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Resumen

El sindrome Cornelia de Lange (SCdL, OMIM #122470, #300590, #300882, #610759 y
#614701) es un trastorno raro del neurodesarrollo que afecta a mdltiples aparatos y
sistemas, caracterizado por una facies distintiva, baja talla, anomalias en las extremidades
y discapacidad intelectual. Desde la identificacion del primer gen causal, NIPBL, hace
veinte afios, se han descrito multitud de variantes genéticas y se han asociado otros siete
genes, la mayoria relacionados al complejo cohesina. Sin embargo, a pesar de los avances
conseguidos, actualmente aproximadamente el 20% de los pacientes aun continda sin un
diagnostico genético claro. Por ello, el objetivo principal de esta tesis es lograr un
diagndstico preciso de los casos clinicos susceptibles de ser incluidos en el Espectro
Cornelia de Lange (ECdL).

El diagnostico de enfermedades raras enfrenta numerosos desafios. Los retrasos
suelen deberse al desconocimiento de los genes causales implicados, o a limitaciones
técnicas en la deteccion e interpretacion de variantes genéticas complejas. Ademas, los
diagnosticos imprecisos pueden estar relacionados con la evolucion fenotipica de los
pacientes, o con el solapamiento de caracteristicas clinicas entre diferentes entidades
nosoldgicas.

La identificacion de un nuevo gen causal del SCdL se presenta como la
contribucion més significativa de esta tesis. Tras una odisea diagnostica de mas de
dieciocho afios, se describe por primera vez una variante patogénica en el gen AFF2 en
una familia afectada por una forma clésica del SCdL. Esta variante corresponde a una
duplicacion intragénica que provoca una disminucion significativa del transcrito del gen.
Ademas, la similitud funcional en la regulacién de la expresion génica entre este gen, y
los ya conocidos, respalda la propuesta de AFF2 como nuevo gen causal del SCdL.

En los ultimos afios, ha aumentado considerablemente la identificacion de
individuos con SCdL y variantes en el nimero de copias (CNVs). En este trabajo, se
describe la segunda duplicacion intragénica del gen HDACS, detectada en una paciente
de ocho afios con fenotipo clésico del SCdL. Este hallazgo no solo aporta una mejor
caracterizacion clinica y molecular de pacientes con variantes en HDACS, sino que
también destaca la importancia de implementar técnicas moleculares avanzadas y
algoritmos de analisis que permitan identificar este tipo de alteraciones genéticas.

El seguimiento longitudinal y la reevaluacion de datos genéticos, son
fundamentales en pacientes con trastornos del neurodesarrollo. Un ejemplo claro de esta
necesidad, es el presentado en el tercer trabajo, una nifia cuya evolucion clinica transito
de un diagnostico inicial de SCdL a sindrome de KBG. Este cambio fenotipico alerto a
los clinicos, lo que llevé a ampliar el estudio genético, que permitio la identificacion de
una variante patogénica en el gen ANKRD11.
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Resumen

El descubrimiento de nuevas entidades nosoldgicas, esta mejorando la precision
diagndstica. Un ejemplo es el caso de algunos pacientes inicialmente diagnosticados en
la infancia con SCdL que, gracias a la identificacion del sindrome de PACS1, han sido
reclasificados. Aunque no existe una relacion molecular entre ambos sindromes, su
similitud fenotipica motivo la realizacion de una revision detallada del sindrome de
PACS1, proporcionando un contexto valioso para comprender las similitudes y
diferencias con trastornos estrechamente relacionados. Ademas, dada la gran similitud
clinica y molecular observada entre los sindromes PACS1, PACS2 y WDR37, se sugiere
su agrupacion en una nueva entidad nosolégica més amplia, siguiendo el ejemplo del
ECdL.

En conjunto, este trabajo profundiza en los mecanismos subyacentes al SCdL,
mejorando la comprension del cuadro clinico. Se propone un nuevo gen causal, se
describen nuevas variantes genéticas complejas, y se amplia el conocimiento sobre el
diagnostico diferencial del sindrome. La caracterizacion de variantes patogénicas y su
asociacion con fenotipos clinicos complejos, resulta clave para optimizar la precision
diagnostica y, en ultima instancia, ofrecer una atencion de calidad a los pacientes y
familias afectadas.
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Summary

Cornelia de Lange syndrome (CdLS, OMIM #122470, #300590, #300882, #610759, and
#614701) is a rare neurodevelopmental disorder affecting multiple systems and organs,
characterised by distinctive facial features, short stature, limb anomalies and intellectual
disability. Since the discovery of the first causal gene, NIPBL, 20 years ago, numerous
genetic variants have been described and seven additional genes have been associated
with this disorder, most of them related to the cohesin complex. Despite the advances
achieved, to date approximately 20% of patients still lack a genetic diagnosis. Therefore,
the main objective of this thesis is to establish an accurate diagnosis of clinical cases
potentially included within Cornelia de Lange Spectrum.

The diagnosis of rare diseases faces numerous challenges. Delays are often
attributable to insufficient knowledge of the causal genes involved or to technical
limitations in the detection and interpretation of complex genetic variants. Furthermore,
inaccurate diagnoses may arise from the phenotypic shift of patients or the overlap of
clinical features among different nosological entities.

The identification of a new causal gene for CdLS emerges as the most significant
contribution of this thesis. After a diagnostic odyssey spanning over 18 years, a
pathogenic variant in the AFF2 gene has been described for the first time in a family
presenting with classic CdLS. This variant consists of an intragenic duplication resulting
in a significant dose reduction of the gene's transcript. Furthermore, the functional
similarity in gene expression regulation between AFF2 and those genes already
associated with the syndrome strongly supports the proposal of AFF2 as a new causal
gene for CdLS.

In the last few years, there has been a considerable increase in the identification of
copy number variations (CNVSs) in individuals with CdLS. This study describes the
second intragenic duplication identified in HDAC8 gene, detected in an eight-year-old
patient with classic CdLS phenotype. This finding not only provides a better clinical and
molecular characterization of patients with variants in HDACS, but also underscores the
importance of implementing advanced molecular techniques and analytical algorithms to
identify such genetic alterations.

Longitudinal follow-up and reevaluation of genetic data are crucial in patients with
neurodevelopmental disorders. A clear example of this is presented in the third article of
this work, describing a girl whose clinical progression shifted from an initial CdLS
diagnosis to KBG syndrome. This phenotypic change alerted the clinicians, prompting an
expansion of the genetic study, which led to the identification of a pathogenic variant in
the ANKRD11 gene.
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Summary

The discovery of new nosological entities is improving diagnostic accuracy. For
example, the classification of several patients initially diagnosed with CdLS in childhood
have been modified thanks to the identification of PACS1 syndrome. Although no
molecular relationship exists between the two conditions, their phenotypic similarity
prompted a thorough review of PACS1 syndrome, providing insights into the similarities
and differences with closely related disorders. In addition, the notable clinical and
molecular similarity observed between PACS1, PACS2, and WDR37 syndromes suggests
that they may be grouped into a new nosological entity, following the example of Cornelia
de Lange Spectrum.

Overall, this thesis explores the etiopathogenesis of CdLS, enhancing the
understanding of its clinical presentation. In this work, a new causal gene is proposed,
novel complex genetic variants are described and the knowledge of the differential
diagnosis of the syndrome is expanded. The characterization of pathogenic variants and
their relationship with complex clinical phenotypes is essential for improving diagnostic
accuracy and, ultimately, for providing quality care to patients and their families.
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aCGH: array de hibridacion gendmica comparativa, array Comparative Genomic Hybridization.
ACMG: Colegio Americano de Genética Médica, American College of Medical Genetics.
ADN: &cido desoxirribonucleico.

ARN: &cido ribonucleico.

ATP: adenosin trifosfato.

CNV: variacion del nimero de copias, Copy Number Variation.

ECdL: Espectro Cornelia de Lange.

EGR: enfermedad genética rara.

ER: enfermedad rara.

FEDER: Federacion Espafiola de Enfermedades Raras.

FISH: hibridacién fluorescente in situ, Fluorescence In Situ Hybridization.

HPO: Ontologia del Fenotipo Humano, Human Phenotype Ontology.

IA: inteligencia artificial.

INDELS: pequefias inserciones o deleciones, Insertions and Deletions.

iPSCs: células madre pluripotentes inducidas, Induced Pluripotent Stem Cells.

LRS: secuenciacion de lectura larga, Long Read Sequencing.

MLPA: amplificacion de sondas tras ligacién maltiple, Multiplex Ligation dependent Probe
Amplification.

mTOR: mammalian Target of Rapamycin.
NGS: secuenciacion de nueva generacién, Next Generation Sequencing.
OGM: mapeo Gptico del genoma, Optical Genome Mapping.

PACSI: proteina 1 clasificadora de grupos &cidos de fosfofurina, Phosphofurin Acidic Cluster
Sorting Protein 1.

SCdL.: sindrome Cornelia de Lange.

SHMS: sindrome de Schuurs-Hoeijmakers, Schuurs-Hoeijmakers syndrome.

SKBG: sindrome de KBG.

SMC: mantenimiento estructural de los cromosomas, Structural Maintenance of Chromosomes.
SNV: variante de un solo nucle6tido, Single Nucleotide Variant.

STR: repeticiones cortas en tandem, Short Tandem Repeats.

TND: trastorno del neurodesarrollo.

VUS: variantes de significado incierto, Variants of Uncertain Significance.

WES: secuenciacion del exoma completo, Whole Exome Sequencing.

WGS: secuenciacion del genoma completo, Whole Genome Sequencing.
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Desafios en el diagnostico de las enfermedades raras

Las enfermedades raras (ERS) constituyen un grupo heterogéneo de patologias que abarca
entre 6.000 y 8.000 tipos diferentes, afectando aproximadamente al 5% de la poblacién
mundial ®. Se estima que alrededor del 80% de los casos tiene un origen genético,
generalmente con un inicio congénito, y en muchos casos, con un impacto potencialmente
letal 12, Dentro de las enfermedades genéticas raras (EGRs), el 70% de los pacientes
manifiestan sus sintomas en la infancia, con una tasa de supervivencia inferior a cinco
afios en el 30% de los casos . Uno de los principales problemas en este campo, que
contribuye a la incertidumbre sobre las cifras actuales, es la falta de diagndstico.
Actualmente, se calcula que entre el 25% y el 50% de los pacientes carecen de un
diagndstico genético confirmado 3% Ademas, segin la Federacion Espafiola de
Enfermedades Raras (FEDER), el tiempo promedio de espera para un diagndstico es de
cuatro afios y en el 20% de los casos puede superar los diez afios.

A pesar de los avances tecnoldgicos, el diagnostico de las EGRs sigue siendo un
desafio importante, debido a la amplia variabilidad clinica y genética que presentan °. La
colaboracidn internacional ha mejorado notablemente la recopilacion y el anélisis de
datos a nivel mundial, lo que favorece el avance del conocimiento sobre estas patologias.
El fenotipado detallado, junto con la aplicacion de nuevas técnicas diagndsticas, facilita
la identificacion y comprension de nuevas variantes patogénicas 58 Ademas, el
desarrollo de nuevos modelos experimentales, contribuye a esclarecer los mecanismos
moleculares subyacentes a estas enfermedades °. En ciertos casos, se estan explorando
enfoques terapéuticos con el fin de revertir el origen de los trastornos *°.

Las dificultades para alcanzar un diagnostico son atribuibles a diversas causas, que
se pueden agrupar en problemas estructurales del sistema de salud y limitaciones técnicas.
En Espafia, una de las principales carencias ha sido la ausencia de una especialidad
médica en genética clinica y de laboratorio, la cual fue aprobada recientemente por la
Comision de Recursos Humanos del Sistema Nacional de Salud (5 de diciembre de 2024).
Esta falta de especializacion ha afectado en la capacidad del sistema para diagnosticar y
gestionar adecuadamente estas enfermedades, debido a la escasez de profesionales con
formacion especifica en este ambito. Desde el punto de vista técnico, los desafios mas
relevantes incluyen la complejidad genética de estas condiciones, la dificultad para
interpretar variantes en regiones no codificantes y la limitada disponibilidad de bases de
datos que relacionen genotipo y fenotipo. En consecuencia, la combinacion de estos
factores estructurales y técnicos, resalta la necesidad de implementar enfoques
diagnosticos integrales y de desarrollar plataformas colaborativas que faciliten la
interpretacion de datos gendmicos en el contexto de las EGRs 123,
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Los consorcios y asociaciones, tanto nacionales como internacionales, juegan un
papel crucial en la ampliacion del conocimiento sobre las EGRs . Su labor se enfoca en
fomentar la colaboracion global, facilitando el intercambio de datos y la coordinacion de
esfuerzos para afrontar los desafios del diagnostico. En Espafia, destacan iniciativas en
red como el CIBERER *° o el reciente proyecto IMPaCT-GENGOMICA, que constituye
una infraestructura de apoyo al diagnéstico mediante tecnologias genémicas avanzadas.
Ademas, a nivel internacional, estdn surgiendo herramientas innovadoras, como la
plataforma GPAP RD-Connect, que proporciona informacion actualizada sobre el
fenoma, genoma, y su correlacion *°. Por tanto, la combinacion de esfuerzos globales, la
gestion eficiente de datos y la creacion de consorcios, estan siendo esenciales para el
avance en la investigacion de las EGRs. Estas redes de trabajo también promueven el
desarrollo de politicas de salud publica mas inclusivas, tan necesarias para las personas y
familias afectadas.

Para interpretar adecuadamente el sindrome en cuestion, es fundamental realizar un
andlisis exhaustivo del cuadro clinico. El fenotipado de precisién busca emplear una
terminologia Unica, codificada y estandarizada, a nivel internacional, para definir y
describir detalladamente las caracteristicas de la patologia. Este enfoque permite
identificar patrones fenotipicos, establecer correlaciones entre el genotipo y fenotipo, y
delimitar posibles diagndsticos diferenciales. En concreto, se pretende implementar el
fenotipado profundo (deep phenotyping), que consiste en un andlisis preciso y completo
de los componentes individuales del fenotipo 178, Este nuevo planteamiento requiere de
un estudio multidisciplinario que integre herramientas tecnoldgicas, analiticas y
computacionales, facilitando asi una comprensién mas profunda de la complejidad
fenotipica. El proyecto de Ontologia del Fenotipo Humano (Human Phenotype Ontology,
HPO) ha tenido un impacto significativo en el deep phenotyping, al permitir, mediante
algoritmos de similitud semantica y aprendizaje automatico, respaldar los analisis
gendmicos y fenotipicos °. Ademas, dado que muchos sindromes presentan rasgos
faciales distintivos 2?1, cada vez se suman mas herramientas capaces de discernir estas
caracteristicas 2.

Las variantes genéticas asociadas a las EGRs muestran una gran variabilidad.
Estas abarcan desde cambios puntuales (Single Nucleotide Variants, SNVs), pequefias
inserciones o deleciones (Insertions and deletions, INDELS), hasta repeticiones cortas en
tandem (Short Tandem Repeats, STR) y alteraciones estructurales mas complejas, como
variantes en el namero de copias (Copy Number Variants, CNVs) y reordenamientos
cromosomicos 23?4, La evolucion de las técnicas diagndsticas ha sido clave para mejorar
la identificacion de estas variantes genomicas. Durante mucho tiempo, la genética clinica
se ha basado en pruebas que se enfocan en un solo gen o en andlisis citogenéticos del
genoma completo 2°. Sin embargo, estas metodologias presentaban una baja sensibilidad
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y resolucion, permitiendo el diagnostico solo en aproximadamente el 10% de los
pacientes 2°. La secuenciacion Sanger ha sido pionera en la deteccion de variantes
puntuales e INDELS, aunque su enfoque se limita a regiones especificas. La llegada de
la secuenciacion de nueva generacion (Next Generation Sequencing, NGS) ha
transformado la investigacién gendmica. El analisis masivo que ofrecen estas tecnologias,
permite identificar un mayor nimero de variantes patogénicas 2. En concreto, la
secuenciacion de exoma (Whole Exome Sequencing, WES) y genoma completo (Whole
Genome Sequencing, WGS), estan facilitando la deteccion de muchas variantes, incluidas
alteraciones estructuralmente complejas o localizadas en regiones no codificantes 1329%,
Sin embargo, las técnicas NGS presentan, en ocasiones, limitaciones para resolver
regiones gendmicas altamente repetitivas o complejas. Esta deficiencia se esta abordando
con la incorporacién de las nuevas tecnologias de secuenciacion de lectura larga (long
read sequencing, LRS), como Nanopore y PacBio 31-3*, Estas técnicas ofrecen una mayor
precision en la resolucion de lectura de regiones gendmicas dificiles, ampliando
significativamente el alcance de las aplicaciones gendmicas actuales. Simultaneamente,
las técnicas citogenéticas han evolucionado desde el cariotipo convencional, hacia
tecnologias mas avanzadas como la hibridacion fluorescente in situ (Fluorescence In Situ
Hybridization, FISH), los arrays de hibridacion gendémica comparativa (array
Comparative Genomic Hybridization, aCGH) de alta resolucion y el mapeo oOptico del
genoma (Optical Genome Mapping, OGM) -3 Estos avances en las técnicas
diagnosticas estdn mejorando la identificacion de variantes patogénicas, especialmente
en la deteccion de CNVs y variantes en regiones no codificantes, que anteriormente
podian pasar desapercibidas **2°38,

La incorporacién de las nuevas metodologias, ha incrementado las tasas de
diagndstico genético en casi un 50% en los ultimos afios 3%4°. La gran capacidad actual
de secuenciacion gendmica, esta permitiendo identificar numerosas variantes en regiones
no codificante asociadas a trastornos del neurodesarrollo (TND) %3, Sin embargo, el
manejo del gran volumen de datos generados por estas tecnologias representa un reto
significativo, ya que una proporcién considerable de las variantes detectadas se clasifica
como de significado incierto (Variants of Uncertain Significance, VUS). Esta situacion
puede deberse a la falta de evidencias que permitan establecer su relacion con la
enfermedad en el momento de su identificacion #44°. Para abordar estas dificultades, se
aplican criterios de clasificacion establecidos por el Colegio Americano de Genética
Médica (American College of Medical Genetics, ACMG), que proporciona un marco
estandarizado para evaluar la relevancia clinica de las variantes genéticas “¢. Ademas, los
repositorios de datos a gran escala, tanto poblacionales, p.ej., GnhomAD, como asociados
a enfermedad, p.ej., ClinVar, LOVD o DECIPHER, ofrecen informacidn genética valiosa
que ayuda en la caracterizacion de las variantes 7. El desarrollo de herramientas
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bioinformaticas para la prediccion de patogenicidad, p.ej., VarSome, también contribuye
significativamente en la interpretacion de los datos gendmicos *°°%. En este contexto, la
reciente aplicacion AlphaFold, basada en inteligencia artificial, esta teniendo un impacto

relevante al proporcionar analisis avanzados para predecir la repercusion a nivel proteico
52

El desarrollo de modelos preclinicos ha representado un gran avance en el estudio
de la etiologia y patogénesis de las EGRs *3. Los modelos animales, como el pez cebra,
se utilizan ampliamente para investigar el impacto de variantes genéticas especificas .
Estos modelos no solo permiten estudiar la afectacion a nivel molecular, sino también el
desarrollo de enfoques terapéuticos. Ademas, la reciente introduccién de nuevos modelos
de investigacion, como los organoides y los modelos celulares derivados de células madre
pluripotentes inducidas (Induced Pluripotent Stem Cells, iPSCs), estan ofreciendo mayor
versatilidad para explorar estas enfermedades °.

Abordar estos desafios, permitira que todas las personas afectadas por una EGR
obtengan un diagnostico temprano, reciban una atencién médica adecuada y tengan la
posibilidad de acceder a terapias disponibles.

Bases moleculares de los trastornos del neurodesarrollo

Uno de los fenotipos mas prevalente de las ERs, son las anomalias en el sistema nervioso,
presentes en aproximadamente el 75% de los casos >>°°. En este contexto, el término de
trastorno del neurodesarrollo (TND), se refiere a un grupo diverso de enfermedades que
afectan al desarrollo del sistema nervioso, y que pueden alterar funciones cognitivas,
motoras, conductuales y emocionales ®’. Los TND abarcan una amplia gama de
problemas neuroldgicos y psiquiatricos, que incluyen desde anomalias neuronales
congénitas, hasta trastornos como esquizofrenia, autismo, epilepsia y trastorno por déficit
de atencion e hiperactividad >, Aunque estos trastornos comparten ciertas
caracteristicas clinicas, su origen es altamente diverso. Por ello, comprender los
mecanismos patogenicos especificos de cada TND constituye un desafio significativo,
debido a la elevada complejidad de estas enfermedades >°°,

La clasificacion molecular de los TND de origen monogénico, se fundamenta en la
comprension de las vias bioldgicas y genes implicados. Estudios recientes han
evidenciado la conexidn entre las bases genéticas, los patrones de interaccion proteica y
las manifestaciones clinicas de estas enfermedades ®. Asi, a pesar de la amplia
heterogeneidad genética de los TND, las consecuencias funcionales de las diversas
variantes patogénicas tienden a afectar a vias moleculares interrelacionadas. En estas vias
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se incluyen la funcién sindptica, la regulacion de la expresion génica, la mielinizacion,
asi como la proliferacion y migracion neuronal, y la sefializacion de aminoécidos, entre
otras 283 (Figura 1). Por tanto, los genes asociados a los TND no se distribuyen de manera
aleatoria en las redes moleculares, sino que se agrupan en modulos especificos .

Mielinizacién
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Figura 1. Principales vias afectadas en los trastornos del neurodesarrollo.
(Imagen creada mediante BioRender)

Los trastornos que afectan a la funcidn sinaptica, engloban diversas patologias
caracterizadas por alteraciones en la transmision sinaptica y la plasticidad neuronal °. Se
identifican dos grupos principales de proteinas sinapticas, que son fundamentales para la
formacion de circuitos neuronales dependientes de la actividad durante el desarrollo. Por
un lado, las moléculas de adhesion celular median la organizacion bidireccional de los
compartimentos pre y postsinapticos a través la sefializacion transcelular 8. Por otro lado,
las proteinas asociadas al andamiaje y la sefializacién sinédptica, forman grandes redes
moleculares de receptores y proteinas vinculadas a la actina. Las variantes patogenicas en
los genes que codifican estas proteinas, alteran significativamente el proceso de desarrollo
cerebral, dando lugar a los cuadros clinicos observados en los pacientes afectados ©'.
Ademas, se ha demostrado que alteraciones en genes que codifican proteinas reguladoras
de estos procesos, como las proteinas SHANK (SHANK2 y SHANK3), neuroliginas
(NLGN) y neurexinas (NRXN), son comunes en muchos de los TND -1, Un ejemplo de
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trastorno relacionado con la funcion sinaptica, es el sindrome de Schuurs-Hoeijmakers o
PACS1 (SHMS, OMIM #615009). Investigaciones recientes, han evidenciado
alteraciones en la funcion sinaptica de las dendritas, correlacionando esta afectacion con
la discapacidad intelectual asociada a esta patologia. Curiosamente, se esta explorando
un posible tratamiento mediante oligonucle6tidos antisentido, que ha mostrado restaurar
la estructura neuronal y la transmision sinaptica en modelos de raton 273,

Otro tipo de TND, que afecta principalmente a las funciones motoras y cognitivas,
es la alteracion en la homeostasis de la mielina, afectando a su formacion, mantenimiento
y reparacion "4, Estos trastornos pueden originarse por defectos en las células de Schwann
o en los oligodendrocitos ". Los mecanismos moleculares que se encuentran implicados,
son los responsables de regular diversos procesos como la sefalizacién celular, la
diferenciacion de los oligodendrocitos, la regulacion del metabolismo lipidico y la
respuesta a factores troficos “®. Entre los genes asociados a este fenotipo, se encuentran
GDAP1, MTMR2 y PRX, cuyas proteinas desempefian un papel crucial en la sefializacion
celular y el metabolismo lipidico “~"°. Un ejemplo representativo de este subgrupo de
TND, es el sindrome Charcot-Marie-Tooth (OMIM #607831, #118220, #118200,
#302800, #609260), una de las neuropatias hereditarias mas comunes.

La alteracion en la sefializacion de aminoacidos durante la sintesis de proteinas, es
una causa asociada a los TND, destacando la quinasa mTOR (mammalian Target of
Rapamycin) como un elemento clave en este subgrupo de patologias. Durante el
desarrollo embrionario, mTOR regula la proliferacion y diferenciacién de las neuronas
progenitoras, asi como el crecimiento y elongacion de las neuritas . En la edad adulta,
esta quinasa también participa en procesos como la neurogénesis, el aprendizaje, la
memoria y la plasticidad sinaptica 8. Ademas, mTOR esta implicada en tres vias de
sefializacion: la via del factor de crecimiento, el sensor de energia, y el sensor de
aminoacidos, lo que significa que su alteracion puede tener multiples consecuencias
indirectas 2. También se han descrito diversas variantes patogénicas en factores
reguladores de estas vias, asociadas a TND, incluyendo variantes en los genes
TSC1, TSC2 0 PTEN &,

El crecimiento de la corteza cerebral humana es un proceso complejo y altamente
regulado. La alteracion de cualquiera de sus etapas puede dar lugar a la aparicion de
manifestaciones clinicas graves 8. La adecuada proliferacion y migracion neuronal
durante el desarrollo cerebral, son fundamentales para la organizacion cortical y la
formacion de redes neuronales funcionales. Se han identificado variantes patogénicas en
genes que regulan el citoesqueleto, la adhesion celular y las sefiales quimicas que guian
la migracion neuronal . Estos trastornos, conocidos como malformaciones del desarrollo
cortical, se clasifican en tres grupos: malformaciones en la proliferacién celular y
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apoptosis, malformaciones en la migracion neuronal, y malformaciones en el desarrollo
postmigratorio. Estas patologias se caracterizan por una estructura cortical irregular y/o
por la presencia de materia gris heterotdpica, a menudo asociada a un tamafio cerebral
inusual 86-88,

Otro proceso clave durante el desarrollo cerebral, es la regulacion transcripcional.
Este delicado proceso debe ser preciso y coordinado durante esta etapa, lo que requiere
de una adecuada regulacion de la expresién génica para modular los niveles de
transcripcion de genes especificos del desarrollo cerebral. Esta regulacién garantiza la
correcta maduracion de las conexiones excitatorias e inhibitorias en la corteza cerebral,
asi como la diferenciacion de las neuronas, elementos esenciales para establecer un
equilibrio funcional en los circuitos neuronales &. Existen numerosos genes asociados a
este tipo de trastornos, responsables de codificar proteinas involucradas en la regulacion
de la transcripcion o el remodelado de la cromatina *°. Entre ellos se encuentran MECP2,
KMT2A, CHDS8, SETD5, ANKRD11 o NIPBL, cuya desregulacion puede causar efectos
neurolégicos muy graves %% Diversos estudios han investigado el efecto de la
haploinsuficiencia de estos genes, destacando la importancia de su dosis adecuada durante
el neurodesarrollo %%, Un trastorno que se clasifica dentro de esta categoria, es el
sindrome Cornelia de Lange (SCdL; OMIM #122470, #300590, #610759, #614701 y
#300882), una enfermedad multisistémica que se caracteriza principalmente por su
dismorfismo craneofacial distintivo, afectacion en extremidades, retraso de crecimiento
pre y postnatal, y discapacidad intelectual 7.

El efecto patogénico relacionado con la alteracion de los reguladores de la
cromatina, dentro del grupo de las cromatinopatias, se asocia con una desregulacién
global de la transcripcién. Esta desregulacion afecta, principalmente, a genes
involucrados en el desarrollo neuronal, la organizacién tridimensional de la cromatina y
la regulacion del ARN 11 Como resultado, se producen disfunciones celulares que se
manifiestan en una variedad de fenotipos caracteristicos de estos trastornos. Estos
fenotipos reflejan la compleja interaccion entre las vias moleculares afectadas y los
procesos esenciales del desarrollo neuronal. Asi, el impacto observado no se limita
unicamente al efecto directo de la variante patogénica, sino que también incluye las
consecuencias derivadas de la desregulacién de multiples genes afectados de manera
indirecta.
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Clasificacion de las cromatinopatias

Las cromatinopatias constituyen un grupo de trastornos que se caracterizan por un
desequilibrio en el estado de la cromatina. Este grupo engloba una amplia variedad de
enfermedades con diversas manifestaciones clinicas. En la actualidad, se han clasificado
ciento setenta y nueve sindromes como cromatinopatias %2, siendo el SCdL un ejemplo
representativo 19104, Los fenotipos asociados a estos trastornos, resultan de alteraciones
en los genes que regulan la cromatina. Estas variantes patogénicas suelen dar lugar a
sintomas complejos que afectan a maltiples sistemas y aparatos, con un impacto notable
en el sistema nervioso 12,

Las proteinas afectadas, se clasifican en cuatro grupos principales segun su funcion:
modificadores de la cromatina, remodeladores de la cromatina, moduladores de las
modificaciones quimicas del ADN y ARN, y proteinas accesorias %1%, Recientemente,
esta clasificacion se ha ampliado para detallar aun mas las funciones que desempefian.
Como resultado, se han identificado hasta diecisiete grupos, que incluyen modificadores
y cofactores de histonas, remodeladores de cromatina y sus cofactores, proteinas de
andamiaje, proteinas de la familia Polycomb, factores de transcripcion, asi como
cofactores y modificadores de ADN y ARN 7 (Figura 2).
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Figura 2. Representacion grafica de los principales grupos en los que se clasifican las
proteinas afectadas en las cromatinopatias. (Imagen creada mediante BioRender)
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La alteracién de cualquiera de estas proteinas, provoca una disrupcion del estado
de la cromatina, que influye en la capacidad celular para regular la expresion génica de
manera precisa 1%, Dado que estas proteinas suelen estar involucradas en la regulacion
de multiples genes, las manifestaciones clinicas afectan a varios sistemas, como el sistema
nervioso central, el sistema Oseo y el sistema cardiaco %2 La mayoria de las
cromatinopatias cursan con retraso del desarrollo neuroldgico (HP:0012758), discapacidad
intelectual (HP:0001249), convulsiones (HP:0001250), forma facial anormal (HP:0001999),
retraso del crecimiento (HP:0001510), dificultades en la alimentacion (HP:0011968) y

anomalias de la morfologia cardiaca (HP:0001627) y del sistema esquelético (HP:0000924)
102,109

Un nuevo enfoque que se plantea para continuar investigando los aspectos aun
desconocidos de las cromatinomatias, es el estudio multiomico %, Este enfoque permite
realizar un analisis integral de todas las ciencias 6micas, 1o que puede resultar en
hallazgos mas completos. A través de este analisis, es posible identificar las vias alteradas
que contribuyen a la clinica observada y descubrir biomarcadores que faciliten el
diagnostico. El objetivo de este enfoque es promover el descubrimiento de nuevas
cromatinopatias y, para aquellas ya identificadas, ofrecer una descripcién mas precisa.

Las posibilidades terapéuticas que se plantean para estas enfermedades incluyen
terapias dirigidas en sindromes donde es posible revertir las anomalias presentes. Esto se
puede lograr mediante la inhibicion de enzimas que modifican la cromatina o restaurando
la funcion normal de las proteinas mutadas %8 Estas estrategias ofrecen nuevos
tratamientos posibles para estas condiciones, que anteriormente no se habian considerado
como opciones terapéuticas.

Sindrome Cornelia de Lange

El sindrome Cornelia de Lange (SCdL; OMIM #122470 (SCdL1), #300590 (SCdL2),
#610759 (SCdL3), #614701 (SCdL4) y #300882 (SCdL5)), es una de las cromatinopatias
mas conocidas %1%, Este trastorno genético del neurodesarrollo afecta a multiples
Organos Yy sistemas. Aunque su prevalencia exacta es desconocida, se estima que oscila
entre 1:10.000 y 1:30.000 nacidos vivos %, Sus manifestaciones clinicas presentan una
amplia variabilidad, abarcando desde casos leves hasta formas graves de la enfermedad.
La mayoria de los casos se asocian a variantes patogénicas en genes relacionados con el
complejo cohesina, aunque se estan identificando cada vez mas casos vinculados a
reguladores de la cromatina. La alta variabilidad fenotipica y genotipica hace que el
diagndstico de este sindrome sea un desafio significativo.
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B» Caracteristicas clinicas

El fenotipo del SCdL se caracteriza por una serie de signos y sintomas distintivos.
Las manifestaciones clinicas mas comunes incluyen asimetria craneofacial (HP:0004484),
retraso de crecimiento intrauterino (HP:0001511) y postnatal (HP:0008897), discapacidad
intelectual (HP:0001249), anomalias de las extremidades (HP:0040064), reflujo
gastroesofagico (HP:0002020) e hirsutismo (HP:0001007). Ademas, el sistema nervioso
central, musculoesquelético, cardiaco y gastrointestinal, son los mas afectados en los
pacientes 97110111,

Una de las caracteristicas distintivas de este sindrome, es su facies, facilmente
reconocible desde el nacimiento (Figura 3). Los rasgos faciales incluyen microcefalia
(HP:0000252), sinofridia (HP:0000664), cejas arqueadas (HP:0002553), pestafias largas
(HP:0000527), surco nasolabial largo (HP:0000343) y/o liso (HP:0000319), bermellén del labio
superior fino (HP:0000219), comisuras de la boca de oblicuidad descendente (HP:0002714),
paladar alto (HP:0000218) y orejas de implantacion baja (HP:0000369) ¥"11111 (Figura 3).

Figura 3. Fenotipo facial de individuos de la cohorte espaiola del sindrome Cornelia de Lange.
Fenotipo de una variante genética en a| NIPBL, b| SMC1A, c| SMC3, d| RAD21, e| HDACS, f|
ANKRD11, g| BRD4, h| MAU2. (Imagenes originales)

La afectacién de las extremidades superiores es una caracteristica tipica del
sindrome. Esta puede manifestarse de diversas maneras, desde manos pequefias
(HP:0200055), pliegue palmar transverso Gnico (HP:0000954) y clinodactilia del quinto dedo
(HP:0004209), hasta diversas formas de oligodactilia (HP:0012165) y/o monodactilia
(HP:0004058). La manifestacion mas grave es la ausencia casi completa de las extremidades
superiores 112,
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Una de las presentaciones clinicas més frecuentes en los individuos con SCdL es el
retraso de crecimiento, tanto intrauterino (HP:0001511) como postnatal (HP:0008897) 9111,
Algunos estudios describen alteraciones hormonales o del desarrollo puberal, que se
asocian con una mayor tendencia a la obesidad y resistencia a la insulina, asi como con
un nivel de actividad fisica reducido 134, Ademas, el exceso de prolactina (HP:0000870)
aparece con frecuencia en estos individuos **. En el sistema nervioso periférico, se han
descrito déficits sensitivos y alta tolerancia al dolor, asi como alteraciones en la respuesta
de fibra fina 1*°. Sin embargo, existen pocos estudios que analicen la afectacion de este
sistema.

Las anomalias congénitas cardiacas son una complicacion comun de este sindrome,
afectando aproximadamente a un tercio de los individuos, y contribuyendo a una alta
morbimortalidad '®. También pueden aparecer manifestaciones cardiacas a posteriori,
como alteraciones del musculo cardiaco que, aunque poco frecuentes, representan hasta
el 3% de los fallecimientos 7. Ademas, se han observado cambios en el tamafio y funcion
ventricular en algunos individuos sin anomalias congénitas 8.

Otros fenotipos clinicos que puede aparecer, son la hernia diafragmatica congénita
(HP:0000776), la discapacidad auditiva (HP:0000365) y la miopia (HP:0000545) I,
Relacionado a las conductas, este sindrome se caracteriza por comportamiento autista
(HP:0000729), especialmente conductas repetitivas y déficits del lenguaje. Ademas, muchos
pacientes muestran comportamientos auto dafiinos (HP:0100716) 1°122, Sin embargo, los
estudios de imagenes cerebrales, necesarios para comprender las conexiones entre genes,
cerebro y conducta, son limitados 1%,

El fenotipo del SCdL se clasifica como un espectro, que abarca desde la
presentacion clasica, con una clinica mas marcada, hasta caracteristicas mas leves o no
clasicas del sindrome. El fenotipo clésico es distintivo y facilmente reconocible,
destacandose por dismorfismo craneofacial, retraso en el crecimiento y desarrollo, asi
como malformaciones en las extremidades. Por el contrario, los individuos con fenotipo
no clasico pueden presentar solo algunas de las caracteristicas comunes y mostrar grados
variables de gravedad 97111,

Bases genéticas y moleculares

El complejo cohesina es un regulador esencial de diversos aspectos de la biologia
celular. Pertenece al grupo de proteinas de mantenimiento estructural de los cromosomas
(Structural Maintenance of Chromosomes, SMC) y participa en la union de las cromatidas
hermanas, la cohesién mitotica y meidtica, el mantenimiento de pliegues especificos del
ADN, la reparacion de roturas de doble cadena y la regulacion transcripcional %124
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(Figura 4). Comprender su conformacion es crucial para entender su actividad. Al igual
que otras proteinas SMC, el complejo cohesina consta de una subunidad ATPasa y un
complejo proteico de union al ADN, no especifico de secuencia *?°. La subunidad ATPasa
utiliza ATP para activarse y plegar el genoma en bucles, lo cual es fundamental para la
organizacion espacial y la regulacion génica *?°.
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Figura 4. Componentes proteicos del complejo cohesina y funciones principales que desarrolla.
(Imagen creada mediante BioRender)

La cohesina es un complejo en forma de anillo, compuesto por tres proteinas:
SMCI1A, SMC3yRAD?21. A este anillo tripartito, se unen diversas proteinas, dando lugar
al complejo cohesina. Las subunidades auxiliares STAG1 y STAG2 son esenciales para
la union eficiente de la cohesina al ADN %27, Otros reguladores importantes del complejo
son NIPBL y MAU2, que facilitan la carga de la cohesina en el ADN 28, Por otro lado,
WAPL desempefia una funcion opuesta al unirse a la proteina PDS5, lo que permite la
liberacion de la cohesina de la cromatina *2°.

El estudio de la estructura del complejo cohesina, es fundamental para comprender
las diversas conformaciones que adopta al unirse al ADN y desplazarse a lo largo del
genoma. Existen varios modelos que describen la conformacion y funcion de este
complejo 24130131 Un analisis mediante microscopia electronica ha identificado las
conformaciones de los complejos de cohesina al unirse al ADN, asi como las posiciones
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de sus subunidades individuales *2. Uno de los modelos sugiere que el complejo cohesina
experimenta un proceso escalonado, que requiere de multiples cambios
conformacionales, que incluyen la oscilacion del dominio bisagra, los movimientos de las
cabezas de la ATPasa y la carga del ADN 13,

Hasta la fecha, se han identificado ocho genes asociados con el SCdL, la mayoria
de los cuales participan en la estructura o regulacién del complejo cohesina (NIPBL,
SMC1A, SMC3, RAD21, HDAC8, MAU2) o, de manera directa o indirecta, en la
regulacion transcripcional (ANKRD11, BRD4) 111128,

— NIPBL. Fue el primer gen identificado como causante del SCdL, y es uno de los
principales responsables de esta patologia, afectando aproximadamente al 70 % de los
casos 133134 Este gen codifica la proteina delangina, también conocida como NIPBL,
una molécula de gran tamafio, que se expresa principalmente en dos isoformas
diferenciadas Unicamente en su region C-terminal *. Aunque no se ha logrado
cristalizar la proteina completa, se han caracterizado ciertos dominios que incluyen
regiones no estructuradas y multiples repeticiones HEAT (Huntingtin-elongation
factor 3-protein phosphatase 2A-TOR1 repeats), organizadas en una conformacion
similar a un gancho **°.

NIPBL juega un papel crucial en la carga del complejo cohesina y en el mantenimiento
de la estabilidad genomica 24137, Varios estudios han demostrado que esta proteina
es esencial para la cohesion y organizacién tridimensional del genoma, mediada por
el complejo cohesina. Ademas, se han destacado las consecuencias perjudiciales de
su haploinsuficiencia durante el desarrollo embrionario %14 Los estudios de
correlacion genotipo-fenotipo indican que la mayoria de casos de variantes en NIPBL,
generan un fenotipo clésico, mas grave en comparacién con el resto de genes
asociados al sindrome %2, Ademas, diversos estudios evidencian que las variantes de
pérdida de funcion se relacionan con cuadros clinicos mas graves 78143145,

— SMCI1A. Un ndamero menor de individuos afectados, aproximadamente el 5%,
presentan variantes patogénicas en el gen SMC1A, localizado en el cromosoma X, y
que puede escapar de la inactivacion . Las variantes detectadas, mayoritariamente
missense, nonsense o frameshift, se distribuyen uniformemente a lo largo del gen 4~
149 La proteina SMC1A consta de cinco regiones principales, destacando su motivo
de union al ATP en su extremo N-terminal y el dominio de union al ADN en su
extremo C-terminal (Uniprot: Q14683). La clinica asociada con este gen, tiende a ser
mas leve, el crecimiento de los pacientes esta menos alterado, y sus rasgos faciales
suelen ser menos pronunciados *47. Ademas, las alteraciones en SMC1A pueden dar
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lugar a diferentes fenotipos. La mayoria de las variantes geneticas sin sentido, estan
asociadas con manifestaciones clinicas leves del SCdL, mientras que las variantes de
pérdida de funcion, se relacionan con epilepsia o fenotipos similares al sindrome Rett
(RTS, OMIM #312750) 147:148.150-152

— SMC3y RAD21. SMCS3, al igual que SMC1A, pertenece a la subfamilia de proteinas
SMC, y se asocia con fenotipos no clésicos y mas leves. En cuanto a las caracteristicas
faciales de estos pacientes, el surco nasolabial generalmente no es liso, y no se
observan malformaciones significativas en las extremidades. Aunque la discapacidad
intelectual es comun, los problemas de comportamiento son menos frecuentes.
Ademés, muchos de los individuos con este gen afectado, tienen una personalidad
amable 3. Por otro lado, el gen RAD21, codifica otro de los componentes
estructurales del complejo cohesina 4. La disfuncion de esta proteina se asocia con
un fenotipo no clasico, caracterizado por una clinica entre leve y moderada, con una
afectacion cognitiva mas sutil y un dismorfismo facial menos pronunciado 1491,

— HDACS. Esta localizado en el cromosoma X, y a diferencia del gen SMC1A, no se ha
descrito que escape de la inactivacion 1°6. Este gen representa aproximadamente el
6% de los casos del sindrome, con una amplia heterogeneidad de variantes descritas
111149 La proteina HDACS acttia como regulador clave del complejo cohesina,
participando en la desacetilacion de SMC3, y facilitando la disociacion del complejo
de la cromatina **’. El fenotipo de los individuos es particularmente Ilamativo,
destacando su facies caracteristica, que incluye retraso del cierre de la fontanela
anterior (HP:0001476), parpados caidos (HP:0030820), hiperterolismo (HP:0000316) y nariz
bulbosa (HP:0000414). Dado que este gen se encuentra en el cromosoma X, los varones
hemicigotos suelen presentar una afectacion mas grave, mientras que en las mujeres,
la gravedad de la condicion varia segun el grado de inactivacion del cromosoma X
que contiene el alelo mutado %°.

— BRD4 y ANKRD11. Un pequefio porcentaje de individuos con fenotipos solapantes
al SCdL, presenta variantes en los genes BRD4 158 y ANKRD11 %162, Ambos genes
codifican proteinas involucradas en la regulacion de la cromatina. EI gen ANKRD11,
en particular, se ha identificado como uno de los genes més frecuentemente mutados
en individuos con trastornos graves del neurodesarrollo *°. Ademas, se relaciona con
el sindrome de KBG (SKBG, OMIM #148050) 63164 |o que sugiere que variantes
en este gen podrian estar asociadas a un espectro mas amplio de sindromes del
neurodesarrollo.
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— MAUZ2. El gen MAU?2 ha sido recientemente asociado al SCdL %8, Se ha identificado
al descubrir la interaccion entre las proteinas NIPBL y MAU2, ambas implicadas en
la carga del complejo cohesina en la cromatina. Esta interaccién promueve el
atrapamiento topologico del ADN, un proceso esencial para establecer la cohesion
165-167 |a primera variante patogénica identificada en MAUZ2, se relaciond con un
fenotipo grave de un paciente que presentaba un dismorfismo facial caracteristico del
SCdL 128, Ademas, se ha reportado un segundo caso que muestra como la interaccion
entre NIPBL-MAU?2 se ve comprometida 8,

A pesar del creciente nimero de genes asociados al SCdL, los mecanismos
patoldgicos que conducen al desarrollo de este trastorno aln no se comprenden
completamente. La interaccion entre NIPBL y el complejo cohesina se conoce cada vez
mejor, asi como los efectos de las alteraciones en estas proteinas 124127, Los individuos
con SCdL no presentan alteraciones en el proceso de cohesion de las cromatidas hermanas
189 1o que llevé a que este sindrome dejara de clasificarse como una cohesinopatia. En
cambio, se ha confirmado una desregulacién transcripcional que parece ser responsable
de la amplia variabilidad fenotipica observada en estos pacientes 10172 Esta
desregulacién afecta a genes implicados en el desarrollo de diversos tejidos y sistemas,
como el neuroldgico, cardiaco, esquelético e inmunolégico, lo que podria explicar las
afectaciones en dichos sistemas 177, Ademas, se ha observado un impacto en la
organizacidn tridimensional del genoma en células neuronales y fibroblastos de pacientes,
estrechamente relacionado con la alteracion en la expresion génica 17517817,
Recientemente, se han identificado mecanismos patologicos adicionales, como el dafio
del ADN vy la senescencia celular, hallazgos que podrian ayudar a comprender el
desarrollo de este sindrome 80182,

Diagndstico

Diagnastico clinico

El diagndstico clinico del SCdL se basa, principalmente, en sus caracteristicas
fenotipicas distintivas. Estas incluyen rasgos faciales tipicos, retraso del crecimiento,
discapacidad intelectual y malformaciones en las extremidades, asi como otros hallazgos
clinicos variables.

Desde el afio 2007, se han desarrollo diferentes guias diagndsticas para establecer
la clasificacion clinica y molecular del sindrome. En un primer estudio, se definieron los
criterios clinicos fundamentales para el diagnostico, destacando la relevancia de los
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rasgos faciales, junto con las malformaciones asociadas, como la reduccién de miembros
superiores y los defectos en drganos internos, categorizados segln la gravedad de la
afectacion °. Posteriormente, en 2018, un consenso internacional actualizé estas
directrices e introdujo una puntuacion clinica estandarizada para facilitar y homogeneizar
el diagnostico (Tabla 1) 1. Este sistema de puntuacion, utilizado a dia de hoy, integra
caracteristicas clinicas mas y menos frecuentes (caracteristicas cardinales y sugerentes,
respectivamente), otorgando una puntuacion especifica a cada una de ellas. Los criterios
con mayor puntuacion, incluyen rasgos faciales distintivos, anomalias en extremidades y
hernia diafragmética congenita, mientras que los de menor puntuacion abarcan
manifestaciones menos especificas, como microcefalia y retraso del crecimiento pre y
postnatal (Tabla 1).

Tabla 1. Puntuacion clinica para clasificar el sindrome Cornelia de Lange "".

Caracteristicas cardinales (2 puntos cada una si esta presente)

— Sinofridia (HP:0000664) y/o cejas arqueadas (HP:0002553)
— Nariz corta (HP:0003196), cresta nasal concava (HP:0011120) y/o narinas antevertidas (HP:0000463)
— Surco nasolabial largo (HP:0000343) y/o liso (HP:0000319)

— Bermelldn del labio superior fino (HP:0000219) y/o comisuras de la boca de oblicuidad descendente
(HP:0002714)

— Oligodactilia de la mano (HP:0012165) y/o adactilia (HP:0009776)
— Hernia diafragmatica congénita (HP:0000776)

Caracteristicas sugerentes (1 punto cada una si esta presente)

Retardo global del desarrollo (HP:0001263) y/o discapacidad intelectual (HP:0001249)
Retraso del crecimiento intrauterino (HP:0001511)

Retraso del crecimiento posnatal (HP:0008897)
Microcefalia (HP:0000252) (prenatal y/o postnatal)

Manos pequenas (HP:0200055) y/o pies (HP:0001773)

Quinto dedo de la mano corto (HP:0009237)

Hirsutismo (HP:0001007)

N R

Puntuacion clinica

>11 puntos, de los cuales al menos 3 son cardinales: SCdL clasico

9 0 10 puntos, de los cuales al menos 2 son cardinales: SCdL no clasico

4-8 puntos, de los cuales al menos 1 es cardinal: se indican pruebas moleculares para SCdL
<4 puntos: insuficiente para indicar pruebas moleculares para SCdL

VRN

Este sistema permite clasificar a los pacientes en fenotipo clasico o no clasico,
ademas de indicar la necesidad de realizar pruebas moleculares 1. Por lo tanto, la
implementacién de la puntuacion clinica internacional, establecida en 2018, ha supuesto
la estandarizacion de la caracterizacion y diagnostico del sindrome.
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En la actualidad, la inteligencia artificial se esta integrando en el proceso
diagndstico. Al tratarse de una patologia con rasgos faciales reconocibles, las tecnologias
de anélisis facial, basadas en inteligencia artificial y algoritmos de aprendizaje profundo,
son capaces de crear un prototipo facial (Gestalt) especifico de cada trastorno 2. La
aplicacion Face2Gene ha demostrado ser til en el apoyo al diagnostico clinico del SCdL
183 Ademas, la reciente actualizacion de esta herramienta, que incorpora el algoritmo
GestaltMatcher, basado en redes neuronales profundas, amplia significativamente su
utilidad al identificar nuevas relaciones con otros sindromes que presentan morfologias

faciales similares, las cuales podrian haber sido pasadas por alto en el proceso diagndstico
184

Diagnostico genético

El diagnostico genético del SCdL presenta una gran complejidad debido al
elevado nimero de genes involucrados, la diversidad de variantes patogénicas y la alta
prevalencia de mosaicismo !, Esta variabilidad genética es la responsable de la amplia
heterogeneidad fenotipica, que ha hecho que el término haya evolucionado a Espectro
Cornelia de Lange (ECdL) para incluir todos los fenotipos identificados del sindrome.

El abordaje del diagndstico genético de este sindrome, requiere considerar varios
aspectos clave, como la localizacién del gen afectado, el patron de herencia, la posibilidad
de presencia de mosaicismo Y el tipo especifico de variante genética que puede causarlo.
Actualmente, se han identificado ocho genes responsables, seis de ellos con patron de
herencia autosomica dominante (NIPBL, SMC3, RAD21, ANKRD11, BRD4 y MAU2), y
dos ligados a cromosoma X (SMC1A y HDACS). Estos ultimos, tienen un impacto méas
grave en los varones, mientras que las mujeres portadoras pueden mostrar una
sintomatologia variable dependiendo de la inactivacion del cromosoma X %,

La mayoria de las variantes reportadas del SCdL son de novo, aunque hay un
namero considerable de recurrencias familiares, principalmente debido a la transmision
de variantes patogénicas de genes ligados al cromosoma X °618518 n aspecto
interesante, es la presencia de un porcentaje significativo de variantes postcigéticas que
dan lugar a una mosaicismo, fenémeno que debe tenerse en cuenta en el diagndstico
genético 1818 A pesar de su relevancia, la implicacion del mosaicismo en la clinica y
patogénesis, no es bien comprendida. Generalmente, las variantes postcigéticas tienden a
causar fenotipos mas leves, sin embargo, en el caso del SCdL, los individuos con
mosaicismo pueden presentar manifestaciones clinicas tan graves como las observadas
en pacientes con variantes germinales *8°. Ademas, se ha observado una eliminacion en
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sangre del alelo mutado en estos pacientes, lo que subraya la importancia de analizar
muestras biologicas de diferentes origenes .

Las variantes genéticas vinculadas al SCdL abarcan un amplio espectro, reflejando
la gran complejidad molecular del trastorno *1%°, Predominan las variantes puntuales
(SNVs), entre ellas las de pérdida de funcion, como variantes sin sentido (nonsense) y
desplazamientos del marco de lectura (frameshift) 49156190191 Tampién se han
identificado variantes de corte y empalme (splicing), incluso en regiones intronicas
profundas 39192194 Aunque menos frecuentes, se han relacionado también alteraciones
estructurales, principalmente variantes en el niamero de copias (CNVs) que afectan a
regiones intragenicas 140156195198 por tanto, resulta fundamental emplear técnicas
complementarias que garanticen un analisis completo.

En la actualidad, el enfoque diagndstico del SCdL se basa en el uso de paneles de
genes dirigidos, que incluyen, no solo los genes principales, sino también genes
relacionados con trastornos que presentan fenotipos solapantes. Este enfoque permite un
estudio multigénico mas amplio y eficiente, a diferencia del tradicional método de Sanger.
Cuando los resultados de los paneles de genes son negativos, se inicia el analisis de ADN
procedente de muestras bioldgicas alternativas a la sangre, como células bucales o
fibroblastos, para evaluar un posible mosaicismo genético ®°. En caso de continuar con
un resultado negativo, se plantean técnicas avanzadas para detectar variantes
estructurales, como el aCGH de alta resolucion, o el mapeo 6ptico . Finalmente, se
puede recurrir a la WGS para realizar un analisis mas exhaustivo de variantes en
secuencias no codificantes 32%%, Ademas, en estudios recientes, se propone incluir la
secuenciacion de ARN (RNA-sequencing) en el proceso diagndstico 200202,

El diagnostico prenatal puede estar indicado en determinadas situaciones. Se
recomienda en familias con antecedentes de SCdL, en nuevos embarazos donde uno de
los progenitores porta una variante patogénica, o cuando en la ecografia el feto presenta
caracteristicas sugerentes del sindrome. En cualquiera de estos casos, se extrae ADN de
células fetales, que se somete a secuenciacion para evaluar los riesgos potenciales 1.

Los avances en las técnicas de citogenética y secuenciacion, estan facilitando la
deteccidn de nuevas variantes y genes causales del sindrome (Figura 5). A medida que se
identifiquen nuevos genes implicados, el enfoque del diagndstico genético evolucionara
hacia estudios mas integrales, como el mapeo dptico y la long read sequencing %°.
Ademas, estas nuevas tecnologias se complementaran con herramientas bioinformaticas
qgue permitiran interpretar, de manera mas precisa, las variantes genéticas recién
identificadas.
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Figura 5. Relacion temporal entre la identificacion de genes relacionados al sindrome Cornelia de Lange y la
evolucion de técnica se secuenciacion. (Imagen creada mediante BioRender)

- Genes: NIPBL 133134 > SMC1A y SMC3 %2 > HDAC8 ' > RAD21'55 > ANKRD11 " > BRD4 58 > MAU2 '8,

- Técnicas citogenéticas: Cariotipo 2 > Hibridacion fluorescente in situ (FISH) 2* > Array de hibridacion
genomica comparativa (array CGH) 2° > Amplificacion de sondas tras ligacion multiple (MLPA) ¢ > Mapeo
optico del genoma 27,

- Técnicas de secuenciacion: Secuenciacion Sanger 2% > Secuenciacion de nueva generacion (NGS) 2210 >
Secuenciacion de larga lectura 2",

» Diagnostico diferencial

La variedad de fenotipos asociados al SCdL, en ocasiones, puede complicar el
diagnostico diferencial. En los Gltimos afios, se han descrito numerosos TND que han
llevado a la creacion de redes funcionales que facilitasen su clasificacion . El SCdL,
conocido a nivel clinico y molecular, requiere del establecimiento de diagnosticos
diferenciales con otros cuadros clinicos afines. Un ejemplo relevante es el sindrome de
PACS1 (SHMS, OMIM #615009), cuyos primeros pacientes fueron clasificados como
SCdL antes de su caracterizacion 22, La causa genética de este sindrome difiere de la base
molecular del SCdL, lo que facilita su diagnéstico genético. Ademas, recientemente se ha
descrito una funcion alterada de la sinapsis ">73, a diferencia del SCdL, relacionado con
una alteracion en la regulacién transcripcional y clasificado dentro del grupo de las
cromatinopatias 193104,
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Introduccioén

En la actualidad, el diagndstico diferencial del SCdAL debe considerar las
cromatinopatias que presentan similitudes clinicas con este trastorno (Figura 6). Es
necesario evaluar aquellos sindromes en los que ya se han identificado casos con
fenotipos solapantes al SCdL, como el sindrome de CHOPS (OMIM #616368) 2= y el
sindrome de Rubinstein-Taybi (OMIM #180849, #613684) 1°1. Ademas, el diagndstico
diferencial entre el SCdL y el SKBG es fundamental, debido a sus similitudes fenotipicas
y al hecho de que el gen ANKRD11 se asocie a ambos sindromes. Ambos trastornos
presentan caracteristicas faciales particulares, como sinofridia (HP:0000664), narinas
antevertidas (HP:0000463) y bermellon del labio superior fino (HP:0000219), ademas de
retardo global del desarrollo (HP:0001263) y anomalias del sistema esquelético (HP:0000924).
Sin embargo, el SCdL se diferencia por rasgos distintivos como microcefalia (HP:0000252)
y anomalias de las extremidades (HP:0040064), mientras que el SKBG, se caracteriza por
un fenotipo que incluye un desarrollo intelectual variable, anomalias dentales y un
crecimiento generalmente normal %%%%4 Ademas, el SCAL puede presentar un espectro
mas amplio de anomalias congénitas, lo que puede no ser tan caracteristico del SKBG.
Por lo tanto, un andlisis genético y una evaluacién clinica detallada, son esenciales para
establecer un diagndstico preciso y diferenciar entre estos dos sindromes.

S. Rubinstein-Taybi 2
(OMIM #613684)

S. Alazami-Yuan
(OMIM #617126)

’ ~ Sindrome T——
S. Wiedemann-Steiner . S. Chung-Jansen
(OMIM #605130) Cornelia de Lange (OMIM #617991) |
no clasico

S. Wilson-Turner
(OMIM #309585)

NIPBL
Sindrome
Cornelia de Lange

clasico S. Coffin-Siris
(OMIM #135900) |

S. Nicolaides- \
Baraitser
| (OMIM #601358) ‘

S. Rett-like
(OMIM #312750)

S. CHOPS

| S. Hao-Fountain - [
‘ (OMIM #616368) |

| (OMIM #616863) |

Figura 6. Espectro Cornelia de Lange y sindromes solapantes. Mediante circulos, se agrupan los genes que
se incluyen dentro del SCdL clasico y no clasico. El circulo exterior naranja abarca los sindromes que se
solapan clinicamente. En cada uno de estos trastornos se indica el gen/genes responsables, asi como su
nimero OMIM. Con flechas grises, se indican los genes del SCdL que se han relacionado también con otros
sindromes. (Imagen creada mediante BioRender)
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Obijetivos

El objetivo principal es lograr un diagnostico clinico y genético preciso de las entidades
nosoldgicas susceptibles de ser incluidas en el Espectro Cornelia de Lange.

Como objetivos secundarios se persigue:

o Profundizar en la caracterizacion clinica y molecular que posibilite la identificacion
y clasificacion de nuevas entidades nosolégicas.

o Establecer protocolos para la reevaluacion de datos clinicos y genéticos a fin de
precisar el diagndstico y conocer la evolucién fenotipica con la edad.

o Detectar e interpretar variantes genéticas complejas.

o Identificar nuevos genes causales asociados al sindrome Cornelia de Lange.
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Abstract: The Schuurs-Hoeijmakers syndrome (SHMS) or PACS1 Neurodevelopment
Disorder (PACS1-NDD) is a rare autosomal dominant disease caused by mutations in the
PACS1 gene. To date, only 87 patients have been reported and, surprisingly, most of them carry
the same variant (c.607C>T; p.R203W). The most relevant clinical features of the syndrome
include neurodevelopment delay, seizures or a recognizable facial phenotype. Moreover,
some of these characteristics overlap with other syndromes, such as the PACS2 or Wdr37
syndromes. The encoded protein phosphofurin acidcluster sorting 1 (PACS-1) is able to bind
to different client proteins and direct them to their subcellular final locations. Therefore,
although its main function is protein trafficking, it could perform other roles related to its
client proteins. In patients with PACS1-NDD, a gain-of-function or a dominant negative
mechanism for the mutated protein has been suggested. This, together with the fact that
most of the patients carry the same genetic variant, makes it a good candidate for novel
therapeuticapproaches directed to decreasing the toxic effect of the mutated protein. Some
of these strategiesinclude the use of antisense oligonucleotides (ASOs) or targeting of its
client proteins.

Keywords: Schuurs-Hoeijmakers syndrome; SHMS; PACS1-NDD; trafficking protein; targeted therapy

1. Introduction

The Schuurs-Hoeijmakers syndrome (SHMS), or PACS1 Neurodevelopmental
Disor- der (PACS1-NDD) (MIM# 615009), is a rare autosomal dominant disease
[1], which has recently been included in a group of genetic disorders of cellular
trafficking [2]. It was firstly described in 2012 in two patients with intellectual
disability (ID) and a striking facial resemblance; they both carried the same mutation
in the PACS1 gene [1]. To date, less than a hundred patients with PACS1-NDD have
been genetically diagnosed, and, surprisingly,only three pathogenic variants have
been reported [1,3-6]. Furthermore, most of the pa-tients have been described in
the last few years, when the PACS1 gene was included in the gene panel analysis
for neurodevelopmental disorders; therefore, it is possible that the prevalence of this
syndrome could be underestimated.

Although the clinical characteristics of PACSI-NDD patients are well described,
there is little evidence on the pathomolecular mechanisms of this disease. The
affected protein,phosphofurin acid cluster sorting 1 (PACS-1), belongs to a family
of two members of membrane and protein trafficking regulators [7]. It was initially
discovered in 1998 [8], and it has been reported in metazoans, invertebrates [9] and
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vertebrates [10]. Lower species possess only a single gene of the PACS family;
however, the PACS gene was duplicatedwith the appearance of vertebrates, resulting
in the PACS1 and PACS2 genes [10].

PACS-1 is a multifunctional membrane traffic regulator that plays an
important rolein cellular homeostasis [8,10]. An initial function of PACS-1 was the
transport of several proteins between endosomes and the trans-Golgi network
(TGN) [7]. However, in the lastfew years, novel roles have been proposed, such as a
Ca®* flux regulator or its probable implication in genomic stability [10-12]. The
knowledge of the molecular mechanisms implied in the development of the PACS1-
NDD is essential to make proper phenotype- genotype correlations and to propose
therapies that could help and improve the quality of life of these patients. In this
review, we will carry out a detailed study of the functionsalready known of the
PACS-1 protein, of its role in the progression of the disorder and the latest
improvements in the development of successful therapeutic strategies.

2. Clinical Characteristics of PACS1-NDD

The PACS1-NDD was first described in two unrelated male patients in 2012 [1].
Since then, about 100 patients have been reported in the literature [1,3-6]. All patients
are described have a neurodevelopmental delay with an intellectual disability and
psychomotor retardation. The range varies from mild to severe, although most of them
have a moderate delay [13]. Language skills are universally affected, more severely than
motor skills. Hypotonia is reported in approximately one third of the subjects, and
it improves over time [13]. However, one patient has been described as having an
impairment in their walking abilities over time [3]. Individuals with the PACS1
mutation interact with others and appreciate receiving personal affection, but also
show behavioral difficulties. Seizures are a common clinical feature, affecting 60
percent of patients; most of them are generalized as tonic-clonic, and are well
controlled with antiepileptic drugs. Brain abnormalities have been found, mostly
cerebellar. Other findings include ventriculomegaly, hydrocephalus or atrophy of the
corpus callosum [3,5,14-18].

In addition to the neurological disorders, patients show a characteristic facial
phe- notype, which is easily recognizable by a clinician. It is characterized by full
and arched eyebrows, hypertelorims with downslanting palpebral fissures, long
eyelashes, a bulbousnose, a flat philtrum and large low-set ears [13].

Patients also suffer from other congenital anomalies, from cardiac anomalies to
ocular alterations, where septal defects and coloboma stand out. They may also
have skele-tal abnormalities (abnormal skull shape), cryptorchidism or feeding
problems, among others [3,19]. These clinic characteristics are summarized in
Table 1.

Table 1. Clinical characteristics of the PACS1-NDD, PACS2, Wdr37, Kabuki and Cornelia de Lange Syndromes.

Clinical Feature

HPOID* PACSINDD  FACS? U Kabuki scdL
Syndrome Syndrome  Syndrome

Neurodevelopmental
features
Intellectual disability 0001249 Obligate Very frequent Obligate Obligate Very frequent
Autism spectrum disorder 000729 Occasional Occasional Occasional Occasional Frequent
Development delay 0012758 Obligate Very frequent Obligate Obligate Occasional
Speech delay 0000750 Very frequent Very frequent Frequent  Occasional Frequent
Hypotonia 0001252 Frequent Frequent Frequent  Frequent Occasional
Seizures 0001250 Frequent Very frequent Very frequent Occasional Occasional
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Table 1. Cont.

Clinical Feature HPOID* PACSI-NDD L ACS2 Wdrs7 Kabuki sCdL
Syndrome Syndrome Syndrome
Congenital malformations
Dysmorphic facial features
Full and arched eyebrows 0002553 Frequent Frequent Frequent Very frequent Very frequent
Hypertelorism 0000316 Frequent Frequent Frequent Occasional Very rare
D lanti Ipebral
owns aflil S:Sl% epsa pebra 0000494 Frequent Frequent Frequent Very frequent Very rare
Bulbous nasal tip 0000414 Frequent Very frequent Obligate Frequent Very frequent
Downturned mouth 0002714 Frequent Frequent Frequent Very rare Very frequent
Thin upper lip 0000219 Frequent Very frequent Very frequent Occasional Very frequent
Brain abnormalities
HYPOP;ZZerLP artial 0006817 Frequent Frequent Obligate Occasional Occasional
of the cerebellar dermis
Ophthalmologic
Coloboma 0000589  Occasional Occasional  Very frequent  Occasional Very rare
Congenital heart anomalies
Atrial or Vgrelglcctlsﬂar septal 0001671 Frequent Occasional Frequent Frequent Frequent
Others
Feeding/GI issues 0011968  Occasional Occasional  Very frequent Frequent Frequent
. : Frequent/
Skeletal anomalies 0000924  Occasional Frequent Frequent ery frequent Frequent
Cryptorchidism 0000028 Frequent Frequent Very frequent  Occasional frequent

* HPO ID, Human Phenotype Ontology Identifier. Obligate 100%; Very frequent 80-99%; Frequent 30-79%;0ccasional 5-29%;
Very rare 1-4%; Excluded 0%. Light grey: same disease spectrum.

The strong similarity between PACSI1-NDD, PACS2 syndrome and the

recently diag-nosed Wdr37 syndrome is striking. The three disorders share a very
similar facial gestalt,intellectual disability, neurodevelopmental delay and seizures,
suggesting that they might be included in the same disease spectrum [20-25].
Moreover, a new group of diseases, caused by cellular trafficking defects and
characterized by neurodevelopmental disor- ders and skeletal abnormalities, has
been recently proposed [2,20-26]. On the other hand, there are other closely related
clinical syndromes, including Cornelia de Lange, Kabuki or Coffin-Siris, although
they do not share the facial gestalt (Table 1).

3. Molecular Basis of the Disease

3.1. Genetic Update

To date, 87 patients with a PACSI deficiency have been genetically
diagnosed, and,surprisingly, most of them carry the same pathogenic variant, the
missense c.607C>T (p.R203W). This variant has been clearly demonstrated to be
pathogenic because none ofthe parents tested were carriers [3], which means that all

patients had a de novo mutation. There is one other pathogenic variant, c.608G>A,
reported in only one patient, which results in a change in the same position, but the
amino acid change is different, p.R203Q [5]. These patients have most of the typical
features of the PACS1-NDD (Table 1). Lately, twonovel missense variants have been
reported, one in the ClinVar database, the c.1574G>A(p.R525K), whose relationship
with the PACS1-NDD has to be studied [27]. The other is in a broad study about the
autism spectrum disorder (p.R245W) without a specific phenotype of the disease [28].
More recently, a multi-exon deletion of PACS1 has been reported [6]. Liu and
Cols found in four members of a three-generation pedigree the deletion of the exons 12
to 24 in the PACSI gene. However, the phenotype of this variant was milder, with slight
speech and cognitive delay, only affecting two members of the last studied generation
[6]. Furthermore, several databases have reported chromosomal reorganizations
where the PACSI gene is involved (ClinVar, DECIPHER) [27,29]. Nevertheless, the
huge number of affected genes does not allow us to directly relate the patients’

47



Int. ]. Mol. Sci. 2022, 23, 9649

phenotype with the PACS
gene.

3.2. PACS1 Gene Regulation

PACS1 is a gene that is broadly expressed in human tissues (GTEx database)
[30]. According to the BrainSpan and EvoDevo databases, its mRNA expression is
upregulated during fetal brain and cerebellum development, and it decreases after
birth to slightly increase in puberty [31,32]. Its expression level is also important in
pubertal testis tis-sues [31,32]. This specific tissue distribution could be the reason for
some of the clinical characteristics of PACS1-NDD patients.

The PACS1 gene is located on 11q13.1 and contains 24 exons and at least 16
transcripts (ensembl) [33]. Its expression regulation has been poorly studied, but some
proteins have been proposed as regulators of PACS-1 expression, such as the
P300/CBP-associated factor (PCAF) or the transcriptional adaptor protein 3 (ADA3).
Chromatin inmuno precipitation (ChIP) experiments showed an enrichment in the
promoter of PACS1 of the proteins PCAF and ADA3. The downregulation of both factors
decreased the relative PACSI expression level in HeLa and HCT116 cell lines. These
facts point to a plausible role of PCAF andADA3 as gene regulators of PACS1 [34].

In addition to that, the study of its 3-UTR sequence showed two putative
binding sites for the miRNAs, 34a and 449a. In tumor tissues, an overexpression of
these miRNAsand a downexpression of the PACS-1 protein has been reported [35].
Furthermore, the overexpression of another miRNA, miR-485-5p, induces a decrease
of PACS-1 in pericytes that has been related to Alzheimer’s disease progression [36].

3.3. Characteristics of the PACS-1 Protein

PACS-1 is a protein of 963 amino acids with several domains and key regions
located in the cytosol and nucleus [12,37]. Its N-terminal region, called ARR (atrophin-
1-related region), is followed by the FBR (furin-binding), the MR (middle) and the CTR
(C-terminal) domains (Figure 1). The FBR binds client proteins, such as furin, as well
as the cytoplas-mic membrane trafficking machinery. Several specific sequences have
been described, which are responsible for the binding of PACS-1 to the clathrin
adaptors AP-1 and AP-3 (E16sTELQLTF) or to the monomeric adaptor GGA3 (Kz49lY).
Moreover, in the FBR is the binding sequence of the protein kinase CK2 (R196RKRY)
that phosphorylates the Sz7s residue located in the MR autoregulatory domain
(S27sEEEEE). Furthermore, the MR also has a nuclear localization sequence (NLS)
(V311KKTRRKL) and a nuclear export sequence (NES) (L3ssDELYDSLEM) [37]. The
entry and exit from the nucleus of PACS-1 depends on the receptors importin alpha
5 (IPO5/KPNA1) and exportin 1 (XP0O1) [37].

V33, KKTRRKL
RiseRKRY  Sy;sEEEEE
E;ssTELQLTF Ko golY L:ssDELYDSLEM

o o
I ) 963

p-R203W

p.R203Q Del ex12-24

Figure 1. Schematic representation of the PACS-1 protein. Key sequences and pathological
variants are located in the sequence. ARR, atrophin-1-related region; FBR, furin-binding region;
MR, middle region; CTR, C-terminal region.

The three-dimensional (3D) structure of PACS-1 is still unknown. Some attempts
have been made using ab-initio modeling, such as the one described for residues located
between V117 and Dsoo, which are predicted as a globular domain [7]. Different
unpublished analyses performed using structure prediction systems using hidden
Markov models [38,39] roughly coincide in predicting a globular structure for the C-
terminal subdomain (residues from Rezz to Lese), similar to a regulatory subunit of
phosphoinositide 3-kinase. They also predicta structure similar to a C2 domain
(calcium/lipid-binding domain) for the segment between amino acids Pes and Eze1,
which would include the amino acid Rzo3 (variant p.R203W). Unfortunately, not all
of these data are conclusive. Future knowledge of the structure of PACS-1 would be
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key to knowing more accurately how the mutations in the protein affectits structure
and to developing therapies that are more precise for these patients.

3.4. Functions of PACS-1

Nowadays, more than 100 proteins have been described that can putatively
bind toPACS-1 [11]. This could explain, in part, the number of different processes
where PACS-1might be involved. Therefore, although the main function of PACS-1
is related to proteintrafficking, sometimes it is difficult to discern between the PACS-1
function and the role of some of its client proteins (Figure 2) (Supplementary Table
S1).

i/ ! »
HDAC6 Microtubules Deacetilation //l;‘;y

NEPHROCYSTIN CNGB1b  Cilia Function

Wdr37 | ER Ca2+ Homeostasis

BAX/BAK ' Apoptosis

PTBP1 ' RNA binding protein trafficking .

. ® o
-
>

°

HDAC2 HDAC3 ' Genomic stability Furin CI-MPR ' Trafficking to Trans-Golgi by PACS1

Figure 2. Some of PACS-1’s client proteins and their subcellular location and function.

The first described function of the PACS-1 protein was its role in the
regulation of membrane traffic proteins. This specific function is well known and
conserved among vertebrates in PACS proteins. The activation mechanism involves
the phosphorylation ofits Sz7s residue by CK2. The activated PACS-1 protein is able
to bind its client proteins, transferring them to their final location. It mediates the
trafficking of proteins from the plasma membrane to the early endosomes (SorLA)
[40] and from the late endosomes to the trans-Golgi network (TGN) (furin, CI-MPR)
[8,41]. Moreover, some proteins related to the function of the primary cilium, such
as nephrocystin or CNGB1b, are also traffick- ing [42,43]. Besides, PACS-1 has been
linked to the cytosolic HDAC6, which is involved in the deacetilation of
microtubules, in the Golgi integrity and cilium retraction [44,45].

Another function for the PACS family of proteins is connected to the
trafficking of proteins related to the apoptosis pathway [10]. PACS2 allows the
transferring of Bid to the mitochondria, where it is cleaved to tBid, facilitating the
triggering of apoptosis [46]. On the other hand, the downexpression of PACS-1
increases cell survival. The mechanism implies a failure in the BAX/BAK
oligomerization, avoiding the mitochondrial outer membrane permeabilization
(MOMP) [34]. The increase in cell survival when PACS-1 is downregulated has been
linked with a worst prognosis in gastric cancers, and it has beenproposed as a
biomarker [47].

Moreover, it has been reported that the complex PACS1-Wdr37 facilitates the
reg- ulation of calcium flux between the endoplasmic reticulum and the cytosol [11].
The endoplasmic reticulum’s CaZ* release, mediated by the inositol 1,4,5-trisphosphate
receptor (IP3R), is regulated by this complex. The deletion of PACS-1 provoked a
decrease in the Wdr37 protein, and the deficiency of both caused a reduction in the
IP3R expression level. This could explain the overlapping phenotypic characteristics
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found between the PACS1 and Wdr37 deficiency patients (Table 1).

In the nucleus, PACS-1 binds to PTBP1, a protein involved in the binding and
traf- ficking of RNA [36]. Moreover, it interacts with and could stabilize HDAC2 and
HDAC3, contributing to genomic stability [12,35].

4. Relationship between PACS-1 Function and the PACS1-NDD Patient’s
Phenotype

Nowadays, there are a few studies regarding the relationship between PACS-
1 func-tion and the PACS1-NDD phenotype. It is proposed that the most frequent PACS-
1 variant, p.R203W, causes a gain-of-function (GOF) or a dominant negative mechanism
[1,48]. How- ever, the truncation of the protein (del ex12-24) with a loss-of-function
has been described in two patients with a mild and not characteristic PACS1-NDD
clinic [6].

The mutated amino acid (R203W) is in the furin cargo-binding domain and in
close proximity to the CK2 binding motif (Figure 1), so it is possible that the correct
binding and phosphorylation function of CK2 could be compromised [14]. Several
experimental approaches have been carried out with a mutant PACS-1 to explore the
differences in the binding of PACS-1 to its client proteins. In this sense, some protein-
protein interactionsare not affected (AP3D1, CLCN7, HDAC2/3) [1,12], whilst others
decrease their bindinglevel (TRPV4v2) [1] and others increase it (HDAC6) [45]. On
the other hand, experimentsin zebrafish embryos where the mutant mRNA of PACS1
was injected showed a decreasein cranial cartilaginous structures compared to the
control. This could be due to the fact that the migration of cranial-neural-crest cells
(CNCCs) is related to PACS1 [1].

An experimental model of the PACSI-NDD of forebrain organoids has been
developed (PACS1(+/R203W)y besides the knock-out of the PACSI gene (PACS1(/7)).
Gene expression pattern experiments showed differences between the PACS1(+/R203W)
and the control model,but not between the PACS1("/7) and the control, supporting the
idea that this specific mutation confers a GOF and a toxic effect on the protein. Genes
directly related to the autism spectrum disorder (ASD) and to the development of
GABAergic synapses are upregulated in the disease model [48]. These results support
the previous findings that about 40% of the PACS1-NDD patients have been formally
diagnosed with autism [49].

These results, in zebrafish and forebrain organoids, could explain, in part, the
neuro- logic impairment development of PACSI-NDD patients. Moreover, other
proteins related to intracellular trafficking have also been associated with
craniofacial diseases [26] and neurodevelopmental disorders [2].

5. Therapy for PACS1 Deficiency Patients

To date, the PACS1-NDD syndrome has been symptomatically treated by a
multidis-ciplinary team. The neurodevelopmental alterations recommend an early
interventionalprogram, which includes occupational, physical and speech therapy.
Anxiety and behav- ioral problems have been managed with psychotropic drugs.
Seizures respond well to theclassical epilepticus treatment. It is suggested that early
physical therapy treatment for motor dysfunction can improve mobility and
decrease the risk of later orthopedic compli-cations. Feeding problems might need
nutritional intervention therapy and, in severe cases, a gastrostomy tube [13].

In recent years, more targeted therapy approaches are being developed for some
rare diseases. In this sense, the PACSI-NDD is a good candidate [50] because most of
the patients carry the same mutation, and a gain-of-function or a dominant negative
mechanism has been proposed [1,3,48]. However, the highest expression level of PACS-
1 during fetal brain development could limit the effectiveness of the treatment [31,32].
Nowadays, there are four approaches which can be performed; two of them are in more
advanced steps due to the use of antisense oligonucleotides (ASOs) (Figure 3) or
inhibitors against HDAC6 [45,51]. The other two are subject to advances in the
knowledge of the 3D PACS-1 structure [7], as the proteolysis-targeting chimeras
(PROTACS) or molecules, which specifically target the mutated protein.
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Figure 3. Schematic mechanism of antisense oligonucleotides (ASOs) therapy in order to
avoid thetranslation of the mutant PACS-1 protein.

The antisense oligonucleotides (ASOs) can specifically target the mutated
mRNA ofPACS1, avoiding the translation of the pathologic protein [52] (Figure 3).
The company IONIS is collaborating with the PACS1 foundation in order to develop
an ASO targeting the p.R203W variant [51], and, nowadays, it is an active research
field. However, ASOs are incapable of crossing the blood brain barrier (BBB) and
require direct central nervous system (CNS) administration, so intrathecal delivery
is recommended [53].

Other approaches propose the targeting of some of the client proteins of
PACS-1, whose function is altered in these patients. In this sense, the research
carried out by Dr. Thomas's group is interesting [45]. They suggest the specific
targeting of HDACG6 throughits inhibition. They have delivered a patent application
in which, in fibroblasts derived from patients, the stronger binding between the
mutated PACS-1 and HDAC6 could be associated with a fragmented Golgi and a
different microtubule network compared to the controls. They confirm that the use
of general (TSA) or selective (tubacin, ACY-1215 or SW-100) HDAC6 inhibitors
rescues the normal cellular phenotype [45].

Finally, two more approaches can be developed that focus on the specific
targeting of the mutated PACS-1 protein. The proteolysis-targeting chimeras
(PROTACSs) bind simultaneously to the target protein and to an E3 ligase, forming
a ternary complex, which promotes the ubiquitination of the protein of interest,
thereby, inducing proteasomal degradation [54]. On the other hand, the use of
molecules that specifically bind to the mutant PACS-1 protein is another way to produce
protein degradation. However, the proper development of both technologies needs
knowledge of the 3D structure and of the differences between the PACS-1 wild-type
and mutated proteins [7].
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6. Conclusions

In recent years, an extraordinary advance in the study of cellular protein
traffickinghas been made. PACS-1 is a connector multifunctional protein with a role
that trespasses the trafficking between endosomes and the TGN and could be key
in cellular homeosta- sis, interacting with proteins related to apoptosis, genomic
stability or calcium flux in the endoplasmic reticulum. Since 2012, when PACS1-
NDD was first characterized, deep phenotyping analysis has allowed us to establish
a potential relationship with other neu- rodevelopmental disorders, such as the
PACS2 or Wdr37 syndromes. However, it is necessary to find a more profound
approach that allows us to connect the physiological mechanisms of cellular
trafficking and clinical features in order to reclassify and properlyunderstand these
genetic disorders.

Exceptionally, most of the PACS1-NDD patients share the same mutation, and
a gain- of-function or a dominant negative mechanism has been proposed. This
makes it a greatmodel for the therapy of rare diseases caused by this mechanism. In
this sense, strategies focused on decreasing the toxic effect of the mutated protein
by inhibiting its expressionwith ASOs or its client proteins seem to be promising.
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Things are not always what they seem: From Cornelia de
Lange to KBG phenotype in a girl with genetic variants in

NIPBL and ANKRD11

Dear Editor,

The diagnosis success rates for developmental disordershave
greatly improved in the last years mainly due tothe
widespread use of DNA next-generation sequencing.
Nevertheless, several studies have stressed the importance
of a critical reconsideration of genetic results and a further
implementation of protocols for variant-level reevaluation
and case-level reanalysis (Deignan et al., 2019). This is es-
pecially relevant in the context of syndromes, such as the
chromatinopathies Cornelia de Lange syndrome (CdLS,
OMIM#122470) and KBG syndrome (KBGS, OMIM
#148050), with overlapping phenotypes that may evolveover
time (Parenti et al., 2021). Here, we present a chal-lenging
familiar case reanalyzed in which phenotypicfeatures of
both KBGS and CdLS are observed, and where genetic
variants in ANKRD11 and NIPBL were identified.

Our case is a female, first child of a non-consanguineous
couple, born at 37 weeks of gestation after an unevent-
ful pregnancy. Birth length (47.2 cm, —0.55 SD), body
weight (2.680 kg, —0.52 SD), and head circumference(34
cm, 0.26 SD) were all normal. She was referred toour
hospital at the age of 3 years because of facial dys-
morphism, gastroesophageal reflux, and motor develop-
mental delay. After a comprehensive physical evaluationby
our clinical geneticist, she was clinically diagnosed as
CdLS with a clinical score of 10, mainly due to the syn-
ophrys (HP:0000664), thick eyebrows (HP:0000574),
concave nasal ridge (HP:0011120), downturned cor-ners
of mouth (HP:0002714), global developmental delay
(HP:0001263), small hands (HP:0200055) and feet
(HP:0001773), short fifth finger (HP:0009237), and hirsut-
ism (HP:0001007)(Kline et al., 2018). At that time, molec-
ular diagnosis was performed by sequencing the NIPBLgene
and a potential disease-causing variant was identi- fied
[NIPBL:NM_133433.3:¢.7553A>G, p.(Asp2518Gly)].

The variant, that induces changes in the surface charge
of the protein (Figure 1c), was classified as likely patho-
genic (PM2, PP2, and PP3) according to the ACMG/AMP

2015 guidelines (Richards et al., 2015). Segregation studies
revealed that the patient's mother (11.4), one aunt (11.2),
and one uncle (11.1) carried the variant. The mother (11.4)
was clinically evaluated and dysmorphic facial features
fully consistent with her daughter's phenotype were ob-
served. Facial photographs of individuals 11.2, 11.3, and 1.2
were available and checked with the Face2Gene applica-
tion (Latorre-Pellicer et al., 2020). A medium-low proba-
bility of CdLS was assigned for the aunt (11.2) that was the
only one with the ¢.7553A>G NIPBL variant (Figure 1a).
Altogether, clinical and molecular findings supported the
CdLS diagnosis in the patient.

However, clinical follow-up of the proband revealed
an evolution from CdLS to KBGS features. At the age of
six, the patient showed an evident KBGS gestalt with mac-
rodontia (HP:0001572), triangular face (HP:0000325), or
bulbous nasal tip (HP:0000414). An additional clinical
analysis was carried out with Face2Gene. At 3 years old,
KBGS and CdLS were the first and second syndromes sug-
gested, respectively, whereas at 6 years old, CdLS diagno- sis
did not appear between the top-5 diagnosis provided by
Face2Gene (Figure 1b). A molecular diagnosis reevalua-tion
was performed by using a targeted gene panel includ- ing
ANKRD11, in which a pathogenic nonsense variant was
identified [ANKRD11:NM_001256183.1:¢.2512C>T,
p.(Arg838*)] (Figure 1d). This variant was maternally
inherited, and neither the aunts (11.2 and 11.3) nor the uncle
(I.1) had it (Figure 1a). The variant was classifiedas
pathogenic (PVS1, PM2, PP3, and PP5).

Considerable efforts have been made to standardize the
interpretation of genetic variants in the laboratory (Latorre-
Pellicer et al., 2020). However, once again, a clear example
of the existing limitations is shown here, reinforcing the
relevance of the implementation of protocols for peri- odic
reevaluation of phenotypic and genetic information in
clinical laboratories. Furthermore, this case highlights the
clinical challenges in interpreting multiple pathogenic
variants in single patients. An incorrect genetic diagnosis

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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(a) Pedigree chart of the family showing Mendelian segregation of the heterozygous variants, c.7553A>G in NIPBL

and ¢.2512C>T in ANKRD11, as well as the results of the Face2Gene (F2G) of the facial photographs of the individuals. (b) Face2Gene
evaluation of facial photographs of the patient at 3 and 6 years of age, respectively. (c) Sanger chromatogram and Integrative Genomics
Viewer (IGV) view of sequencing results of NIPBL: ¢.7553A>G in Ill.1, and structural modeling of NIPBL Asp2518Gly mutant. Top:
predicted HEAT-repeat arrangement of NIPBL residues 1538 to 2544. Position of negatively charged amino acids Asp2508, Asp2510,
Asp2512, Asp2514, Asp2516, Asp2517. and Asp2518 is indicated. Bottom: mutation of Asp2518 to Gly promotes a decrease in the negative
charge on the surface of the local patch. (d) Sanger chromatogram and Integrative Genomics Viewer (IGV) view of sequencing results of
ANKRD11: ¢.2512C>T in I1l.1. Localization of the ANKRD11 variant at protein and DNA levels

can have severe consequences for prognostic and therapeu-
tic management of the patient, and, as in this case, for the
reproductive advice. Moreover, our findings seem to sup-
port recent evidences of age-dependent phenotypic evolu-
tion in individuals harboring ANKRD11 variants (Parenti
etal., 2021), and demonstrate the importance of including
KBGS in the differential diagnosis of young children with
CdLS features. Therefore, it is crucial to include ANKRD11
in gene panels used for molecular testing of individuals
presenting with clinical characteristics of CdLS.
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Abstract: Cornelia de Lange syndrome (SCdL) is a multisystemic genetic disorder
characterized by distinctive facial features, growth retardation, and intellectual disability, as
well as various systemic conditions. It is caused by genetic variants in genes related to the
cohesin complex. Single-nucleotide variations are the best-known genetic cause of SCdL;
however, copy number variants (CNVs) clearly underlie a substantial proportion of cases of
the syndrome. The NIPBL gene was thought to be the locus within which clinically relevant
CNVs contributed to SCdL. However, in the last few years, pathogenic CNVs have been
identified in other genes such as HDACS8, RAD21, and SMC1A. Here, we studied an affected girl
presenting with a classic SCAL phenotype heterozygous for a de novo ~32 kbp intragenic
duplication affecting exon 10 of HDACS. Molecular analyses revealed an alteration in the
physiological splicing that included a 96 bp insertion between exons 9 and 10 of the main
transcript of HDACS. The aberrant transcript was predicted to generate a truncated protein
whose accessibility to the active center was restricted, showing reduced ease of substrate entry
into the mutated enzyme. Lastly, we conclude that the duplication is responsible for the
patient’s phenotype, highlighting the contribution of CNVs as a molecular cause underlying
SCdL.

Keywords: Cornelia de Lange syndrome; genetic disorder; copy number variants; HDACS; intragenic
duplication; array CGH; genetic diagnosis
1. Introduction

Cornelia de Lange syndrome (SCdL, OMIM #122470, #300590, #610759, #614701,
#300882) is a genetically heterogeneous multisystemic disorder with an estimated
prevalence of one in 10,000 to 30,000 live births. Since severity and clinical
manifestations can vary widely among individuals, the SCdL phenotype has been
defined as a spectrum that includes the so-called “classic” and “nonclassic” clinical
presentations. The most clinically recognizable findings include distinctive facies
with synophrys (HP:0000664), concave nasal bridge (HP:0011120), upturned nasal
tip (HP:0000463), smooth philtrum (HP:0000319), and thin upper lip vermilion
(HP:0000219), all of which are helpful in the diagnostic approach. Patients also
commonly show intellectual disability (HP:0001249), prenatal and postnatal growth
retardation (HP:0001511, HP:0008897), microcephaly (HP:0000252), limb reduction
defects (HP:0001180, HP:0009237), and hirsutism (HP:0001007) [1].
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From a molecular point of view, SCdL has been linked to eight genes involved in
the structural or regulatory function of the cohesin complex. The most frequent causal
gene is NIPBL, followed by SMC1A and HDACS, and less frequently SMC3, RAD21,
BRD4, MAU2, and ANKRD11 [1]. Although a consistent link between the severity of
the phenotype and the type of the genetic change has not been revealed so far,
some clinical features have been associated more frequently with genetic variants in
specific genes [2-5]. For example, patients with pathogenic variants in HDACS have
facial and clinical distinguishable features such as ocular hypertelorism
(HP:0000316), delayed fontanelle closure (HP: 0000270), bulbous nasal tip
(HP:0000414), hooding or redundant overfolded skin of the upper eyelids, dental
anomalies, and mosaic skin pigmentation [6,7].

Currently, the widespread use of sequencing targeted panels, including
causative and related SCAL genes, has significantly improved the diagnosis success
rate, as well as reducing the time to achieve it [8]. However, although the causal
variant of a SCAL case involves only one of the related genes, genetic diagnosis
may still be challenging due to difficulties in interpretation such as allele frequency
or even mosaicism, which appear to be quite recurrent in SCdL [9]. Furthermore, the
genetic variant type can range from single-nucleotide variants (SNVs) to small
insertions and deletions (INDELs) or copy number variants (CNVs). In fact, the
presence of pathogenic CNVs in NIPBL may account for up to 3% of SCAL cases [10].
Therefore, the international guidelines recommend multi- plex ligation-dependent
probe amplification (MLPA) approaches when panels and Sanger sequencing cannot
detect any variant in this gene [1], but commercial MLPA assays only cover the NIPBL
gene. Since next-generation sequencing panels have been implemented, structural
variants involving other causal genes such as SMC1A [11], HDACS [12], and RAD21
[13] have been described in some individuals with SCdL. These cases indicate that
pathogenic CNVs in SCdL-related genes may be more common than previously
thought.

In this study, we report for the first time a molecular functional study of an
intragenic duplication in the HDACS gene identified in a girl with classic SCdL
phenotype. We present genotype data and assess the pathogenicity of the intragenic
variant through a combination of clinical phenotype evaluation, array CGH with
exonic coverage of several genes involved with SCdL, splicing analysis, and
structural prediction with protein modeling.

2. Materials and Methods
2.1. Clinical Diagnosis

The study was performed according to the Declaration of Helsinki protocols
and was approved by each Regional Ethics Committee of Clinical Research.
Informed consent was obtained from parents or guardians of all individuals
included in this study. Additional in- formed consent was collected for the
publication of photographs of the patient. Clinical data were collected by a clinical
geneticist at the Vall d’'Hebron Hospital (Barcelona) following a standard restricted-
term questionnaire. The clinical score was calculated by SCdL clinical geneticist
specialists according to the international consensus guidelines [1]. Face2Gene
(https://www.face2gene.com (accessed on 10 January 2022)) was used to
determine the most probable clinical diagnoses for the patient [14].

2.2. Isolation of DNA and RNA

Sequencing analyses were carried out on DNA from the patient and her
progenitors. The DNA was isolated from non-cultivated blood samples using a
Gentra® Puregene® Kit (Qiagen, Hilden, Germany) following the recommendations
of the manufacturer.

Total RNA was extracted from 10 mL of peripheral blood lymphocytes using
Trisure reagent (Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer’s
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protocol. RNA was cleaned up using an RNeasy Mini Kit (Qiagen) with an
additional step of DNase digestion using an RNase-Free DNase Set (Qiagen).
Purity and integrity of the RNA were assessed by electrophoresis and
spectrophotometry using a NanoDrop ND-2000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA).

2.3. Next-Generation Sequencing

The patient’s DNA was analyzed on a panel of gene amplicons specifically
designed for SCAL in the Clinical Genetics and Functional Genomics Group at the
University of Zaragoza, as previously described [9]. The variants were classified
according to the ACMG recommendations and detailed information provided in
the public databases gnomAD (https://gnomad.broadinstitute.org/ (accessed on 7
March 2022)), ClinVar (https://www. ncbinlm.nih.gov/clinvar/ (accessed on 7
March 2022)), dbSNP (https://www.ncbi.nlm. nih.gov/snp/ (accessed on 7
March 2022)), LOVD (https://www.lovd.nl/ (accessed on 7 March 2022)), and
relevant scientific literature. The in silico analyses were performed using the
following online tools: Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/
(accessed on 7 March 2022)), SIFT (https://sif.bii.a-star.edu.sg/ (accessed on 7 March
2022)), and the integration tool VarSome (https://varsome.com/ (accessed on 7
March 2022).

2.4. Array Comparative Genomic Hybridization

DNA extracted from an uncultured blood sample was analyzed with CytoSure
Con- stitutional 8 60K v3 (Oxfordshire, UK) array comparative genomic
hybridization (array CGH) following the recommendations of the manufacturer.
CytoSure Constitutional 8 X 60K v3 has exonic resolution in 354 genes selected
by the ClinGen Dosage Sensitiv- ity Map192, including SMC1A, HDACS, RAD21,
and ANKRD11. CNVs were classified following recommendations of the
American College of Medical Genetics and Genomics standards [15] and
reevaluated with actualized guidelines [16].

2.5. c¢DNA Synthesis and Analysis

RNA isolated from blood lymphocytes was reverse-transcribed using
random hex- amer primers with an Invitrogen SuperScript™ First-Strand Synthesis
System Kit for gqPCR. For the analysis of physiological splicing of HDACS
(ENST00000373573.9, NM_018486.3), the cDNA was amplified with different pairs of
primers using a Thermo Scientific™ Dream- Taq PCR Master Mix (2 X) Kit in Applied
Biosystems equipment. Primers were designed using the Primer3Plus in silico tool
(https://www.bioinformatics.nl/cgi-bin/primer3plus/ primer3plus.cgi (accessed on
7 March 2022 )) and checked using the UCSC in silico PCR tool
(https://genome.ucsc.edu/cgi-bin/hgPcr (accessed on 7 March 2022)). The reverse
primer spanned the junction between exons 10 and 11, and it was the same for all
PCRs with the sequence 5’GCTTCAGATTCCCTTTGATGTAG 3’ (Reverse 1). The
forward primer was dif- ferent for each PCR: Forward 1 bound within exons 1 and
2, 5'CAAACGGGCCAGTATGGT G 3’; Forward 2 bound within exons 7 and 8,
5'GATTTTTCCCAGGAACAGGT 3’; Forward 3 hybridized with exon 9,
5’GAGGCTATAACCTTGCCAAC 3.

PCR products were purified by NZYtech NZYGelpure Kit and screened
by Sanger sequencing on ABI3730xl Capillary Electrophoresis Sequencing System
according to the manufacturer’s protocol.

2.6. Real-Time Quantitative PCR (qPCR)
Relative quantification of HDACS expression was performed by qPCR. In this

experiment, we used six cDNA samples as control to compare with HDACS
expression. After cDNA synthesis, qPCR amplification was carried out using the
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Applied Biosystems SYBR™ Green PCR Master Mix Kit on an Applied Biosystems™
QuantStudio™ 5 System. We used the following amplification conditions: 95 °C for
10 min for the hold stage; 40 cycles at 95 °C for 15 s, 60 °C for 1 min; finally, 95 °C

for 15 s, 60 °C for 1 min, and 95 °C for 20 s for the melt curve stage. Samples were
assessed in triplicate.

The primer sequences were as follows: Forward 8-9
5'TTGGGAGGAGGAGGCTATA AC 3 and Reverse 9-10
5’'GCTGTGAAAAACTCATGATCTGG 3% Forward 9-Insertion
5’CCAGATCATGAGAATATGCCTG 3 and Reverse Insertion-10
5’'CTGTGAAAAACTGCACATCACA 3; Forward Exon 1 5

CGCTGGTCCCGGTTTATATC 3 and Reverse Exon 2 5’
TGCAGTGCATATGCTTCAATC 3’. Gene expression levels were calculated

normal-lizing with respect to the housekeeping gene B-actin, using the forward -

actin  5° CTTC- CTGGGCATGGAGTC 3’ and reverse f-actin 5’
AGCACTGTGTTGGCGTACAG 3’ primers. The Ct values for each sample were
determined with amplification plots in the loga- rithmic phase. The PCR outcome
and efficiency of amplification were determined using QuantStudio™ Design and
Analysis Software (v1.5.1, Applied Biosystems, Waltham, MA, USA) using the
2~88Ct method. GraphPad Prism was used for the graphics.

2.7. Structure Modeling of HDAC8 Variant and Molecular Dynamics Simulation

The 3D structure of the HDACS variant protein was modeled using the crystal
struc- ture of human HDACS (PDB ID: 1T64 [17]) as a template. The model was
built using the SWISS-MODEL server (http://swissmodel.expasy.org (accessed
on 5 April 2022)), its structural quality being within the range accepted for
homology-based structures (Anolea/Gromos/QMEAN4). Structures for wildtype
and variant HDACS proteins were subjected to 200 ns of unrestrained molecular
dynamics (MD) simulation using the AM- BER18 molecular dynamics package
(http://ambermd.org/ (accessed on 5 April 2022); University of California—San
Francisco, CA, USA), essentially as previously described [18]. In brief, 3D models
were first solvated with a periodic octahedral pre-equilibrated solvent box using the
LEaP module of AMBER, with 12 A as the shortest distance between any atom in the
protein domain and the periodic box boundaries. Free MD simulation was performed
using the PMEMD program of AMBER18 and the ff14SB force field
(http://ambermd.org/ (accessed on 5 April 2022)), applying the SHAKE
algorithm, a time step of 2 fs, and a nonbonded cutoff of 12 A. Systems were
initially relaxed over 10,000 steps of energy min- imization, using 1000 steps of
steepest descent minimization followed by 9000 steps of conjugate-gradient
minimization. Simulations were then started with a 20 ps heating phase, raising the
temperature from 0 to 300 K in 10 temperature change steps, after each of which
velocities were reassigned. During minimization and heating, the C& trace
dihedrals were restrained with a force constant of 500 kcal-mol~!-rad~? and
gradually released into an equilibration phase in which the force constant was
progressively reduced to 0 over 200 ps. After the equilibration phase, 200 ns of
unrestricted MD simulation was obtained for the structures. MD trajectories were
analyzed using VMD software (v1.9.3., University of Illinois, Urbana, USA) [19].
Figures were generated using the Pymol Molecular Graph- ics System
(https://pymol.org/ (accessed on 5 April 2022); Schrédinger, LLC, Portland, OR,
USA).

3. Results

3.1. Clinical Report

The proband is a 5 year old gir], the first child of nonconsanguineous healthy
parents. She has a healthy younger sibling. During pregnancy, intrauterine growth
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restriction (IUGR) was revealed in the second trimester. The patient was born at 41
weeks gestational age via spontaneous vaginal delivery (SVD). At that moment, it was
noted that she showed congenital microcephaly (HP:0000252) (head circumference
32.0 cm; —2.07 SD) and sym- metrical IUGR (HP:0001511) with a birthweight of 2.230
kg (—2.79 SD) and length of 45 cm (—3.22 SD). Growth retardation (HP:0008897) and
microcephaly (HP: 0000252) persisted after birth, and, at the age of 22 months, head
circumference was 43.5 cm (—3.62 SD), weight was 9.5 kg (—1.92 SD), and length was
76.5 cm (—2.81 SD). General motor development was not significantly delayed, and
she achieved sitting and walking independently at 9 and 16 months, respectively.
However, at the present age of 5 years, she is currently still nonverbal and shows
global developmental delay (HP:0001263) and behavioral problems. Regarding
dysmorphic facial features, she showed bulbous nasal tip (HP:0000414), long
philtrum (HP:0000319), synophrys (HP:0000664), microdontia (HP:0000691), and
widely spaced maxillary central incisors (HP:0001566). Furthermore, she presented
delayed clo- sure of fontanels (more than 2 years) (HP: 0000270), hirsutism
(HP:001007), small hands (HP:0200055) and feet (HP:0001773), short fifth finger
(HP:0009237), clinodactyly of the fifth finger (HP:0004209), sensorineural hearing
impairment (HP:0000407), and gastroesophageal reflux (HP:0002020) (Figure 1A).
On the basis of these features, an expert clinical geneticist assigned the clinical
diagnosis of SCAL during early childhood with a clinical score of 12. An additional
clinical analysis was carried out with Face2Gene® at the age of 5, and KBGS and SCdL
were the first and second syndromes suggested, respectively, with a medium-
high probability.
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Figure 1. Clinical and genetic description of the patient. (a) Patient at 5 years showing her back
with hirsutism and small hands and feet with clinodactyly of the fifth finger (more details
in the text); (b) CytoSure Constitutional v3 array 8 X 60K array-CGH result showing a 0.032
Mb duplication at Xq13.1 in the patient.

3.2. DNA Molecular Analyses

An initial genetic test with a SCAL deep targeted gene panel (>1000 X) did
not de- tect any potentially constitutive and/or mosaic causative genetic variant
in DNA from blood. Somatic mosaic variants could not be ruled out totally since it
was not possible to obtain another biological sample from the patient. A variant of
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uncertain significance was identified in the ANKRD11 gene ((NM_001256183.1;
¢.890C > T, p.(Thr297Met)) (G = 1019, A = 976). However, although some in silico
predictors such as SIFT (0.0) and Polyphen-2 (0.999) suggested a possible
damaging effect, this variant is reported as likely benign in ClinVar, and the allele
frequency in gnomAD is greater than 0.001. Furthermore, familiar co-segregation
studies revealed that the healthy mother carried the variant. Therefore, despite
the compatible genotype-phenotype correlation in the patient, this variant was
reclassified as likely benign according to ACMG criteria.

Despite the compatible genotype-phenotype correlation, familiar segregation
studies revealed that the healthy mother carried the variant; therefore, the causality
of this one was ruled out. Oligonucleotide-based array CGH was subsequently
performed on genomic DNA using CytoSure Constitutional v3 array 8 X 60 K,
which offers enhanced exon- level coverage of 354 developmental disorder genes.
A duplication spanning ~32 kbp at Xql3.1 was identified in the patient
(arr(GRCh38) Xq13.1(72,340,096-72,389,392) X 3) (Figures 1B and 2A). This
duplication implicates at least exon 10 (NM_018486.3) of the HDACS gene and was
not present in leucocyte-derived DNA of the parents.

Chromosome X: 72,329.516-72,572,843 [Human (GRCh38.p13)] HDACS: ENST00000373573.9, NM_018486.3
Xq13.1
243.33 Kb
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Figure 2. Molecular characterization of the intragenic duplication in HDACS. (a)
Schematic rep- resentation of intragenic duplications on HDACS related to SCdL reported
to date. The genomic region duplicated for each case is shown. Localizations of
duplications on HDACS are indicated by chromosome band and position (human
(GRCh38.p13)). The arrow indicates the direction of transcription. The region duplicated
in the patient is marked by an orange-filled box [6]; (b) qPCR analysis of exons 1-2 and 9-
10 of HDAC8 (NM_018486.3). Gene expression levels were normalized to actin. The
expression level in controls was arbitrarily set to 1.0; (c) agarose gel of the cDNA PCR
products. After amplification of a fragment compromising exons 9 and 10, cDNA of the
patient yielded the expected PCR product of 213 bp, as well as an aberrant fragment of 309 bp
corresponding to an insertion of 96 bp between exons 9 and 10; (d) Cts from qPCR analysis of
exons 1-2 and the A96 bp region in the patient and controls. Gene expression levels were
normalized to Actin.
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3.3.  RNA Molecular Analyses

To assess the functional impact of the intragenic duplication on HDACS
transcription, we performed qPCR and Sanger sequencing from blood cDNA.
Specific quantitative amplification of the pair spanning exons 1-2 and 9-10
revealed a significant reduction in exon junction 9-10 in the patient (Figure
2B). We also performed a conventional PCR amplification from exon 9 to exon
junction 10-11. An aberrant transcript of 309 bp in addition to the expected
wildtype PCR product of 213 bp was observed. Sequencing analysis of the
aberrantly spliced product revealed an insertion of a 96 bp fragment between
exons 9 and 10 (Figure 2C and Table S1). This sequence aligns with an intronic
region located between 225,627 bp and 225,722 bp of intron 9 of HDACS,
GRCh38.p13 chrX: 72,352,477-72,352,382. In addition, we confirmed the
presence of the 96 bp insertion in the patient by qPCR (Figure 2D).

3.4. Structural Prediction of HDACS8 Variant

A theoretical 3D structure for the HDACS8 variant was obtained by homology
modeling. As a result of the 96 bp insertion in the nucleotide sequence, at the
structural level, amino acids 336 to 377 of the C-terminus of the protein were
replaced, including a complete & helix (in red in Figure 34, left) by a much shorter
segment of six amino acids (in red in Figure 3A, right), followed by a stop codon.
To analyze the effect that this C-terminal deletion could have on the structure and
function of the enzyme, the wildtype and variant protein models were simulated
for 200 ns of unrestricted molecular dynamics, comparing the behavior of the two
structures. The main differences between them were, on the one hand, a marked
change the surface electrostatic charge around the entrance of the active center,
from being mostly electropositive in the wildtype protein (blue-colored patch in
Figure 3B, left) to neutral in the variant protein (light-blue and white colors in the
equivalent position in Figure 3B, right). In addition to this shift in surface charge,
a notable difference observed between the two was a displacement in the variant
protein, starting at approximately 140 ns, of the loop containing amino acids
Gly206 to Gly220, located at the entrance of the active center, shortening the
distance between this loop and the opposite wall of the substrate entry site
(distance marked with an arrow in Figure 34, left and right). As a quantification
of this movement, Figure 3C shows the variation in the distance between the &
carbon of the Pro209 and Gly151 residues, located in the shifting loop and in a
loop on the opposite wall of the entry site, respectively, decreasing from an
average of 8.5 A in the wildtype protein to 5.5 A in the variant HDAC8 protein.
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Figure 3. Structural modeling of HDACS variant. (a) Structural model of wildtype (left) and
variant (right) human HDACS proteins after 200 ns of unrestricted molecular dynamics
simulation. The dif- ferential C-terminal end between the two proteins is colored in red.
The position of the Zn** atom in the active center and the distance between residues
Pro209 and Gly151 (arrow) are indicated; (b) surface of both proteins after 200 ns of
molecular dynamics. The entrance of the active center is circled in yellow. The surface is
colored according to the electrostatic charge (red: negative, blue: positive); (c) distance in A
between the & carbon atoms of residues Pro209 and Gly151 over the 200 ns simulation of
the wildtype (wt) and variant (var) HDACS protein.

4. Discussion

Identification of the genetic cause sometimes remains a challenge in SCdL.
Although this is a phenotypically recognizable syndrome, the huge clinical and
genetic heterogeneity makes it difficult to establish genotype-phenotype
correlations. Here, we described the genetic diagnosis procedure of a girl with
classic SCAL phenotype and highlighted the limitations faced during this
process: (i) interpretation of VUS, (ii) technical difficulty in detecting small CNVs
and somatic mosaic variants, and (iii) functional interpretation of intragenic
duplications. In this study, we presented a novel intragenic ~ 32 kbp duplication
affecting exon 10 of HDACS gene. SCdL-associated variants in the HDACS gene
(Xq13.1) are estimated to account for the 4% of the cases of this disorder (SCDL5,
OMIM #300882). The majority of known disease-causing changes in HDACS are
SNVs, including non- sense, missense, or splice site variants [6,7,20-25].
Nevertheless, recently, several cases of changes involving larger regions of HDACS
have been reported in individuals with SCdL, especially intragenic deletions
ranging from single to multiple exons [6,12]. Interestingly, the presence of two to
three pairs of microhomology at the breakpoints was found in these cases [12]. To
date, only one intragenic duplication in HDAC8 has been reported in the
literature (GRCh38.p13 (chrX: 72,371,425-72,731,334) X 3), whose region affected
includes exons 6 to 9 (p.Phe336Leufs*1) (6). In addition, ClinVar reports one
likely pathogenic duplication (ClinVar: VCV000442981.2, GRCh38.p13 (chrX:
72,348,432-72,549,544) x 3), and DECIPHER reports two duplications
associated with patients with overlapping SCdL phenotypes (Patient 275,487,
Patient 275,258) (Figure 2A). However, to our knowledge, no report of the effect
of an intragenic duplication in HDACS at a molecular level has been provided.

Haploinsufficiency for genes within a deletion CNV is a well-recognized
cause of genetic disease. However, duplication CNVs might cause disease through
triplosensitivity, gene disruption, or gene fusion at breakpoints. Undoubtedly,
interpreting the genetic consequences of the duplication is essential to
understand the etiology of the genetic disease. In this report, we presented the
case of an intragenic duplication in HDACS that disrupted the reading frame of
at least the most common HDACS gene isoform present in blood. By
conventional splicing analysis and qPCR, we detected an aberrant HDACS
transcript in the patient. Surprisingly, this transcript included an insertion between
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exons 9 and 10, corresponding to a 96 bp fragment of intron 9. By analyzing this
intronic sequence, we found that it contained noncanonical splice site sequences,
AG donor (59 and GC acceptor (3") [26]. As a consequence, the translation was
impaired, resulting in a protein of 342 amino acids instead of the 377 comprising
the wildtype protein (Table S2 and Table S3) due to a break in the reading frame
caused by the insertion of a premature stop codon.

Although the direct correlation of clinical severity with the activity of HDACS
variants is complex, the structure-function relationship has been previously proven.
Depending on the structural location of the different variants studied in this
enzyme, the degree of loss of enzyme activity is variable, being greater when the
catalytic center is affected or when the mutations affect an amino acid located in
a conserved region of the protein [27-30]. All the mutations previously analyzed
in HDACS8 were randomly distributed throughout the entire protein structure,
and, in the vast majority of them, the enzyme activity was compromised [6,27-31].
The de novo intragenic duplication presented in the current studio involved only

exon 10, which, at the structural level, mainly affected an o helix at the C-
terminal end of the protein, far from the active center.

With such a large deletion within the carboxyl-terminal end, a drastic
effect was expected in the molecular dynamics simulation, entailing a large
disorganization of the protein. However, it seems striking that the overall
structure of the wildtype and variant proteins remained almost constant
throughout 200 ns of simulation (Figure 3A). Despite this, notable differences were
observed between them, such as a change in the surface charge next to the entry of
the active center in the variant protein (Figure 3B), which would compromise the
correct binding between the mutated enzyme and the substrate. This alteration
would also trigger a displacement of a loop near the entrance of the catalytic site,
which remains stable at the new position (Figure 3C) and results in reduced
accessibility of the substrate to the active center (Figure 3B). Experimental
HDACS activity measurements would be necessary to verify this hypothesis.

In summary, the progressive increase in reports of patients with SCdL and
intragenic CNVs makes it necessary to cover a wider genetic diagnosis scenario.
For this purpose, as NGS becomes routine for genetic testing, we must
incorporate specific designs and pipelines that analyze and detect this type of
variant, not only in the NIPBL gene but also in the other causal genes of SCdL
such as HDACS. Lastly, a comprehensive molecular characterization of the
intragenic duplications is essential for the investigation of their pathogenicity,
with the ultimate goal of providing a better understanding of the disease.

Supplementary Materials: The following supporting information can be downloaded
at https://www.mdpi.com/article/10.3390/genes13081413/s1: Table S1. Insertion
sequence 96 pb; Table S2. WT protein sequence; Table S3. Variant protein sequence.
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Cornelia de Lange syndrome (CdLS, OMIM #122470, #300590, #300882,
#610759, and #614701) is a rare congenital disorder that affects the
development of multiple organs and is characterized by physical
abnormalitiesand cognitive and behavioral disabilities. Its molecular basis is
mainly based on alterations in genes encoding structural and regulatory
proteins related to thecohesin complex. Moreover, other transcriptional
regulatory factors have beenlinked to this syndrome. However, additional
causative genes are still unknown, since many patients still lack a molecular
diagnosis. Herein, we describe a case with multiple affected family members
presenting with an intragenic duplication in the AFF2 gene. The direct
tandem intragenic duplication of exons 10, 11 and 12 was detected through
high-resolution array Comparative Genomic Hybridization and next-

generation sequencing technologies. Confirming the X-linked inheritance
pattern, the duplication was found in the patient, his mother and his
maternal aunt affected (dizygotic twins). Targeted sequencing with Oxford
Nanopore Technologies revealed an aberrant transcript which is
predominantly expressed in the patient and his aunt. Along with these results,

a significant reduction in AFF2 gene expression levels was detected in these
two individuals. Clinically both subjects exhibit a classic CdLS phenotype,
whereas the mother is mostly unaffected. Consistent with the phenotypical

|73


mailto:framos@unizar.es
mailto:puisac@unizar.es
mailto:framos@unizar.es
mailto:puisac@unizar.es
mailto:framos@unizar.es
mailto:framos@unizar.es
mailto:framos@unizar.es
mailto:puisac@unizar.es
mailto:framos@unizar.es
mailto:puisac@unizar.es
mailto:puisac@unizar.es
mailto:puisac@unizar.es
mailto:framos@unizar.es
mailto:puisac@unizar.es
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2024.1472543
mailto:framos@unizar.es
mailto:puisac@unizar.es
mailto:juanpie@unizar.es
https://doi.org/10.3389/fgene.2024.1472543
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fgene.2024.1472543/full
https://www.frontiersin.org/articles/10.3389/fgene.2024.1472543/full
https://www.frontiersin.org/articles/10.3389/fgene.2024.1472543/full
https://www.frontiersin.org/articles/10.3389/fgene.2024.1472543/full
mailto:framos@unizar.es
mailto:puisac@unizar.es
mailto:framos@unizar.es
mailto:puisac@unizar.es
mailto:framos@unizar.es
mailto:puisac@unizar.es
mailto:framos@unizar.es
mailto:puisac@unizar.es

Lucia-Campos et al.

10.3389/fgene.2024.1472543

differences observed between the mother and the aunt, there is a
marked difference in X-inactivation patterns skewing. Given the crucial
role of AFF2 in transcriptional regulation, it is not surprising that AFF2
variants can give rise to CdLS phenotypes.Therefore, the AFF2 gene should
be considered for the molecular diagnosis of thissyndrome.

AFF2, CdLS,

intragenic duplication,

familial case, X-inactivation, Oxford

Nanopore Technologies

1 Introduction

Regulation of gene expression is an essential process in
cell biology, which occurs precisely and coordinately from the
early developmental stages (Asami et al., 2022). Recently, the
term chromatinopathies has been introduced to describe
disorders affecting transcription and chromatin remodeling.
These disorders are often accompanied by developmental
delay, facial dysmorphism, and intellectual disability
(Avagliano et al., 2020; Parenti and Kaiser, 2021).

One of the best characterized chromatinopathies is Cornelia

deLange syndrome (CdLS, OMIM #122470, #300590, #300882,
#610759, #614701), a congenital disorder affecting the
development of multiple organs. Its prevalence is estimated to
be about 1/10,000-30,000 live births (Kline et al., 2007).
Clinically, it is characterized by distinctive facial features,
prenatal and postnatal growth retardation, as well as cognitive

impairment and behavioraldisturbances (Ajmone et al., 2014; Pié
etal., 2016; Grados et al., 2017;Kline et al., 2018). However, not

all individuals with the syndromeexhibit the typical phenotype.
The clinical features of the disorder can vary widely, ranging
from mild to severe, and even overlap withthe phenotypes of
other similar syndromes, such as Rubinstein- Taybi, KBG,
Coffin-Siris, or Wiedemann-Steiner (Parenti et al., 2017; Cucco
et al., 2020).

To date, CdLS has been associated with several types
of genetic variations, including missense, nonsense, splicing,
and copy number variations (CNVs) (Teresa-Rodrigo et al.,
2014; Kline et al., 2018). These variants affect eight main genes:
NIPBL, SMC1A, SMC3, RAD21, HDACS8, BRD4, MAU2, and
ANKRD11 (Gil-Rodriguez et al., 2015; Huisman et al., 2017,
Kline et al., 2018; Krab et al., 2020; Parenti et al., 2020; Selicorni
et al., 2021). Variants in the NIPBL gene account for
approximately 70% of cases, with more than 10% of them
involving postzygotic mosaicism (Latorre-Pellicer et al.,
2021). The proteins encoded by the aforementioned genes are
all involved intranscriptional regulation as well as chromatin
remodeling processes (Kline et al., 2018). In terms of
molecular implications, there is increasing evidence linking
CdLS to global alterations of gene expression (Yuan B et al.,
2015; lzumi, 2016; Mills et al., 2018; Garcia et al., 2021).
Recent studies in cortical neurons from CdLS patients have
revealed transcriptional alterations in genes associated with
neuronal functions, including synaptic transmission or
signaling processes (Weiss et al., 2021).

Given the extensive phenotypic and genetic variability of
the syndrome, consensus criteria have been established to
aid the clinical diagnosis and to classify the condition into
classical and non-classical forms, both falling within the CdLS

spectrum (Kline et al., 2018). However, 15% of patients with
a CdLS-like phenotypestill remain without a clear genetic
diagnosis.

In this study, we report an intragenic duplication within
the AFF2 gene in three individuals of the same family. CCG

triplet repeats of the 5 untranslated region (UTR) of this gene
have been described as causative for Fragile XE syndrome
(FRAXE, OMIM #309548) (Gu et al., 1996; Hillman and Gecz,
2001). Additionally, intragenic deletions have also been
described (Gecz et al., 1996; Stettner et al., 2011). However,
the full spectrum of clinical features associated with
variants in AFF2 still needs to be assessed.

In this work, we analyzed the consequences of the AFF2
duplication through the study of gene expression in three
family members. We subsequently compare the clinical
features of the reported individuals with those of FRAXE
syndrome, AFF2 variants and CdLS. Our data suggest that
AFF2 may be considered a novel causal gene within the
broad CdLS spectrum.

1. 2 Materials and method

2.1. Clinical diagnosis

Clinical data have been collected at the University
Hospital “Lozano Blesa” using a standard restricted-term
questionnaire. Detailed phenotypes of the individuals have
been evaluated bythe patient’ clinician using the Human
Phenotype Ontology (HPO) nomenclature for better
comparison. The severity was determined according to the
clinical score published by Klineand colleagues in 2018
(Kline et al., 2018). Additionally, as a complementary tool,
Face2Gene technology was used to analyze the facial
photographs of the individuals in the study (Gurovich Y et al.,
2019; Latorre-Pellicer et al., 2020).

The biological samples have been collected from the
sample collection C.0002316, registered in the Institute of
Health Carlos I1(ISCIII) for the investigation on the Cornelia
de Lange syndrome, whose principal investigator is Prof.
Feliciano J. Ramos.

The study has been performed according to the
Declaration of Helsinki protocols and approved by the
Regional Ethics Committee of Clinical Research from the
Government of Aragén (CEICA; PI15/ 00707, P119/01860).
Informed consent was obtained from all subjects included in
this study. Additional permission andinformed consent were
obtained for the publication of the photographs.
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2.2. Analysis of the AFF2-related
phenotypic spectrum

This analysis was performed by reviewing all the relevant
clinical information about AFF2 variants reported in the
literature and databases, including missense, nonsense, small
deletions, small insertions variants and intragenic deletions and
duplications, as well as all associated phenotypes. All cases
were retriev from PubMed (https://pubmed.nchi.nlm.nih.gov/),
Clinvar  (https://  www.ncbi.nlm.nih.gov/clinvar/), and
DECIPHER (https://www. deciphergenomics.org/). We only
took into consideration variants associated with clinical
descriptions.

2.3. Molecular diagnosis

2.3.1. Cell culture

Human primary fibroblasts were obtained from a skin
biopsy from the anterior thigh. Fibroblasts were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, HyClonem)
supplemented with 10% fetal bovine serum (FBS, Gibco), 1%
streptomycin/penicillin(HyCloner), under the conditions of a
humidified atmosphere at37°C with 5% COz in the incubator.
The same protocol was used for all the cell lines. Cells were
cultured between passages 1 and 4. Beforeisolating the total DNA
and RNA, the cell lines were tested to verifythe absence of
Mycoplasma contamination.

2.3.2. Isolation of DNA and RNA

Genomic DNA and RNA isolation were performed from
bloodcells and fibroblast samples. Lymphocytes derived’ DNA
was extracted using a conventional phenol-chloroform
isoamyl alcohol method. The DNA from fibroblast was isolated
using the PureLink™ Genomic DNA kit (Invitrogen, Thermo
Fisher Scientific), according to the manufacturer’s protocol.
Isolation of RNA was performed from both blood and fibroblast
lines using the Total RNA Purification kit (Norgen Biotech)
according to the manufacturer’s protocol. The purity and
integrity of the nucleic acids were assessed by electrophoresis and
spectrophotometry using NanoDrop ND-2000 spectrophotometer
(Thermo Fisher Scientific).

2.3.3.DNA analyses
2.3.3.1. Exome sequencing and reanalysis
Whole-exome sequencing was performed using blood
derived’genomic DNA of the patient (11-1) in a private laboratory
(gGenomicsS.L.). Then, the clinical and genomic raw data from
the patient (11-1) were submitted to the Undiagnosed Rare
Diseases Programme (EnoD;
https://www.ciberer.es/en/transversal-programmes/
scientific-projects/undiagnosed-rare-diseases- programme-enod)
for more in-depth investigation. This programme is an initiative
of the Center for Biomedical Network Research on Rare
Diseases (CIBERER) to identify the genetic cause of rare
diseases in selectedundiagnosed cases (Luque et al., 2022).
Results are periodically reassessed by an expert team using
the software associated withthe EnoD Programme (Bullich et
al., 2022).

2.3.3.2. Array Comparative Genomic Hybridization
Human Genome Comparative Genomic Hybridization

10.3389/fgene.2024.1472543

(CGH) Microarray kit 1 x 400 K was performed on genomic
DNA from blood of the patient (1I-1) according to the
manufacturer’s instructions (Agilent Technologies). Data
were extracted and analyzed for copy number changes using
Agilent  CytoGenomics  v.3.0  software  (Agilent
Technologies). Copy number variations (CNVSs) were
analyzed and mapped using the Human Genome assembly
GRCh37/hg19. CNV classification was performedaccording
to the Database of Genomic Variants (DGV) (http://
projects.tcag.ca/variation/) to exclude common polymorphic
CNVswith a frequency >1% in healthy population.

2.3.3.3. Deep-sequencing Cornelia de Lange
syndromegene panel

The fibroblast’s genomic DNA from the patient (11-1) and
blood’s genomic DNA from the mother (I- 2) and the
maternal aunt (I-3) were sequenced using a deep-sequencing
panel including 35 genes related with CdLS, with a total
target region of 249.25 kb. Library preparation, emulsion
PCR, bead enrichment, and chip loading were automatically
performed on an Ion Chef™ instrument (Thermo Fisher
Scientific) using Ton AmpliSeq™ Kit for Chef DL8 and
530™Kits (Thermo Fisher Scientific) according to the
manufacture’s protocols. Templates were sequenced on an
Ion S5™ X[ sequencer (Thermo Fisher Scientific) using
530™ Kits with a read length of 200. Raw data analysis was
carried out with Torrent Suite SoftwareTM (v.5.12.3). After
alignment to the hgl9 human reference genome, the
annotation of SNVs, indels and CNVs was performed using
the lon Reporter SoftwareTM (v.5.20.2.0). The sequencing
data were evaluated using Integrative Genomics Viewer
(IGV) (http://software.broadinstitute.org/software/igv/).

2.3.3.4. Real-time quantitative PCR (qPCR)

Confirmation of the coding regions involved in the CNV
was performed on genomic DNA from blood from all
available family members (I1-1, I-1, 1-2, 1-3, I-4, I-5). The
analysis was screened byreal-time quantitative PCR (QPCR)
using an NZYSupreme gqPCR Green Master Mix (2x) ROX
(NZYtech) on QuantStudio~5 System(Applied Biosystems).
Samples were assessed in triplicate in each experiment and
two biological replicates were performed. Data were analysed
through the 2724CT method (Livak and Schmittgen, 2001).
Statistical analyses and graphics were generated with
GraphPad Prism 9 software. The primer pairs bind to inner
regions of exons inthe gene of interest, and their sequences
and PCR conditions are available upon request.

2.3.4.RNA analyses
2.3.4.1. cDNA synthesis and analysis

Total RNA isolated from blood and fibroblast lines was
retrotranscribed  into  single-strand c¢cDNA using a
SuperScriptrm First-Strand Synthesis System for RT-PCR kit

(Invitrogen, Thermo = Fisher Scientific) following the
manufacturer’s protocol. cDONA synthesis was performed using
2 ug of total RNA and random hiexamers as primers.

Sanger sequencing was performed to localize the
duplication breakpoints. This analysis was carried out on
cDNA from blood and fibroblasts from the patient (11-1), as
well as from his father (I-1), his mother (1-2) and his maternal
aunt (I-3). PCRs were performed using a KAPA2G Robust
PCR kit (KAPA BIOSYSTEMS). Primer sequences and PCR
conditions are available upon request. Amplicons were
sequenced using a BigDye™ Terminator v.3.1 Cycle
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Sequencing kit (Thermo Fisher Scientific). Deletion junction
sequences were aligned to the human reference genome
sequence (GRCh38/hg38), and electropherograms were
analyzed with the ChromasPro 1.5 software (Technelysium Pty
Ltd.).

2.3.4.2. Targeted sequencing with Oxford Nanopore
Technologies (ONT)

RNA from fibroblasts was retrotranscribed with the
LunaScript® RT SuperMix Kit (NEB, Basdorf, Germany),
following manufacturer’ instruction. The full length AFF2
transcript  (ENST00000370460.7, NM_002025.4) was
amplified from cDNAof the patient (11-1), his mother (1-2) and
his maternal aunt (1-3) bytouch-down PCR using PrimeSTAR
GXL DNA Polymerase (Takara Bio) with 10% DMSO (Primer
sequences are available upon request). The PCR products were
purified using the DNA Clean & Concentrator (Zymo
Research). A library of multiplexed sampleswas prepared using
the SQK-LSK109 ligation-based sequencing kit (Oxford
Nanopore) and the native barcoding protocol (EXP- NBD196).
In summary, 200 fmol of each purified amplicon were
incubated with NEBNext Ultra Il End Repair/dA-tailing
Module Reagents (NEB) at 20°C for 5 min and 65°C for 5 min,
after which,barcodes were ligated using the NEB Blunt/TA Ligase
Master Mix at 20°C for 20 min and 65°C for 10 min. Barcoded
amplicons were pooled and purified using AMPure XP beads
(Beckman Coulter), adapters were ligated incubating during 10
min with Adapter Mix IIExpansion/NEBNext Quick Ligation
Reaction Module followed byclean-up with AMPure XP beads.
Approximately 15 ng of the library were loaded onto a MinlON
R9.4.1 FLO-MINZ106 flow cell sequencing for up to 24 h while
monitoring using the MinKNOW software. All steps were
performed following the manufacturer’s protocols. Guppy
(version 6.5.7) (Community N. Downloads - Release notes.
Oxford Nanopore Technologies) was used for base-calling,
pycoQC (version 2.5.2) (Leger and Leonardi, 2019) and
NanoPlot (version 1.41.6) (De Coster and Rademakers, 2023)
for quality control. The command line version of Guppy,
guppy_basecaller, used the “sup” model and the parameters: “-
-recursive -- compress_fastq --do_read_splitting --calib_detect-
- records_per_fastq O -- enable trim barcodes.” Reads were
alignedwith minimap2 (version 2.28-r1209) (Li, 2018) to a
reference consisting of NM_002025.4 concatenated exons.
Variants were called with Sniffles2 (version 2.2) (Smolkaet al.,
2024) as well as the reference number and variant reads.

2.3.4.3. Gene expression analysis

Global expression levels of AFF2 (NM_002025.4) in
fibroblasts were assessed by qPCR using NZY Supreme gPCR
Green Master Mix (2x) ROX (NZYtech) on QuantStudio™ 5
System (Applied Biosystems). Six healthy controls (three male
and three female) were used for comparison. 1 uL. of cDNA and
2 uM of primers were used in a volume of 10 pL for each
reaction. Samples were assessed in triplicate in each experiment
and three biological replicates were performed. Primer
sequences are available upon request. The global gene
expression levels were calculated normalizing to the
housekeeping B-actin gene and compared with the controls. The
Ct values for each sample were determined with amplification
plots in the logarithmic phase. The PCR outcome and efficiency
of amplification were determined using QuantStudio™ Design
and Analysis Software v1.5.1 using the 2—AACT method.
Statistical analyses and graphics were generated with
GraphPad Prism 9 software.

10.3389/fgene.2024.1472543

2.3.5. Assessment of X chromosome
inactivation

The level of skewing of X chromosome inactivation
(XCI) wasevaluated by studying the methylation status at two
polymorphic regions of the X chromosome. Specifically, the
highly polymorphicregion (CAG repeats) in exon 1 of the
androgen receptor (AR) genewas explored. Digestions with
methylation-sensitive restriction enzymes Hpall and Hhal
were carried out at both blood and fibroblas genomic DNA
from the mother (I-2) and maternal aunt affected (I-3). In
addition, the highly polymorphic region (CGG repeats) of the
FMR1 gene was also evaluated. Digestion with the
methylation-sensitive restriction enzyme Hpall was carried
out at both blood and fibroblast genomic DNA from the
mother (I-2) andthe maternal aunt (1-3). For both loci, PCR
amplification of digestedand undigested DNA was performed.
Finally, the allele ratios werecalculated (Allen et al., 1992;
Carrel and Willard, 1999). We considered alleles separated
by more than two trinucleotide repeats to be informative.
For skewed XCI, we used a cutoffof >80:20%, and for
extremely skewed XCI, a cutoff 241 of >95:5%.

2.
3. 3 Results

3.1. Clinical report

3.1.1. Patient (II-1)
The index patient of this study is an adolescent male (I1-
1, see Figures 1A, B) born from a non-consanguineous couple
at 35 weeksof gestational age by Cesarean section. His birth
weight was 1.640 kg (—2.29 SD), length 44 cm (—1.1 SD) and
head circumference 29.5 cm (—1.36 SD). Due to the low birth
weight and the presence of a congenital atrial septal defect,
he was admitted to the Neonatal Intensive Care Unit (NICU).
He was clinically diagnosed with CdLS at the age of 4
years (Figure 1A). The following features supported CdLS
diagnosis: synophrys (HP:0000664),  thick eyebrows
(HP:0000574), long philtrum (HP:0000343), thin upper lip
vermilion (HP:0000219) with downturned corners of the
mouth (HP:0002714), microcephaly (HP:0000252), and short
fifth finger (HP:0009237) (Figures 1A, B). He additionally
presented with cognitive impairments, abnormal heart
morphology (HP:0001627), absent speech (HP:0002300),
hyperactivity (HP:0000752), and a short attention span
(HP:0000736). Psychiatric assessment was carried out at the
age of 13 years using the Brunet-Lezine BL-EC Scale and
suggested a developmental quotient of around 24 months. A
summary of the clinical features of the patient (lI-1) is

shownin Table 1.

The latest evaluation was performed at 19 years of age.
At this time, his clinical features remained consistent with the
initial CdLSdiagnosis (Figure 1B). He additionally presented
with gastroesophageal reflux (HP:0002020) and self-
injurious behavior (HP:0100716).

The calculated clinical CdLS score was 13 (Supplementary
Table S1). According to the consensus criteria, he would be
included in the classic CdLS phenotype group. Further clinical
analysis was conducted with Face2Gene at ages 4 (Figure
2A) and 19 year old (Figure 2B), and the prediction showed
high and medium CdLS Gestalt similarity, respectively.
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3.1.2. Mother (I-2)

The mother of the index patient presented with some milder
features such as brachycephaly (HP:0000248), long philtrum
(HP: 0000343), and thin upper lip vermilion (HP:0000219)
(Figure 1C).The clinical evaluation yielded a CdLS score of 6
(Supplementary Table S1), which is below the threshold for a
classification of non-classic CdLS. Face2Gene revealed that she
exhibits a low similarity tothe CdLS Gestalt features (Figure
20C).

3.1.3. Maternal aunt (I-3)

The maternal aunt affected of the index patient (I-3,
mother’s dizygotic twin) also exhibits a CdLS phenotype
(Figure 1D). The clinical diagnosis of CdLS was primarily
based on the following dysmorphic facial features: synoprhys
(HP:0000664), thick eyebrows (HP:0000574), long and smooth
philtrum (HP:0000343,HP:0000343), thin upper lip vermilion
(HP:0000219), downturned corners of the mouth
(HP:0002714), and microcephaly (HP: 0000252) (Figure 1D).

Moreover, she presented with moderate intellectual disability

(HP:0002342), global developmental delay (HP:0001263),
postnatal growth retardation (HP:0008897), small hands
(HP:0200055), small feet (HP:0001773), and hirsutism (HP:
0001007) (more detailed clinical features are shown in Table
1).

The clinical evaluation yielded a CdLS score of 14
(Supplementary Table S1), consistent with a diagnosis of
classic CdLS, as per the consensus criteria. Face2Gene result
indicates a medium similarity with CdLS Gestalt (Figure 2D).
In contrast, the two other sisters (I-4 and 1-5) did not display
any signs compatiblewith the diagnosis of CdLS (Figure 2E).

3.2. Molecular diagnosis

3.2.1. DNA molecular analyses

Exome sequencing of the patient (11-1) did not reveal any
pathogenic or likely-pathogenic single nucleotide variant.
High-resolution array-CGH analysis of the patient (11-1)
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TABLE 1 Clinical features of the patient (1I-1), his mother (I-2) and his maternal aunt affected (I-3) compared with the clinical features of FRAXE syndrome,
copy number variants affecting the AFF2 gene and Cornelia de Lange syndrome.

Clinical features FRAXE VYEUEWS CdL Patient Mother Maternal aunt
syndrome syndrome (11-1) (I-2)

Growth delay HP:0001510

Prenatal growth retardation HP:0001511

Postnatal growth retardation HP:0008897

Abnormal skull morphology HP:0000929

Microcephaly HP:0000252

Brachycephaly HP:0000248

Dysmorphic facial features HP:0001999

Synophrys HP:0000664

Avrched, thick eyebrows HP:0002553, HP:
0000574

Long eyelashes HP:0000527

Proptosis HP:0000520

Palpebral ptosis HP:0000508

Ocular hypertelorism HP:0000316

Upturned nasal tip HP:0000463

Long, smooth philtrum HP:0000343,
HP:0000319

Thin upper lip vermilion HP:0000219

Downturned corners of the mouth HP:
0002714

High arched palate HP:0000218

Dental crowding HP:0000678

Low anterior hairline HP:0000294

Narrow face HP:0000275

Abnormality of limbs HP:0040064 and musculoskeletal system HP:0033127

Small hands HP:0200055

Clinodactyly HP:0004209

Short fifth finger HP:0009237

Small feet HP:0001773

Vertebral anomalies HP:0003468

Broad chest HP:0000914

Neurodevelopmental abnormality HP:0012759

Intellectual disability HP:0001249

Specific learning disability HP:0001328

Delayed speech and language
development HP:0000750

Abnormal social communication
behavior HP:0034434

(Continued on following page)
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TABLE 1 (Continued) Clinical features of the patient (II-1), his mother (I-2) and his maternal aunt affected (I-3) compared with the clinical features of FRAXE
syndrome, copy number variants affecting the AFF2 gene and Cornelia de Lange syndrome.

FRAXE Variants

AFF2

Clinical features

CdL

Patient Mother Maternal aunt

syndrome

Behavior disorders HP:0000708

Attention déficit disorder HP:0007018

Hyperactivity HP:0000752

Aggressive behavior HP:0000718

Autistic behavior HP:0000729

Other phenotypic abnormality HP:0000118

Seizures/Epilepsy HP:0001250

Hearing impairment HP:0000365

Cardiovascular anomalies HP:0002564

Apnea HP:0002104

Gastroesophageal reflux HP:0002020

Vesicoureteral reflux HP:0000076

Recurrent infections HP:0002719

Hirsutism HP:0001007

While blue cells indicate presence of the feature, beige cells indicate its absence.
revealed an intragenic duplication in the AFF2 gene
(NM_002025.4). Thisduplication is described neither in population
genomic databases nor in patients with neurodevelopmental
disorders or our internal database of patients with CdLS. The
chromosomal coordinates of the duplication are chrX:148,934,576-
148,960,040 (GRCh38/hg38) (Figure 3A), spanning from intron 9 to
intron 12 and harboring exons 10, 11, and 12 of the AFF2 gene. The
reanalysis of exome data within the Program for Undiagnosed Rare
Diseases (ENOD) detected the intragenic duplication in the AFF2
gene (NM_ 002025.4). In addition, segregation analyses in the
family were carried out through deep-sequencing (>1,000x) using
CdLS gene panel (Figure 3B) and qPCR (Supplementary Figure
S1), and bothconfirmed the intragenic duplication in the AFF2 gene
in the patient(ll-1) in hemizygosity, as well as in the mother
(1-2) and thematernal aunt (I-3) who are heterozygous carriers.

3.2.2. Breakpoint identification

To investigate if the duplicated sequence was arranged in
tandem, amplification of a cDNA fragment using a forward
primer located distal to exon 12 and a reverse primer located
proximal to exon 10 wasperformed. By doing this, a PCR product
could be detected in the patient (I1-1), his mother (I-2) and his
maternal aunt (I-2), but not in the father (I-1) (Supplementary
Figure S2A). Sanger sequencing of theaberrant product confirmed
that the duplication is arranged in a direct tandem orientation
(Supplementary Figure S2B), consisting of exons10, 11, and 12
followed by a repeated identical sequence of exons 10, 11 and
12.

The analysis of the aberrant transcript sequence revealed
the additional presence of the following missense substitution:
p.(Glu897Asp) at the breakpoint. Notably, the aberrant

(I1-1) (I-2) (I-3)

transcript could potentially be translated into a mutant protein
carrying 431 additional amino acids. This would include a
duplication of the serine-rich domain, the two bipartite nuclear

localization signals and the AF4 interaction motif

(Supplementary Figure S3).

3.2.3. Relative expression of the AFF2
transcripts

The full-length AFF2 transcript was amplified by PCR. A
single band of 3,933 bp corresponding to the wild-type AFF2
construct was evident in the healthy control (Figure 4A).
Individuals 11-1, 1-2, and1-3, however, showed an additional band,
indicating the presence ofan aberrant transcript (1,293 bp larger,
with exons 10, 11 and12 duplicated). The ratios between these
two transcripts varied among the analyzed individuals.
Specifically, the patient (l1-1)and his maternal aunt affected (I-
3) predominantly express the aberrant transcript, with relative
expression levels calculated at 95% and 94% of the total,
respectively, based on band intensities (Figure 4B). In contrast,
the unaffected mother (1-2) primarily expresses the wild-type
allele, with the aberrant allele accounting for only 12% of the
total (Figure 4B).

Furthermore, an additional intermediate band was detected in
the samples from both the mother (1-2) and the maternal aunt (I-
3).To elucidate its origin, we utilized Oxford Nanopore Technology
for comprehensive analysis of the amplified full-length transcripts.
This approach confirmed the presence of the wild-type transcript
(Figure 4C, peak around 4 kb) and confirmed the exons
composition of the aberrant transcript (peak around 5 kb).
However, reads corresponding to the intermediate amplicon
(peak around 4.5 kb) mapped to the centromeric region of
chromosome 16, indicating that this amplicon is rather a
nonspecific PCR artifact. Analysis of relative read numbers
corroborated the previous findings from the PCR band intensity
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analysis, showing that the patient (11-1) and his maternal aunt
(1-3)predominantly express the aberrant transcript (82% and
78%, respectively), while the unaffected mother (1-2) primarily
expresses the wild-type allele (89%) (Figure 4D).

3.2.4. Total AFF2 expression

The total AFF2 mRNA levels were assessed by qPCR.
Expression levels of the patient (11-1) were normalized on the
average expression levels of sex-matched healthy controls. The
mean AFF2 expression level in each individual was calculated as a
percentage relative to the controls. While no significant changes
were observed in AFF2 mRNA levels in the mother (1-2 =
90,60%), a significant decrease of approximately 45% in total
AFF2 mRNA levels was noticed in the maternal aunt (I-3 =
56,16%), and a significant decrease of approximately 70% in
total AFF2 mRNA levels was observed in the patient (I1-1
=33.80%) (Figure 5).

3.2.5. X-inactivation

The X-inactivation analysis was non-informative at the AR
locus due to homozygosity. Analysis of the FMR1 locus in the
mother (I-2) revealed borderline skewing in favor of the wild-
type allele (Allele 2) in blood (81/19) and random X-
inactivation in fibroblast (36/64) (Table 2). On the other hand,
the maternal aunt (I-3) similarly preferentially expresses the
wild-type allele (Allele 2) in blood (83/17), but exclusively
expresses the mutant allele (Allele 1) in fibroblasts (100/0)
(Table 2).

3.2.6. Systematic review of AFF2 variants
and their clinical features

A total of 50 AFF2 variants were reviewed from ClinVar,
DECIPHER and Pubmed and included in Supplementary
Table S2. Among them, of which 7 were reported in case
reports, 27 were
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FIGURE 3
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(A) High-resolution array-CGH 400 K performed on genomic DNA from the patient’s blood (II-1) showed a duplication spanning 25.5 kb [arr(GRCh38)
Xq28(148,934,576 — 148,960,040)x2)] involving part of the coding region of AFF2 gene (NM_002025.4). (B) The deep-sequencing panel ofgene amplicons

specific for Cornelia de Lange syndrome result showed the duplication in AFF2 [(NM_002025.4) GRCh38 (chrX:148,95,3536- 148,958,504)] in the patient
(1-1), his mother (I-2) and his maternal aunt affected (I-3).
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Characterization and quantification of the AFF2 aberrant transcript. (A) Gel electrophoresis of the amplified full-length AFF2 transcript. The control
simple exclusively expresses the wild-type allele (=4 kb). In contrast, the patient (lI-1), his mother (I-2) and his maternal aunt affected (I-3) express
both the wild-type and the duplicated allele (=5 kb) at varying ratios. (B) Relative intensity of the PCR bands of the duplicated allele. The patient (II-
1) and his maternal aunt (I-3) predominantly express the duplicated allele, whereas the unaffected mother (I-2) mainly expresses the wild-type allele.
(C) Sizebased distribution of the number of reads obtained after targeted sequencing with Oxford Nanopore Technologies. The peak around 4 kb
represents the wild-type allele, while the peak around 5 kb corresponds to the mutant allele with the duplication of exons 10, 11, and 12. The middle
peak around 4.5 kb, observed primarily on the mother (I-2) and the maternal aunt (I-3), is an unspecific product that maps at the centrosome region
of chromosome 16. (D) Fraction of reads with the duplication obtained after targeted sequencing with Oxford Nanopore Technologies.
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published in studies of large cohorts of families or patients with
intellectual disability, autism or epilepsy, 11 were reported in
ClinVar as likely pathogenic or pathogenic and five were
reported in DECIPHER. The type of the mentioned variants
were intragenic duplications (6 cases), intragenic deletions (12
cases), small deletions (1 case), small insertions (3 cases) and
SNVs such as nonsense (4 cases), missense (21 cases), and
splicing (3 cases) variants (Supplementary Table S2).

Although there is no detailed clinical description of these
cases, most are associated with intellectual disability
(HP:0001249) (23/50) or autism (HP:0000717) (30/50). In cases
in which data on facial dysmorphism were available, some of
the traits that the individuals manifest were epicanthal folds
(HP:0000286) (Gedeon et al., 1995),

divergent strabismus (HP:0020049) (Gedeon et al., 1995),
synophrys (HP:0000664) (Valentino et al., 2021),
prominent nasal bridge (HP:0000426) (Gedeon et al., 1995;
Sahoo et al, 2011), anteverted nares (HP:0000463)
(Valentino et al., 2021), cleft palate (HP:0000175)
(DECIPHER ID 273134, ClinvVar VCV000986210.2) or
widely spaced teeth (HP:0000687) (Gedeon et al., 1995)
(Supplementary Table S2).

4. 4 Discussion

The genetic etiology of Cornelia de Lange syndrome
(CdLS) ismainly attributed to variants affecting the cohesin
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TABLE 2 X-inactivation analysis.

AR NI

Mother (1-2) Blood

1-2 Fibroblast AR NI
1-2 Blood FMR1 81:19
1-2 Fibroblast FMR1 36:64

Maternal aunt (1-3) Blood AR NI
1-3 Fibroblast AR NI
1-3 Blood FMR1 83:17
1-3 Fibroblast FMR1 0:100

Individual studied, DNA, source, locus and the ratio of X-inactivation for each allele are specified. NI, indicates not informative

(skewing.could not be determined due to the homozygosity of the tested loci).

complex, and more specifically to heterozygous variants in the
NIPBL gene (Klineet al., 2018; Alonso-Gil and Losada, 2023).
However, an increasingnumber of patients with pathogenic
variants in non-cohesin relatedgenes with phenotypes that
clinically overlap with CdLS are beingdescribed (Parenti et al.,
2017; Avagliano et al., 2020; Eigenhuis et al.,2022; Shangguan
and Chen, 2022). Thus, the term CdLS spectrumhas emerged
to include both classical and non-classical phenotypesof the
syndrome (Kline et al., 2018).

In this study, we report a familial case with multiple
affected family members presenting with a previously
unreported intragenicduplication in the AFF2 gene. After the
first molecular evaluation, the causative CdLS genes known
at that time were analyzed by Sanger sequencing but no
pathogenic variation was revealed. The high-resolution array-
CGH and the reanalysis of exome detected the intragenic
duplication in the AFF2 gene that could explain the patient’s
phenotype. Familial segregation studies, performed by deep
sequencing and gPCR supported the possible pathogenicity
of the variant. The patient (l1-1), his mother (I-2) and his
maternal aunt affected (I-3) carried the duplication, while

none of the maternal aunts unaffected harbored it. It was not
possible to conduct the study in the maternal grandparents.
In this case, theuse of stepwise genetic diagnostic techniques
enabled us to definitively confirm the identified intragenic
duplication in the AFF2 gene. This is an example of the
difficulty of reaching a molecular diagnosis in patients with
rare genetic diseases.

Studies at the mRNA level revealed a direct tandem
duplicationof exons 10, 11 and 12, which is common in these
types of variants (Newman et al., 2015; Richardson et al.,
2019). Implementing long- read sequencing using Oxford
Nanopore Technologies allowed us to sequence and quantify
the aberrant transcripts (Glinos et al., 2022). Through this
technique, we detected an aberrant transcript that is more
expressed in the patient (I1-1) and his maternal aunt (1-3) in
comparison to the mother (I-2), who exhibits minimal
expression of the aberrant transcript. Conversely, global
expression of the AFF2 gene showed a significant decrease in
total transcript levels in the patient (11-1) and his maternal
aunt (1-3). This overall decrease in
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expression may result from mRNA quality control mechanisms
thatdegrade aberrant transcripts (L.abno et al., 2016; Peck et al.,
2019).The mother (1-2), who is largely unaffected, does not
showed a reduction of the global expression. Thus, the
preferential expressionof the aberrant transcript, coupled with
the decrease in globalexpression, accounts for the more severe
phenotype of the patient (11-1) and his maternal aunt (1-3). This
phenomenon has been described in other reported cases of
intragenic duplications (Takahashi S et al., 2015; Zepeda-
Mendoza et al., 2019).

Surprisingly, the patient (11-1) expresses 10%—20% of the
wild- type transcript, which is not expected given his
hemizygous status for the duplication. This observation
suggests the presence of a mechanism that preserves wild-type
mRNA during alternative splicing (Cetin et al., 2016). One
possible underlying mechanism could be DNA methylation,
which may influence alternative splicing and facilitate the rescue
of the normal size transcript (Lev et al., 2015). On the other
hand, the functional impact at the protein levelin this case is
challenging to predict. Intragenic duplications frequently result
in a loss of function (Bertini et al., 2023). The additional 431
amino acids may alter the AFF2 structure due to thegain of
functional domains and as a consequence affect its RNA-
binding function (Bensaid et al., 2009).

Clinically, our index patient was classified as classic CdLS
during his first evaluation at the age of four, with the diagnosis
confirmed at his most recent evaluation. Furthermore, the
application of artificial intelligence databases such as
Face2Gene (Gurovich Y et al., 2019)further supports the CdLS
diagnosis. Notably, an age-related evolution of his dysmorphic
features was observed, involving particularly changes in the
shape of his nose and the pronounced appearance of his eyes.
Similar phenotypic changes with age have been described in
other patients with CdLS (Latorre-Pellicer et al.,2021b; Jouret
Getal., 2022).

Significant clinical differences are observed between his
motherand his maternal aunt affected who are dizygotic twins.
The maternal aunt (1-3), with a clinical CdLS score of 14,
presents with classic phenotype. On the contrary, the mother (I-
2) does not fall within theCdLS spectrum, even though some
mild isolated features were observed. The difference in severity
could be influenced by the variable level of skewing of the X-
chromosome inactivation, as documented in other X-linked
diseases (Sun et al., 2022). Although skewed X-chromosome
inactivation was observed in both the mother (I- 2) and the
maternal aunt (I-3) in blood, different inactivation rates were
observed in fibroblasts. In the mother (I-2), X-chromosome
inactivation was found to be random in fibroblasts, whereas in
the maternal aunt (1-3) it was found to be fully skewed towards
the silenced allele in blood. Furthermore, decreased AFF2
expression wasobserved in the maternal aunt (I-3) but not in the
mother (1-2). Therefore, the skewed X-chromosome
inactivation and the differential expression between the twins
could potentially explaintheir distinct phenotypes.

The literature review showed that variants affecting the
AFF2 gene are mainly associated with the Intellectual
Developmental Disorder X-Linked 109 (FRAXE, OMIM,
#309548), a rare type of intellectual disability without well-
characterized specific phenotypic abnormalities (Flynn et al.,
1993; Mulley et al., 1995; Gecz et al., 1996). Repeated
expansion of more than 200 copies of the CCG triplet of the
5’ untranslated region at the fragile X site is the main genetic
cause of FRAXE syndrome. However, the literature reports
other intragenic variants of the AFF2 gene associated with

10.3389/fgene.2024.1472543

clinical features that do not involve FRAXE syndrome. Strikingly,
some ofthese individuals exhibit dysmorphic features that resemble
those often seen in patients with CdLS, such as synophrys,
anteverted nares, prominent nasal tip, cleft palate, microcephaly,
clinodactyly,or abnormality of the digestive system (Valentino et al.,
2021; Sahoo etal., 2011; ClinVar: VCV000986210.2; DECIPHER:
273134 and 323383). In addition, other features beyond those
typically expectedin CdLS are also reported, such as macrosomia,
tall stature, or macrocephaly (da Rocha et al., 2014; ClinVar:
VCV000986210.2; DECIPHER: 323383). Therefore, all these
features suggest that theunderlying clinical features in patients
carrying intragenic variants in the AFF2 gene would not be
explained by the clinical picture described for FRAXE syndrome.
However, an exhaustive comparison has been proved to be difficult
as the clinical description of these cases is often fragmentary. Based
on these distinctions, it can be concluded that our case does not
align with FRAXE syndrome but with the spectrum of CdLS.
Notably, there is a functional association between AFF2 and theother
CdLS genes, all involved in transcriptional regulation. Cohesinplays
a crucial role in the recruitment of chromatin remodelers and
transcription factors to promoters. It also interacts with the mediator
and stabilizes its interaction with RNA polymerase Il (Singh et al.,
2023). Similarly, the AFF2 protein participates in transcriptional
regulation, forming the superelongation complex like-2 (SEC like-
2) along with other factors. This complex is known to regulate RNA
polymerase Il activity (Luo et al., 2012; Luo et al., 2012b), particularly
by preventing its paused state (Eigenhuis et al., 2022). Therefore, the
association of CdLS phenotype with a AFF2 variant can be also
explained at the molecular level.

Based on the comprehensive clinical and molecular findings of
this study, the intragenic duplication in the AFF2 gene appears to be
responsible for the clinical phenotype observed in our affected
patients. The phenotype, combined with the known functional role
of AFF2, underscores its relevance within the CdLSspectrum.
Future research should focus on analyzing larger cohorts of
patients with AFF2 variants in combination with detailed clinical
phenotyping to establish definitive genotype- phenotype
correlations. Furthermore, the findings from this study suggest that
individuals exhibiting a CdLS spectrum clinical presentation but
lacking a molecular diagnosis, should be considered for AFF2 gene
analysis.
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El diagndstico de los trastornos del neurodesarrollo (TND) es habitualmente un proceso
complejo que exige un enfoque multidisciplinar 8. Los avances en las ciencias 6micas y
la identificacion de nuevos genes, estdn ayudando a entender y describir, de manera mas
precisa, la etiologia de estas enfermedades 1%7. Sin embargo, aunque el uso de las nuevas
tecnologias y el big data facilita una comprension mas profunda, sigue habiendo casos
donde el abordaje diagndstico es complicado.

Los TND presentan un amplio espectro de sintomas, asi como distintos patrones de
progresion y edades de aparicion, que dificultan su identificacion clinica. El solapamiento
fenotipico entre ciertos sindromes, como el sindrome Cornelia de Lange (SCdL, OMIM
#122470, #300590, #610759, #614701, #300882) y el sindrome de KBG (SKBG, OMIM
#148050), hace que, en muchas ocasiones, establecer un diagndéstico diferencial no sea
facil (160,164). Ademas, la aparicion de nuevas entidades nosoldgicas, como el sindrome
de PACS1 (SHMS, OMIM #615009), recientemente caracterizado, hace necesaria la
reclasificacion y descripcion clinica detallada de los pacientes.

Una vez establecido el diagndstico clinico, es fundamental identificar la base
molecular. En algunos casos, la heterogeneidad causal implica que diferentes genes
puedan originar cuadros clinicos similares 5. En otros casos, las variantes patogénicas
pueden quedar fuera del alcance de las técnicas diagndsticas disponibles, especialmente
cuando afectan a regiones complejas del genoma. Hasta el momento, las variantes se
detectaban en el 1,5% del genoma codificante 2*, sin embargo, en la actualidad, la
exploracién del 98,5% restante, estad permitiendo resolver numerosos casos previamente
sin diagndstico 2. Un ejemplo destacado es la reciente identificacion de un ARN no
codificante (RNU4-2 snRNA) asociado a un porcentaje significativo de pacientes con
TND 215,

La Ontologia del Fenotipo Humano (HPO), junto con la actualizacion constante de
datos moleculares, estd mejorando la clasificacion fenotipica y genotipica, incrementando
la precision diagndstica. Aunque existen multiples recursos dedicados a enfermedades
genéticas raras (EGRs), sigue siendo necesaria una integracion y unificacion de estos
datos para optimizar su clasificacion 2162, Los codigos HPO han contribuido
significativamente a la descripcion clinica, concretando los fenotipos segun el grado de
afectacion 19218220 Esta terminologia, unida a diversas iniciativas destinadas a
estandarizar el lenguaje médico, facilita la diferenciacion entre grupos de enfermedades
heterogéneas, mejorando la identificacion de patrones de patogenicidad.

A pesar de los avances en las herramientas genomicas Yy analiticas,
aproximadamente el 60% de los individuos con TND carecen de un diagnostico genético
claro 221, En el caso del SCdL, y segin los criterios de inclusion utilizados, se estima que
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aproximadamente entre un 20-40% de los pacientes contintian sin diagnostico confirmado
149 En la cohorte espafiola, hay un 20% de individuos en los que no se conoce la causa
(datos no publicados). Este trabajo presenta los problemas de diagnostico genético de tres
pacientes con SCdL, destacandose las limitaciones encontradas como: la necesidad de la
reevaluacion de los casos debido a cambios fenotipicos, la deteccion de variantes
complejas mediante técnicas de aparicion reciente y la identificacion de nuevos genes
asociados al sindrome. Ademas, se incluye la primera revision integral del sindrome de
PACS], profundizando en su diagnostico diferencial y explorando posibles enfoques
terapéuticos.

A pesar de los desafios encontrados, el diagndstico preciso de los TND es el primer
paso para optimizar la atencién al paciente. También es fundamental estudiar la
recurrencia de las variantes genéticas para ofrecer un asesoramiento adecuado. Una vez
identificada la patologia, los especialistas pueden planificar intervenciones oportunas y
evaluar posibles terapias. Ademaés, las familias pueden acceder a asociaciones de
pacientes, lo que les hace sentirse mas acompafadas. En definitiva, obtener un
diagnostico representa el primer paso hacia la mejora de la calidad de vida de los pacientes
y sus familias.

Investigacion de nuevas entidades nosologicas

El anélisis de las similitudes y diferencias entre los diversos TND, desde una perspectiva
fenotipica y etioldgica, es fundamental para mejorar la comprensién y manejo clinico.
Este enfoque comparativo, permite identificar aspectos clave como la prevalencia, los
rasgos distintivos y las alteraciones moleculares subyacentes. El solapamiento fenotipico
de algunos pacientes, hace cuestionarse sobre los mecanismos responsables de la
convergencia, a pesar de las diferencias existentes a nivel molecular.

El sindrome de PACSL1 y el SCdL ejemplifican la complejidad del diagndstico
diferencial de los TND. En el afio 2012 se describié una nueva entidad nosoldgica, el
sindrome de PACS1, tambien conocido como el sindrome Schuurs-Hoeijmakers (SHMS,
OMIM #615009) 2!2, Su causa genética se asocié a una variante recurrente en el gen
PACS1 (c.607C>T; p.R203W), que generaba una ganancia de funcion a nivel proteico
212222 A pesar de la disparidad funcional entre esta proteina y las del SCdL, algunos
individuos con sindrome de PACSL1 fueron inicialmente clasificados como SCdL. Este
fue el caso de los dos primeros pacientes holandeses donde se describio el cuadro 212, y
se repitio en las cohortes espafiola y estadounidense 1, en las que se identificaron
individuos con este sindrome.
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Esto ha llevado a la realizacion de una revision del sindrome de PACS1, en la que
se aborda en detalle sus manifestaciones clinicas, bases moleculares y aspectos
relacionados con el diagndstico diferencial. Se trata de la primera revision centrada en
este trastorno desde una perspectiva molecular, con el objetivo de establecer relaciones
entre las vias patologicas implicadas. En ella se describen cinco TND relacionados
fenotipicamente con el sindrome, de los cuales dos estdn vinculados al mecanismo
molecular subyacente, y tres se correlacionan con una clinica solapante.

Aunque las caracteristicas clinicas de este sindrome estan bien definidas, las
evidencias sobre sus mecanismos patologicos siguen siendo limitadas. En los Gltimos
afios, ha mejorado la comprension funcional de la proteina PACS1, destacAndose su papel
esencial en el trafico de proteinas entre los endosomas y el aparato de Golgi 2. Ademas,
se sugiere que podria desempefiar otras funciones relacionadas con las proteinas que
transporta. PACS1 también es clave en la homeostasis celular al interactuar con proteinas
vinculadas a la apoptosis, la estabilidad genémica y el flujo de calcio en el reticulo
endoplasmatico 224226, Sin embargo, su estructura sigue siendo desconocida, lo que
limita la comprension del efecto de las variantes en su funcion.

El primer articulo presentado (Trabajo 1) destaca la estrecha correlacion clinica 'y
molecular entre los sindromes de PACS1, PACS2 (DEE66, OMIM #618067) y WDR37
(NOCGUS, OMIM #618652). La interconexion funcional de las proteinas implicadas,
podria explicar el solapamiento fenotipico de estas tres patologias. PACS1 y PACS2
intervienen en el trafico vesicular de proteinas a nivel intracelular 24, PACS1 facilita la
carga en la red trans-Golgi, mientras que PACS2 participa en el transporte vesicular desde
el Golgi al reticulo endoplasmatico, las membranas celulares y las mitocondrias 227228,
Ademas, ambas proteinas se relacionan con la regulacion del proceso de apoptosis 22°2%,
Por otro lado, la interaccion entre PACS1 y WDR37 se asocia con el proceso de
regulacion del flujo de calcio, ya que ambas proteinas forman un complejo que modula
la liberacion de este ion entre el reticulo endoplasmatico y el citosol 2%,

A nivel clinico, los tres sindromes comparten caracteristicas faciales similares,
junto con discapacidad intelectual (HP:0001249), retraso del desarrollo neuroldgico
(HP:0012758) y convulsiones (HP:0001250) 2123 La relacion funcional entre las proteinas
afectadas y el solapamiento fenotipico, sugiere que estos tres trastornos podrian agruparse
dentro de un unico cuadro de amplio espectro. Recientemente, se ha propuesto un nuevo
grupo de patologias causadas por defectos en el trafico celular, que se acompafian de
alteraciones del neurodesarrollo y anomalias esqueléticas 23”28, y que bien podria incluir
a estos tres trastornos. Sin embargo, es necesario investigar mas a fondo la relacién entre
la alteracion del trafico celular y los fenotipos, a fin de poder comprender y clasificar
mejor estas patologias.
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La revision también compara los sindromes de PACS1, CdL, Kabuki (OMIM
#147920, #300867) y Coffin-Siris (OMIM #135900). En todos ellos se observa un
solapamiento fenotipico que incluye discapacidad intelectual (HP:0001249), autismo
(HP:0000717), retardo global del desarrollo (HP:0001263), retraso del lenguaje y la
comunicacion (HP:0000750), hipotonia (HP:0001252) y convulsiones (HP:0001250). Ademas,
aparece un dismorfismo facial comudn, con caracteristicas solapantes como cejas
arqueadas (HP:0002553) y bermellon del labio superior fino (HP:0000219). Aunque adn no
se han identificado vias moleculares comunes, las proteinas implicadas desemperfian
funciones clave y especificas durante el neurodesarrollo. Por todo ello, es fundamental
investigar su relacion a nivel molecular para comprender los mecanismos responsables
del solapamiento clinico observado.

Aungue aun existen aspectos por determinar, la identificacion del sindrome de
PACS1 ha supuesto una mejora significativa en la atencion de estos pacientes. Su
diagnostico preciso permite orientar los protocolos de intervencion de manera mas eficaz.
Uno de los rasgos distintivos de este sindrome, es su naturaleza neurodegenerativa y
regresiva, lo que subraya la urgencia de un diagndstico temprano y la implementacion de
terapias capaces de ralentizar este deterioro. Ademas, la presencia de la misma variante
genética en la mayoria de los pacientes, facilita el desarrollo de terapias especificas
capaces de revertir la condicion. Una propuesta que ha demostrado ser efectiva en
modelos de raton, es el uso de oligonucledtidos antisentido 27, La posibilidad de
desarrollar tratamientos especificos, ofrece perspectivas prometedoras para el abordaje
terapéutico de esta enfermedad.

Seguimiento longitudinal y reevaluacion de datos gendmicos

Una cuestion clave en el campo de las enfermedades raras (ERs), es como optimizar la
precision del diagnostico. Diversos factores pueden dificultar la deteccion de variantes
patogénicas durante la evaluacion de los datos gendmicos. Entre ellos se encuentran las
limitaciones inherentes a las técnicas del método diagndstico, el desconocimiento de los
genes implicados en la patologia o la exclusion inapropiada de variantes durante el
proceso de analisis 2%°. Para abordar estos desafios, se esta implementando la reevaluacion
de los datos gendmicos unido al seguimiento longitudinal de los pacientes 214239:240.240-
243 Este enfoque reciente requiere de una comunicacion iterativa entre familias y
profesionales clinicos y de laboratorio.

El segundo articulo (Trabajo 2) resalta la relevancia de implementar este nuevo
enfoque en el proceso diagnostico. En su primera evaluacién, en 2012, la paciente fue
clasificada, con una puntuacion clinica de 10, como SCdL no clésico de acuerdo a los
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criterios de Kline et al. 1**, Esta clasificacion se baso en las manifestaciones clinicas de la
paciente, como sinofridia (HP:0000664), cejas arqueadas (HP:0002553), comisuras de la
boca de oblicuidad descendente (HP:0002714), retardo global del desarrollo (HP:0001263),
manos (HP:0200055) y pies (HP:0001773) pequefios, quinto dedo de la mano corto
(HP:0009237) e hirsutismo (HP:0001007). En ese momento, se realizd el diagndstico
molecular mediante secuenciacion Sanger del gen NIPBL, identificando la variante
NIPBL:NM_133433.3:c.7553A>G, p.(Asp2518Gly), que fue clasificada como
probablemente patogénica. Los hallazgos clinicos y la variante encontrada, parecian
respaldar el diagnostico del SCdL. Sin embargo, la evolucion fenotipica observada
durante el seguimiento longitudinal de la paciente, llevo a la necesidad de realizar una
reevaluacion del caso. La aparicion de nuevos rasgos faciales, como macrodoncia
(HP:0001572), cara triangular (HP:0000325) y nariz bulbosa (HP:0000414), caracteristicas
distintivas del SKBG, sugiri6 la importancia de realizar un analisis genético mas amplio.
A través de un panel de secuenciacién profunda de genes especificos, se pudo examinar
el gen ANKRD11. Los resultados confirmaron la variante previamente identificada en el
gen NIPBL, y revelaron una nueva variante sin sentido en el gen ANKRD11
[ANKRD11:NM_001256183.1:¢.2512C>T,  p.(Arg838*)]. Segun los criterios
ACMG/AMP “, el andlisis de ambas variantes utilizando predictores de patogenicidad,
clasificé la variante de NIPBL como posiblemente patogénica (PM2, PP2, and PP3),
mientras que la variante en ANKRD11 fue clasificada como patogénica (PVS1, PM2, PP3
y PP5). El estudio de segregacion familiar mostr6 la presencia de la variante del gen
NIPBL en la madre y dos tios maternos, mientras que la variante en el gen ANKRD11 solo
fue detectada en la madre. Una evaluacion clinica posterior revelé que la madre tenia
rasgos faciales dismdrficos similares a los de la hija, mientras que los tios no estaban
afectados. Todo ello sugiri6 que la variante responsable del cuadro clinico correspondia
a la identificada en el gen ANKRD11.

La evolucidon fenotipica dependiente de la edad en individuos portadores de
variantes en ANKRD11, ya ha sido descrita. Se han reportado casos de pacientes
diagnosticados con SCdL durante la primera infancia, que fueron reclasificados como
SKBG tras una reevaluacion fenotipica %4, La relacion entre estos sindromes se refleja a
nivel molecular, ya que ambos pertenecen al grupo de las cromatinopatias y presentan
alteracion en la de regulacion transcripcional. Debido a la identificacion de variante en
ANKRD11 en individuos con un fenotipo no clasico de SCdL %8y el solapamiento
fenotipico entre los dos sindromes %4, resulta fundamental incluir este gen en las pruebas
genéticas de los pacientes que presentan caracteristicas clinicas compatibles con el SCdL.
Ademas, estudios recientes han demostrado que un porcentaje significativo (0.68%) de
individuos con TND presentan variantes en ANKRD11 2%°  lo que sugiere la necesidad de
considerar este gen en la evaluacion de estos trastornos.

93


https://hpo.jax.org/browse/term/HP:0002553

Discusion

El uso de la inteligencia artificial (I1A) se esta integrando cada vez mas en la
préactica clinica. Un ejemplo destacado es la aplicacion Face2Gene, disefiada para el
analisis y la comparacion de rasgos faciales mediante los algoritmos DeepGestalt y
GestaltMatcher 228, Esta herramienta ha demostrado ser Gtil para interpretar el
dismorfismo facial asociado al SCdL &, El estudio retrospectivo con Face2Gene de este
caso, ha respaldado el cambio fenotipico observado durante la evaluacion clinica. Por
tanto, estos resultados subrayan la relevancia de utilizar la 1A como apoyo para
contextualizar y justificar las manifestaciones fenotipicas identificadas.

Otro desafio importante, es lograr una clasificacion precisa de las variantes
genéticas identificadas 2*. La prediccion de la patogenicidad ha mejorado
significativamente gracias a la aparicion de nuevas herramientas que integran la
informacion disponible. Un ejemplo de ello es VarSome, una plataforma que analiza
multiples bases de datos de variantes genéticas humanas, incluyendo herramientas
predictivas y criterios de interpretacidn genética, lo que la convierte en un recurso de gran
utilidad para investigadores y clinicos 2*°.

Tanto este caso, como otros previamente publicados en los que se observa una
evolucion fenotipica, plantean la necesidad de reflexionar sobre el enfoque diagndstico
de los TND. Como resultado de este trabajo, se concluye que es fundamental establecer
protocolos de reevaluacion, especialmente en casos donde se detecta un cambio
fenotipico del paciente, o en los que todavia no se ha logrado identificar la variante
patogénica. Ademas, la incorporacion de nuevas técnicas basadas en IA, como
herramientas complementarias en el proceso diagnostico, contribuye a mejorar su
precision y validez.

Variacion del numero de copias: deteccion e interpretacion

La identificacidn de las variantes patoldgicas asociadas al SCdL sigue siendo un desafio
debido a su gran heterogeneidad, dejando alrededor del 20% de pacientes sin diagnéstico
genético. Esta dificultad no viene dada solo por el elevado nimero de genes casuales, sino
también por los distintos tipos de variantes que se pueden encontrar. Se han descrito desde
cambios de un solo nucleotido (SNVSs), inserciones o deleciones de pequefio tamafio
(INDELS), hasta variaciones en el nimero de copias (CNVs) de la secuencia génica 1*114°,
Actualmente, la puesta en marcha de nuevas técnicas diagnosticas, esta facilitando el
descubrimiento de nuevas CNVs asociadas al sindrome, especialmente en el gen NIPBL
140.246247 'S estima que este tipo de variantes son la causa de aproximadamente el 20%
de los TND, lo que hace que su exploracion sea necesaria °>?*®, Sin embargo, su
interpretacion clinica sigue siendo compleja, debido a su impacto variable a nivel proteico
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249 Ademas, no todas las CNVs tienen efectos patogénicos, algunas son benignas o

polimorfismos comunes en la poblacion general 2.

En el caso concreto del gen causal HDACS, la mayoria de las variantes son SNVs
0 INDELs %1252 Sjn embargo, también se ha publicado algin caso de CNVs,
especialmente deleciones intragénicas °6%7. El tercer articulo (Trabajo 3) presenta la
primera caracterizacion de una duplicacion intragénica en este gen, identificada en una
nifia de ocho afios con fenotipo clasico. Aunque previamente ya se habia informado de
una variante de este tipo, su efecto patogénico no habia sido analizado °°. Este trabajo
incluye la caracterizacion funcional de la nueva CNV mediante técnicas in silico de
dindmica molecular, que ayudan a comprender el mecanismo de accion e impacto clinico
de la variante.

El array de hibridacion genémica comparativa (aCGH) es la técnica estandar para
la deteccion de CNVs 224 En este estudio, la aplicacion de esta prueba permitio
identificar una duplicacion intragénica de novo del exon 10 del gen HDACS8
[arr(GRCh38) Xq13.1(72,340,096-72,389,392)x3]. Es importante destacar la alta
profundidad de lectura y resolucion del array utilizado (8x60K). La mejora de estos
pardmetros ha permitido que esta técnica detecte variaciones de tamafio pequefio o
mediano que antes podian pasar desapercibidas 2>°. Ademas, las técnicas de secuenciacion
del exoma (WES) y genoma completo (WGS), también han demostrado ser utiles en la
deteccion de este tipo de variantes 262%_ Sin embargo, su sensibilidad para identificar
CNVs de gran tamafio o estructuralmente complejas, especialmente aquellas localizadas
en regiones no codificantes o ricas en secuencias repetitivas, resulta limitada 242, La
aplicacion de un panel de genes especificos para el SCdL (>1000x) no reveld,
inicialmente, ninguna variante genética asociada al fenotipo de la paciente. Sin embargo,
una vez identificada la duplicacion mediante el aCGH, la aplicacion de un nuevo
algoritmo de analisis capaz de detectar CNVs, permitio confirmar la duplicacién. Este
caso plantea una reflexidn sobre la capacidad diagndstica de la técnica empleada, asi
como la relevancia de seleccionar adecuadamente el algoritmo para el analisis de datos.

Aunque resulta facil de entender como la haploinsuficiencia que generan las CNVs
de delecion da lugar a la enfermedad 2°°, el impacto de las variaciones por duplicacion es
mas complejo de interpretar. En este caso, la duplicacion del exdn 10, hacia prever su
posible repeticion en el ARN mensajero 2%, Sin embargo, en lugar de la repeticion
esperada, se encontrd una insercion de 96 pares de bases correspondiente al intron 9, que
se justificaba por la presencia de sitios de empalme no canonicos en la secuencia intrénica
insertada 1972%!, Esta secuencia adicional en el ARN mensajero, provocaba una alteracion
del marco de lectura, dando lugar a la aparicion de un codén de parada prematuro. La
traduccion de este transcrito, generaba una proteina truncada con un tamafio reducido de
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342 aminoacidos, en lugar de los 377 presentes en la de tipo salvaje. En general, las
variantes que introducen un codon de stop se consideran patologicas, ya que interrumpen
la sintesis proteica, dando lugar a un polipéptido acortado habitualmente disfuncional 22,

El conocimiento de la estructura y funcion de la proteina HDACS8 facilita los
estudios funcionales de sus variantes 263-26¢, A diferencia de otras proteinas causales del
sindrome, su naturaleza enzimatica ofrece la posibilidad de realizar ensayos de actividad.
Sin embargo, en este caso, debido a la falta de material bioldgico, se recurrié a
metodologias de modelado estructural y simulacion de dinamica molecular. Estas
estrategias in silico estan ganando relevancia, ya que permiten evaluar aspectos que no
pueden ser estudiados in vivo 2°’. En este trabajo, se analizaron detalladamente la
conformacién de la proteina truncada. EI modelado estructural mostré una pérdida de la
hélice a del extremo C-terminal, que parecia provocar un cambio en la carga electrostatica
superficial y un desplazamiento del bucle cercano al centro activo. Posteriormente, estos
efectos fueron confirmados por dindmica molecular, concluyendo que los cambios
estructurales comprometian la union correcta de la enzima al sustrato. La accesibilidad
reducida del sustrato al centro activo, sugeria una disminucion de la actividad enzimatica,
y ayudaba a entender el desarrollo del cuadro clinico de la paciente.

El aumento en la deteccion de CNVs asociadas al SCdL, destaca la necesidad de
implementar un enfoque diagnostico mas amplio y dirigido. Debido a las limitaciones
técnicas de ciertos métodos diagndsticos, es probable que exista un mayor nimero de
CNVs asociadas a este sindrome, que ain no han sido identificadas. En este sentido, se
propone un enfoque analitico mas especifico que considere este tipo de variantes, mas
alla del gen NIPBL.

Descubrimiento de nuevos genes

El origen genético del SCdL estd principalmente relacionado con variantes en genes
vinculados al complejo cohesina ®"11122L Desde el afio 2004, se han identificado ocho
genes causales, lo que ha mejorado la comprension de los mecanismos patogénicos del
cuadro, sin embargo, otros genes podrian estar implicados. En 2004 se descubrid el primer
gen causal, NIPBL, lo que marcé un antes y un después en el diagnostico genético del
sindrome 133134.143268.269 £ 2007, se reportaron variantes de los genes SMC1A y SMC3,
en pacientes con manifestaciones clinicas mas leves 2%2. Unos afios mas tarde, en 2012,
se identifico el gen HDACS, asociado tanto a fenotipos clasicos como no clasicos **’; y el
gen RAD21, relacionado principalmente con manifestaciones clinicas de menor gravedad
155 Maés recientemente, se afiadieron los genes ANKRD11 *%° y BRD4 8 ambos con un
papel clave en la regulacion de la cromatina. Finalmente, en 2020, se identificé el gen
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MAU2, cuyo descubrimiento fue posible al conocer la interaccion funcional entre las
proteinas NIPBL y MAU2 128, Esta cronologia refleja como los avances de las técnicas
diagnosticas, han facilitado una mejor comprension de las bases moleculares del sindrome
(Figura 5) 97103111.148.162 | 5 jdentificacion de nuevos genes ha venido también
acompafado de una mayor variabilidad clinica, que ha llevado al uso de un término mas
amplio, Espectro Cornelia de Lange (ECdL), en el que quedarian incluidos todos los
fenotipos relacionados con el sindrome %7111,

El ultimo articulo (Trabajo 4) aborda el desafio de caracterizar un nuevo gen causal
de una ER. Se describe el diagndstico genético del primer paciente de la cohorte espafiola
del SCdL, tras quince afios de estudio. Su fenotipo clasico, evidente a los cuatro afios, y
mantenido durante su seguimiento longitudinal, justifica el estudio molecular realizado.
Gradualmente, la técnica inicial de Sanger fue reemplazada por tecnologias mas
avanzadas, como la WGS. El uso de diversas metodologias, permitié confirmar la
existencia de una duplicacion intragénica en el gen AFF2. El retraso de este hallazgo se
debid, no solo al hecho de que se trataba de un gen causal diferente, sino también a la
naturaleza compleja de la variante encontrada. Fue un aCGH de alta resolucion (1x400K)
la técnica que permitio revelar la duplicacion intragénica de los exones 10, 11 y 12 del
gen AFF2 [arr(GRCh38) Xq28(148,934,576 —148,960,040)x2)]. Este descubrimiento fue
posteriormente confirmado mediante el reandlisis de los datos obtenidos con el panel de
genes (>1000x) y la WES. Ademas, el estudio de segregacion familiar mostro la presencia
de la variante en la madre, con una afectacion muy leve, y en la tia materna, quien
presentaba un fenotipo similar al del paciente. Las diferencias clinicas entre los
portadores, parecian deberse a que el gen estaba ligado al cromosoma X.

A nivel funcional, la conexion entre el nuevo gen causal y los previamente
asociados al SCdL, podria deberse a la existencia de un mecanismo de acciéon comun
relacionado con la regulacion de la expresion génica. La mayoria de los genes
identificados hasta la fecha, se asocian a componentes relacionados al complejo cohesina,
el cual desempefia un papel esencial en el reclutamiento y unioén de factores de
transcripcion a zonas potenciadoras (enhancers) y promotoras 24270271 Por su parte,
AFF2 codifica el segundo miembro de la familia AF4/FMR2 (AFF2), que actiia como un
activador transcripcional 2’2273, Esta proteina, junto a otros factores, participa en la
regulacion de la ARN polimerasa 11, al modular su actividad e impedir que entre en pausa
214-216 Estudios en modelos de ratones knock out de Aff2, han evidenciado un deterioro
significativo en las capacidades de aprendizaje y memoria, asi como en el procesamiento
cognitivo 2’7, Experimentos en neuronas, donde AFF2 ha sido silenciado, muestran una
actividad sinaptica reducida, hallazgo que resalta el papel de este gen en la regulacion de
la actividad neuronal 2’8, Estas evidencias sugieren que la afectacion de AFF2, podrian
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ser compatible con un cuadro clinico similar al SCdL, probablemente debido a una
disrupcion compartida en los mecanismos de regulacién transcripcional.

En la literatura, el gen AFF2 se ha vinculado al sindrome de FRAXE (OMIM
#309548), un tipo de discapacidad intelectual causada por la expansion repetida de mas
de 200 copias del triplete CCG de su region 5' no codificante 2°2%, Sin embargo, el
fenotipo asociado a otras variantes intragénicas, se alejaria del sindrome de FRAXE,
mostrando un solapamiento parcial con el SCdL. Asi, se encuentran rasgos dismarficos
como sinofridia (HP:0000664), narinas antevertidas (HP:0000463), paladar hendido

(HP:0000175) 0 clinodactilia (HP:0030084) tipicos del SCdL 281282 ClinVarvCV000986210.2,

DECIPHER: 273134 y 323383 ., L.
. Pero también aparecen peculiaridades, como talla alta (HP:0000098)

o macrocefalia (HP:0000256) 283 Clinvar: VCV000986210.2, DECIPHER: 323383 5 jmportante sefialar
que la descripcién incompleta de muchos de estos casos, algunos Gnicamente reportados
en bases de datos, dificulta la comparacién y caracterizacion precisa de un fenotipo
clinico asociado a este gen.

En este paciente, el diagndstico diferencial de FRAXE no fue considerado, dado
que, desde la primera consulta a los cuatro afios, hasta la ultima a los diecinueve, ha
presentado un fenotipo clasico del SCdL. El diagndstico se apoyé tanto en la historia
natural del paciente, como en la elevada puntuacion clinica obtenida mediante los criterios
de Kline et al. 11, Ademas, la aplicacion de Face2Gene, herramienta basada en 1A, sirvio
también para confirmar este diagnéstico. Aungue el seguimiento longitudinal reveld
cambios morfolégicos significativos, como la forma nasal y la aparicion de estrabismo
(HP:0000486) divergente, estas alteraciones no afectaron a la clasificacion inicial. En
cuanto a la tia materna, pese a que su discapacidad intelectual era menos grave que la del
paciente, su puntuacién clinica también la clasificod dentro del fenotipo clasico del
sindrome 1!, Por el contrario, la madre, aunque presentaba algunas caracteristicas tipicas
como braquicefalia (HP:0000248), surco nasolabial largo (HP:0000343) y bermell6n del labio
superior fino (HP:0000219), la falta de sintomatologia especifica, impedia su inclusion
dentro del ECdL.

La similitud fenotipica entre el paciente y la tia, reforzaba la hipotesis de que el gen
causal estuviera ligado al cromosoma X. Las diferencias clinicas observadas entre la
madre v la tia, gemelas dicigdticas, podian atribuirse a la variabilidad en la inactivacion
del cromosoma X, como ha sido demostrado en casos similares 24 El analisis de
fibroblastos de ambas hermanas, revelé una inactivacion balanceada de los alelos de la
madre, mientras que en la tia se observd un sesgo hacia el alelo salvaje, con expresion
exclusiva del alelo mutado. Este hallazgo ha permitido comprender las diferencias
clinicas observadas entre ambas. Sin embargo, en la sangre las dos hermanas tenian el
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alelo afectado silenciado, fendmeno que ya ha sido descrito en este tejido en otras
ocasiones 1°6:285.286

El efecto patoldgico de la duplicacion intragénica parece explicarse por la marcada
disminucion en la expresion del gen AFF2 en el paciente y la tia, quedando fuera de esta
observacion la madre. Esta reduccion de la expresion ha sido descrita en casos similares,
y se ha asociado con mecanismos de degradacion de los transcritos aberrantes 287288,
Ademas, la aplicacion de la técnica Oxford Nanopore Technologies, ha permitido una
secuenciacion y cuantificacion precisa de los transcritos. Gracias a ella, se ha podido
confirmar una expresion dominante del transcrito aberrante, con duplicacién en tandem
de los exones 10, 11 y 12, en el paciente y la tia, aunque no en la madre. Estos hallazgos
contribuyen a justificar las diferencias clinicas observadas entre los diferentes miembros
de la familia.

A nivel proteico, el analisis de la secuencia del transcrito aberrante mostré el cambio
del primer aminoacido del exén 10 duplicado, seguido por la repeticion de 431
aminoéacidos adicionales, producto de la duplicacién de los exones 10, 11 y 12. Como
resultado se genera una nueva proteina que incluye la duplicaciéon de un dominio rico en
serina, dos sefiales de localizacién nuclear y el motivo de interaccién AF4. Estos cambios
sugieren una alteracion estructural significativa. Sin embargo, la ausencia de estudios de
cristalizacion impide realizar un modelado tridimensional preciso. Ademas, la exclusion
de las CNVs en la mayoria de predictores de patogenicidad, restringe el uso de estas
herramientas para interpretar su impacto funcional. A pesar de estas limitaciones, la
reduccion de la expresion de AFF2, unida a la alteracion de la proteina mutada, parecen
suficientes para explicar la patogenicidad de esta duplicacién intragénica.

Este trabajo describe por primera vez el hallazgo de una variante en el gen AFF2
en una familia afectada por una forma clasica del SCdL. Ademas, también recoge el papel
regulador de la transcripcién que la proteina AFF2 tiene, y que la conecta funcionalmente
con otras proteinas implicadas en el SCdL. Los resultados obtenidos sugieren que el gen
AFF2 podria ser un nuevo gen causal del SCdL, aunque es evidente que estudio
adicionales deberan apoyar y refrendar este descubrimiento. A partir de ahora, se
recomienda incluir el analisis de este gen en individuos con caracteristicas clinicas
compatibles con el sindrome, especialmente en casos con dificultades en el diagndstico
genético. Ademas, la existencia de variantes en AFF2 reportadas en bases de datos, con
clinica incompleta, sugiere la importancia de examinar cohortes mas amplias, con un
analisis fenotipico detallado que permita conocer el cuadro clinico asociado a este gen.
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Perspectivas de futuro y limitaciones del estudio

A continuacion, se exponen las futuras lineas de investigacion que sugiere este estudio,
asi como las limitaciones encontradas.

- El avance en el conocimiento de las vias moleculares afectadas en el sindrome de
PACS1, esta permitiendo establecer nuevas relaciones con patologias del
neurodesarrollo. Sin embargo, resulta necesario investigar la relacion funcional a
nivel molecular, para poder explicar el solapamiento clinico de estos trastornos.

- Es fundamental establecer protocolos de reevaluacion de datos gendmicos en los
casos que se observa una evolucion fenotipica del paciente, o en aquellos que todavia
no se ha logrado identificar la variante patogénica, a fin de precisar el diagnéstico
genético.

- El aumento de casos de CNVs asociadas al SCdL pone en evidencia la capacidad
diagnostica de la técnica empleada, asi como la relevancia de la seleccion adecuada
de los algoritmos a utilizar en el analisis de datos.

- Es necesario llevar a cabo un analisis de cohortes mas amplias de pacientes con
variantes en el gen AFF2, acompafiada de un fenotipado profundo, que permita definir
de manera precisa el cuadro clinico asociado a este gen.

- Los resultados obtenidos sugieren la importancia de incluir en el futuro los genes
AFF2, ANKRD11 y PACS1 en los paneles diagnosticos del SCdL.
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Conclusiones

Se describe por primera vez el hallazgo de una variante en el gen AFF2 en una familia
afectada por una forma clasica del SCdL. Ademas, se recoge el papel regulador de la
transcripcion que la proteina AFF2 tiene, y que la une funcionalmente con otras
proteinas relacionadas con el SCdL. Estos resultados sugieren que AFF2 podria ser
un nuevo gen causal de este sindrome.

El estudio longitudinal de una paciente con una variante patogénica en el gen
ANKRD11, muestra su evolucion clinica de SCdL a sindrome de KBG. Este hecho,
induce la reflexion sobre si la similitud fenotipica de ambos cuadros, ha llevado, a
veces, a considerar ANKRD11 como un gen causal del SCdL.

El hallazgo de la segunda duplicacién intragénica en el gen HDAC8 asociada al SCdL,
subraya la importancia de implementar un enfoque diagndstico mas amplio y dirigido
a la deteccion de variantes en el nimero de copias (CNVSs).

La gran similitud clinica y molecular observada entre los sindromes PACS1, PACS2
y WDR37 sugiere que podrian incluirse en una nueva entidad nosolégica méas amplia
siguiendo el ejemplo del Espectro Cornelia de Lange. Ademas, las coincidencias
fenotipicas de estos cuadros con el SCdL apoyan la necesidad de realizar un correcto
diagnostico diferencial.
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Conclusions

. The discovery of a pathogenic variant in the AFF2 gene in a family affected with
classic Cornelia de Lange syndrome (CdLS) is reported for the first time. Furthermore,
the regulatory role of AFF2 in transcription is emphasised, which links it functionally
with other causal proteins of CdLS. These findings suggest that AFF2 may represent
a novel causal gene for this syndrome.

. A longitudinal study of a patient with a pathogenic variant in the ANKRD11 gene
reveals her clinical shift from CdLS to KBG syndrome. This fact prompts reflection
on whether the phenotypic similarity between the two conditions has sometimes led to
ANKRD11 being considered as a causal gene for CdLS.

. The identification of the second intragenic duplication reported in the HDACS8 gene
associated with CdLS underscores the importance of implementing a broader
diagnostic approach to detect copy number variations (CNVs).

. The considerable clinical and molecular similarity observed among PACS1, PACS2,
and WDR37 syndromes suggests that they could be included in a new, broader
nosological entity, following the example of the Cornelia de Lange Spectrum. In
addition, the phenotypic overlaps of these conditions with CdLS support the need for
accurate differential diagnosis.
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Apéndice 1: Factor de impacto y areas tematicas de las revistas

Tabla 2. Caracteristicas de las revistas en las que han sido publicados los articulos que conforman esta tesis

doctoral.
Afio de Nombredela < o
Trabajo o ) Argg Ipdlce de Cuartil
publicacion revista tematica impacto
International Biologia 56 at
Journal of )
1 2022 Molecular Sciences Molecular
2021 Molecular Genetics Genética 2,473 Q3
2 & Genomic
Medicine
3 2022 Genes (Basel) Geneética 35 Q2
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4 2024 ) Genética 2,8 (2023) Q2 (2023)
Genetics

Apéndice 2: Contribucion de la doctoranda

Tabla 3. Contribucion de la doctoranda en cada uno de los trabajos que incluye la tesis doctoral.

Trabajo Titulo Contribucion

1 Molecular Basis of the Schuurs- Concepcidn y disefio del estudio
Hoeijmakers Syndrome: What We Know Revisién de la literatura
about the Gene and the PACS-1 Protein Redaccién del manuscrito
and Novel Therapeutic Approaches.

2 Things are not always what they seem: F Concepcion y disefio del estudio
Cornelia de Lange to KBG phenotype in a Disenfo, realizacion e interpretacion de
with genetic variants in NIPBL and ANKR los analisis moleculares

Revisién de la literatura
Redacciéon del manuscrito
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Gene Underlying a Case of Cornelia de La Disenio, realizacion e interpretacion de
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Revision de la literatura
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4 An intragenic duplication in the AFF2 Concepcion y disefio del estudio

gene associated with Cornelia de
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los andlisis moleculares
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(https://www.biorender.com/), bajo la licencia académica otorgada a Cristina Tania Lucia
Campos por el Instituto de Investigacion Sanitaria de Aragon, con el nimero de registro
AA27NR4JCD.

Dicha licencia permite emplear el contenido de BioRender, incluyendo iconos,
plantillas y disefios originales, en publicaciones académicas como articulos cientificos,
libros de texto y plataformas web. Todos los derechos sobre este material son propiedad
exclusiva de BioRender. El uso del contenido en esta tesis doctoral esta limitado
estrictamente a fines académicos, quedando excluidos propdsitos comerciales.

Todas las imagenes presentadas en este documento han sido debidamente
referenciadas como “Imagen creada mediante BioRender”, en conformidad con los
términos de la licencia académica de la plataforma.
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