99, XG, GYG2
Xp22.31 1 - 9304013 RP11-951B16 9510840 RP11-29K8 207 Gain TBL1X
Xp21.2 1 - 30597301 RP11-710J8 30681589 RP11-642K22 84 Loss TAB3

. SSXS5, SSXe6,
Xpl1.23 - 171 47732169 RP11-423H3 47806532 RP11-38023 74 Loss/Gain LOC389852
SAGEI,
Xq26.3 -/1 3/4 134591734 CTD-2225C20 134733742 RP11-111C16 142 Loss/Gain MGC88118,
MGC27005
Xq28* 1/- 11 152963046 CTD-2149G5 153072850 RP11-330B2 110-315 Loss/Gain OPNILW,
q OPNIMW
MAGEAG,
MAGEA12,
MAGEAZ2B,
Xq28 1 - 151551673 RP11-793M20 151886266  CTD-2515E20 335 Loss MAGEA?.
MAGEAZ2B,

CSAG2, MAGEA3
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Table 3. Summary of changes detected both in controls and XLMR patients

Controls Patients
(20 (54)
Samples with CNVs 20% (4/20) 48% (26/54)
Total of CNVs 5 32
Dups 20% (1/5) 56,2% (18/32)
Dels 80% (4/5) 43,7% (14/32)
CNYVs/ sample 1CNV 75% (3/4) 71,9% (23/32)
2CNVs 25% (1/4) 28,1% (9/32)
Size 100-400kb 100-900Kb
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Additional files

Additional file 1 .jpeg.

Pedigrees of the 8 subjects with clinically relevant imbalances detected by the aCGH.
(A) Case 1: 400-kb deletion at Xp11.4). (B) Case 2: 1 Mb deletion at Xp11.3. (C) Case
3: 82 kb deletion at Xq12. (D) Case 4: 800-kb duplication at Xp22.12. (E) Case 5: 700
kb duplication of at Xq28. (F) Case 6: 250 kb duplication at Xq28 (G) Case 7: 400 kb
duplication at Xp11.22 (H) Case 8: 180 kb duplication at Xql12. Members tested for
segregation analysis are marked with an asterisk. In all cases the imbalances segregated
with pedigrees. Affected individuals are represented with black symbols. Carrier women
confirmed by molecular studies are shown with a black dot inside their symbol.

Additional file 2. .doc Sequences of designed MLPA probes

Additional file 3. .doc Primers for OPHNI gene.
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Additional files provided with this submission:

Additional file 1: aditional file 1.jpg, 36K
http://www.biomedcentral.com/imedia/1645712829171454/supp1.jpeq
Additional file 2: additional file 2.doc, 35K
http://www.biomedcentral.com/imedia/9005766351624436/supp2.doc
Additional file 3: additional file 3.doc, 28K
http://www.biomedcentral.com/imedia/1299708895162443/supp3.doc
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Additional file 2. Sequences of designed MLPA probes

Gene Probe Sequence
HUWE1 L1 GGGTTCCCTAAGGGTTGGACAGTGGAGAATATGTCATGGATGCTCG
R1 PTATGTGATAGGCCAGAAAGAGAGCTCTAGATTGGATCTTGCTGGCAC
L2 GGGTTCCCTAAGGGTTGGAGATCCAGAGAAACCAGCAGGCCAACTTG
R2 pGTCAGGAAGGTTCGGGAAGCTGTTGGAGTCTAGATTGGATCTTGCTGGCAC
L3 GGGTTCCCTAAGGGTTGGAGAGGTTCTCGCGGGATCGCGCGG
R3 PAGGCGGCGGTGGCTCGGTTACTGACTGCAGTAGCCGCGGATCTAGATTGGA
TCTTGCTGGCAC
PHFS8 L1 GGGTTCCCTAAGGGTTGGAGCTTCCTTCACAGGGGGAAGAACCAACAAC
R1 pGCAGAGACCGTGGGAAAGAGCCCAGCCTATCTCTAGATTGGATCTTGCTGGC
AC
L2 GGGTTCCCTAAGGGTTGGACTTCCAACAGAACGTTGGGAAGACGAG
R2 CAATATCTTTGGGCTGCAGAGGATCTCTAGATTGGATCTTGCTGGCAC
EDA2R- L1 GGGTTCCCTAAGGGTTGGACCTTCCCACCATGGATTGCCAA
R1 PGAAAATGAGTACTGGGACCAATGGGGTCTAGATTGGATCTTGCTGGCAC
L2 GGGTTCCCTAAGGGTTGGACATGAATGCTATGTGGACAGCCCAAGCCATACCC
AGAATC
R2 pACCTTAATTCCAACTTTTTGAGGTTCAGCAATTGTCTAGATTGGATCTTGCTG
GCAC
FLNA- L GGGTTCCCTAAGGGTTGGAGCATCGAGCCCACAGGCAACATGGTGAAGA
R PAGCGGGCAGAGTTCACTGTGGAGACCAGAAGTGCTCTAGATTGGATCTTGCT
GGCAC
EMD L GGGTTCCCTAAGGGTTGGAGAATTCGACTAGAGGGGATGCAGATATGTATGAT
CTTCCCA
R PAGAAAGAGGACGCTTTACTCTACCAGAGCTCTAGATTGGATCTTGCTGGCAC

p: phosphate (R probes are modified with a phosphate in the 5’extreme)
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Additional file 3. Primers for OPHNI gene.

Gene Exon Primer Sequence (5°->3°)
OPHNI1 20 OP20F ATCAACTGGTGGGTAGCATT
OP20R GGAGCCAGGAAAGGTCTACT
21 OP21F TAGTTGGTTTGTGCCACAGT
OP21R CTCAGAAGGATCTCAAGGTGA
22 OP22F AAGTTGGCCCAGGTAACTCT

OP22R GTGATCCTGAAAGCATTCCT
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Norrie disease (ND) is an X-linked disorder, inherited as a
recessive trait that, therefore, mostly affects males. The gene
responsible for ND, called NDP, maps to the short arm of
chromosome X (Xp11.4-p11.3). We report here an atypical
case of ND, consisting of a patient harboring a large
submicroscopic deletion affecting not only the NDP gene
but also the MAOA, MAOB, and EFHCZ2 genes. Microarray
comparative genomic hybridization (CGH) analysis showed
that 11 consecutive bacterial artificial chromosome (BAC)
clones, mapping around the NDP gene, were deleted. These
clones span a region of about 1 Mb on Xp11.3. The deletion
was ascertained by fluorescent in situ hybridization (FISH)
analysis with different BAC clones located within the region.

Clinical features of the proband include bilateral retinal
detachment, microcephaly, severe psychomotor retardation
without verbal language skills acquired, and epilepsy. The
identification and molecular characterization of this case
reinforces the idea of a new contiguous gene syndrome that
would explain the complex phenotype shared by atypical
ND patients. © 2007 Wiley-Liss, Inc.

Key words: microarray comparative genomic hybridiza-
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INTRODUCTION

Norrie disease (ND, OMIM# 310600) is a rare
inherited neurodevelopmental disorder of congeni-
tal blindness that occurs early during embryogenesis
[Norrie, 1927; Warburg, 1971]. It is characterized by
bilateral and severe retinal malformations and
opacity of the lens. In addition to ocular symptoms,
a certain portion of patients present mental dis-
turbances, often with psychotic features, and/or
sensorineural deafness. The hearing loss is progres-
sive and recent evidence shows that its penetrance
appears to be complete, although there is some
variability in the clinical severity and the age of onset
[Rehm et al., 2002]. Even though these symptoms are
considered as classical in ND, the clinical diagnosis is
often difficult, mainly because more than half of
patients are neither deaf nor mentally delayed at the

time of clinical examination. ND is inherited as an X-
linked recessive trait and therefore it mostly affects
males. The gene responsible for ND, named NDP
gene, maps to the short arm of chromosome X
(p11.4-p11.3) [Chen et al., 1992; Sims et al., 1992].
The function of the gene product is still unknown,
although most observations are consistent with a
primary role of norrin in vascular development and
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proliferation [Shastry and Trese, 2003; Michaelides
etal., 2004].

Atypical ND patients harboring large DNA dele-
tions have also been reported. Those fewer patients,
in addition to the retinal abnormalities, show other
clinical features, including microcephaly, growth
delay, severe to profound mental retardation, immu-
nodeficiency, and epileptic seizures [Donnai et al.,
1988; Zhu et al., 1989; Suarez-Merino et al., 2001].
We report here on the clinical and molecular
characterization of a new case of a large deletion of
Xp11.4-p11.3, including the NDP gene. Genotype—
phenotype correlation has allowed us to establish
the cause of epilepsy that this patient shows. The
identification of this case reinforces the idea of a new
contiguous gene syndrome that could explain the
complex phenotype shared by these patients.

CLINICAL REPORT

The patient is a 7-year-old boy, who was born as
the second child of healthy unrelated parents. He
was born at term after an uneventful pregnancy butat
5 weeks of age he had to be taken into a hospital due
to chest infection. At that time he was found to have
bilateral yellowish reflex in both eyes. Retinal
dysplasia was suggested as the diagnosis, and
another molecular laboratory confirmed ND after
molecular analysis. The family reported a maternally
related nephew with similar clinical features. Patient
was not seen again until 5 years when the family
visited a specialist seeking for genetic counseling
since they were planning for a third child. Physical
examination at that age showed that the patient was
below the third centile for both height and weight
(<3 SD), and that his head size could be considered
as microcephalic. He was blind with whitish-yellow
retrolental masses that contained proliferated blood
vessels, and he exhibited severe psychomotor
retardation without verbal language skills acquired.
Neither hearing abnormalities nor other congenital
findings were detected. At this time, brief seizures
were observed and antiepileptic treatment with
valproic acid was started. Latest examinations
revealed a normal MRI and a diffuse slow wave
dysfunction without any epileptiform activity by
EEG. No more seizures episodes had occurred after
the antiepileptic treatment was initiated. Currently,
the patient is regularly followed by pediatric and
neuropediatric specialists due to severe psychomo-
tor retardation, epilepsy, microcephaly, and blind-
ness.

MATERIAL AND METHODS

Molecular Analysis

Genomic DNA samples were obtained from
peripheral blood of patient and his family. The

NDP gene was PCR amplified in different segments
containing complete exon, acceptor, and donor
splicing sites sequences. PCR conditions for each
exon and the primer sequences used were as
previously described by Meindl et al. [1992]. PCR
amplification products were further sequenced on
an automated sequencer (ABI3100; Applied Biosys-
tems, Foster City, CA).

Microarray Comparative Genomic
Hybridization (CGH)

The tiling path X chromosome-specific array
consists >1,600 genomic bacterial artificial chromo-
some (BAC) clones derived from the X chromosome,
with an average density of one BAC every 100 kb on
the X chromosome, plus internal quality control
BACs from autosomal chromosomes. All clones had
three replicates on the array. The production of the
X-array, probe preparation, and hybridization on
the array were performed at the microarray unit of
the Center for Genomic Regulation (CRG). The set of
clones used to produce this array was purchased at
the Children Hospital Oakland Research Institute
(http://bacpac.chori.org/home.htm). DNA amplifi-
cation, spotting on the slides, and hybridization
procedures had been published elsewhere [Fiegler
etal., 2003; Wang et al., 2004]. Test and control DNAs
were labeled by random priming using the BioPrime
Array CGH Genomic Labeling System (Invitrogen,
Life technologies, Carlsbad, CA). Dye swap was used
to reduce false positives due to dye-related artifacts.
Two hybridization experiments were performed for
each sample: in the forward experiment the array
was hybridized with a mixture of patient’s DNA
labeled with Cy3-dCTP and the reference (control)
DNA labeled with Cy5-dCTP, while in the reverse
experiment patient’'s DNA was labeled with Cy5-
dCTP and co-hybridized with reference (control)
DNA labeled with Cy3-dCTP, to a second array.
Genomic imbalances were determined based on log,
ratios of the average of their replicates, and
sequences were considered as amplified or deleted
when reported in the direct and reverse experiment
outside the +0.30 range.

Fluorescent In Situ Hybridization (FISH)
Analysis

BAC/PAC clones located in the region identified as
deleted by array CGH were purchased from the BAC/
PAC Resources of the Children’s Hospital Oakland
Research Institute (CHORI, Oakland, CA). The order
of the probes according to the current mapping data
is: centromere—RP1-95C20—RP1-27K14—RP6-
218J18—RP11-334D18—telomere. Clones were
grown and DNA was extracted as manufacturer’s
instructions. Afterwards, approximately 200 ng of
each DNA sample were labeled with Spectrum
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Orange or Spectrum Green by nick translation (Vysis,
Downers Grove, IL). Then 100 ng of each sample
were precipitated with 5 pg of human cot-1 DNA
(Vysis, Downers Grove, IL) and dissolved in 10 pL of
hybridization buffer (Vysis, Downers Grove, IL).
FISH using this solution as a probe was performed in
a chromosome preparation from the patient and
patient’s mother. Briefly, the slide was denatured by
immersion in 70, 85, and 100% ethanol. The probe
was also denatured at 73°C for 5 min. After
application of 10 pl of probe, the slide was incubated
in a moist chamber for 16 hr at 37°C. After
hybridization, the slide was washed in 0.4 x SSC at
72°C during 2 min and 2 x SSC at room temperature
during 30 sec; chromosomal DNA was counter-
stained with DAPI (Vysis, Downers Grove, IL). FISH
analyses were done using a Leica DMRXA epifluor-
escence microscope. Images were captured by using
a COHU camera and analyzed with the Cytovision
Ultra Workstation (Applied Imaging, Sunderland,
UK). For each FISH probe, atleast 10 metaphase cells
were studied.

RESULTS

The patient and his family were referred to our
molecular laboratory to better characterize the
deletion of the NDP gene and to elucidate the carrier
status of the mother. First, we confirmed that none of
the NDP exons could be amplified in the proband,
while a signal of PCR amplification was readily
detected in his mother and healthy brother (data not
shown). We also sequenced the NDP gene in the
mother in order to rule out the possibility of a point
mutation. Second, hybridization on a tilling-path
X-specific CGH microarray was performed. Analysis
of the normal versus proband ratio profiles con-
firmed a deletion of 11 contiguous BAC clones on
the short arm of the X chromosome (RP11-558117,
RP11-561022, RP11-643D7,RP11-45507, RP11-72]3,
RP11-291H16, RP11-355020, RP11-11B9, RP11-
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Fic. 1. Chromosome X array CGH profile of the proband. Each dot
represents the mean log, transformed and Lowess normalized test over
reference intensity ratio (y-axis), which is derived from three independent
replicate spots on the array, in a replicate dye swap experiment. The Mb
position of the clones on the X chromosome is displayed in the x-axis, ordered
from p-telomere to g-telomere on the basis of physical mapping positions,
according to the hg17 assembly of the UCSC (see http://genome.ucsc.edu/cgi-
bin/hgGateway). Thresholds for copy number gain (log ratio = 0.3) or loss (log
ratio=—0.3) are indicated by horizontal dashed lines. In this patient a
microdeletion on Xp11.3 was identified: a total of three clones showed log
ratios below —0.3 and eight had log ratios below —1 (data not shown).

634A3, RP11-110B2, and RP11-605123) (Fig. 1),
spanning a region of, at least, 1 Mb in Xpl1.3.
Finally, FISH analysis with four different BAC/PAC
clones located in the deleted region was performed
to confirm the results obtained by array CGH. The
deletion was ascertained in the patient since all used
clones failed to hybridize (Fig. 2A). Regarding the
patient’s mother, FISH analysis confirmed her carrier
status, as only one signal corresponding to the
normal X chromosome was detected (Fig. 2B). Based
on the FISH and microarray results, the deletion

Fic. 2. FISH studies on interphase nuclei and metaphase spreads with the clone RP11-218]18, that maps within the deletion (red probe), and the clone GS-98-C4, that
maps Xp telomere (green probe) on the proband (A) and his mother (B). The red arrow indicates the lack of signal for clone RP11-218J18 corresponding to the deleted X

chromosome.
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Fic. 3. Schematic presentation of clones and genes located within the deleted region (Xp11.3). The RP11-102D16, and RP11-750B11 (in bold) BAC clones are the first
two ones that were found not to be deleted by microarray CGH. The rest (RP1-95C20, RP1-27K14, RP6-218J18, and RP11-334D18) are the clones used to ascertain the

deletion by FISH analysis.

includes the NDP, MAOA, MAOB, and EFHC?2 genes
(Fig. 3). Unfortunately, we have not had access to
samples from the maternal relative that the family
reports with a similar phenotype.

DISCUSSION

Systematic screening of the NDP gene sequence
has led to the identification of more than 80 disease-
causing mutations [see Rodriguez-Revenga et al.,
2004 for a review]. In general, there were no
differences in disease severity caused by these
variants, except in those cases of large submicro-
scopic deletions, which are associated with a more
severe neurologic phenotype. The latter patients, in
addition to the typical ocular manifestations, have
microcephaly, severe to profound mental retarda-
tion, seizures, abnormal sexual maturation, and
growth delay. On the basis of this observation, a
contiguous gene syndrome has been suggested for
these cases involving deletion of the NDP, MAOA,
and MAOB genes [Chen et al., 1995; Schuback et al.,
199s].

Here we report on our findings in a ND patient with
a microdeletion at Xp11.3 delineated using a 100-kb
resolution CGH-array. This approach has allowed us
to establish the location of the deletion breakpoints
and estimate that it spans about 1 Mb, affecting not
only the NDP gene but also the MAOA, MAOB, and
EFHC?2 genes. No obvious segmental duplications
have been detected at the breakpoints of the deletion
(http://chr7.ocgc.ca/cgi-bin/dupbrowse/dupbrowse/
human_b34 and http://genome.ucsc.edu/index.html),
and therefore its formation does not appear to be due
to non-allelic homologous recombination.

Clinical features of the proband include bilateral
retinal detachment and severe psychomotor retarda-
tion, which can be attributed to the absence of NDP
protein and possibly to the lack of monoamine
oxidase (MAO) enzymes. The MAO genes encode for

a nuclear mitochondrial isoenzymes that catalyze the
oxidative deamination of a number of biogenic
amines, including the neurotransmitters serotonin
(5-HT), norepinephrine and dopamine, and the
neuromodulator  phenylethylamine [Shih and
Thompson, 1999]. Due to this ability, both enzymes
(MAOA and MAOB) have been implicated in
predisposition to a range of neurological disorders
and psychiatric traits [Brunner et al., 1993abl.
Indeed, this suspicion is consistent with the findings
in Maoa- and Maob-knockout mice [Cases et al.,
1995; Grimsby et al., 1997].

The patient that we report here also shows a
deletion of the EFHC2 gene. Little is known about
this gene, recently cloned by Gu et al. [2005], on
account to its similarity to the previously described
EFHC1. This latter gene, which is located on 6p12-
pl1, was described as the first susceptibility gene for
juvenile myoclonic epilepsy. EFHC1 encodes a
protein that is characterized by Ca®*-binding EF-
hand motifs and DM10 domains [Suzuki et al., 2004].
The exact function of EFHC1 is still unknown but it
has been demonstrated that it may have a role in cell-
death. By compromising the apoptotic activity of
EFHC1 one might speculate about an incorrect
elimination of unwanted neurons during develop-
ment of the central nervous system, leading to an
increased density of neurons with precarious cal-
cium homeostasis and to the production of hyper-
excitable circuits [Suzuki et al., 2004]. EFHC?2 is the
only paralog of EFHC1 gene and similarly, it has also
been suggested to be associated with epilepsy.
Additionally to the classical ND clinical features, the
patient that we report also presents myoclonic
epilepsy, supporting the idea that the EFHC2 gene
may be responsible for this clinical feature.

In summary, our findings are in accordance with
the clinical traits previously described to large dele-
tions affecting the NDP gene; moreover, we provide
a detailed molecular characterization of the deleted
region and a genotype—phenotype correlation. We
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therefore highlight the importance of array-based
CGH studies in order to establish more precise
genotype—phenotype correlations. The extensive
use of these studies would also be helpful to
understand the phenotypic variants of microdele-
tional syndromes.
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Summary Ornithine transcarbamylase deficiency is an
X-linked semidominant trait that is the most frequent
inborn error of the urea cycle. Three hundred and fifty
different mutations, including mostly point mutations
and a small proportion of large rearrangements have
been reported. Conventional molecular diagnosis is
highly reliable for point mutations but can miss gross
rearrangements. We describe a contiguous gene syn-
drome involving the RPGR, OTC and TM4SF2 genes
in a male patient with severe neonatal OTC deficiency
identified by the conventional molecular approach.
Molecular characterization was ascertained by X
chromosome CGH array and confirmed by MLPA.
Complete deletion of the OTC gene led to absent
OTC enzymatic activity in liver and to a severe clinical
phenotype. The maternal phenotype, characterized by

Communicating editor: Mike Gibson

Competing interests: None declared

References to electronic databases: OMIM #311250; EC 2.1.3.3;
HUGO-approved gene symbol, OTC; GenBank reference
sequence for human OTC: NP_000522 for the amino acid
sequence; NM_000531 for the mRNA sequence; NC_000023
for the gene sequence.

J. A. Arranz (D<) - E. Riudor

Unitat de Metabolopaties, Hospital Universitari
Materno-Infantil Vall d’Hebron, Passeig de la Vall d’Hebron ,
119-129, 08035 Barcelona, Spain

e-mail: jaarranz@vhebron.net

I. Madrigal - M. Mila
Center for Biomedical Research on Rare Diseases
(CIBERER), ISCIII, Barcelona, Spain

L. Armengol
Genes and Disease Program, Center for Genomic
Regulation (CRG), Barcelona, Spain

less severe hyperammonaemic crises associated with
neurological impairment would result from a deficient
but not null OTC activity due to random X chromo-
some inactivation in the liver. Our cases are similar
to others described presenting with OTC deficient
phenotype in which OTC and contiguous genes are
affected. Clinical expression would be conditioned by
complete OTC deficiency in males and by X chromo-
some inactivation in females, leading to compensation
by the normal allele in tissues such as blood or muscle
but not sufficiently in liver. The application of high-
resolution genetic techniques allows the characteriza-
tion of causative mutations such as large deletions in
order to guide genetic counselling and prenatal
diagnosis.

Abbreviations

CGH comparative genomic hybridization

MLPA  multiplex ligation-dependent probe
amplification

MR mental retardation

OTC ornithine transcarbamylase

RPGR  retinitis pigmentosa GTPase regulator

TMA4SF2  transmembrane 4 superfamily member 2
(also called tetraspanin 7)

Introduction

Ornithine transcarbamylase (EC 2.1.3.3) deficiency
(OMIM #311250) is an X-linked semidominant trait.
The OTC gene (GenBank K02100) spans 73kb and
contains 10 exons (Hata et al 1988). Nearly 350
different mutations, predominantly missense muta-
tions and small deletions or insertions, have been
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reported (Yamaguchi et al 2006), while gross rear-
rangements have been described in only 19 cases
(Climent et al 1999; Jakubiczka et al 2007; Segues
et al 1995; Slomski et al 1992). We describe a deletion
involving the RPGR, OTC and TM4SF2 genes which
presented diagnostic difficulties by the conventional
molecular approach and was definitively ascertained
by CGH array of the complete X chromosome.

Patients
Subject 1

Subject 1 was 25-year-old woman who presented at 3
years with crises of irritability, hypotonia and behav-
ioural changes with hyperammonaemia (205 pmol/L;
normal <50), high orotate excretion and mild arginine
decrease. Specific treatment for OTC deficiency was
started with good clinical recovery. Later, she
exhibited several hyperammonaemic crises coinciding
with respiratory infections and mild mental retarda-
tion. She was lost to follow-up in late childhood. At 25
years she was admitted for pregnancy monitoring at
the 7th month. No vision deficiencies were appreciable
although no specific examinations were performed.

Subject 2

A newborn boy, the son of subject 1, exhibited
respiratory distress and irritability at a few hours of
life with ammonia of 278 pmol/L, glutamine of
1830 umol/L (normal 475-750), undetectable citrulline
and orotate excretion of 73.7 mmol/mol creatinine
(normal 0.7-3.3), clearly pointing to OTC deficiency.
In spite of treatment, he worsened with neurological
deterioration until death at 17 days of age.

Methods

Informed consent for DNA analysis was
obtained. The complete coding region of the
OTC gene and the flanking intron-exon boundaries
were PCR-amplified as described elsewhere (Garcia-
Perez et al 1995) and sequenced using standard
methods. The amplification of specific regions of other
non-related genes (FAH and GLDC) was used to
control the reactions.

CGH array

The tiling path X chromosome-specific array consists
of >1600 genomic BAC clones derived from the X

@ Springer

chromosome with a resolution of approximately
100kb. The set of clones was purchased from the
Children’s Hospital Oakland Research Institute
http://bacpac.chori.org/home.htm). Full-Coverage X-
Chromosome Array-CGH production, probe prepara-
tion, and hybridization on the array were performed at
the microarray unit of the Center for Genomic
Regulation (CRG, Barcelona) as described elsewhere
(Rodriguez-Revenga et al 2007). Data normalization
was performed against the mean of the spot ratios of
all clones and genomic imbalances were determined
based on log, ratios of the average of their replicates.
Sequences were considered as amplified or deleted
when outside the +0.30 range.

MLPA analysis

The carrier state of the mother was confirmed by
MLPA. We included both subjects in a screening study
of 14 known genes responsible for X-linked mental
retardation by MLPA, one of which was the TM4SF2
gene (Salsa P106, MRC-Holland, Amsterdam, The
Netherlands). The protocol was performed following
the manufacturer’s recommendations.

Analysis of RPGR gene

Primers used for amplification of the RPGR gene were
RPGR 5F (5-ACGTTTTCTTTTCCATGTGC-3') and
RPGR 5R (5-GAAAGGAATGTGTCCCAGAC-3)).
Amplification of the SRPX gene that maps near
RPGR outside the deleted region was used as ampli-
fication control. Primers used were SRPX 11F (5-
ACAAAGAGCGCTATGTCTCC-3") and SRPX 11R
(5-TGTTGATAGCCTGTGTATGGTT-3).

Results and discussion

No amplification of OTC gene was observed in the
newborn and a normal amplification pattern was
obtained in the mother. By X-chromosome array-
CGH, we identified a small deletion at Xpll.4 in
subject 2. The deletion was evident from aberrant
ratios of six adjacent clones (RP13-486L5, RP11-
401A21. RP11-727P7, CTD-213N1, RP11-41616 and
RP11-604A4) at 37.87-38.40Mb at Xp11.4 (Fig. 1). The
log, normalized ratios obtained for these clones varied
between —0.38 and —2.63. Analysis of the 0.5Mb
deletion revealed that other genes than OTC are
included in the deletion: TM4SF2 (related to
MR) and the RPGR gene (responsible for retinitis
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pigmentosa). MLPA confirmed the deletion affecting
TMA4SF2 in both the subject and his mother and the
deletion of the RPGR gene in the proband was
confirmed by PCR.

Complete deletion of the OTC gene in hemizygotic
status in the proband led to absent OTC enzymatic
activity in liver, explaining his fatal outcome. A less
severe maternal phenotype would result from a
deficient but not null OTC activity as a consequence
of unfavourable X chromosome inactivation in liver.
Mental retardation resulted either from repeated
hyperammonaemic episodes or the partial lack of the
protein encoded by the TM4SF2 gene. On the other

Peinien (k) an chromassma X

hand, the RPGR gene is related to X-linked retinitis
pigmentosa; clinical evidence of this disease could not
be obtained, either because of its recessive inheritance
or of X inactivation in the retina.

Some of the eight large deletions reported in the
literature also include neighbouring genes such as
DMD, CYBB, RPGR and TM4SF2 (Table 1). Never-
theless, and probably owing to the recessive inheri-
tance pattern of these genes, patients only presented
OTC deficiency phenotype without any evidence of
symptoms of other conditions such muscular dystro-
phy, chronic granulomatosis or retinitis pigmentosa, as
in our patients.

Tablel Comparison of the most relevant data in previously reported complete deletion of OTC gene, both isolated and in contiguous

gene deletion syndrome

Deletion

Method

Phenotype

Contiguous genes affected

Reference

Whole OTC gene
delXp11.4-p21

Whole OTC gene
CYBB-DXS1110-OTC
CYBB-DXS1110-OTC-DXS977
delXp21 (DXS1003-DXS989)

Whole OTC gene
delXp21.1 (DXS1238-DXS8014)

delXpl1.4

Southern blot
RFLP hybrid
HR" cytogenetics
MS markers

MS® markers

HRP cytogenetics
Southern blot

MS® markers, FISH, CGH

CGH array, MLPA, PCR

OTC deficiency
OTC deficiency

OTC deficiency
OTC deficiency
OTC deficiency
OTC deficiency

OTC deficiency
OTC deficiency

OTC deficiency

N.A*®
N.A?

CYBB, RPGR, OTC
CYBB, RPGR, OTC
DMD, CYBB,RPGR, OTC

N.A?

DMD, CYBB, RPGR, OTC,
TMA4SF2?

RPGR, OTC, TM4SF2

Suess et al (1992)
Slomski et al (1992)

Segues et al (1995)

Climent et al (1999)

Tuchman et al (2002)
Jakubiczka et al (2007)

This report

N.A., data not available.
PHR, high-resolution.
¢MS, microsatellite.
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High-resolution genetic techniques as MLPA and
CGH array have proved highly reliable for better
characterization and delineation of large rearrange-
ments. They allow the detection of submicroscopic
aberrations, providing direct information on the ge-
nomic position of the aberration. Further characteriza-
tion of the precise nature of these deletions is of clinical
importance not only for genetic counselling but also for
prenatal diagnosis and early clinical management.
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Abstract

Background The oligophrenin 1 gene (OPHNT) is
an Rho-GTPase-activating protein involved in the
regulation of the G-protein cycle required for den-
dritic spine morphogenesis. Mutations in this gene
are implicated in X-linked mental retardation
XLMR).

Methods We report a deletion spanning exons 21
and 22 of the OPHNT gene identified by a tiling
path X-chromosome array comparative genomic
hybridization (CGH) and multiplex ligation-
dependent probe amplification, confirmed by poly-
merase chain reaction (PCR), in a family with four
males with intellectual disabilities.

Results  Patients harbouring mutations in this gene
share the same clinical manifestations reinforcing
the idea of a syndromic XILMR. The most impor-
tant neurological findings are cerebellar hypoplasia
and ventriculomegaly.

Conclusions We recommend screening of the
OPHNT gene in male patients with XLMR and cer-
ebellar anomalies. This case highlights the value of
high-resolution techniques as Multiplex Ligation
Probe Amplification (MLPA) and CGH array for a
better characterization of copy number changes and
suggests that MLPA technology may be very useful

Correspondence: M. Mila, Biochemistry and Molecular Genetics
Department, Hospital Clinic, C/Villarroel, 170, 08036 Barcelona,
Spain (e-mail: mmila@clinic.ub.es).

for an initial screening of small deletions and dupli-
cations in XILMR patients.

Keywords aCGH, MLPA, OPHN1, XLMR

Introduction

The oligophrenin 1 gene (OPHNI, OMIM 300127)
encodes an Rho-GTPase-activating protein involved
in the regulation of the G-protein cycle. Rho pro-
teins are important mediators of intracellular signal
transduction required for dendritic spine morpho-
genesis (Govek et al. 2004). OPHNT is mainly
expressed in foetal and adult nervous system and
also in other tissues such as thymus, kidney and
lung (Ramakers 2002). Mutations in this gene are
associated with a wide range of clinical neuropa-
thies, combining enlarged cerebral ventricles, cer-
ebellar hypoplasia and other clinical traits such as
seizures, intellectual disability (ID) and strabismus
(Bienvenu et al. 1997; Billuart ez al. 1998; des Portes
et al. 2004). Although this was the first Rho gene
identified responsible for non-syndromic ID
(Billuart er al. 1998), new reports suggest that
OPHNT mutations result in a recognizable syn-
drome where neuroradiological findings are the
most specific symptom (Bergmann ez al. 2003; des
Portes et al. 2004; Chabrol ez al. 2005; Higgins &
Topaloglu 2005; Zanni ez al. 2005). Application of
high-resolution genetic techniques such as array
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CGH (aCGH) and Multiplex Ligation Probe
Amplification (MLPA) have become effective tools
for detecting small deletions and duplications which
allow for a precise characterization of causing muta-
tions. MLPA is a recent technology based on the
relative quantification of specific DNA sequences by
the hybridization of genomic DNA with a mixture
of probes (Schouten ez al. 2002). MLPA allows
detection of copy number changes of up to 46 dif-
ferent sequences in a single experiment. We report

a mutation in a family with four sons with ID
associated to a deletion of exons 21 and 22 of the
OPHNT gene.

Patients and methods
Patients

Four sons from healthy, first cousin consanguineous
parents were affected with ID with IQs ranging
from 50 to 60 (Fig. 1). Cytogenetic analysis showed
normal karyotypes and all were negative for the
fragile X syndrome. Previous linkage analysis using
Linkage Panel Set n 28 (Applied Biosystems, CA,
USA) did not show conclusive results.

Molecular analysis

The tiling path X chromosome-specific array con-
sists of >1600 genomic BAC clones derived from X
chromosome with a resolution of approximately
100 kb. Array production, probe preparation and
hybridization on the array were performed at the
microarray unit of the Centre for Genomic Regula-
tion (CRG, Barcelona) as described elsewhere
(Rodriguez-Revenga et al. 2007). Data normaliza-
tion was performed against the mean of the spot

ratios of all clones and genomic imbalances were
determined based on log2 ratios of the average of
the replicates. Sequences were considered as ampli-
fied or deleted when outside the *0.20 range.

Multiplex Ligation Probe Amplification analysis
was performed with Salsa P10o6 kit (MRC-Holland,
Amsterdam, the Netherlands), as previously
described (Madrigal ez al. 2007). Analysis of MLPA
PCR products was performed on an ABI 310
genetic analyser and the Genotyper software
(Applied Biosystems, CA, USA). Target imbalances
were determined based on ratios of the relative peak
areas. Duplications and deletions were considered
when outside the *=0.30 range. MLPA results were
confirmed by PCR by using primers for exons 20,
21, 22 and 23: 20F (§-ATCAACTGGTGGGTA
GCATT-3"), 20R (5"-GGAGCCAGGAAAGGTC
TACT=3"), 21F (§-TTATCATTAATCTTCCC
TCTTGG-3"), 21R (5'~AAGTAGTTAGGGTCA
GCTCTGG-3"), 22 F (5-AAGTTGGCCCAG
GTAACTCT=3"), 22R (§-GTGATCCTGAAAGC
ATTCCT=3"), 23F (5'-CACGTGTATACCAAAG
CAACT=3") and 23R (5"-AGGCGATTTGGTTT
TTCTTT=3").

Results
Clinical findings

All affected males presented ID. The level of perfor-
mance was similar to that described for fragile X
patients, i.e. ability for only mechanical skills. The
major dysmorphic features shared by all brothers
were facial asymmetry, long face, prominent chin,
strabismus, synophrys or medial eyebrow flare,

a prominent nose, a broad high nasal root and
hypogenitalism. Patients II.4 and II.6 developed

II

Figure | Pedigree of the family.
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Figure 2 (A) BAC array CGH results. In Y-axis represented the mean log2 transformed and Lowess normalized test over reference
intensity ratios. In the X-axis are displayed the Mb position of the clones on the X chromosome, ordered from p-telomere to g-telomere
on the basis of physical mapping positions, according to the hgr7 assembly of the UCSC (http://genome.ucsc.edu/cgi-bin/hgGateway).
Clones with ratios lower than —o0.2 are shown encircled. Other copy number variation (CNV) identified in the patient was duplication at
X238, that encompasses the opsin cluster and that corresponds to a previously reported CNV present in the reference database (http://
projects.tcag.ca/variation/). (B) Physical position of clones mapping Xqr12. (C) Multiplex Ligation Probe Amplification electropherograms:
control sample (first row) and the patient carrying the deletion (second row). The deletion in the patient is evident by the lack of the peak

corresponding to exon 21I.

early epilepsy and they were on medication with aberrant ratios of two adjacent clones (RP11-586C9,
Topiramar. Magnetic resonance imaging (MRI) per- RP11-466E18) that overlapped with the end of the

formed in these patients revealed a Dandy-Walker OPHNT gene (Fig. 2A and B). The normalized log2
variant malformation which could explain the ratios obtained for these clones were 0.32 and 0.35,
slightly hydrocephaly and cerebellar hypoplasia. respectively. Parallel MLPA analysis (Madrigal ez al.

2007) showed a deletion affecting exon 21 of the
OPHNT gene (Fig. 2C). The deletion fully segre-
gates with the phenotype in the family. The mother
By X-chromosome aCGH, we identified a small and sister could be diagnosed as carriers. PCR
deletion at Xqr12. The deletion was evident from results revealed a deletion of exons 21 and 22. This

Molecular analysis
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deletion includes the domain of interaction with
actin, located to the carboxyl-terminal end of the
protein.

Discussion

Mutations in genes engaged in intracellular signal-
ling have usually been considered genes causing
XLMR (i.e. PAK3, OPHN1, ARHGEF6, GDIr).
Few cases are described with mutations in these
genes; thus, it is difficult to establish genotype-
phenotype correlations. Recent reports suggest the
implication of OPHNT on a recognizable clinico—
radiological syndrome (Philip er al. 2003; Higgins &
Topaloglu 2005). The revision of reported cases
revealed that affected patients harbouring mutations
in the OPHNT display similar clinico-radiological
features, mainly anomalies in the cerebellum and
ventriculomegaly (Table 1). In a recent screening of
patients with ID and known cerebellar anomalies,
mutations in this gene were found in 12% of indi-
viduals (Zanni ez al. 2005), suggesting that MRI
should be performed in these patients to further
investigate cerebellar anomalies. Mutational spec-
trum of the OPHNT includes three non-sense muta-
tions, one splice site mutation, one insertion and six
deletions (Table 1). Unlike other genes responsible
for ID, the more frequent mutations are deletions
present in almost 60% of the reported cases. The
causing-disease mutation in our case is a deletion of
exons 21 and 22; this region contains a prolif-rich
motif (PPVRPPDPP) with a consensus sequence
for an SH3-binding site (PXXP). Transfection
experiments recently confirmed that OPHNT inter-
acts directly with the actin cytoskeleton through the
prolife-rich motif located at the carboxyl-terminal
end of the protein (Fauchereau er al. 2003). This
domain prevents actin cytoskeleton binding for the
correct formation of growth cones. Neuropsycho-
logical deficits in these patients could be explained
either by the absence of the actin binding site or by
the degradation of the aberrant transcript through
the non-sense-mediated mRNA decay mechanism,
a process by which cells recognize and degrade
non-sense mRNAs to prevent possibly toxic effects
of truncated peptides. In neuronal cells, OPHNT1
co-localizes with actin cytoskeleton in the growth
cone, the structure that directs the growth of the

Table | Main clinical features of patients with alterations of the OPHNT locus

This paper

Zanni Zanni Zanni Zanni

Philip Chabrol

et al.

Bergmann Philip

et al.

Tentler
et al.

Billuart
et al.
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* External ophtalmoplegia.

OPHNT, oligophrenin 1 gene; CD, cerebellar disgenesis; CH, cerebellar hypoplasia; DWV, Dandy-Walker Variant; MRI, magnetic resonance imaging; S, synophrys.
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neurone. It plays an important role in neuronal
morphology and therefore in synaptic processes and
neuronal connectivity.

This case highlights the value of high-resolution
techniques as MLPA and aCGH for a better char-
acterization of copy number changes and suggests
that MLPA is highly recommended as a first screen-
ing method for all subjects with an evidence of
X-linked intellectual disability. Furthermore, it may
be very useful to identify carrier women and to
genetic counselling and prenatal diagnosis in
families not previously diagnosed.
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5. DISCUSION

El estudio genético del RM constituye uno de los campos mas complejos de la genética
humana; el avance en la identificacion y caracterizacion de los factores genéticos
responsables de RM se ve limitado por la heterogeneidad tanto clinica como molecular de
esta patologia. Los desordenes mendelianos, las alteraciones cromosomicas o los factores
ambientales pueden actuar como causa unica o de forma conjunta en la etiologia del RM.
Actualmente la base de datos OMIM recoge mas de 1000 entradas de genes relacionados
con RM, 401 de los cuales mapan en el cromosoma X. El hecho de que cada gen sea
responsable de RM en un ntmero reducido de familias, existiendo mas familias sin
diagnosticar que familias con alteraciones genéticas identificadas, hace mas dificil la
identificacidn de estos genes (Ropers ef al., 2003).

Hasta ahora la mayoria de las mutaciones identificadas en genes responsables de RM son
mutaciones no sinomimas y deleciones, posiblemente debido a la falta de técnicas lo
suficientemente eficaces para la deteccion de otro tipo de reordenamientos. El exceso de
dosis génica, y no solo la falta de ella, es también causa de RM, como sucede en el caso de
la duplicacion que afecta el gen MECP2 (Van Esch et al., 2005). En algunos de los casos,
sin embargo, falta todavia por determinar la consecuencia fisiopatologica de la dosis extra de
las regiones implicadas.

Esta tesis aporta una visidon actualizada de las causas genéticas del RM y de las recientes
metodologias desarrolladas para alcanzar un diagnostico molecular. La puesta a punto de
nuevas tecnologias en nuestro laboratorio de biologia molecular ha derivado en la
modificacion de los protocolos de estudio del RM, permitiendo de esta forma incrementar el
numero de diagndsticos e indicandonos cémo y cudndo debemos aplicar la tecnologia de la
que disponemos en cada caso.

El primer paso para el diagnostico del RM es la evaluacion clinica. Cuando existe una
sospecha clinica de un sindrome que cursa con RM para el que se dispone de una prueba de

laboratorio determinada, como una anomalia cromosomica, un sindrome microdelecional o
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mutaciones en un gen conocido, se realiza un estudio dirigido que permite llegar a un
diagnostico molecular y confirmar la sospecha clinica inicial. En el caso de que no exista
sospecha clinica alguna, el primer paso es realizar un cariotipo que permite descartar las
anomalias cromosomicas numéricas y estructurales con un tamafio superior a 5 Mb. Las
cromosomopatias constituyen un porcentaje muy elevado de las causas de RM sindrémico
(cerca de un 20%), mientras que en los casos de RM no sindrémico practicamente no hay
cromosomopatias detectables mediante citogenética convencional.

Si el cariotipo no revela ninguna anomalia, el segundo paso es el estudio de reorganizaciones
submicroscopicas, lo que requiere técnicas mas sensibles que la citogenética convencional.
En una primera etapa la aparicion de técnicas de citogenética molecular como la CGH y la
FISH permitieron dar un paso hacia delante en el conocimiento de la etiologia del RM de
base genética. Sin embargo éstos no resultan adecuados para realizar screenings de rutina ya
que son muy laboriosos y son pocos los loci que se pueden estudiar en un solo experimento.
En la actualidad, la aparicion de nuevas tecnologias de alto rendimiento cada vez mas
sensibles y con mayor capacidad de analisis esta permitiendo la deteccion de nuevos
reordenamientos responsables de RM (Bauters ef al, 2005; Lugtenberg et al., 2006;
Madrigal et al., 2007a). La aplicacion tanto del MLPA como del aCGH del cromosoma X en
nuestra serie de pacientes ha permitido detectar nuevos reordenamientos previamente no
descritos, como por ejemplo las duplicaciones que afectan a los genes GDII, RPS6KA3,
HUWE] y ARHGEF6, entre otros (Madrigal et al., 2007a, Madrigal et al., 2007b). La
descripcion clinica detallada de estos pacientes permitira establecer una correlacion
fenotipo/genotipo para llegar a identificar y caracterizar nuevos sindromes
microdelecionales y microduplicacionales. En este trabajo un ejemplo claro es la delecion
del gen OPHNI1 en un paciente diagnosticado inicialmente de RM no sindromico (Madrigal
et al., 2008). Las mutaciones en este gen siempre se habian considerado responsables de RM
no sindrémico, sin embargo estudios recientes sugieren un sindrome clinico-radiolégico
reconocible (Philip et al., 2003; Higgins et al., 2005). La mayoria de pacientes portadores de
mutaciones en OPHNI comparten ciertas caracteristicas clinicas como la hipoplasia
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cerebelar y la ventriculomegalia (Bergman et al., 2003; des Portes et al.,, 2004; Chabrol et
al., 2005). El grupo de Zanni y col. realizaron en 2005 un analisis de este gen en pacientes
afectos de RM y anomalias cerebelares y encontraron una frecuencia de mutaciones del
12%. La mutacién detectada en nuestro paciente es una delecidn intragénica que afecta los
exones 20-21 del gen OPHNI; la reevaluacion clinica del paciente detectdé anomalias
cereberales similares a las anteriormente descritas. Nuestros resultados y los trabajos antes
mencionados ponen de manifiesto la importancia de realizar una evaluacion clinica detallada
con exploraciones complementarias, como los estudios de resonancia magnética, con el fin
de establecer un fenotipo concreto que permita que estos sindromes sean reconocibles

clinicamente.

5.1 Evaluacion de las nuevas tecnologias aplicadas al estudio del XLMR

5.1.1 Multiplex Ligation Probe Amplification

La técnica de MLPA permite la deteccion de alteraciones en el nimero de copia mediante la
amplificacion de sondas adyacentes que identifican una secuencia diana (Shouten et al.,
2002). Actualmente esta técnica es ampliamente utilizada debido a su relacion
efectividad/coste. Su puesta a punto ha permitido incluir en los protocolos de estudio de RM
de gran parte de los laboratorios de biologia molecular, el screening de regiones
subteloméricas por MLPA, de tal forma que ahora este estudio se realiza ante todo RM que
tenga un cariotipo normal y una vez descartado el sindrome del cromosoma X fragil. Hasta
la aparicion del MLPA, el screening de alteraciones subteloméricas se realizaba con sondas
FISH, con los inconvenientes antes mencionados y la necesidad de conocer, de antemano, la
region a estudiar. En nuestro laboratorio el MLPA ha permitido ademas incluir el screening
de reordenamientos en el cromosoma X en los casos en que se sospecha un XLMR. Por el
momento, este screening ha puesto de manifiesto un 6% de reordenamientos responsables de
RM en este cromosoma (Madrigal et al.,, 2007b). De este modo, a todas estas familias que
no disponian de un diagndstico molecular previo, se les puede ofrecer ahora un consejo
genético y un diagnéstico prenatal. Aunque el MLPA no detecta reordenamientos
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equilibrados ni alteraciones en aquellas regiones para las cuales no se han disefiado sondas,
esta técnica resulta especialmente util para el diagndstico de portadores de deleciones o
duplicaciones, ya que hasta ahora este tipo de alteraciones requerian de otras tecnologias
mas costosas como el FISH, la CGH o los SSCPs. Ademas la posibilidad de disefiar sondas
de MLPA locus especificas para el estudio de ganancias o pérdidas de cualquier region
cromosdmica resulta especialmente util tanto para la deteccion de portadoras como para la
confirmacién de resultados de aCGH. La implantacion de estas sondas /locus especificas en
nuestros protocolos de estudio de RM es un claro ejemplo de investigacion traslativa, que
nos permite aprovechar los avances en la investigacion bésica para el beneficio de los
pacientes. Actualmente en nuestro laboratorio disponemos de un set de sondas de MLPA
disefiadas para los tres exones del gen NDP que ya se utilizan para descartar o confirmar
deleciones en este gen, presentes en aproximadamente un 30% de los casos de la
Enfermedad de Norrie, lo que nos permite ofrecer un consejo genético a mujeres portadoras
de estas deleciones.

El nivel de sensibilidad del MLPA para la deteccidon de deleciones y duplicaciones es, segun
nuestros resultados, comparable al de la CGH. Esta tecnologia permite la deteccion de
anomalias en mosaico cuando estan presentes en mas de un 30% de las células. Este punto es
especialmente relevante para la aplicacion del MLPA en diagnéstico prenatal, ya que los
mosaicismos confinados a placenta estan presentes en 1-2% de las muestras de vellosidades
coriales remitidas para analisis citogenético (Stetten et al, 2004). Sin embargo todavia
existen pocos trabajos, y algunos de ellos contradictorios, en los que se haya valorado la
sensibilidad de esta técnica para la deteccidon de anomalias en mosaico. Gerdes y col. (2005)
realizaron un screening prenatal de aneuploidias para los cromosomas 13, 18, 21 X e Y
mediante MLPA en 1542 casos. De todos los casos analizados obtuvieron 2 falsos negativos,
una delecion parcial 46,XX,del(18)(q21—qter) y un mosaicismo 45,X(24%)/46,XY. Cabe
destacar que el grado de mosaicismo era inferior al 30%, que es el limite a partir del cual
nosotros hemos establecido se pueden detectar anomalias en mosaico mediante MLPA. Otro
de los estudios fue el realizado por Kozlowski y col. (2007) que disefiaron un conjunto de
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sondas de MLPA para el estudio de deleciones en los genes TSCI y TSC2 (responsables de
la esclerosis tuberosa), a raiz del cual concluyeron que el MLPA es una técnica eficaz para la
deteccion de alteraciones, incluso cuando estas estan presentes en mosaico. Sin embargo, al
evaluar esta tecnologia para la deteccion de mutaciones en mosaico (grado de mosaicismo
33% y 60%) en pacientes con Neurofibromatosis tipo 2 (NF2), Evans y col. (2007)
concluyeron que esta técnica no es lo suficientemente sensible incluso en muestras con altos
niveles de mosaicismo, puesto que detectaron solo un 20% de las anomalias. Debe tenerse
en cuenta que la deteccion de alteraciones en mosaico depende tanto del grado de
mosaicismo como del numero de sondas que cubren la region estudiada y el tamafio o
numero de exones implicados en la alteracion. Es por tanto evidente que, aun permitiendo el
MLPA la deteccion de anomalias en mosaico por encima del 30%, la técnica mas sensible

para el estudio de mosaicismos continda siendo la FISH.

5.1.2 aCGH del cromosoma X

Los arrays de CGH se han convertido en una herramienta de gran utilidad para la obtencion
de un “cariotipo molecular”, ya que permite la deteccion de microduplicaciones y
microdeleciones a lo largo de todo el genoma (Flieger ef al., 2006). Muchos casos de RM no
sindromico son debidos a reordenamientos cromosémicos desequilibrados que resultan en
deleciones o duplicaciones de un determinado cromosoma o regién cromosomica. Frente a
las técnicas de citogenética convencional, los aCGH confieren las ventajas de una alta
cobertura (generalmente todo el genoma), alta resolucidon y rapidez. Los avances en la
tecnologia de los arrays han revolucionado el estudio de las CNVs especialmente en el
campo del RM, incluido el XLMR. La utilidad de esta tecnologia para la deteccion de
cambios numéricos en pacientes con RM y cariotipo aparentemente normal ha sido
documentada por diversos grupos (Shaw-Smith et al., 2004; Veltman et al., 2004; Bauters et
al., 2005; Schoumans et al., 2005; Menten et al., 2006).

Una primera aplicacion basica de los aCGH ha sido el estudio de sindromes

microduplicaciones/microdelecionales conocidos. Gracias a los arrays podemos caracterizar
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de forma precisa la regién implicada y establecer una correlacion fenotipo/genotipo. En
Rodriguez-Revenga et al., 2007, presentamos la caracterizacion molecular de una delecion
del locus NDP mediante aCGH en un paciente afecto de Enfermedad de Norrie que
presentaba una epilepsia poco comun entre los pacientes con este sindrome. El aCGH
mostréd una delecion de aproximadamente 1Mb en Xpll1.3, afectando los genes NDP,
MAOA, MAOB y EFHC?2. Las mutaciones en el gen EFHC2, que habitualmente no esta
implicado en el Enfermedad de Norrie, se han relacionado recientemente con la epilepsia
mioclonica (Gu et al., 2005), por lo que pudimos concluir que este gen era el responsable
directo de la epilepsia que mostraba el paciente. La caracterizacion precisa de este tipo de
deleciones es de importancia clinica no so6lo para el consejo genético, especialmente en
mujeres portadoras, sino también para el establecimiento temprano de un tratamiento.

Uno de los principales atractivos que presentan los aCGH es que permite tanto el analisis de
CNVs a nivel de todo el genoma como el estudio de regiones concretas, como es el caso de
los tiling path arrays del cromosoma X aplicados a la deteccion reordenamientos en
pacientes con XLMR. Hasta el momento s6lo existen 3 trabajos, incluido el nuestro, en los
que se haya desarrollado un aCGH especifico del cromosoma X (Lugtenberg ef al., 2006;
Froyen et al., 2007; Madrigal et al.; 2007). Los tres arrays tienen una cobertura total del
cromosoma X y permiten la deteccion de desequilibrios en este cromosoma con una
resolucion de aproximadamente 100 kb. En los tres estudios se seleccionaron varones
afectos de RM inespecifico ligado a cromosoma X (mas de un varon afecto en varias
generaciones o mas de 3 hermanos afectos). Lugtenberg y col. (2006) analizaron 40
individuos y encontraron una frecuencia de reordenamientos responsables de RM del 7,5%
(3/40), con tamaifios que variaban entre 200 kb y 7 Mb. Por otro lado, recientemente Froyen
y col. (2007) realizaron un screening en 108 pacientes reportando una frecuencia de
reordenamientos del 4,6% (5/108), con tamafios que variaban entre 100 kb y 2,7 Mb. Por
ultimo, en este trabajo se reportan desequilibrios clinicamente relevantes en un 11,5% de los

pacientes analizados (6/52) con tamafios que varian entre 80 kb y 1 Mb, aproximadamente.
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Algunos de los cambios detectados mediante el aCGH no han sido previamente descritos,
aunque la mayoria implican un gen conocido candidato de XLMR.

Una limitacién que presentan los aCGH es que, al igual que el MLPA, no detectan
alteraciones equilibradas (traslocaciones reciprocas e inversiones). Estas alteraciones, sin
embargo, en la mayoria de casos no se asocian a RM, por lo que no constituiria un problema,
a no ser que la misma alteracion dé lugar a la desregulacion o disrupcion de algun gen
implicado en el RM.

Otro aspecto relevante en relacion a la tecnologia de los arrays es la interpretacion de los
resultados. La variabilidad estd presente en el genoma de diversas formas, incluyendo single
nucleotide polymorphisms (SNPs), repeticiones en tandem de namero variable
(microsatélites, minisatélites), alteraciones estructurales etc. Recientemente varios grupos
han demostrado que la presencia generalizada de variaciones en numero de copia en
individuos normales es mas frecuente de lo esperado. En 2004, lafrate y colaboradores
identificaron mediante un aCGH de BACs, mas de 200 /oci que contenian desequilibrios
genomicos en 39 individuos normales, no relacionados, procedentes de 4 poblaciones de
HapMap (International HapMap Consortium, 2005). El mismo afio Sebat y colaboradores
identificaron, mediante un aCGH de oligonuclétidos, 76 CNVs diferentes en 20 individuos
procedentes de 9 poblaciones. Otros estudios han seguido estos dos trabajos iniciales (Tuzun
et al., 2005; Redon et al., 2006) y, actualmente en la base de datos de variaciones genémicas
(http://projects.tcag.ca/variation/) hay descritas cerca de 21267 CNVs a lo largo de todo el
genoma. En un estudio reciente, Wong y col. (2007) analizaron 95 individuos en los que la
variacion mayor detectada entre dos individuos era de hasta 9 Mb. Es preciso, por lo tanto,
tener en cuenta toda esta informacion para interpretar los resultados obtenidos con los
arrays, para poder discriminar qué reordenamientos pueden estar implicados en la patologia
del RM y qué reordenamientos son simplemente cambios benignos sin implicacion clinica
alguna. En nuestra serie de pacientes, aproximadamente el 76% de las CNVs detectadas
corresponden a CNV benignas, comprendidas en 7 regiones distintas y previamente descritas
como variables en poblacion general (Locke et al., 2006, Redon et al., 2006, Sharp et al.,
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2006). El 55% de los genes implicados en estas CNVs son antigenos tumorales de las
familias SAGE y MAGE, mientras que un 15% corresponden a genes relacionados con los
sentidos, siendo las opsinas la familia mas representada. Este porcentaje es similar al
previamente descrito por otros grupos (Nguyen et al., 2006; Redon et al., 2006).

Por tanto, es evidente que una parte importante de nuestro genoma es variable en nimero de
copia y que estas variaciones polimorficas confieren leves o ninguna consecuencia
fenotipica. En algunos casos se especula que estas CNVs, sin aparentes consecuencias
fenotipicas, podrian estar implicadas en susceptibilidad a enfermedades de aparicion tardia o
enfermedades complejas. De hecho, muchos genes asociados a enfermedad y susceptibilidad
muestran también variaciones en numero de copia en la poblacion control. Entre ellos hay
genes asociados a diabetes mellitus, genes relacionados con cancer (oncogenes, supresores
de tumores) y genes asociados a susceptibilidad a enfermedades coronarias o a la
enfermedad de Alzheimer (Wong et al., 2007). Su contribucién a enfermedades humanas
puede ser sdlo identificada mediante estudios de caso-control, con el fin de determinar si
variantes especificas de estas CNVs (numero de copias y/o tamafio) estan asociadas con
fenotipos concretos.

Aunque por el momento los aCGH no estan al alcance de todos los laboratorios de
diagnostico molecular debido en parte a su alto coste y a la dificultad que conlleva su
interpretacion, existen ya muchos laboratorios que incluyen el “cariotipo molecular” en los
protocolos de estudio de pacientes con RM y malformaciones, pudiendo llegar a sustituir
parcialmente al cariotipo convencional en este grupo de pacientes. De hecho, se espera que
el porcentaje de reordenamientos cripticos intersticiales en pacientes con RM sea
comparable o superior al de reordenamientos subteloméricos, que se situa entre el 5-7%
(Rodriguez-Revenga et al., 2004; Vermeesch et al., 2007). El uso de aCGH de resolucion
cada vez mayor, esta aumentando las tasas de deteccion de desequilibrios cromosémicos en
pacientes con RM y/o anomalias congénitas (Friedman et al., 2006; Rosenberg et al., 2000).
Ademas del diagnostico de pacientes sin anomalias cromosomicas visibles, el “cariotipo
molecular" puede ser de gran utilidad para desenmascarar desequilibrios submicroscopicos
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en pacientes con desequilibrios cromosémicos visibles. En particular, traslocaciones
aparentemente equilibradas en pacientes que presentan un fenotipo andémalo pueden
enmascarar deleciones tanto en los puntos de rotura como en otros puntos del genoma.

La aplicacion de nuevas tecnologias al estudio del RM ha supuesto una mejora significativa
del diagndstico genético en estos pacientes. Los aCGH parecen estar ya preparados para su
introduccion en los test de rutina, sin embargo el desafio principal reside ahora en la correcta
interpretacion clinica de las CNVs detectadas mediante estas tecnologias y el abaratamiento

de costes para que esta tecnologia sea accesible a los laboratorios de diagnostico.
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6. CONCLUSIONES

1. El MLPA es una herramienta diagnoéstica muy til para el estudio de reordenamientos
desequilibrados en pacientes con RM y la deteccion de portadores, por lo que se recomienda

su utilizacion como técnica diagndstica en el estudio del RM.

2. La incidencia de reordenamientos cripticos del cromosoma X detectados mediante MLPA

en pacientes afectos de XLMR es del 6%.

3. Los aCGH representan una buena herramienta para la deteccion y caracterizacion de
desequilibrios cripticos en pacientes con RM, asi como para establecer una correcta

correlacion fenotipo/genotipo e identificar nuevos sindromes de genes contiguos.

4. La incidencia de reordenamientos cripticos del cromosoma X detectados mediante aCGH

en pacientes afectos de XLMR es del 11%.

5. La implicaciéon de duplicaciones en la etiologia del RM es mayor de la estimada. Este
hecho se debe principalmente a que las técnicas utilizadas hasta el momento no permitian la

deteccion de este tipo de alteraciones.

6. Nuestros resultados apoyan que el RM debido a mutaciones en el gen OPHNI,
considerado hasta hace poco responsable de retraso mental inespecifico, se trata de un

sindrome reconocible clinicamente.

7. La caracterizacion de la delecién que afectaba al locus del gen NDP en uno de los
pacientes ha permitido concluir que el gen EFHC?2 es responsable de una forma de epilepsia

miocldnica juvenil.
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8. Una parte importante de nuestro genoma es variable en numero de copia. Estas
variaciones deben ser caracterizadas genéticamente (genes que contienen, tamafio, nimero

de copias, region afectada) antes de poder asignarles o no una responsabilidad clinica.
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