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Planteamiento y Objetivos

La presente Tesis Doctoral surge dentro del marco de los cambios y la evolucidon que
han sufrido las herramientas gendmicas en los ultimos diez afios. La aparicion de las
técnicas de secuenciacion de segunda generacién (Next Generation Sequencing) en la
primera década del siglo XXI revolucioné el campo de la gendmica permitiendo, junto
con desarrollos bioinformaticos paralelos, plantearse la secuenciacion de los genomas
de los organismos superiores de una manera eficaz y a un coste asequible. Este hecho
favorecié que, para la mayoria de las especies domésticas, surgiesen proyectos de
secuenciacion de los genomas que permitieron el desarrollo de herramientas
moleculares, como los chips de polimorfismos de un solo nucledtido o chips de SNPs
(del inglés Single-Nucleotide Polymorphism) que surgen derivados de la informacién
generada a partir de dichas secuencias. En este punto, la importancia que adquieren
las herramientas genéticas en los programas de mejora aplicados en produccién
animal ha sido cada vez mayor. La disponibilidad de estas nuevas herramientas
moleculares ha revolucionado la posibilidad de identificar muchas de las variantes
genéticas relacionadas con caracteres simples y complejos, sustituyendo enfoques mas
tradicionales (estrategia gen candidato y clonado posicional con marcadores

microsatélites), por su mayor eficiencia y menor coste.

El planteamiento de la presente Tesis Doctoral se realiza en el afio 2009, coincidiendo
con la comercializacién del chip de SNPs de 50K ovino, que habia sido utilizado de
forma eficaz para el mapeo de mutaciones causales de enfermedades monogénicas en
la oveja (Becker et al., 2010). El grupo de investigacion de Mejora Genética Animal, en
el que se ha desarrollado la presente Tesis Doctoral, perteneciente al Departamento
de Produccion Animal de la Universidad de Ledn, trabaja en la mejora genética del
ganado ovino de leche, principalmente en la raza Churra. Este grupo colabora con la
Asociacion de Criadores de Raza Churra (ANCHE) en cuestiones de asesoramiento
genético, incluyendo la coordinacién de los diferentes programas de seleccién. Asi
mismo, otros grupos de investigacion de la Facultad de Veterinaria de Ledn, como el
Departamento de Sanidad Animal, cooperan con la Asociacién en cuestiones de
asesoramiento para problemas de indole sanitario y patoldgico. En este entorno, surge
un trabajo de colaboracién con el objetivo de estudiar y caracterizar la base molecular

de una serie de alteraciones patolégicas congénitas que surgen dentro de
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explotaciones del nucleo de seleccion de ANCHE cuya principal causa parece ser la
elevada consanguinidad de dichas explotaciones. El objetivo inicial de la presente Tesis
Doctoral consistia en la utilizacidon del chip de media densidad ovino (50K) para el
estudio y deteccion de mutaciones responsables de enfermedades genéticas de

herencia mendeliana en la raza ovina Churra.

Sin embargo, la rapida evolucidn, eficacia y asequibilidad de las técnicas de
secuenciacion de segunda generacién en los Ultimos afios nos ha permitido aplicar el
uso de estas nuevas metodologias en la presente Tesis Doctoral, modificando asi el
planteamiento inicial de la misma. En concreto, se ha utilizado la técnica de
secuenciacion masiva paralela del RNA (RNA-Seq) para el estudio tanto de

enfermedades mendelianas como de caracteres relacionados con la produccién lactea.

La técnica de RNA-Seq permite la secuenciacién de todo el transcriptoma con un
elevado rendimiento y a un coste relativamente bajo, proporcionando un nuevo
escenario en el mapeo y cuantificacién de transcriptomas (Wang et al., 2009). Esta
técnica ha demostrado ser util en la identificacidon de variantes génicas (SNPs e indels
cortas) en diferentes tejidos (Canovas et al., 2010; Cox et al., 2012; Djari et al., 2013),

pudiendo utilizarse, por tanto, en la deteccién de mutaciones causales.

Asi mismo, la utilizacidon de la técnica de RNA-Seq nos ha permitido su aplicacién al
estudio del transcriptoma mamario de la oveja y la comparacidon del mismo entre dos
razas con diferentes rendimientos productivos, Churra y Assaf. Como ya hemos
indicado, uno de los principales objetivos de nuestro grupo de investigacion es la
mejora de la produccion lactea en el ganado ovino, principalmente en la raza Churra,
por ello, el conocimiento del perfil transcripcional de la glandula mamaria en lactacién
es de especial interés, ya que permite la identificacion de genes que controlan
caracteres complejos relacionados con la produccion y la composicion de la leche y la
deteccion de variantes génicas que pueden ser utilizadas en la mejora de la produccién
lactea. En el ganado vacuno, se han realizado diversos estudios a este respecto
(Medrano et al., 2010; Wickramasinghe et al., 2012; Canovas et al., 2013; Cui et al.,
2014).



Planteamiento y Objetivos

En funcidn de lo expuesto, el objetivo general de esta Tesis Doctoral ha sido utilizar las
herramientas gendmicas disponibles en el estudio de caracteres de importancia
econdmica en el ganado ovino lechero. Este objetivo general se ha desarrollado en los

siguientes objetivos concretos:

1. -Utilizar el chip de media densidad ovino (50K) en el estudio de caracteres

mendelianos responsables de enfermedades genéticas.

2. -Utilizar las herramientas gendmicas de secuenciacién masiva paralela en el
estudio y caracterizacién de mutaciones responsables de enfermedades genéticas de

herencia mendeliana en el ganado ovino.

3. -Utilizar la técnica de secuenciacion masiva paralela de RNA en el estudio y

caracterizaciéon del transcriptoma mamario de la oveja durante la lactacién.






2. Introduccion General






Introduccién General

2.1. Evolucion de la genémica

La gendmica es una ciencia relativamente joven. El término gendmica fue acufiado por
Tom Roderick, genetista del laboratorio Jackson (Maine, USA) durante un congreso
sobre el mapeo del genoma humano en 1986 (Kuska, 1998) y fue utilizado por primera
vez en la revista que lleva el mismo nombre (Genomics) en 1987 (McKusick and
Ruddle, 1987). La Gendmica se define como la rama de la genética que se ocupa del
estudio integral del funcionamiento, contenido, evolucidn y origen de los genomas. La
obtencidn de informacion en profundidad de la secuencia gendmica de la mayoria de
mamiferos y su andlisis nos permitirian entender las variaciones gendmicas
relacionadas con determinados fenotipos, entre los que se incluyen susceptibilidad
genética a las enfermedades, caracteres econdmicos e incluso la respuesta genética a

determinados farmacos (Pareek et al., 2011).

La evolucién de las herramientas para el estudio de la gendmica va ligada al proyecto
de secuenciacién del genoma humano. El término secuenciacidon del DNA se refiere a
los métodos utilizados para determinar el orden de los nucleétidos (Adenina, Timina,
Citosina y Guanina) en una molécula de DNA. En 1977, Fred Sanger y Alan R. Coulson
publicaron dos articulos metodolégicos sobre técnicas de secuenciacién (Sanger et al.,
1977a; Sanger et al., 1977b) que pasarian a transformar la biologia en su conjunto,
proporcionando una herramienta para descifrar genes completos y mas tarde
genomas enteros. La técnica Sanger, basada en el método enzimatico de terminacién
de cadenas mediante la utilizacién de didesoxinucleétidos, se impuso sobre la
alternativa publicada en el mismo afio por Maxam y Gilbert (Maxam and Gilbert, 1977)
debido a las ventajas que ofrecia a nivel de manejo de productos téxicos. Como
resultado, la “secuenciacién Sanger” fue el método rutinario de secuenciacion durante
los siguientes treinta anos, siendo la metodologia utilizada para la obtencién de la
primera secuencia consenso del genoma humano (Lander et al., 2001; Venter et al.,
2001) y de la primera secuencia diploide individual humana (J. Craig Venter) (Levy et

al., 2007).

Sin embargo, aunque la tecnologia Sanger posee una elevada precisién en la
determinacién de las secuencias de DNA, el rendimiento de esta técnica es bajo.

Coincidiendo con la finalizacién del primer boceto del genoma humano (International
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Human Genome Sequencing Consortium, 2004) se puso en marcha un proyecto cuyo
objetivo principal era la reduccién del coste de la secuenciacién del genoma humano a
1000 S en el periodo de diez afios (Schloss, 2008). Este proyecto supuso el comienzo
de una nueva era en la secuenciacion del DNA, resultando en una mejora del
desarrollo de las estrategias de secuenciacion hacia metodologias de alto rendimiento,
denominadas secuenciacidon de segunda generacidn, secuenciacién masiva paralela o

en inglés Next Generation Sequencing (NGS).

Las técnicas de secuenciacion masiva paralela o NGS producen lecturas mas cortas que
oscilan entre los ~30 y ~500 pb, en comparacién con la secuenciacidn Sanger (entre
700 y 1000 pb). Sin embargo, las NGS superaron la limitada capacidad de escalabilidad
de la metodologia Sanger mediante la creacidon de micro-reactores y/o superficies de
fijacion de moléculas de DNA que permiten que millones de reacciones de
secuenciacion ocurran en paralelo. Las NGS, por tanto, presentan dos ventajas
fundamentales respecto a la metodologia anterior: la miniaturizacion y la
paralelizacién de las reacciones de secuenciacién que permiten la secuenciacién de
genomas enteros a una velocidad sin precedentes y a un coste relativamente bajo
(Pettersson et al.,, 2009). Existen cuatro técnicas desarrolladas por diferentes
laboratorios que han sido las mas utilizadas en los ultimos afios: éstas son las
desarrolladas por Roche-454 (pirosecuenciacion), lon Torrent (secuenciacién por
semiconductores), Illlumina/Solexa (secuenciacién con terminadores reversibles) y
SOLID (secuenciaciéon por ligamiento), todas ellas resumidas en la Tabla 1 y revisadas
en las siguientes referencias bibliograficas (Metzker, 2010; Schadt et al., 2010; Liu et
al., 2012). Los puntos en comun de los diferentes métodos de secuenciacion masiva
paralela serian los siguientes: (i) fragmentacion del material genético, (ii) incorporacién
de adaptadores en los extremos de los fragmentos, (iii) amplificacién clonal (ej. PCR de
emulsién o PCR tipo puente), (iv) secuenciacion de los fragmentos (ej. secuenciacién
por sintesis o secuenciacion por ligamiento), (v) recopilacion de los datos brutos (e;j.
captura de imagenes o deteccién de iones), (vi) conversion de los datos brutos a

secuencias de nucledtidos.
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Tabla 1. Principales plataformas de secuenciacién de segunda generacion (Liu et al., 2012;
Desai and Jere, 2012; Diaz-Sanchez et al., 2013; van Dijk et al., 2014)

Roche 454: pirosecuenciacion

Técnica. Fue la primera tecnologia NGS que tuvo éxito comercial. Primero se afiaden adaptadores
especificos al DNA fragmentado (obtenido en la preparacion de las genotecas) y cada uno de estos
fragmentos es capturado por unas microesferas donde se realizara la PCR, dentro de gotas de una
emulsion de lipidos-agua (Emulsion-PCR). Estas esferas se distribuyen en celdas en una placa de fibra éptica
donde se realizara la pirosecuenciacion. La pirosecuenciacion se basa en la deteccién del pirofosfato
liberado durante la incorporacion de los nucleétidos. Se van afiadiendo los nucleétidos (A, T, C, G) uno por
uno. Cuando el nucledtido afiadido es complementario de la cadena molde el pirofosfato liberado hace que
se forme ATP y mediante una reaccidon enzimatica se produce una transformacion de luciferina (presente
en el pocillo) en oxi-luciferina que hace que se emita luz.

Pros. Lecturas largas (1 Kb maximo) faciles de mapear frente a un genoma de referencia, lo que supone
una ventaja a la hora del ensamblado de novo y para experimentos de metagendmica. Tiempos de
secuenciacion relativamente rapidos (~23 h).

Contras. El rendimiento es menor que sus competidores (aprox. 1 millén de lecturas, 700 Mb de datos de
secuenciacion) y altos costes de reactivos. Altas tasas de error en repeticiones de homopolimeros.
lllumina: secuenciacion con terminadores reversibles

Técnica. Al igual que en la técnica anterior, se afiaden adaptadores a los fragmentos de DNA generados en
el paso previo de creacidn de las genotecas. Estos fragmentos se desnaturalizan y se adhieren a la placa de
secuenciacién. Se produce una amplificacion en modo puente (bridge-PCR) donde se generan grupos
(clusters) de amplificados del mismo fragmento. Para la secuenciacion los cuatro tipos de nucledtidos (A, T,
C, G) son afiadidos a la vez en cada paso de la secuenciacién, cada uno de ellos estd marcado con un
fluoréforo distinto y dependiendo de cudl sea el complementario de cada cluster se emitird una luz
especifica que sera capturada secuencialmente por una camara.

Pros. Actualmente lidera la industria de las NGS y la mayoria de los protocolos de preparacidon de
genotecas son compatibles con el sistema de lllumina. Ofrece el rendimiento mds alto al precio mas bajo.
Lecturas de hasta 300 pb, compatibles con la mayoria de experimentos NGS.

Contras. La carga de las muestras es técnicamente complicada debido a la dispersién al azar de los grupos
de amplificacién a lo largo de la celda de flujo. Concentraciones elevadas pueden provocar que se
superpongan los grupos de amplificacidon y disminuya la calidad de la secuenciacion. Muestras de baja
complejidad deben diluirse o mezclarse con una genoteca de referencia (PhiX) para generar diversidad.
SOLID: secuenciacion por ligamiento

Técnica. Al igual que en 454 los fragmentos de DNA se amplifican en microesferas por Emulsion-PCR. La
secuencia se determina mediante hibridacion y ligamiento. Un primer hibrida con el adaptador quedando
el extremo 5’ libre. Una mezcla de octdmeros marcados con color compiten por unirse a la cadena molde
(cuatro colores codifican las bases de las posiciones 4 y 5). Una vez detectado el color, el octamero se
rompe entre las posiciones 5 y 6. En la primera ronda de secuenciacién se determinan las posiciones 4, 5,
9, 10, 14, 15 etc. El proceso se repite con un primer mas corto para determinar las posiciones 3, 4, 8,9, 13 y
14. Cada nucledtido se lee dos veces. En cada ciclo se afiaden primers mas cortos hasta que se lee la
posicién 0.

Pros. Elevado rendimiento y tasas de error bajas, 99,94% de precision.

Contras. Lecturas cortas (~75 pb) y tiempos de secuenciacién elevados, por ello es mas complicado utilizar
estas lecturas en ensamblado de novo.

lon Torrent: secuenciacion por semiconductores

Técnica: Muy similar a 454 pero en lugar de un pirofosfato lo que se libera es un protén, que es detectado
por un sensor de iones.

Pros. No requiere escaner dptico ni nucledtidos fluorescentes. Tiempos de secuenciacion rapidos (horas).
Lecturas compatibles con la mayoria de experimentos NGS.

Contras. Altas tasas de error en homopolimeros.
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Las mejoras realizadas en los ultimos afios en las técnicas NGS y la reduccién drastica
de los precios de secuenciacidon (democratizacién de los precios de secuenciacién) no
sélo han permitido la obtencién de genomas de otras especies de interés (Li et al.,
2010; Dalloul et al., 2010; Dong et al., 2013; Jiang et al., 2014), sino que han propiciado
la aplicacion de estas tecnologias en ambitos mas amplios (Soon et al., 2013), como (i)
la resecuenciacion de genomas o exomas para detectar variantes relacionadas con
caracteres de interés, adquiriendo esta aplicacion importancia tanto desde el punto de
vista de la genética aplicada a la clinica (Gonzaga-Jauregui et al., 2012) como a
caracteres productivos (Larkin et al., 2012; Daetwyler et al., 2014), (ii) la secuenciacién
de transcriptomas que permiten identificar los transcritos expresados en un
determinado tejido (RNA-Seq) (Mortazavi et al., 2008; Wang et al., 2009), (iii) el mapeo
de regiones con marcas epigenéticas (Methyl-seq) (Laird, 2010) o (iv) el mapeo

regiones de union de factores de transcripcion (ChIP-seq) (Park, 2009).

Cabe seinalar que el incremento de la utilizacidon de las técnicas NGS también se ha
debido en parte a los avances significativos en el manejo de los datos generados. El
desarrollo de las técnicas NGS ha provocado la aparicién de forma paralela de una
nueva generacion de herramientas bioinformaticas como requisito esencial para el
manejo e interpretacion de la gran cantidad de datos generados. Ademas, la
generacion de secuencias de una longitud relativamente corta, comparada con la
secuenciacion Sanger, ha precipitado el desarrollo de nuevos algoritmos de
alineamiento. Se han desarrollado algoritmos para el manejo especifico de las lecturas
cortas (Hatem et al., 2013), asi como para el ensamblado de novo (Zhang et al., 2011),
la deteccidn de variantes (Li et al., 2013), los analisis ChIP-seq (Rougemont and Naef,
2012) y los analisis RNA-Seq (Kvam et al., 2012). Asi mismo, se han desarrollado
algoritmos para corregir los posibles sesgos producidos durante la preparacion de las
genotecas (Hansen et al., 2010). La combinacion de las mejoras tanto técnicas como
computacionales ha favorecido el aumento en la utilizacién de las técnicas NGS
maximizando la cantidad de informacién que es posible obtener de los datos de

secuenciacion masiva paralela.
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Actualmente, /llumina lidera el mercado de las tecnologias NGS ofreciendo el
rendimiento mas alto y el precio mas bajo por base secuenciada (van Dijk et al., 2014).
Sin embargo, la secuenciacidn de tercera generacidén estd empezando a aparecer. La
principal caracteristica de la secuenciacién de tercera generacién es la lectura directa
de moléculas individuales de acidos nucleicos (Schadt et al., 2010). Estas técnicas
intentan solventar las flaquezas de las NGS utilizando una sola molécula de DNA, es
decir, prescindiendo de una etapa de amplificacién previa (PCR). Esto supone ventajas
ya que se aumenta la tasa de secuenciacion, los rendimientos son mas altos, las
lecturas son mas largas (~10-30 Kb), disminuye la complejidad de la preparacién de las
muestras y se reducen los costes del andlisis (Schadt et al., 2010). Dos ejemplos de
estas tecnologias de tercera generacion son: el secuenciador PacBio RS Il de Pacific
Biosciences que se basa en la técnica SMRT (Single-Molecule Real-Time), en la que una
sola molécula de DNA ligada a una polimerasa es insertada en una cdmara ZMW (guia
de onda de "modo cero"). Esta cdmara capta la luz emitida por cada nucledtido
marcado con un fluoréforo que la polimerasa incorpora durante la sintesis de la
cadena complementaria, permitiendo conocer la secuencia (Eid et al., 2009). Por otro
lado, Oxford Nanopore Tecnologies ha desarrollado tres dispositivos MinlON,
PromethION y GridlON, que se basan en el paso de una corriente idnica a través de
nanoporos y la medicidon de los cambios en la corriente cuando el material genético
pasa a través del poro, lo que permite identificar las distintas bases y generar la
secuencia (Clarke et al., 2009). Aunque existen trabajos publicados que se basan en
estas estrategias (Chaisson et al., 2015; Loman et al., 2015), ambas metodologias estan
en una fase preliminar en los que las tasas de error son elevadas y deben corregirse
aumentando la profundidad de secuenciacion o combinando estas lecturas con
lecturas cortas de alta calidad de secuenciadores NGS (Koren et al., 2012; Chin et al.,

2013; Madoui et al., 2015).

2.2. El genoma ovino

2.2.1. El genoma virtual ovino y el chip de SNPs de 1.5K

La secuenciacion del genoma humano (Lander et al., 2001; Venter et al., 2001) fue un

importante hito cientifico e histdrico que abrié el camino para la secuenciacion del
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genoma de otras especies de mamiferos. El elevado coste que suponia en aquel
momento la secuenciacion de un genoma (tres mil millones de délares el genoma
humano; van Dijk et al., 2014), hizo que Unicamente surgiesen proyectos de
secuenciacion gendmica para aquellas especies ganaderas con producciones de gran
repercusién econdmica que justificase la inversion del proyecto. Las primeras especies
ganaderas con un borrador secuenciado del genoma fueron la gallina (International
Chicken Genome Sequencing Consortium, 2004) y la vaca

(https://www.hgsc.bcm.edu//other-mammals/bovine-genome-project, (Bovine

Genome Sequencing and Analysis Consortium et al., 2009), ambos en el afio 2004.

En el ano 2002, se constituye el International Sheep Genomics Consortium (ISGC)
compuesto por cientificos y entidades financiadoras de numerosos paises

(http://www.sheephapmap.org/). En el caso del ganado ovino, no se disponia de

recursos para financiar un proyecto de secuenciacién gendmica, por lo que esta
entidad surgid con el propdsito central de realizar la secuenciacién parcial del genoma
ovino para la identificaciéon de variantes de un solo nucleotido o SNPs (de la siglas en
ingles Single-Nucleotide Polymorphism) y el desarrollo, a partir de estos datos, de
herramientas genédmicas Utiles para la mejora de caracteres productivos y sanitarios en

la especie ovina (International Sheep Genomics Consortium et al., 2010).

El primer paso, fue crear un genoma virtual que permitiese el posicionamiento vy
orientacién de las secuencias para que se pudiesen seleccionar regiones
uniformemente espaciadas para la resecuenciacion y deteccion de SNPs. Para ello se
secuenciaron mediante la técnica Sanger extremos de una genoteca de plasmidos tipo
BAC del genoma ovino de un macho de raza Texel (CHORI-243). Posteriormente, estas
secuencias se mapearon frente a los genomas bovino (Btau2.0), canino (Lindblad-Toh
et al., 2005) y humano (International Human Genome Sequencing Consortium, 2004),
que eran las especies filogenéticamente mas proximas a la oveja con genomas
secuenciados. Este mapeo permitié la ordenacion y la creacion de secuencias de mayor
longitud por comparacidn entre especies. Este protocolo proporciond una cobertura
del 91,2% del genoma humano (Dalrymple et al., 2007). Las secuencias generadas se

reorganizaron para formar los cromosomas ovinos basandose en las posiciones
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conocidas de los marcadores en el mapa de ligamiento ovino disponible (version 4.6
del mapa australiano). Como resultado se obtuvo el genoma virtual de la oveja (Virtual
Sheep Genome), que cubria el 76% del genoma de esta especie y proporcionaba la
primera secuencia de referencia disponible en el ganado ovino (Dalrymple et al.,

2007).

Con la informacidn proporcionada por el Virtual Sheep Genome, se puso en marcha el
proyecto piloto para el desarrollo del chip de SNPs de 1.5K. El objetivo principal de este
proyecto era evaluar la utilidad de un array de SNPs para la investigacion gendmica en
ovino. Para la elaboracién del chip de 1.5K se secuenciaron, por la metodologia Sanger,
nueve animales de diferentes razas (Awasi, Gulf Coast Naive, Katahdin, Lacaune,
Merino, Poll Dorset, Red Masai, Rommey y Texel) en total 2.644 loci genédmicos; 350
asociados con regiones codificantes (ESTs) y 2.294 seleccionados de la genoteca de las
secuencias terminales de los clones BAC. Previamente se habia comprobado su
localizacion en el genoma y que no eran secuencias repetidas (Kijas et al., 2009). En
total se detectaron 6.021 SNPs con una densidad media de 4,9 SNPs por Kb. Para la
elaboracién del chip se seleccionaron 1.536 SNPs que representaban a la mayoria
(952/1.142) de los contigs creados en la elaboracién del genoma virtual ovino (Kijas et

al., 2009; Kijas et al., 2012).
2.2.2. El chip de SNPs ovino de 50K

Paralelamente a la elaboraciéon del chip de SNPs de 1.5K, surgen las técnicas de
secuenciacion de segunda generacién. La aparicion de estas técnicas hizo que, como se
ha dicho en el apartado anterior, se incrementasen los rendimientos y que los tiempos
y costes de secuenciacidon disminuyesen, lo que permitié pasar de un genoma virtual
de la oveja a un genoma real. El objetivo era obtener un genoma real de baja
cobertura (3x) que permitiese generar un chip de SNPs de 50K. Para su elaboracion se
secuencié a una cobertura 0,5x el genoma de seis animales pertenecientes a las razas
Awassi, Merino Australiano, Poll Dorset, Romney, Scottish Black Face y Texel,
utilizando la técnica de secuenciacién de segunda generacidon Roche 454 FLX, basada
en pirosecuenciacion. Las secuencias obtenidas fueron alineadas frente al genoma

bovino y se reorganizaron utilizando el genoma virtual de la oveja. La técnica de
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secuenciacion 454 hizo que se produjesen mds de 9 Gb de datos, permitiendo la
deteccién de mas de 590.000 SNPs dentro de regiones gendmicas definidas, de los
cuales mas de 270.000 se clasificaron como SNPs de “clase A” (ambos alelos han sido
detectados en mas de dos animales). Para la creacién del chip OvineSNP50 BeadChip,
comercializado por la empresa /llumina en el afio 2009, se seleccionaron 54.241 SNPs
de los 270.000 de “clase A” previamente identificados. Para esta seleccién se marcaron
una serie de criterios de seleccidn: los SNPs deberian tener una distribucion uniforme a
lo largo de todo el genoma, la frecuencia del alelo menor (MAF) debia ser superior a
0,2, el probe score debia ser superior a 0,8, el SNP debia presentar una secuencia
flanqueante Unica de 200 pb y se aplicaron ademas criterios de control de calidad

respecto a la técnica de deteccidn y respecto al oligonucledtido fijado al array.

La utilizacién de estos chips de SNPs en las distintas especies domésticas permite a los
cientificos realizar estudios de asociacién en todo el genoma a un relativo bajo coste,
hecho que habria sido impensable con la utilizacidon de los marcadores tradicionales. El
éxito de la utilizacién de estos arrays reside en el hecho de que presentan una fuerte
capacidad de procesamiento en paralelo, miniaturizacion y una notable capacidad de
automatizacién (Eggen, 2012). En el caso del ganado ovino, el chip de SNPs de 50K se
utilizdé por primera vez en el proyecto internacional Sheep Hapmap, coordinado por el
ISGC. En él se genotiparon un total de 2.819 animales de 74 razas ovinas (Kijas et al.,
2012). En los ultimos afos, varios estudios han sido publicados demostrando la

efectividad del uso del chip de 50K en el ganado ovino:

- para el mapeo de mutaciones causales en enfermedades genéticas mediante la
utilizacion de un numero reducido de casos y controles (Becker et al., 2010;
Momke et al., 2011),

- para el mapeo de loci relacionados con caracteres cuantitativos (QTL) (Garcia-
Gamez et al., 2011; Garcia-Gamez et al., 2012a),

- para la caracterizacion de la estructura de la poblacién, asi como para
documentar mejor y entender la evolucion de las distintas especies domésticas

(Kijas et al., 2012).

16



Introduccién General

2.2.3. El proyecto genoma ovino y el chip de SNPs de 600K

Aunque existian borradores del genoma ovino, el proyecto de secuenciacién del
genoma de la oveja propiamente dicho surge en el afio 2009. La aparicién de las
técnicas de secuenciacién de segunda generacién y la idoneidad en la utilizacién de
lecturas cortas en la secuenciacién de genomas complejos demostrada en el borrador
de la secuencia del panda gigante (Li et al., 2010) impulsé al consorcio a planificar un
proyecto para elaborar el genoma referencia de la especie ovina. Para ello se
secuencié el genoma de dos individuos de raza Texel utilizando la técnica NGS
desarrollada por /llumina, de secuenciacién con terminadores reversibles. Las
secuencias se reorganizaron utilizando mapas de ligamiento y de hibridos irradiados.
La versién final del borrador del genoma ovino (Oar_v3.1), publicada en el 2014 (Jiang
et al., 2014), tiene una buena calidad de secuencia ya que el parametro N50 tiene un
valor aproximado de 40 Kb y una longitud de ensamblado total de 2,62 Gb, de la que
aproximadamente el 99% se reorganizé en los 26 autosomas ovinos y el cromosoma X
(Jiang et al., 2014). La anotacién del genoma ovino, disponible en el repositorio publico

de genomas Ensembl (http://www.ensembl.org/), ha sido realizada con una

metodologia mixta. Por un lado, se han generado 66.797 modelos de proteinas
basados en la similitud que las proteinas ovinas tienen con proteinas ortdlogas de
otros vertebrados de la base de datos UniProtKB. Por otro lado, se utilizaron datos
procedentes de experimentos de RNA-Seq, obtenidos a partir de muestras de 94
tejidos, proporcionados por el ISGC. En total en la base de datos de Ensembl hay
anotados 20.921 proteinas codificantes, 3.985 RNAs cortos no codificantes y 291

pseudogenes (http://www.ensembl.org/Ovis aries/Info/Annotation).

A pesar de la importancia que supuso el chip de 50K para el desarrollo del genoma
ovino, se ha demostrado que debido a la menor extension del desequilibrio de
ligamiento en esta especie (en comparacidon con el ganado de raza Holstein), se
necesitaria una mayor densidad de marcadores tanto para el mapeo eficiente de QTL
de caracteres complejos asi como para el uso eficiente de estos arrays en seleccién
gendmica (Garcia-Gamez et al., 2012b). Esto hace que por parte del ISGC surja la
necesidad de desarrollar un chip de marcadores de alta densidad (600K). El ISGC en

colaboracién con Farm'® (www.farmig.co.nz) han desarrollado el Ovine Infinium® HD
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SNP BeadChip comercializado por /llumina en 2013. Este chip tiene un total de 603.350
SNPs, entre los que se incluyen la mayor parte de los marcadores del chip OvineSNP50
BeadChip. Para su desarrollo se han utilizado la secuencia actual del genoma ovino

(Oar_v3.1) y los datos de resecuenciacion de 73 animales (Anderson, 2014).

2.3. Uso de herramientas gendmicas para el control de enfermedades hereditarias

Tradicionalmente, las asociaciones de criadores han centrado sus esfuerzos en
la seleccion de aquellos animales con mejores indices productivos. La productividad de
ciertas razas ovinas ha mejorado considerablemente debido a la implementacién de
programas de mejora basados en la genética cuantitativa. Sin embargo, aunque la
seleccion incrementa la productividad, el tamafio efectivo de la poblacidén se reduce,
particularmente cuando unos pocos machos mejorantes se utilizan de forma intensiva.
El aumento de la consanguinidad provoca la aparicion de enfermedades genéticas
recesivas que causan pérdidas econdmicas y una disminucién del bienestar animal

(Greber et al., 2013).

Es importante que los criadores lleven a cabo estrategias que les permitan controlar el
incremento de la consanguinidad y el niumero de defectos recesivos que se derivan de
este incremento. Seleccionar animales no portadores de enfermedades es interesante
desde varios puntos de vista, ya que permite la eleccién de aquellos progenitores que
aseguren una descendencia libre de taras genéticas, asi como la disminucién de la
frecuencia de tratamientos, aumentando el estado de salud de los animales y
mejorando su nivel de bienestar. Una de las vias que nos permite lograr este objetivo
es la identificacion de los genes y mutaciones que originan enfermedades o

malformaciones (Luhken, 2012).

2.3.1 Métodos cldsicos de deteccion de mutaciones responsables de enfermedades

En el pasado la mayor parte de las mutaciones causales de enfermedades eran
identificadas mediante dos estrategias: secuenciacién de genes candidatos funcionales

o mediante analisis de ligamiento.
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La estrategia del gen candidato consiste en el estudio detallado de un gen del que, por

su funcién bioldgica, se sospecha que puede contener la mutacién responsable de la
aparicion de la enfermedad (Kwon and Goate, 2000). Esta aproximacién requiere un
conocimiento previo de fisiologia de la enfermedad. En el caso del ganado ovino, los
genes seleccionados como candidatos funcionales de fenotipos especificos proceden,
en general, de estudios en otras especies, como la humana, la bovina o el ratén. En el
estudio de la hipotricosis en el ganado ovino se seleccioné el gen candidato hairless
(HR) (Finocchiaro et al., 2003) en base a estudios previos que relacionaban un fenotipo
similar con mutaciones en el gen HR en humano y ratén (Ahmad et al., 1998; Cachon-
Gonzalez et al., 1999). Esta aproximacién requiere la secuenciacién de todo el gen
objeto de estudio (exones, intrones y regiones promotoras) en busca de variantes
(SNPs, inserciones, deleciones) entre casos y controles. Se trata de una técnica
laboriosa y cara; por ello para la secuenciacién de algunos genes de gran tamafo se
opta por comenzar la secuenciacién por las regiones codificantes para la proteina
(Hirschhorn and Daly, 2005). Otra limitacidén a tener en cuenta es que, en muchos
casos, una misma enfermedad puede ser genéticamente heterogénea, por lo que
podriamos seleccionar un gen como candidato cuando la mutacidn causal se encuentra

en otro gen cuya proteina tiene una funcion fisiolégica parecida o complementaria.

Los estudios de anadlisis de ligamiento, se basan en el mapeo de loci concretos

mediante la utilizacién de marcadores genéticos en individuos emparentados. Esta
técnica, al contrario que la anterior, no requiere un conocimiento previo de la fisiologia
de la enfermedad. Para el mapeo del locus, se selecciona una serie de familias donde la
enfermedad estd segregando, genotipandose esas familias para un determinado
numero de marcadores genéticos informativos distribuidos por todo el genoma, en la
estrategia clasica se utilizan generalmente marcadores microsatélite. El andlisis de
ligamiento nos permitira calcular la distancia entre el marcador y el locus responsable
de una enfermedad al analizar la cosegregacién entre los marcadores y el fenotipo. En
general, en este tipo de estudios, las regiones obtenidas como significativas exceden
los 10 cM (unos 10 millones de pares de bases) por lo que se requieren estudios
posteriores empleando mayor numero de animales y marcadores genéticos (mapeo

fino) para la localizacion del gen responsable de la enfermedad (Hirschhorn and Daly,
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2005). Aunque se trata de una tarea compleja y costosa, esta estrategia ha permitido
el mapeo de genes relacionados tanto con caracteres productivos como con
enfermedades en el ganado ovino. Como ejemplo, gracias a esta técnica se logré
identificar la mutacion causal del fenotipo Booroola (FecB) que incrementa la tasa de
ovulacion en el ganado ovino (Montgomery et al., 1994; Mulsant et al., 2001). También
se localizaron las mutaciones responsables de algunas enfermedades de herencia
simple como las variantes CLN5 y CLN6 de la lipofuscinosis ceroide neuronal ovina
(Broom et al., 1998; Frugier et al., 2008) o el sindrome Spider lamb (Cockett et al.,
1999).

2.3.2 Utilizacidn del chip de SNP en la identificacion de mutaciones en enfermedades

de herencia mendeliana

El genotipado con los chips de SNPs en combinacion con las estructuras poblacionales
tipicas de nuestros animales domésticos permite acelerar la localizacién e
identificacion de las mutaciones causales en enfermedades de herencia mendeliana
(Charlier et al., 2008). El desarrollo de chips de SNPs viene ligado a la creacién de los
borradores de las secuencias gendmicas de las distintas especies animales. La aparicidon
de los arrays de SNPs ha permitido el desarrollo de un tipo de estrategia para el mapeo
de mutaciones causales distinta a las utilizadas tradicionalmente (estrategia del gen
candidato y andlisis de ligamiento con marcadores microsatélite): el estudio de
asociacion a nivel del genoma completo (en inglés, GWAS (Genome-wide association
study). Los estudios de asociacién se basan basicamente en la comparacion de
genotipos entre dos grupos de individuos: los casos (afectados de un determinado
fenotipo) y los controles (los animales con el fenotipo “salvaje”). En el caso de los
caracteres mendelianos, al realizar el andlisis estadistico de los genotipos obtendremos
evidencia de asociacién en la region concreta del genoma en la que las variantes
alélicas estén sobre-representadas en los casos respecto a los controles. Esta region
serd la candidata a contener la mutacién causal de la enfermedad. El alto nimero de
variantes alélicas que pueden ser genotipadas a lo largo de todo el genoma gracias a
los chips de SNPs ha hecho posible analizar todo el genoma de forma simultanea de

forma que la localizacién primaria de la region responsable suele ser muy eficiente
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(Hirschhorn and Daly, 2005). En el caso de estudio de enfermedades con una base
genética mas compleja que los clasicos caracteres mendelianos, el nUmero de regiones
que muestran evidencia estadistica de asociacion sera superior y el tamafio muestral

necesario para un disefio eficiente mas elevado.

En general, en la busqueda de mutaciones causales de enfermedades, los andlisis de
asociacién suelen combinarse con otro tipo de analisis denominado de identidad por
descendencia (Charlier et al., 2008). En este analisis, los genotipos obtenidos con el
chip de SNPs en los animales enfermos se analizan en busca regiones de homocigosis
compartidas a lo largo de todo el genoma; la regidén en la que se localice el mayor
blogue de homocigosis serd la que mas problablemente contenga la mutacidn

responsable de la enfermedad.

Tanto los analisis de asociacién como los de identidad por descendencia se basan en el
principio de desequilibrio de ligamiento, en la que la variante causal y el alelo del
marcador se heredardn juntos por encontrarse fisicamente prdoximos. Estas
metodologias, al igual que los analisis de ligamiento con marcadores microsatélite, no
requieren conocimiento previo de la fisiologia de la enfermedad. Sin embargo,

presentan ventajas frente a este:

e No requieren el estudio de familias.

e Necesitan un menor tamafio muestral, llegdndose a la determinacién de la
mutacion causal con un modesto niumero de casos. Por ejemplo, para la
determinacién de la mutacién causal de la epidermélisis bullosa en el ganado
bovino de raza Rotes Hohenvieh solo se utilizaron tres casos (Menoud et al.,
2012).

e El proceso de genotipado es menos laborioso (permite automatizacion) y por lo

tanto es mads rapido y econémico (Eggen, 2012).

El uso de estas herramientas ha revolucionado la deteccidon de mutaciones causales en
las especies domésticas. En la Figura 1, obtenida de la revision bibliografica realizada
por Nicholas and Hobbs (2014), se puede observar el rapido incremento producido en
la deteccidon de mutaciones causales en las especies domesticas a partir del afio 2005,

coincidiendo con la apariciéon de los primeros chips de SNPs, en pollo (Wong et al.,
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2004), perro (Lindblad-Toh et al., 2005), gato (Pontius et al., 2007), vaca (Charlier et al.,
2008), caballo (Wade et al., 2009), cerdo (Amaral et al., 2009) y oveja (International

Sheep Genomics Consortium et al., 2010).

En el caso del ganado ovino, el chip de SNPs de 50K desarrollado por /llumina ha
demostrado ser una herramienta util para la identificacion de mutaciones causales en
enfermedades mendelianas como la microftalmia (Becker et al., 2010), la epidermélisis
bullosa (Momke et al., 2011; Suarez-Vega et al., 2015), el raquitismo (Zhao et al.,
2011), la condrodisplasia (Zhao et al., 2012b) o la enfermedad de neurona motora

inferior (Zhao et al., 2012a).

Figura 1. Cronologia de la deteccién de mutaciones causales de caracteres de herencia
Mendeliana en las especies domésticas hasta el afio 2012 (tomada de Nicholas and

Hobbs, 2014).
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2.3.3. Utilizacion de herramientas de secuenciacion de nueva generacion para la

deteccion de enfermedades mendelianas

La evolucion de las técnicas NGS junto con la disminucién de los costes de
secuenciacion ha hecho estas técnicas mas accesibles, incrementado
significativamente los dmbitos de su aplicacion en el andlisis de genomas. Si nos
centramos en las aplicaciones diagndsticas, la resecuenciacidon de genomas permite el
analisis simultaneo de todas las variantes de un genoma en una Unica reaccién y con
un numero reducido de casos, demostrando ser una alternativa eficaz para establecer
la base de genética de enfermedades de herencia mendeliana (Cirulli and Goldstein,
2010; Boycott et al., 2013) y para su aplicacidon en el ambito clinico (Saunders et al.,
2012; Willig et al., 2015). Sin embargo, la secuenciacion de genomas enteros, en
ciertas ocasiones, es poco prdactico e innecesario. El exoma, parte codificante del
genoma, representa aproximadamente el 2% del genoma humano y en él se
encuentran aproximadamente el 85% de las mutaciones causales conocidas (Hodges et
al., 2007). Esto hace que para la busqueda de mutaciones causales en enfermedades
monogénicas, la aproximacidon mas comunmente utilizada en seres humanos sea la
secuenciacion del exoma o en inglés, exome-sequencing (Bamshad et al., 2011; Ku et
al., 2012; Yang et al., 2013; Rabbani et al., 2014). Una variante del exome-sequencing
seria el estudio de un grupo de genes que se sabe que tienen relacién directa con el
caracter objeto de estudio, también denominado target-sequencing (Rehm, 2013). Los
experimentos de secuenciacion masiva paralela del transcriptoma (RNA-Seq) también
han sido utilizados para la deteccion eficiente y rentable de variantes en diferentes
tejidos y especies (Canovas et al., 2010; Djari et al., 2013). En el caso de especies
animales en las que la anotacién de los genomas esta en una etapa temprana de
desarrollo, una alternativa eficaz a la secuenciacion del exoma para la detecciéon de

variantes en regiones codificantes del genoma podria ser la técnica RNA-Seq.

En el caso de las especies ganaderas, la disponibilidad de genomas de referencia
sumada a unos costes de secuenciacion mds asequibles, han hecho que comiencen a
aparecer publicados estudios que utilizan exitosamente las técnicas de secuenciacién
de segunda generacién en la identificacion de la causa genética de enfermedades

mendelianas. Asi han surgido estudios en el ganado bovino (Daetwyler et al., 2014;
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Murgiano et al., 2014; Peters et al., 2015; Sartelet et al., 2015), ganado porcino (Qiao
et al., 2015) o ganado ovino (Suarez-Vega et al., 2015) en los que técnicas NGS han
sido utilizadas en caracterizacion de mutaciones responsables de enfermedades

monogénicas.
2.3.4. Enfermedades de herencia mendeliana en el ganado ovino

En la Tabla 2 se resumen las enfermedades ovinas para las cuales la mutacion causal
ha sido identificada. Para la realizacion de la misma se ha tomado como referencia
la base de datos online Mendelian Inheritance in Animals (OMIA)

(http://omia.angis.org.au/), consultada el 15 de Julio de 2015. En el caso del ganado

ovino, esta base de datos recoge 47 caracteres mendelianos para los que se conoce
la mutacion causal. De ellos, 22 hacen referencia a enfermedades (recogidos en la
Tabla 2), 20 a caracteres productivos (fecundidad, hipertrofia muscular, ausencia de
cuernos, grasa amarilla), tres al color y dos a la resistencia/susceptibilidad a
enfermedades (scrapie y lentivirus). Como se puede observar en la Tabla 2, los
estudios realizados mediante la secuenciacién de genes candidatos han sido los mas
empleados de forma tradicional en la deteccion de mutaciones causales para
enfermedades producidas por genes mayores. Sin embargo, tanto esta estrategia
como el andlisis de ligamiento se han visto desplazadas con la aparicion del chip de
SNPs, apareciendo el primer estudio en el afo 2010 (Becker et al., 2010) vy
habiéndose publicado siete mas entre los afios 2011 y 2015 (Momke et al., 2011;
Zhao et al., 2011; Walker, 2012; Zhao et al., 2012a; Zhao et al., 2012b; Suarez-Vega
et al., 2013; Suarez-Vega et al., 2015).
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Tabla 2. Enfermedades de herencia mendeliana en el ganado ovino.

Enfermedades de herencia mendeliana en el ganado ovino

Ceguera diurna

(Reicher et al., 2010)

(Cockett et al., 1999)

(zhao et al., 2012b)

(zhou et al., 2012)

(Momke et al., 2011)

Disfuncién neuromuscular y
alteracién del crecimiento

(Walker, 2012)

Ataxia, ceguera

(Torres et al., 2010)

Neuropatia, ictiosis, incapacidad
de mantenerse en la estacion

(Karageorgos et al.,
2011)

Mialgias y calambres musculares

(Tan et al., 1997)

Alteracion en la coagulacién de la
sangre

(Porada et al., 2010)

(Zhao et al., 2011)

(Finocchiaro et al., 2003)

(Becker et al., 2010)

Debilidad progresiva y
tetraparesia

(zhao et al., 2012a)

Retraso psicomotor progresivo,
ceguera y muerte prematura

(Frugier et al., 2008)

Acromatopsia CNGA3
Condrodisplasia (Spider Lamb FGFR3
Syndrome)
Condrodisplasia SLC13A1
Sindrome Ehlers-DanIc'»s tipo VII ADAMTS2
(dermatoparaxis)
Epidermodlisis bullosa juntural LAMC2
Gangliosidosis, GM1 GLB1
Gangliosidosis GM2, tipo | HEXA
Enfermedad de Gaucher tipo | GBA
Enfermedad d.e ?Imacenamlento PYGM
de glicogeno V
Hemofilia A F8
Raquitismo DMP1
Hipotricosis HR
Microftalmia PITX3
Sindrome d.e net.lrona motora AGTPBP1
inferior
Lipofuscinosis ceroide, neuronal 5 CLN5
Lipofuscinosis ceroide, neuronal 6 CLN6

Retraso psicomotor progresivo,
ceguera y muerte prematura

(Tammen et al., 2006)
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Lipofuscinosis ceroide congénita,

Retraso psicomotor progresivo,

T laetal., 2001
Enfermedad de Batten 13D ceguera y muerte prematura (Tyynela et al., )
» ) Orina marron, lesiones en piel (Nezamzadeh et al.,
Porfiria cutanea tarda UROD por exposicion a la luz solar 2005)
Sidrome Waardenburg, tipo 4A EDNRB (Luhken et al., 2012)
Lisencefalia con hipoplasia (Suarez-Vega et al.,
cerebelar = X 2013)
Ante estimulos que en
condiciones normales
. . provocarian la huida, los (Monteagudo et al.,
Miotonia CLCNI X animales se quedan rigidos y 2015)
caen al suelo. Después de 6-25 s
vuelven a moverse normalmente.
N
- . -V tal.,
Epidermdlisis bullosa juntural ITGB4 X (Suarez-Vega et a
(RNA-Seq) 2015)

2.4. Uso de la transcriptomica para el estudio de la lactacion
2.4.1. Herramientas utilizadas en el estudio del transcriptoma

El transcriptoma se define como el conjunto de transcritos expresados en una célula
en un momento determinado. El estudio de los transcriptomas es importante ya que
nos permite interpretar los elementos funcionales del genoma e identificar los genes
gue se estan expresando en las distintas células y tejidos. Los objetivos principales de
la transcriptomica incluyen la identificaciéon de los distintos tipos de transcritos
(mRNAs, RNAs no codificantes y RNAs pequefios), la determinacién de la estructura
transcripcional de los genes (extremos 5’ y 3’ y distintas isoformas) y la cuantificacidn
de la expresién, identificando las posibles diferencias de expresidon entre distintas

condiciones fisioldgicas (Wang et al., 2009).

Las tecnologias tradicionalmente mas utilizadas en el estudio de la expresion génica
son los microarrays (Schena et al., 1995); esta técnica se basa en la hibridacién del
c¢DNA marcado con fluorescencia frente a sondas que representan a los genes para los

gue queremos medir la expresion. Se trata de técnicas econdmicamente asequibles y

26



Introduccién General

de alto rendimiento, siendo las mas utilizadas en el analisis del perfil de transcriptoma
completo de unas células o tejidos. Sin embargo, esta metodologia también tiene
inconvenientes ya que se necesita tener un conocimiento previo sobre la secuencia
gendmica, los altos niveles de ruido de fondo producidos debido a hibridaciones
cruzadas, la incapacidad de la técnica para detectar transcritos nuevos y la
cuantificacion relativa que depende de la intensidad de hibridacién (Morozova and

Marra, 2008).

En contrapunto a los microarrays, surge la metodologia de analisis en serie de la
expresion génica (SAGE) que se basa en el principio de que un fragmento corto de
cDNA (tag), de aproximadamente de 14-20 pb, contiene la suficiente informacion para
identificar un transcrito determinado, siempre que sea aislado de una posicién
definida dentro del transcrito (Vilain and Vassart, 2004). La secuenciacion,
generalmente con la metodologia Sanger, de tags de los transcritos presentes en la
muestra permite la cuantificacion de los niveles de expresidn. Esta técnica presenta un
elevado rendimiento y permite la cuantificacidon de todos los transcritos, ademas de
permitir comparaciones mas precisas que los microarrays entre muestras diferentes
(Asmann et al., 2009). Sin embargo, esta metodologia también tiene sus
inconvenientes, la secuenciaciéon Sanger es cara, una proporcion significativa de los
transcritos no puede ser mapeada frente a la referencia y la deteccion de isoformas no

es posible (Wang et al., 2009).

La aparicion de la técnica de secuenciacidn masiva paralela de RNA (RNA-Seq)
revoluciond el andlisis de transcriptomas. La técnica de RNA-Seq utiliza herramientas
de secuenciacién de segunda generacion, siendo el primer método que permite la
secuenciacion de todo el transcriptoma con un elevado rendimiento y a un coste
relativamente bajo, proporcionando un nuevo escenario en el mapeo y cuantificacion
de transcriptomas (Wang et al., 2009). Esta técnica permite cuantificar todos los
transcritos presentes en la muestra (en funcion de la redundancia de secuenciacion) y
no sélo los presentes en el array, como en el caso de los microarrays (Marioni et al.,
2008). Ademas, aunque las lecturas de las técnicas NGS son generalmente cortas (25-
250 bp), el procesamiento en paralelo de millones de lecturas permite una cobertura

alta del transcriptoma (Mardis, 2008), proporcionando informacién sobre la estructura
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de los transcritos (existencia de fenédmenos de splicing) y permitiendo la deteccién de
variantes en regiones codificantes (Wickramasinghe et al.,, 2014). Uno de los
principales retos a los que se enfrenta la técnica de RNA-Seq estd relacionado con el
alto rendimiento y la gran cantidad de datos generados. Asi, surgen desafios desde el
punto de vista bioinformatico, que incluyen el desarrollo de métodos eficientes para el
almacenado, recuperacién y procesado de grandes cantidades de datos (Wang et al.,

2009).
2.4.2. Aplicaciones de la técnica RNA-Seq en el estudio de la lactacion

El conocimiento del perfil de expresién génica en la glandula mamaria durante la
lactacién tiene un especial interés ya que nos permite caracterizar a los genes
implicados en la biologia de la lactacidn, los cambios estructurales y metabdlicos que
se producen en la glandula mamaria durante este periodo y ademas, en el caso de la
industria lechera, nos permite mejorar nuestros conocimientos en relacién con la
composicion lactea y aquellos genes que pueden resultar interesantes desde el punto

de vista productivo.

El transcriptoma mamario ha sido ampliamente estudiado en diversas especies
mediante la utilizacion de microarrays de expresion (Lemkin et al., 2000; Maningat et
al., 2009; Bionaz et al., 2012; Shu et al., 2012), sin embargo, la aparicion de las técnicas
de RNA-Seq nos han proporcionado una oportunidad uUnica para cuantificar y anotar

transcriptomas en un Unico experimento (Wang et al., 2009).

En el caso del ganado vacuno, se han realizado diversos estudios sobre el perfil
transcripcional de la glandula mamaria en lactacién con la técnica de RNA-Seq. El
primer estudio de RNA-Seq en el ganado vacuno fue realizado por Medrano et al.
(2010), en él se realizaba un andlisis comparativo entre el transcriptoma de las células
somaticas de la leche y biopsias mamarias, demostrando la eficacia de esta técnica en
el estudio global del perfil de expresién génica en tejidos de animales. En el afio 2011
se realizd, por parte de Wickramasinghe et al. (2011), un analisis en el que se
examinaba el perfil de expresion de genes que codificaban para enzimas relacionadas

con la glicosilacion en la glandula mamaria y se comparaban con el perfil de
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oligosacdridos en la leche. En este estudio se identificaron genes candidatos que
podrian ser utilizados en la modificacién del contenido de oligosacéaridos en leche. Mas
tarde Wickramasinghe et al. (2012) realizaron un estudio del transcriptoma de las
células somdticas de la leche en diferentes momentos de la lactacién, demostrando
qgue en las distintas etapas de la lactacidn se expresan grupos de genes con funciones
especificas de cada una de ellas. La técnica de RNA-Seq aplicada al estudio de la
glandula mamaria también ha permitido la identificacion de variantes (SNPs) (Canovas
et al., 2010). El estudio propuesto por Canovas et al. (2013) se basa en el andlisis de la
expresidon génica y deteccion de variantes relacionadas con el contenido en citrato en
la leche de vaca. La combinacién de los resultados obtenidos con los conocimientos
existentes de las rutas del citrato y la sintesis de acidos grasos permitieron identificar
marcadores significativos que podrian regular el contenido en citrato en la leche
bovina (Canovas et al., 2013). En el afio 2014, se publicé un estudio en el que se
comparaba, mediante la técnica de RNA-Seq, el transcriptoma mamario de vacas
Holstein con contenidos extremos de grasa y proteina, demostrando que esta técnica
puede ser util en la identificacidon de genes candidatos relacionados con caracteres de
composicion lactea (Cui et al., 2014). Un estudio de RNA-Seq publicado por Canovas et
al. (2014) compardé cinco fuentes diferentes de obtencion de RNA en la glandula
mamaria (biopsia de tejido, células somadticas lacteas, gldbulos gasos de la leche,
microdiseccion laser de células epiteliales mamarias y células epiteliales mamarias
capturadas con anticuerpos), demostrando que las técnicas menos invasivas (RNA
obtenido de células somaticas y glébulos de grasa de la leche) son representativas del
tejido mamario y pueden utilizarse en estudios de RNA-Seq en lugar de biopsias. La
técnica de RNA-Seq también ha sido utilizada para la determinacién de la composicidn
y estructura de las poblaciones bacterianas de la leche en animales sanos y con

mastitis (Medrano et al., 2014).

La amplia variedad de estudios de expresion génica realizados en la glandula mamaria
del ganado vacuno son el mejor ejemplo de la utilidad de la técnica de RNA-Seq en la
identificacion de genes clave en la determinacién de caracteres complejos
relacionados con la produccién y la composicion de la leche; asi como, la deteccién de

variantes génicas que pueden ser utilizadas en la mejora de la produccion lactea, tanto
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en la especie bovina como en otras especies productoras de leche, como la oveja o la

cabra.
2.5. La produccidn lactea ovina en Castillay Ledn

La produccién mundial de leche de oveja es de unos 10 millones de toneladas anuales,
siendo la cuarta en importancia a nivel mundial en el 2013 (FAOSTAT). La industria
lechera ovina se concentra principalmente en Europa y los paises de la cuenca
mediterranea (Haenlein, 2001). En general, la leche de oveja es procesada para la
elaboracidon de productos lacteos, principalmente queso. Espafia se sitia como el
séptimo productor mundial de leche de oveja en el 2013 (FAOSTAT), siendo la
comunidad de Castilla y Ledn la que genera un 70% de esta produccién lactea

(352.501.000 litros en 2011) (MAGRAMA).

En el estudio del perfil de expresién génica de la glandula mamaria durante la
lactacién, presentado en esta Tesis Doctoral, se muestrearon ovejas de raza Churra y
de raza Assaf. Las razas lecheras Assaf y Churra son las mas utilizadas en la comunidad
de Castilla y Ledn, con un total de 77.896 y 36.054 ovejas en control lechero en 2014,
respectivamente. La raza Churra es una raza autéctona espaiiola, caracterizada por su
rusticidad. La raza Assaf, es una raza lechera especializada, creada como un cruce
entre las razas Awassi (5/8) y Milschschaf (3/8). La raza Assaf se introdujo en Espafia en
el ano 1977 y el numero de animales se incrementd rapidamente debido a su alto
potencial productivo y a su capacidad de adaptacion a las condiciones ambientales de
la region de Castilla y Leén (De la Fuente et al., 2006). Ambas razas difieren es sus
caracteristica productivas. La produccion lactea de la raza Assaf es de una media de
400 kg de leche por lactacion (normalizada a 150 dias), mientras que la producciéon en
la raza Churra es de 117 kg de leche por lactacidon (normalizada a 120 dias). Sin
embargo, la leche del ganado ovino de raza Churra tiene un mayor porcentaje de grasa
(7,01 vs. 6,65) y proteina (5,79 vs. 5,40), por lo que el rendimiento quesero es mayor

en la leche de oveja de raza Churra (MAGRAMA).
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En el presente apartado se describe, de forma general, los procedimientos
bioinformaticos utilizados en el desarrollo de la presente Tesis Doctoral. En el capitulo
de “Resultados” se detallan las metodologias especificas empleadas en el desarrollo de

cada uno de los objetivos concretos.

3.1. Clonado posicional con el chip de SNPs de 50K ovino de los genes

responsables de enfermedades de herencia mendeliana

3.1.1. Etapa 1: Deteccion de la region portadora de genes responsables

de enfermedades de herencia mendeliana

La deteccién de la region portadora de genes responsables de enfermedades de
herencia mendeliana con el chip de SNPs de media densidad ovino (OvineSNP50
BeadChip) se basa en la realizacién de un analisis de asociacién a nivel gendmico
(GWAS, del inglés Genome-Wise Association Study), siguiendo un esquema

caso/control.

En primer lugar se realiza el genotipado de una serie de casos (animales afectados de
un determinado fenotipo) y los controles (los animales con el fenotipo “salvaje”) con el
OvineSNP50 BeadChip comercializado por Illlumina. Como ya se ha descrito en la
Introduccion General, una de las ventajas de la utilizacién de esta metodologia es el
reducido numero de casos necesarios para detectar de forma efectiva la regién
genodmica implicada en la enfermedad. En el caso de las enfermedades analizadas en
la presente Tesis doctoral, se genotiparon un total de 7 corderos afectados y 33
controles en el caso de la lisencefalia con hipoplasia cerebelar y 20 corderos afectados

y 76 controles en el caso de la epidermdlisis bullosa juntural.

El flujo general de trabajo una vez recibidos los datos de genotipado comienza con un
control de calidad a dos niveles: primero, un control por animal y, posteriormente, un
control de calidad por marcador. En la primera fase, se eliminaron todos los animales
con un porcentaje de genotipos inferior al 90%. En la segunda se eliminaron del
analisis todos los SNPs con una tasa de genotipado inferior o igual a 95% y frecuencia

del alelo menos frecuente (MAF) inferior o igual a 0,01. En la presente Tesis Doctoral
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todo el flujo de analisis de los datos de genotipado se realizé con la herramienta

bioinformatica PLINK (Purcell et al., 2007).

Tras el control de calidad de los genotipos, se realiza el estudio de asociacion a nivel
gendmico, que se basa en el andlisis del desequilibrio de ligamiento de los marcadores
analizados con el fenotipo en estudio. Al realizar el analisis estadistico de los genotipos
obtendremos evidencia de asociacion, en la region concreta del genoma, en la que las

variantes alélicas estén sobre-representadas en los casos respecto a los controles.

3.1.2. Etapa 2: Mapeo fino y redefinicion del fragmento portador del gen causal

Con el fin de acotar la regién de busqueda de los genes responsables de enfermedades
monogénicas, los GWAS se suelen combinar con otro tipo de analisis denominados de
identidad por descendencia o “homozygosity run”. Este analisis se realiza con los
genotipos obtenidos con el chip de SNPs en los animales enfermos con el objetivo de
buscar regiones de homocigosis compartidas a lo largo de todo el genoma. El andlisis
se basa en la asuncidn de que los animales enfermos no comparten solo la mutacién
causal, sino una regién de homocigosis mas amplia debido al desequilibrio de
ligamiento. Asi, la regién en la que se localice el mayor bloque de homocigosis
compartido por todos los individuos afectados serd la que mas probablemente
contenga la mutacién responsable de la enfermedad. En la presente Tesis Doctoral, el
analisis de identidad por descendencia, al igual que el GWAS, se realizé con el software
PLINK (Purcell et al., 2007). Los analisis realizados nos permitiran acotar la regién a

unas pocas Mb en el genoma ovino.

Una vez identificada la region gendmica portadora de la mutacion causal, los genes
candidatos posicionales localizados en esta regidon deben de ser evaluados en base a su
funcién y a la homologia de la enfermedad objeto de estudio con enfermedades
descritas en otras especies de referencia, como la especie humana. El gen que se
posicione como el mejor candidato funcional y posicional sera el seleccionado para su
secuenciacion en el intento de identificar la mutacién causal. Si no hubiese ningln
candidato funcional entre los posibles candidatos posicionales se optaria por la

secuenciacion de la regiéon de homocigosis completa.
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3.2. Analisis de datos de NGS: flujo de trabajo para el analisis de variantes genéticas

en el diagndstico de enfermedades medelianas

El objetivo de la aplicacidon diagndstica de las NGS, tanto si hacemos resecuenciacion
de parte (exome sequencing o target sequencing) como de todo el genoma o
transcriptoma, es la deteccion de las mutaciones reales que subyacen a las
enfermedades mediante la secuenciacion masiva paralela del material genético. El
flujo general de trabajo para la deteccidn de variantes una vez obtenidos los datos de
secuenciacion comienza con el control de calidad de nuestras muestras (FastQC;
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) y el alineamiento de las
lecturas generadas frente al genoma de referencia. El alineamiento se puede realizar
con diferentes software bioinformaticos, dos de los mas utilizados en la deteccion de
variantes son BWA (Li and Durbin, 2009), en experimentos de DNA-seq o STAR (Dobin
et al., 2013), si queremos alinear lecturas procedentes de experimentos de RNA-Seq
(el algoritmo considera que existen fendmenos de splicing). Tras el alineamiento, se
eliminan duplicados de PCR que pueden introducir sesgos en el proceso de deteccién
de variantes; este paso se realiza con herramientas bioinformaticas de manejo de
secuencias, como Samtools (Li et al., 2009) o Picard (http://picard.sourceforge.net). El
esquema de andlisis continta con la deteccién variantes: GATK (McKenna et al., 2010)
o Samtools (Li, 2011), son dos de los software mas utilizados. Posteriormente se realiza
la anotacion funcional, una de las herramientas mas utilizadas es el programa Variant
Effect Predictor (VEP) (McLaren et al., 2010), con el objetivo de obtener toda la
informacién posible sobre la regiéon gendmica en la que se encuentran las mutaciones
identificadas y su posible efecto funcional (coddén stop, cambio de aminodcido,
mutacion sindnima, etc.). Una vez realizado estos pasos, el andlisis concluye con la

interpretacion bioldgica e identificacion de la mutacion causal.

Existen cuatro estrategias diferentes en la deteccidon de la mutacién causal (Ku et al.,
2012). En la estrategia seguida de forma universal se siguen tres criterios principales:
(1) eliminacidn de variantes comunes que ya han sido detectadas y descritas en la
especie de estudio; (2) centrar el estudio en variantes deletéreas, como las mutaciones
no sindnimas con cambio de sentido (missense), las que se producen codones de paro

o terminacién (nonsense), mutaciones en regiones de corte y empalme de exones
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(regiones de splicing) o inserciones/deleciones en secuencias codificantes; (3) predecir
los efectos funcionales de las variantes utilizando herramientas in silico como SIFT
(Kumar et al., 2009), Polyphen-2 (Adzhubei et al., 2010), o ANNOVAR (Wang et al.,
2010). Las otras estrategias se basan en el disefio del experimento, por ejemplo, si se
han secuenciado individuos no relacionados con el caso o individuos emparentados
con él. El filtrado de las variantes también dependera de si existen datos de ligamiento
o datos de regiones de homocigosis en las familias analizadas, ya que esto reducira
significativamente nuestros esfuerzos a la hora de localizar las mutaciones causales
acotando la regién de estudio. El modo de herencia del caracter mendeliano a estudiar
también sera otro criterio a tener en cuenta y determinara el filtrado de las variantes,
por ejemplo, si el modo de herencia es recesivo nos centraremos en variantes en

estado de homocigosis (Ku et al., 2012).

3.3. Andlisis de datos de RNA-Seq: flujo de trabajo para el anadlisis de expresién

diferencial

El flujo de trabajo que se sigue en el analisis de datos procedentes de RNA-Seq se
describe en la Figura 2. Existen multitud de herramientas bioinformaticas que nos
permitirian hacer el andlisis de los datos de un experimento de RNA-Seq. A modo de
resumen y para dar una idea de los diferentes pasos a seguir, se describen brevemente
las etapas del andlisis de expresion diferencial, que es uno de los analisis mas comunes

en los experimentos de RNA-Seq y que ha sido utilizado en esta Tesis Doctoral.

El primer paso en el analisis de expresion diferencial, una vez que se reciben los datos
de secuenciacidn, es el control de calidad de los mismos. En este paso se comprueba la
distribucién general de las lecturas, su longitud, la calidad de las bases en cada
posiciéon de las lecturas, la calidad de la secuencia, el contenido de bases por
secuencia, el contenido de Guanina-Citosina, el contenido de bases no leidas, la
presencia de kmeros, los niveles de duplicados, de secuencias sobrerepresentadas y la
existencia de secuencias de adaptadores utilizados en la secuenciacién. Una de las
herramientas mds utilizadas para probar la calidad de los datos brutos de
secuenciacion es FastQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastgc/). Las lecturas de baja
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calidad son eliminadas, en su totalidad o en parte, en funcién de los criterios que
fijemos cuando realizamos el control de calidad. Para realizar este paso existen
numerosos programas, dos de ellos son Fastx-Toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/) y Trimmomatic (Bolger et al., 2014). A
continuacion se realiza el mapeo. En este paso millones de secuencias son alineadas en
posiciones Unicas del genoma de referencia. Existen programas especializados en el
mapeo de lecturas procedentes de experimentos de RNA-Seq, que tienen en cuenta
los fendmenos de corte y empalme que se producen en la transcripcion del RNA en
eucariotas. Dos de los programas mas utilizados en el mapeo en experimentos de RNA-
Seq son TopHat2 (Kim et al., 2013) y STAR (Dobin et al., 2013). Después del mapeo se
realiza un ensamblado de las secuencias, lo que nos permitird identificar los diferentes
transcritos presentes en nuestras muestras, creando una anotacién de referencia que
podremos utilizar en la cuantificaciéon. El paguete de herramientas bioinformaticas
Cufflinks (Trapnell et al., 2010) es el mds utilizado para realizar el ensamblado. El
siguiente paso es la cuantificacion de lecturas por gen, para ello podemos utilizar el
archivo de anotacién de referencia del genoma de la especie en estudio o el archivo de
anotacién creado a partir del ensamblado de nuestras lecturas. Para la cuantificacion,
podemos utilizar programas que nos den los datos normalizados, como es el caso de
las herramientas de Cufflinks (Trapnell et al., 2010) o podemos utilizar programas que
proporcionen los recuentos brutos por gen como es el caso de HTSeqg-count (Anders et
al., 2015). La normalizacion es un aspecto muy importante en el analisis ya que su
objetivo es eliminar los efectos sistematicos que ocurren en los datos para asegurar
que los sesgos técnicos tengan un impacto minimo en los resultados del andlisis de
expresion diferencial (Robinson and Oshlack, 2010). Uno de los procedimientos de
normalizacién mas utilizados es el método FPKM (Fragments per Kilobase of Exon per
Million Fragments Mapped) que tiene en cuenta el tamafo de la genoteca y la longitud
del gen analizado, ya que los genes mas grandes tendrian un numero mas elevado de
lecturas que alinean frente a ellos. Sin embargo, se ha demostrado que la correccién
en base a la longitud del gen puede introducir sesgos en las varianzas por gen, sobre
todo en los que estan poco expresados (Oshlack and Wakefield, 2009). Existen otros
dos métodos de normalizacidon que realizan una correccion en funcion del tamano de

la genoteca, son el TMM (Trimed-Mean of M-values) aplicado por edgeR (Robinson et
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al., 2010) y el aplicado por DESeq2 (Love et al., 2014). Ambos se basan en la hipdtesis
de que la mayoria de los genes no estan diferencialmente expresados y proponen una
normalizacién fundamentada en el célculo de un factor escalar basado en un ratio de
la media o mediana de las lecturas por gen en todas las muestras (Dillies et al., 2013).
Una vez normalizados los datos se realiza el andlisis de expresién diferencial; tres de
los programas mas utilizados son Cuffdiff2 del paquete Cufflinks (Trapnell et al., 2012),
edgeR (Robinson et al., 2010) y DESeq2 (Love et al., 2014). El paso final consistiria en la
interpretacion bioldgica de los genes que han resultado diferencialmente expresados
en nuestro experimento, para ello se pueden realizar andlisis de enriquecimiento
funcional utilizando herramientas como el Ingenuity Pathway Analysis (IPA, Qiagen),
WebGestalt (Wang et al., 2013) o FatiGO (Al-Shahrour et al., 2007). También se podria
realizar una anotacion funcional de los genes/transcritos nuevos, que hemos
identificado en el analisis pero que no estan anotados, una de las herramientas mas

utilizadas para anotacion funcional es Blast2GO (Conesa et al., 2005).

Del mismo modo existen diferentes programas comerciales que permiten realizar el
flujo de andlisis completo de datos de RNA-Seq. Uno de mas populares es el CLC Bio

Genomic Workbench (Aahurs, Dinamarca).
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Figura 2. Flujo de trabajo en el analisis de datos de RNA-Seq.
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Abstract

Lissencephaly is an inherited developmental disorder in which neuronal migration is impaired. A type of lissencephaly
associated with cerebellar hypoplasia (LCH) was diagnosed in a commercial flock of Spanish Churra sheep. The
genotyping of 7 affected animals and 33 controls with the OvineSNP50 BeadChip enabled the localization of the
causative mutation for ovine LCH to a 4.8-Mb interval on sheep chromosome 4 using genome-wide association and
homozygosity mapping. The RELN gene, which is located within this interval, was considered a strong positional and
functional candidate because it plays critical roles in neuronal migration and layer formation. By performing a
sequencing analysis of this gene’s specific mRNA in a control lamb, we obtained the complete CDS of the ovine
RELN gene. The cDNA sequence from an LCH-affected lamb revealed a deletion of 31 bp (c.5410_5440del) in
predicted exon 36 of RELN, resulting in a premature termination codon. A functional analysis of this mutation
revealed decreased levels of RELN mRNA and a lack of reelin protein in the brain cortex and blood of affected
lambs. This mutation showed a complete concordance with the Mendelian recessive pattern of inheritance observed
for the disease. The identification of the causal mutation of LCH in Churra sheep will facilitate the implementation of
gene-assisted selection to detect heterozygous mutants, which will help breeders avoid at-risk matings in their flocks.
Moreover, the identification of this naturally occurring RELN mutation provides an opportunity to use Churra sheep as
a genetically characterized large animal model for the study of reelin functions in the developing and mature brain.
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Introduction

Lissencephaly (LIS), which literally means “smooth brain”,
refers to a group of rare malformations that share a common
feature: absent or abnormal brain convolutions caused by the
aberrant migration of postmitotic neurons to the developing
cortex. Although different forms of LIS have been described,
there is still no final consensus on their classification. The
classification system proposed by Jissendi-Tchofo et al. [1]
divides this disease into four different groups: classic
lissencephaly (cLIS), variant lissencephaly (vLIS), cobblestone
complex, and related muscular dystrophy syndrome.
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Lissencephalies are a genetically heterogeneous group of
disorders. There are seven different human LIS-related
phenotypes described in the Online Mendelian Inheritance in
Man (OMIM) database (#607432, #300067, #300215,
#257320, #611603, #614019 and #615191). These phenotypes
have been linked to different aberrant proteins related to the
cytoskeleton of neural cells (Platelet-activating factor
acetylhydrolase IB subunit alpha (PAFAH1B1 or LIS1),
Doublecortin (DCX) , Tubulin alpha-1A (TUBA1A)), signaling
molecules (Reelin (RELN), Very-low-density lipoprotein
receptor (VLDLR)), molecules that modulate stop signals for
migrating neurons (Protein-O-mannosyltransferase 1 (POMT1),
Protein O-linked-mannose beta-1,2-N-
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acetylglucosaminyltransferase 1 (POMGnNT1), Fukutin (FKTN))
and other factors shown to modulate neuronal migration
(Aristaless related homeobox (ARX), Laminin alpha 1
(LAMA1)) [2].

Lissencephaly with cerebellar hypoplasia (LCH) is a type of
LIS included within the vLIS group [1]. In this form of LIS, the
thickened cortex is associated with significant cerebellar
underdevelopment. Six subtypes of LCH have been described
[3]. Several genes that are involved in the gestational migration
of neurons have been linked to human LCH: PAFAH1B1 [3],
DCX[3], RELN [4], VLDLR [1,5] and TUBA1A [6].

Although rarely observed clinically, inherited forms of LCH
are well known in humans and mouse mutant models like the
reeler phenotype [7] due to its importance in understanding
brain development. However, beyond its known forms in
rodents, LCH is rarely described in veterinary medicine. Two
litters of Wire Fox Terriers and Irish Setters [8] and one two-
year-old cat [9] represent the only cases of LCH described in
domestic animals, to our knowledge.

Between 2004 and 2012, an inherited form of LCH was
identified in a commercial flock of Spanish Churra sheep. The
affected lambs exhibited severe ataxia, were unable to stand
by themselves and died several days after birth. Pathological
examination showed alterations in the brain characterized by
agyria, pachygyria and cerebellar hypoplasia. The segregation
of this disease in the affected pedigrees was consistent with a
recessive mode of Mendelian inheritance [10].

Recently, high-density single-nucleotide polymorphism
(SNP) arrays have provided an opportunity to explore the
genomes of livestock species to identify genes and mutations
that cause inherited defects [11]. In sheep, the lllumina
OvineSNP50 BeadChip has proven to be a useful tool for the
identification of causal mutations underlying the genetic control
of diseases with Mendelian inheritance patterns [12-14]. Using
this genomic tool, we performed genome-wide association and
homozygosity mapping analyses to map the ovine locus
associated with the form of LCH identified in Churra sheep.
These analyses allowed the identification of a strong positional
and functional candidate gene, which was subjected to later
analyses with the aim of identifying the causal mutation
underlying the studied developmental malformation.

Hence, the present study identified the causal mutation for
LCH in sheep, which will allow the direct implementation of
gene-assisted selection into breeding practices by enabling the
detection of phenotypically normal carriers. By deciphering the
genetic basis of this ovine disease, the current work also
provides a potential large animal model for human LCH, the
study of brain development and the development of possible
gene therapy treatments.

Materials and Methods

Ethics statement

Blood and tissue samples were collected from rams, ewes
and lambs by qualified veterinarians following standard
procedures and conducted under license issued in accordance
with European Union legislation (European Community
Directive, 86/609/EC and Directive 2010/63/EU of the
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European Parliament and of the Council). All animals were
managed in accordance with the guidelines for the
accommodation and care of animals.

The DNA samples used in this study were extracted from
blood leucocytes. For this purpose 4 mL of blood was obtained
by jugular venepuncture.

Tissues were collected immediately after euthanasia
(performed by a qualified veterinarian with an intravenous
injection of veterinary euthanasia drug (T-61, Intervet)). As the
samples were from a commercial flock that underwent
veterinary examination, we were in a special situation in
veterinary medicine and there was no “animal experiment”
according to the legal definitions in Spain (Animal care
legislation “Ley 32/2007”). According to the Ethics Commission
of the University of Leon, formal ethical approval is not required
under these circumstances.

Animals

Several LCH-affected animals were found in a commercial
flock of Spanish Churra sheep belonging to the Spanish Churra
sheep breeders’ association (ANCHE). For many years, the
breeding strategy for the flock has been based on the use of
rams from within this flock. Although a larger number of
possible LCH cases had been detected in the flock, we
examined seven LCH-affected animals, all of which exhibited
the same clinical features at birth. All these animals could not
stand by themselves and showed severe ataxia and muscular
hypertonia. The affected lambs had difficulty suckling from their
mothers and died a few days after birth. The post-mortem
examination showed agyria with only a few rudimentary sulci
and gyri, as well as marked cerebellar hypoplasia. The
microscopically normal layering of the cerebral cortex was
disorganized, and immunohistochemical staining of the
neurofilaments revealed a three-layered cortex instead of the
six layers that appear in normal brains. All these findings were
consistent with LCH [10].

Samples and pedigree information

Blood samples were collected from 63 animals from the
LCH-affected flock. Seven of these animals were affected
lambs. DNA was extracted from blood using the salting out
procedure [15]. To confirm the familial relationships recorded in
the flock register, all the samples were analyzed for a set of 19
microsatellite markers in a single multiplex PCR reaction [16].
To construct the pedigree of the sampled animals information
about the ram parents, grandparents and great-grandparents
was obtained from the ANCHE database.

The pedigree was constructed to confirm the monogenic
autosomic mode of inheritance of this ovine disease reported
[10] and to identify the common founder responsible of the
establishment of the disease in this flock. For this purpose, we
used CraneFoot software [17].

Mapping the causative gene for lissencephaly

A total of 40 DNA samples were genotyped using the
lllumina OvineSNP50 BeadChip. These samples included 20
unrelated, healthy Churra individuals from different flocks of the
Churra Selection Nucleus and 20 animals from the affected
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flock. Seven of the sheep from the affected flock were LCH
lambs, and the rest were related to them (sires, dams, siblings
or half-siblings of the affected lambs). Raw data will be shared
upon request.

The results were analyzed using PLINK software [18]. Firstly,
a quality control procedure was performed to eliminate animals
with call rates lower than 0.95 and SNPs with genotyping rate
values lower than 0.05 and minor allele frequencies lower than
0.01. After the frequency and genotype pruning, 47,864 SNPs
were considered in the subsequent analysis. The --assoc
option of the PLINK software was used to perform a case-
control genome-wide association (GWA) analysis. The
empirical p-values were corrected by performing a permutation
procedure implemented in PLINK with 100,000 permutations.

Finally, an analysis of runs of homozygosity was carried out.
The LCH cases were filtered to identify allele-sharing regions.
The SNPs flanking the consensus region according to this
analysis were used to locate this region in the Ovine Genome
Assembly v3.1 browser (http://www.livestockgenomics.csiro.au/
cgi-bin/gbrowse/oarv3.1/).  Genes located within  the
homozygosity block were evaluated as putative positional
candidate genes. A second analysis of runs of homozygosity
was performed on only 10 unrelated healthy Churra sheep to
confirm that these control individuals did not share any
common homozygous regions with the affected lambs.

Isolation of the complete coding sequence of the ovine
RELN gene and mutation scanning

Because of its association with human LCH [4], the RELN
gene, located within the homozygosity block (4.8 Mb), was
identified as the most promising candidate. Due to the large
size of the RELN gene, which encompasses 450 kb distributed
across 65 exons in the human genome [19], we first examined
the RELN coding sequence. Brain tissues from a control lamb
and an affected lamb were collected for RNA extraction. The
use of the animals was in compliance with the guidelines
approved by the University of Leon Ethics Commission. The
brain tissue samples were harvested immediately after
euthanasia and were preserved in RNA Stabilization Reagent
(RNAlater, Ambion). Slices of up to 500 mg of brain tissue were
processed with the RNeasy Lipid Tissue Midi Kit (Qiagen) to
extract total RNA.

For the primer design, due to the absence of a published
RNA sequence for the ovine RELN gene, we first constructed a
virtual mMRNA sequence based on exons obtained by a BLAST
comparison of the GenBank human (NM_005045) and mouse
(NM_011261) mRNA sequences against the genomic RELN
sequence obtained from the ovine genome assembly v3.1. For
this procedure, we used the web-based Spidey software,
available at http://www.ncbi.nlm.nih.gov/spidey/.

The virtual mMRNA sequence thus generated was used to
design 32 primer pairs to cover all the RELN coding sequence,
using the Primer3 software [20]. The information from the
human and mouse sequences was considered to avoid
designing primers in regions with significant differences across
species.

One-step RT-PCR was performed to amplify aliquots of
60-80 ng of RNA using the Qiagen OneStep RT-PCR Kit. The
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sequences and annealing temperatures of all the primer pairs
are provided in Table S1. Finally, the sequence information
generated was assembled and analyzed for polymorphisms.

After the mRNA sequence was established, the predicted
protein sequence was compared with the human and mouse
RELN protein sequences using the align option of the web-
based UniProt software (http://www.uniprot.org/). The effects
on protein sequence and secondary structures of the mutations
that had been identified by the sequencing analysis were
predicted using the SWISS-MODEL software [21-23].

Confirmation and genotyping of the causal mutation
After identifying the putative causal mutation in the mRNA
sequence, we confirmed its direct association with the studied
phenotype by analyzing additional samples at the genomic
DNA level. DNA was extracted from blood samples collected
from six cases, six controls and six mothers of affected

animals.
A pair of primers (RELNovine_ex36up: 5-
TTGCCTTCTCCGGTTTAATG and RELNovine_ex36dn: 5'-

AGGGATTTGTGATGCTGGAC) were designed to amplify a
498-bp fragment of the gene sequence containing the 31-bp
deletion that was identified as the possible causal mutation.
The amplicons were purified by ExoSAP-IT (UBS Corporation)
treatment and were dideoxy-sequenced in both directions with
the Big Dye Terminator Cycle Sequencing Kit v3.1 (Applied
Biosystems) with the same primers used for fragment
amplification. The sequence data were analyzed with
SeqScape v2.5 software (Applied Biosystems).

Functional analysis of the 31-bp deletion: quantification
of RELN mRNA by qRT-PCR

To quantify the levels of RELN mRNA in affected lambs and
to compare them with unaffected animals, we performed two
gRT-PCR ampilifications in six LCH cases and six controls. The
gRT-PCR assay was designed to amplify two different regions
of the ovine RELN gene: a shared region which included 139
bp of the third reelin repeat, and the mutated region which
include the four reelin-specific repeat encompassing the
deletion.

Total RNA was isolated from the brains of six controls and
six cases using TRIzol® Reagent and the PureLink™ RNA Mini
Kit (Invitrogen) according to the manufacturer's instructions.
The high capacity cDNA Reverse Transcription kit (Applied
Biosystems) was used to synthesize DNA according to the
manufacturer's instructions. Quantitative reverse transcription
polymerase chain reaction was performed using the
StepOne™ Real-Time PCR System (Applied Biosystems) with
Power SYBR® Green PCR Master Mix according to the
manufacturer's instructions (see Table S2 for the primer
sequences). The RELN gene transcript levels were calculated
using the relative standard curve method normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Functional analysis of the 31-bp deletion: Western blot
analysis

A Western blot was performed to confirm that the 31-bp
deletion identified in the affected individuals affected reelin
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Figure 1. Pedigree displaying LCH in Churra sheep. The arrow indicates the ram identified as the common founder animal for
the LCH disease. The lines indicate the inbreeding lops. Cases are indicated as solid symbols.

doi: 10.1371/journal.pone.0081072.g001

expression. We analyzed the protein in brains and sera from
affected and unaffected animals. Samples (0.1 g) of sheep
frontal cortex were homogenized (10% w/v) in 50 mM Tris-HCI
pH 7.4, 150 mM NacCl, 0.5% Triton X-100 and 0.5% Nonidet
P-40 containing a cocktail of protease inhibitors [24]. The
homogenates were sonicated and centrifuged at 20,000xg for
20 min at 4°C, and the supernatants collected and frozen at
-80°C. Sheep brain extracts (30 pg) and serum samples (0.8
pl) were incubated with 6x SDS-PAGE sample buffer at 98°C
for 3 min and then resolved using 6% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). The proteins were blotted onto
nitrocellulose membranes and incubated with the monoclonal
mouse anti-Reelin 142 antibody (1:500 dilution, Merck
Millipore) and with a secondary antibody (1:4000 dilution,
horseradish peroxidase (HRP)-conjugated anti-mouse IgG,
(Sigma Chemicals). The signals were visualized with the HRP
chemiluminescent substrate Luminata™ Forte (Merck Millipore)
in a Luminescent Image Analyzer LAS-1000 Plus (Fuijifilm), and
analyzed using the Science Lab Image Gauge v3.0 software
(Fuijifilm).
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Results

Pedigree analysis

The pedigree of the affected individuals (Figure 1) was
constructed to confirm the mode of inheritance previously
described [10] and to search for the common founder of LCH in
this flock. The breeding history of the affected families was
consistent with a monogenic autosomal recessive pattern of
inheritance. The parents and half-siblings of the affected
animals did not show clinical signs of the disease. The parents
of the affected animals were classified as obligate carriers.

An analysis of the pedigree data revealed that the LCH-
affected individuals were descended from a single ram founder
(HKLD8633) via either the paternal or maternal line (Figure 1).
This male was born in 1986, and the disease was first
recognized in 2004, four generations later.
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Figure 2. GWA and homozygosity mapping analyses for ovine LCH. (A) Manhattan plot resulting from the case-control
association analysis performed with 7 affected animals and 33 controls. The X-axis shows the positions of the genome analyzed
across the 26 ovine autosomes, whereas the Y-axis represents the -log,, P-values obtained after 100,000 permutations using
PLINK. Alternating colors mark the limits between autosomes. The arrow indicates the most significant association identified, which
was located on OAR4 (at 42,810,217 bp position). (B) Homozygosity mapping of the LCH mutation. The analysis of SNP genotypes
from affected lambs indicated that they all shared an extended overlapping homozygous region on OAR 4 (indicated by orange
blocks). The common haplotype block, where the causative mutation is located, expands between 42.369 and 47.251 Mb on OAR4
(indicated by the red box). (C) Gene content of the 4.8-Mb homozygosity block interval shared by the affected individuals based on
the comparative genomic map with the orthologous regions in human and cow and including the RELN gene.

doi: 10.1371/journal.pone.0081072.g002

Genome-wide association and runs of homozygosity association was OAR4_45088426, which is located at position

studies 42,810,217 bp in the OARV3.1 ovine genome sequence. After
The GWA study revealed that the strongest association with 100,000 permutations were performed, this SNP showed a

the LCH phenotype localized to sheep chromosome 4 (OAR4)  genome-wide corrected P-value of 2.4x10.

(Figure 2). The SNP showing the most highly significant
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The homozygosity mapping approach that was performed
later to narrow the region containing the LCH mutation was
chosen on the assumption that the affected lambs were
identical by descent (IBD) for the causative mutation and the
flanking chromosomal segments. The seven genotyped cases
showed a single, large homozygous consensus region on
OARA4 that contained 91 SNP markers corresponding to a 4.8-
Mb interval from 42.369-47.251 Mb (Figure 2). Analyzing the
data from the 10 unrelated healthy Churra controls did not
reveal any homozygous shared regions across the genome
that were greater than 300 Kb. Because of the limited
annotation of the ovine genome assembly (v 3.1), we inferred
the gene annotation of the mapped interval from the
corresponding bovine and human orthologous intervals. The
ovine LCH interval corresponds to segments on bovine
chromosome (BTA) 4 and human chromosome (HSA) 7. A
careful inspection of the BTA4 and HSA7 genes and database
searches for their presumed functions indicated that the gene
that encodes the reelin protein was the most promising
functional candidate gene. RELN is located within the critical
identified intervals: at 44.6 Mb on OAR4, at 44.8 Mb on BTA4
and at 103.1 Mb on HSA7. The reelin protein plays critical roles
in neuronal migration and layer formation [25] and has been
associated with the human LIS forms LIS2 and Norman-
Roberts syndrome [4].

Complete coding sequence of the ovine RELN gene

Because no reference sequence of the ovine RELN gene
was initially available, the sequencing analysis of the specific
mRNA of this gene in a control lamb allowed us to obtain the
complete cDNA of the ovine RELN gene (GenBank acc. no.
KC590614).

The BLAST comparison of the sequenced cDNA and the
genomic sequence obtained from the ovine genome assembly
v3.1 using the Spidey program showed an overall identity of
99% with 95% of mMRNA coverage. The comparison between
the cDNA and genomic DNA sequences allowed us to predict
the structure of the coding sequence at the genomic level,
resulting in 64 exons.

The sheep RELN cDNA sequence encodes a predicted
protein of 3460 amino acids. The UniProt software (http:/
www.uniprot.org/) was used to compare the predicted amino
acid sequence from the ovine RELN gene with several
available sequences, including human (P78509), mouse
(Q60841) and rat (P58751) (Figure S1). The ovine RELN
protein sequence showed 97% homology with the human
protein and 95% homology with the mouse and rat sequences,
suggesting high conservation of this protein across species.

DNA variant scanning and identification of the causal
mutation

To identify the causal mutation of the studied disease, the
entire RELN coding sequence from an affected lamb was
sequenced. We amplified 9986 bp, corresponding to 96.21% of
the coding region previously amplified in the control sample.

The sequence comparison between the control and affected
samples revealed the presence of six SNPs and one 31-bp
deletion (Table 1). For the two SNPs that produced amino acid
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Table 1. DNA variants found by cDNA sequencing of the
ovine RELN gene in a case and a control.

Mutation ID Control Case Reference” Protein level
c.44ta t/a t/a t p.Leu15GIn
c.2676ag ala a/g a p.=
¢.5410_5440del - del - p.0

c.5862ct c/t clc [ p.=

c8010gc glc a/g g p.-Met2670lle
c8754tc tlc tt t p.=

c.9153ag alg ala a p.=

The effect of each DNA variant on the protein sequence is indicated in the last
column.

* Reference based on the nucleotide found for this position in the Ovine Genome
Assembly v3.1.

doi: 10.1371/journal.pone.0081072.t001

changes, the LCH-affected lamb shared the heterozygous state
with the normal lamb (p.Leu15GIn) or was homozygous for the
wild-type allele exhibited by 8 normal animals and the
reference sequence of the ovine assembly at this position
(p-Met2670lle). In contrast, the identified 31-bp deletion (c.
5410_5440del) was present in a homozygous form in the LCH
lamb (c.5410_5440del) but not in the control animal. Based on
the genomic structure obtained by a comparison of the cDNA
and the gDNA, this mutation occurred within the sequence of
predicted exon 36 of the ovine RELN gene. This mutation was
predicted to cause a shift in the open reading frame of the
RELN coding sequence and create a stop codon at position
1817. This mutation would lead to a truncated protein of 1817
amino acids (1803 amino acids of normal reelin followed by 14
missense amino acids and a premature termination codon) vs.
the normal 3460-amino-acid-long RELN protein. Due to its
highly disruptive effect on the composition and structure of the
resulting protein, this 31-bp deletion was identified as possibly
directly responsible for the disease under study.

Confirmation and genotyping of the causal mutation

To confirm a direct association between the ¢.5410_5440del
allelic variant and the LCH phenotype, we searched for a
correspondence between the genotype of this deletion and the
gDNA sequences of affected and carrier animals. Using DNA
samples, we performed PCR amplifications of putative exon 36
for six cases, six unrelated controls and six mothers of affected
lambs. The resulting amplicon was sequenced and analyzed
with the SeqScape v2.5 software (Applied Biosystems). All the
samples from the LCH-affected animals were homozygous for
the identified 31-bp deletion (c.5410_5440del/c.5410_5440del
or Lis/Lis); the mothers were heterozygous for this mutation
(Lis/+); and the controls from different flocks were homozygous
(+/+) for the wild-type allele (Figure 3).

Functional analysis of the 31-bp deletion

The levels of RELN mRNA in the affected lambs were
markedly reduced, with means of 0.08 for the shared region
and 0.04 for the mutated region compared with the mean
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newborn lamb brain. (A2) LCH-affected lamb brain. (B) Electropherograms including the mutated region at exon 36 of RELN in the
normal and LCH-affected lambs. The bases within the red square are included in the 31-bp deletion (c.5410_5440del) detected in

the LCH-affected lambs.
doi: 10.1371/journal.pone.0081072.g003

values observed for the control animals (1.52 and 0.40 for the
shared and mutated fragments, respectively) (Figure 4A). In
both cases, a one-tailed Student’s t-test revealed significant
differences in the RELN mRNA expression level between the
cases and controls (P < 0.001). We also analyzed the protein
levels of reelin in the cortex and serum using Western blots
(Figure 4B). Three typical reelin-immunoreactive bands of 420
kDa, 310 kDa and 180 kDa with different densities
corresponding to the full-length and truncated N-terminal
fragments [24] were observed in both the cortex and the serum
of healthy lambs. The homozygous Lis/Lis animals showed a
lack of reelin in both, tissue and fluids.

Discussion

We herein demonstrate that LCH in sheep is due to a 31-bp
deletion encompassing predicted exon 36 of the ovine RELN
gene. This mutation was the only abnormality detected by
sequencing the entire CDS of the RELN gene, which was the
best positional and functional candidate in the region
highlighted by GWA and homozygosity analyses. In this study,
we revealed that homozygous individuals for this mutation
lacked the extracellular protein reelin, which has been shown to
play a key role in neuronal migration during the embryonic
stage and whose absence causes LCH in humans and rodents
[4,26]. The discovery of this mutation has allowed screening in
the affected flock to identify phenotypically normal individuals
carrying the 31-bp deletion to avoid at-risk matings. The
implementation of this gene-assisted selection approach has
solved the problem of LCH in Churra sheep flocks.

The results of this work support previous results in different
livestock species, in which the use of genomic methodologies
has had important practical consequences. High-throughput
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genotyping platforms allow the rapid control of emerging
recessive defects with otherwise major economic and animal
welfare implications [11,14]. In this study, 7 LCH cases, 13
related animals and 20 unrelated controls were genotyped
using the OvineSNP50 BeadChip. Both the case-control
association analysis and the run of homozygosity performed
with the SNP-chip derived dataset suggested that the same
region on chromosome OAR4 was the most likely to harbor the
causal mutation responsible for LCH in Churra sheep. Within
the homozygous consensus interval on OAR4 (42.4-47.2 Mb),
we identified the RELN gene as a good functional and
positional candidate for the studied phenotype. Based on the
recessive mode of inheritance of the disease, which had been
deduced based on a segregation analysis of affected
pedigrees, a loss-of-function mutation in the coding sequence
of the RELN gene was predicted.

Sequencing the cDNA of the RELN gene allowed us to
obtain the complete coding sequence of this gene in a control
sample. For the case sample, 96.21% of the sequence was
obtained, revealing a deletion of 31 bp in putative exon 36 of
the RELN gene (c.5410_5440del), which results in the
premature termination of the predicted protein and the loss of
the final 1643 amino acids of the protein, including the loss of
the highly basic C-terminal region [27,28]. The mutation was
confrmed at the genomic level, and three genotypes
cosegregate with disease status: homozygous mutants (Lis/Lis)
were the affected lambs, heterozygous animals (Lis/+)
corresponded to the phenotypically normal carriers (ewes and
rams of the affected lambs), and the wild-type genotype (+/+)
was identified in all the analyzed control individuals. These
genotypes completely agreed with the autosomal recessive
mode of Mendelian inheritance previously inferred for LCH in
Churra sheep [10].

November 2013 | Volume 8 | Issue 11 | e81072



Lissencephaly in Sheep Caused by RELN Mutation

mcontrols @D cases
20

18
P<0.001

=
E=N

-
(%]

Relative mRNA expression
® o

o
o

P<0.001

0.2

0,0
Shared region Mutated region

cortex serum

+/+ LislLis +/+ Lis/Lis

420kDa a——
310kDa w— .y

180kDa (= e

Figure 4. Functional evaluation of the 31-bp deletion (c.5410_5440del) in the ovine RELN gene. (A) Expression of RELN
mRNA analyzed by qRT-PCR. The figure shows the relative expression obtained from two regions of the mRNA: the “Shared
region” includes 139 bp of the third reelin repeat, and the “Mutated region” amplifies a fragment that includes the fourth repeat,
where the 31-bp deletion was located. The samples were analyzed in triplicate. The values were calculated using relative standard
curves and were normalized to GAPDH from the same cDNA preparations and are expressed as the means + SEM. The specificity
of the PCR products was confirmed by melting curve analysis after the qRT-PCR. In both regions significant differences (P < 0.001)
in mRNA level were evidenced using the one-tailed Student’s t-test. (B) Western blot immunoprobed for reelin of brain extracts (30
pg) and serum samples (0.8 ul) from control lamb (+/+) and lissencephaly-affected lamb homozygous for the deletion (Lis/Lis).

doi: 10.1371/journal.pone.0081072.g004
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The low amount of mRNA in the LCH brain samples
compared with the control samples (identified through the qRT-
PCR analysis) may explain the difficulties experienced in the
amplification of some regions of the coding sequence in the
affected animals. The decreased levels of RELN mRNA may
be the result of nonsense-mediated MRNA decay (NMD). NMD
is a mechanism whereby mRNAs harboring premature
termination codons are selectively degraded. This quality-
control machinery prevents the production of truncated proteins
with dominant-negative or deleterious gain-of-function activities
[29] and is the likely reason for the absence of a protein signal
in the Western blots of the LCH-affected lambs. Western blots
were resolved with the anti-reelin antibody 142, an antibody
raised to the N-terminus of reelin, and thus presumably should
detect a hypothetical truncated C-terminal reelin.

Lissencephaly is a neuronal migration disorder characterized
by a paucity or absence of cerebral sulcation and gyration
accompanied by abnormal architecture of the cerebral cortex
[30]. This disease comprises a group of brain developmental
disorders with a heterogeneous genetic basis [31-33]. Human
LCH, an autosomal recessive form of lissencephaly, has been
described in two consanguineous pedigrees (OMIM #257320),
and two different variants of the RELN gene were discovered
as causal mutations in these patients [4]. Mutations that
inactivate the RELN gene produce the majority of the identified
mouse mutants with a phenotype similar to LCH, known as
reeler [34-36]. However, mutant mice with phenotypes
indistinguishable from reeler have also been identified by
disrupting genes such as Dab1, ApoER2 and VIdir, which are
involved in the reelin signaling pathway [2,37].

Among the known RELN mutations, the mouse Albany2
(Reln ™A®2) [35], the creeping rat (Reln°¢) [38] and the human
mutation found in a Saudi Arabian [4] pedigree resemble the
ovine RELN mutation (Figure 5). All these mutations are
expected to truncate the fourth specific reelin repeat of the
predicted protein. As in the Albany2 reeler, the LCH-affected
lambs exhibited reduced RNA concentrations, although no
experimental protein analysis data was available from this
mutant mouse [35]. Western blot analyses of sera from human
LCH patients have shown a loss of reelin protein [4] similar to
that occurring in the sheep cases reported here.

The resemblance between the mutations associated with
LCH in the four species mentioned above supports the
causative nature of the RELN gene 31-bp deletion reported
here in relation to the LCH phenotype observed in Churra
sheep and suggests that this is likely a null allele that is directly
related to the LCH disease.

Development of the human brain requires a complex
dynamic process of neuronal migration and positioning. A
crucial problem in developmental neurobiology is to understand
the genetic and biochemical pathways that regulate production

PLOS ONE | www.plosone.org

53

Lissencephaly in Sheep Caused by RELN Mutation

and migration of immature neurons. A detailed understanding
of the mechanism of action of genes involved is necessary.
Animal models have efficiently been used to understand the
mechanisms of action and the pathophysiological abnormalities
that result from mutations in genes involved in human
lissencephaly [37,38]. A potential long-term goal such the
development of target therapies for Human Lissencephaly
would not be possible without a detailed understanding of the
neuronal migration pathway.

Reelin protein has been identified as a major determinant of
neuronal migration and plays a critical role in neuronal cell
maturation during the development of central nervous system.
Reeler mice mutants have been used as an opportunity to
dissect the complex mechanism that underlies the molecular
basis of the brain development [34]. Nonetheless, the adult
primate brain displays remarkable differences with the rodent
brain in the reelin-immunoreactive pattern [39]; therefore
accessibility to large animal models maybe of interest in order
to a better approach to human disease.

To our knowledge, the LCH sheep is the first large animal
model with a confirmed mutation in RELN. A large RELN
mutant model would be a valuable and powerful tool for studies
of reelin function in neuronal migration and brain development.
Large animal models present many advantages compared with
small animal models, such as their greater physiological
similarity to human patients and their larger body size [40].

Furthermore, animal models in which reelin expression is
altered have provided important information about the actions
of this protein in the mature brain. Recent evidence has shown
that reelin is involved in modulating synaptic function in adults
[41-45]. Several disorders, such as autism, schizophrenia,
bipolar disorder, major depression and Alzheimer’s disease,
have been associated with abnormal levels of reelin in the
serum and brain [46]. In this context, the longer life span and
brain physiology of humans show a higher level of
resemblance with the ovine model described here than with
other small mutant models. Hence, the sheep RELN mutant
model described in this study would allow a better
understanding of reelin synaptic functions and their implications
in the neuronal disorders described in the mature brain.

In conclusion, we have identified the causal mutation for
ovine LCH in Churra sheep. This mutation (c.5410_5440del) is
located in putative exon 36 of the RELN gene and leads to the
formation of a premature termination codon without protein
expression.

The identification of the causal mutation for LCH in Churra
sheep allows us to identify carriers and help breeders avoid at-
risk matings between heterozygous animals. Moreover, the
identification of RELN mutant sheep provides a suitable large
model for the study of reelin functions in the developing and
mature brain.
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Figure 5. Schematic representation of RELN mutant alleles. (A)Predicted wild-type reelin protein consist of a F-spondin-like
domain at the amino terminus, followed by 8 reelin repeats, each consisting of an internal EGF-like motif (black) flanked by reelin-
specific sequence. The C-terminus includes highly basic aminoacids that appear to be required for secretion. The location of the
predicted protein termination due to the ovine deletion is indicated by a black arrow. (B) Table comparing the RELN mutant alleles
detected in different species indicating the effect of each mutation on reelin activity. The reference for each allele is indicated
between square brackets.

doi: 10.1371/journal.pone.0081072.g005
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Supporting Information

Figure S1. Predicted ovine Reelin aminoacid sequence.
Aminoacid sequences of sheep (upper sequence), human
(P78509), mouse (Q60841) and rat (P58751) Reelin are
aligned using the UniProt software (http://www.uniprot.org/
align). The sequence comparison showed a high conservation
of this protein across species.

(PDF)

Table S1. Primers used in the amplification cDNA of the
ovine RELN gene. The length of the amplified product and the
melting temperature (Tm) of the RT-PCR are also indicated.
(DOCX)

Table S2. Primers used to quantify the levels of RELN
mRNA by qRT-PCR. The length of the amplified product and
the melting temperature (Tm) are also indicated.
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@Resumen:

Procedimiento y kit de diagnéstico de lisencefalia con
hipoplasia cerebelar en ganado ovino. EI
procedimiento comprende la deteccion de la
presencia o ausencia de un fragmento de ADN del
gen RELN ovino, identificado por la secuencia SEQ ID
NO: 1, en una muestra biolégica obtenida de ganado
ovino. Dicha identificacion puede realizarse
amplificando por PCR en dicha muestra un fragmento
de ADN situado entre los cebadores con una
identidad de al menos 80 % respecto a las
secuencias SEQ ID NO: 2 y 3, determinando el
numero y tamafio de los fragmentos de ADN
resultantes de dicha amplificacion y realizando un
diagnéstico de lisencefalia con hipoplasia cerebelar a
partir de la informacién obtenida en el paso anterior.
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DESCRIPCION
Procedimiento y kit de diagndstico de lisencefalia con hipoplasia cerebelar en ganado ovino.

CAMPO DE LA INVENCION

El campo de la invencién es el diagndstico de enfermedades genéticas de herencia mendeliana simple
(monogénica) en animales domésticos. En particular, la presente invencion se refiere a la deteccion de la mutacion
responsable de la enfermedad genética denominada lisencefalia con hipoplasia cerebelar en el ganado ovino y al
método de determinacion del estatus genético de un individuo (sano, portador, enfermo) en relacion con esta
enfermedad.

ANTECEDENTES DE LA INVENCION

El término lisencefalia significa literalmente “cerebro liso” y engloba a un grupo de malformaciones severas del
cerebro causadas por una migracion anormal de las neuronas post-mitéticas al cértex en desarrollo. La lisencefalia
se caracteriza por la ausencia total (agiria) o parcial (paquigiria) de circunvoluciones cerebrales. Se asocia con un
cortex cerebral engrosado y heterotopia neuronal difusa.

Existen diversos tipos de lisencefalia, pero principalmente se clasifican en dos: lisencefalia clasica y lisencefalia
pavimentosa. La lisencefalia con hipoplasia cerebelar (LHC) se constituye como una variante de estas, ya que a las
malformaciones a nivel del cortex cerebral (que pueden ser de tipo clasica o pavimentosa) se asocia un
subdesarrollo del cerebelo. Dentro de la LHC se pueden distinguir seis subtipos.

La base genética de la LHC ovina no ha sido descrita y por tanto no existe actualmente un marcador genético para
esta enfermedad del ganado ovino que pueda utilizarse para predecir el estatus de portador o no portador de
animales sanos en rebafios en los que se haya identificado la enfermedad.

El procedimiento diagndstico de la LHC descrito en la presente invencion se basa en que en la presente invencion
se ha identificado una mutacién asociada a la enfermedad en un fragmento del gen RELN, que codifica para la
proteina Reelina. La Reelina es una proteina extracelular implicada en la migracion neuronal postmitética durante el
periodo embrionario que juega un papel clave en el desarrollo del sistema nervioso central (SNC).

En humanos, mutaciones en el gen RELN provocan una LHC conocida como lisencefalia tipo 2 o sindrome Norman
Roberts (OMIM: 257320). En roedores, alteraciones en la reelina o en su cascada de sefalizacion originan el
fenotipo reeler. Los roedores reeler han sido ampliamente estudiados tanto por ser un modelo de la enfermedad
humana como por su utilidad a la hora del estudio de la migracién neuronal y desarrollo del SNC.

El gen RELN esta situado en el cromosoma ovino 4 (OAR4), en la region 44.668.137- 45.204.609 pb segun la
version Oarv3.1 del genoma ovino. La distribucidon de exones e intrones a lo largo de las 536.472 Kb del ADN que
contiene el gen RELN no se ha determinado anteriormente.

DESCRIPCION DE LA INVENCION

Una realizacion es un procedimiento de diagnostico de lisencefalia con hipoplasia cerebelar en ganado ovino que
comprende la deteccion de la presencia o ausencia de un fragmento de ADN del gen RELN ovino, identificado por la
secuencia SEQ ID NO: 1, en una muestra biolégica obtenida de ganado ovino, en adelante procedimiento de la
invencion.

Los inventores de la presente invencion han determinado que el tamafo de la regidn codificante del gen es de 10383
pb distribuidos en un total de 64 exones.

La secuencia codificante del mARN (CDS) del gen RELN ha sido depositada por los inventores de la presente
invencién en GenBank con fecha 07/02/2013, obteniéndose para ella el niumero de acceso KC590614.

El fragmento de ADN identificado por la secuencia SEQ ID NO: 1 corresponde a una delecién de 31 pb entre las
posiciones 5.410 y 5.440 de la secuencia codificante del mMARN del gen RELN ovino antes referida (GenBank Acc.
no KC590614), correspondiente a las posiciones 44752377 y 44752407 pb en la secuencia de ADN del genoma
ovino (Oarv3.1), en el exdn 36 del gen. Esta delecion se ha identificado por primera vez en la presente invencion
como responsable de la lisencefalia con hipoplasia cerebelar en oveja, mediante un estudio comparado de la
secuencia codificante de este gen en animales enfermos y sanos.

El procedimiento de la invencion permite detectar individuos sanos portadores de la enfermedad. Dichos portadores
seran heterocigotos para la delecion de 31 pb localizada en el exén 36 del gen, es decir tendran una copia del gen
completa y otra copia portadora de la delecion.

Otra realizacidon es el procedimiento de la invencion, donde dicha deteccidon se realiza con un biosensor o
microarray.
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Otra realizacion es el procedimiento de la invencion, que comprende:

(a) amplificar por PCR en dicha muestra bioldgica un fragmento de ADN situado entre los cebadores con una
identidad de al menos 80 % respecto a las secuencias SEQ ID NO: 2y 3,

(b) determinar el numero y tamafio de los fragmentos de ADN resultantes de dicha amplificacion y

(c) realizar un diagnéstico de lisencefalia con hipoplasia cerebelar a partir de la informacion obtenida en el paso (b).

En la presente solicitud, dicho porcentaje de identidad en una secuencia determinada se calcula teniendo en cuenta
que un 80% de identidad significa que un 80% de residuos de la secuencia completa de los cebadores identificados
por las secuencias SEQ ID NO: 2 y 3 son idénticos a los residuos de la secuencia determinada.

Otra realizacion es el procedimiento de la invencién, en el que antes de la etapa (a) se realiza una extraccion de
ADN de dicha muestra bioldgica.

La extraccién del ADN a partir de estas muestras se puede realizar por métodos como el fenol-cloroformo descrito
en Sambrook, 1989 (Sambrook, J. et. al., 1989, Molecular Cloning: A Laboratory Manual. 2nd edition. New York:
Cold Spring Harbor Laboratory Press); por el método “Salting out” descrito en Miller, 1988 (Miller, S.A. et al, 1988. A
simple salting out procedure for extracting DNA from human nucleated cells. Nucleic acids research, 16(3), pp. 1215)
en el caso del semen o la utilizacion de Chelex-100 (BioRad Laboratories, Hercules, CA) para la extraccion a partir
de muestras de pelo. La extraccion del ADN también se puede realizar utilizando Kits comerciales de extraccion de
ADN, sobre todo para muestras de saliva o de muestras de flujo nasal en las que se parte de una escasa cantidad
de células nucleadas.

Otra realizacion es el procedimiento de la invencion, donde dicha identidad de secuencia es de al menos 90%.

Otra realizacion es el procedimiento de la invencién, donde dichos cebadores estan identificados por las secuencias
SEQID NO: 2y SEQ ID NO: 3.

Otra realizacion es el procedimiento de la invencion, donde dicha muestra bioldgica esta seleccionada del grupo
compuesto por pelo, tejido, célula o fluido biolégico.

Otra realizacién es el procedimiento de la invencion, donde dicho fluido biolégico esta seleccionado del grupo
compuesto por saliva, leche, suero, plasma sanguineo, sangre, semen y fluido nasal.

Otra realizacién es un kit para realizar el procedimiento de la invencién, que comprende los cebadores identificados
por las secuencias SEQ ID NO: 2 y SEQ ID NO: 3.

El procedimiento de la invencion constituye un método sencillo, rapido y econdmico de deteccion de animales
portadores, evitando que animales heterocigotos puedan seleccionarse para reposicion en el rebafo y ser incluidos
en el programa de mejora correspondiente, hechos que favorecerian la diseminacion de la enfermedad.

El procedimiento de la invencion puede utilizarse también para la deteccion de animales portadores en el caso de
cruzamientos programados para obtener animales que sirvan como modelo animal en el estudio de la enfermedad.

El procedimiento de la invencion puede aplicarse a corderos que presenten sintomas nerviosos compatibles con la
enfermedad con el fin de descartarla sin necesidad de realizar una necropsia. Otras enfermedades con sintomas
similares son la colibacilosis nerviosa, que en corderos recién nacidos produce delgadez y ataxia.

TEXTO LIBRE DE LA LISTA DE SECUENCIAS
A continuacién se aporta una traduccion del texto libre en inglés que aparece en la lista de secuencias.

SEQ ID NO: 1. Fragmento de delecién del gen ovino RELN.

SEQ ID NO: 2. Cebador sentido para PCR.

SEQ ID NO: 3. Cebador antisentido para PCR.

SEQ ID NO: 4. Fragmento del gen salvaje ovino RELN.

188..365 Exon 36

277..307 Fragmento de delecion

SEQ ID NO: 5. Fragmento del gen ovino RELN resultante de la delecion.
188..334 Exon 36

BREVE DESCRIPCION DE LAS FIGURAS

Figura 1. Se muestran los resultados para 5 muestras, de izquierda a derecha,

en la tercera y cuarta muestras se obtuvo una Unica banda de 498 pb, que indica genotipo homocigoto para el alelo
salvaje (+/+), y por tanto animales sanos y no portadores;

en la segunda muestra se obtuvo una unica banda de 467 pb, que indica genotipo homocigoto para la delecion de
31 pb (del/del), unicamente identificable en individuos afectados por la enfermedad.
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En la primera y quinta muestras se obtuvieron dos bandas de 498 y 467 pb, que indican genotipo heterocigoto para
la delecion (+/del), correspondiente a animales sanos pero portadores.

MODOS DE REALIZACION PREFERENTE

Ejemplo 1. Diagnéstico genético de animales afectados por lisencefalia con hipoplasia cerebelar y animales
portadores de dicha enfermedad

En una explotacion ganadera nacieron corderos con incoordinacién de movimiento, aunque con un estado de salud
bueno. Se examinaron los corderos in vivo y se comprobd que sufrian un proceso neuroldgico que cursaba con
ataxia e incapacidad para mantenerse en la estacion.

En la necropsia se observaron alteraciones en el sistema nervioso central. En todos los casos se percibié una
marcada ausencia de circunvoluciones cerebrales, con diferencias en cuanto a intensidad entre animales, pero
siempre grave, tanto en la cara dorsal como en la ventral del cerebro asi como una marcada hipoplasia cerebelar.

Se realizaron analisis anatomopatologicos correspondientes y se descartdé la posible implicacion de agentes
infecciosos (como pestivirus y virus de lengua azul). A continuacion se realizdé un andlisis del pedigri de los animales
afectados mediante marcadores microsatélite siguiendo el protocolo descrito en Glowatzki-Mullis, 2007 (Glowatzki-
Mullis, M.L. et al, 2007. Cost-effective parentage verification with 17-plex PCR for goats and 19-plex PCR for sheep.
Animal Genetics, 38(1), pp. 86-88). Tanto los analisis anatomopatolégicos como los genéticos concluyeron que los
animales sufrian lisencefalia con hipoplasia cerebelar.

Extraccion del ADN a partir de la muestra bioldgica obtenida del animal en estudio.

En el presente ejemplo se utilizaron 4 de los corderos enfermos, las madres de los mismos (clasificadas como
portadoras) y 41 machos de los que no se conocia el estatus genético. Las muestras utilizadas para la extraccion de
DNA fueron de sangre en todos los casos. La extraccion de DNA se realizé por el método de “Salting out” descrito en
Miller, 1988.

Disefio de los cebadores

Los cebadores se disefiaron especificamente con el programa Primer3 (http:/frodo.wi.mit.edu/primer3), a partir de la
secuencia del genoma ovino v3.1, y tras la identificacion en la misma de los exones identificados tras el andlisis de
la secuencia de mARN del gen RELN. Asi se partié de una region de 498 pb que incluia el Exon36, y 187 bp de la
region intrénica anterior y 133 pb de la region intronica posterior al mismo.

Se seleccion6 una pareja de cebadores, cebador sentido, identificado con la secuencia SEQ ID NO: 2 y cebador
antisentido, identificado con la secuencia SEQ ID NO: 3.

El tamarfio del fragmento amplificado con esta pareja de cebadores fue 498 bp para la secuencia salvaje o no
mutada, dicho fragmento incluye la secuencia completa del exén 36 (178 pb), 187 bp de la regidn intrénica anterior y
133 pb de la regién intrénica posterior al mismo. En el caso de la presencia de la delecién de 31 pb el tamafio del
amplicon fue 467 pb.

Amplificacion del ADN

Se realizé la amplificacion del fragmento de ADN mediante la reaccidon en cadena de la polimerasa (PCR). En este
estudio, las reacciones de PCR estuvieron constituidas por un 80% de lo que denominamos “mezcla”, mientras que
otro 20% fue de ADN total (10-30 ng/ml). La “mezcla” estuvo constituida por un 1X de tampén 10X (Gold Applied
Biosystem, AB), MgCl» (de 1,5 uM a 2,5 uyM), dNTPs (480 uM), los cebadores disefiados especificamente para la
amplificaciéon del fragmento de ADN de interés (0,5 uM), dH2O y la encima polimerasa (AmpliTaq Gold™ de AB) (5
u/ml).

La amplificacion se llevo a cabo en un termociclador automatico (GeneAmp® PCR System 9700, AB). Los ciclos de
temperatura siempre se vieron precedidos de un paso de desnaturalizacion a 95°C durante 5 minutos.
Posteriormente se realizaron 35 ciclos, estando cada uno compuesto de 3 pasos:

- Desnaturalizaciéon del ADN: 94°C, 30s.

- Hibridacion de los cebadores con el ADN: 58°C, 40 s.

- Sintesis de ADN: 72°C, 40 s.

El ultimo ciclo finalizé en todos los casos con una extension final de 10 minutos a 72°C.
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Separacioén y visualizacién del fragmento o fragmentos amplificados por electroforesis en gel de agarosa

Se utilizé un gel de agarosa al 2% (100 ml de TBE 1X y 2 g de agarosa) al que previamente se afadié 4 ul de
RedSafe (iNtRON Biotechnology). El tampdn TBE 1X se obtuvo a partir de una preparacion previa de TBE 10X (Tris
Base 54 g; Acido Borico: 27,5 g; EDTA 0.5 M 40 mL y agua mQ hasta 1L).

El gel se introdujo en una cubeta horizontal de electroforesis con 700 ml de tampoén TBE 1X.

En cada pocillo del gel se cargaron 8 pl del producto de PCR y 4 ul de tampon de carga Ficoll. Asimismo, se utilizé
uno de los pocillos de cada fila para cargar un marcador tamafio que nos permiti6 determinar con exactitud el
tamafio de las muestras. EI marcador utilizado fue el XIV de 100 pb (Roche Diagnostic S.L.) que contiene 15
fragmentos de ADN de doble cadena comprendidos entre 100 a 1500 pb y una banda adicional de 2642 pb.

En el inicio de la electroforesis se aplicé un voltaje de 100 V que se mantuvo constante durante 45 minutos.

Posteriormente se visualizaron las bandas amplificadas en un transiluminador de luz ultravioleta. Los resultados
obtenidos permitieron agrupar las muestras en los siguientes grupos:

- muestras con una sola banda de 498 pb, correspondientes al genotipo homocigoto no mutado, es decir, a animales
sanos y no portadores de la enfermedad.

- muestras con una sola banda de 467 pb, correspondientes a animales homocigotos para la delecién, es decir, a
animales afectados por la enfermedad y

- muestras con una doble banda de 467 y 498 pb, correspondientes al genotipo heterocigoto para la delecion, es
decir, a animales sanos pero portadores de la enfermedad.

En la Figura 1 se muestran un resultado representativo de este ejemplo, en el que se muestran los resultados
obtenidos para muestras obtenidas de 5 animales diferentes.
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REIVINDICACIONES

Procedimiento de diagndstico de lisencefalia con hipoplasia cerebelar en ganado ovino que comprende la
deteccion de la presencia o ausencia de un fragmento de ADN del gen RELN ovino, identificado por la
secuencia SEQ ID NO: 1, en una muestra bioldgica obtenida de ganado ovino.

Procedimiento segun la reivindicacion 1, caracterizado por que comprende:

(a) amplificar por PCR en dicha muestra biolégica un fragmento de ADN situado entre los cebadores con una
identidad de al menos 80 % respecto a las secuencias SEQ ID NO: 2y 3,

(b) determinar el nimero y tamafo de los fragmentos de ADN resultantes de dicha amplificacion y

(c) realizar un diagndstico de lisencefalia con hipoplasia cerebelar a partir de la informacion obtenida en el paso

(b).

Procedimiento segun la reivindicacién 2, caracterizado por que antes de la etapa (a) se realiza una extraccién
de ADN de dicha muestra bioldgica.

Procedimiento segun la reivindicacion 2, caracterizado por que dicha identidad de secuencia es de al menos
90%.

Procedimiento segun la reivindicacion 3, caracterizado por que dichos cebadores estan identificados por las
secuencias SEQ ID NO: 2 y SEQ ID NO: 3.

Procedimiento segun la reivindicacion 1, caracterizado por que dicha deteccidn se realiza con un biosensor o
microarray.

Procedimiento segun cualquiera de las reivindicaciones 1 a 6, caracterizado por que dicha muestra biol6gica
esta seleccionada del grupo compuesto por pelo, tejido, célula o fluido biolégico.

Procedimiento segun la reivindicaciéon 7, caracterizado por que dicho fluido bioldgico esta seleccionado del
grupo compuesto por saliva, leche, suero, plasma sanguineo, sangre, semen y fluido nasal.

Kit para realizar el procedimiento segun la reivindicaciéon 2, caracterizado por que comprende los cebadores
identificados por las secuencias SEQ ID NO: 2 y SEQ ID NO: 3.
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ES 2421207 Bl

Lista de Secuencias
<110> UNIVERSIDAD DE LEON

<120> PROCEDIMIENTO Y KIT DE DIAGNOSTICO DE LISENCEFALIA CON HIPOPLASIA
CEREBELAR EN GANADO OVINO

<130> P3745/2013
<160> 5
<170> BiSSAP 1.2

<210> 1

<211> 31

<212> DNA

<213> Artificial Sequence

<220>

<221> source

<222> 1..31

<223> /mol_type=""unassigned DNA"
/note="0Ovine RELN gene deletion fragment"
/organism=""Artificial Sequence"

<400> 1
gatgtaagtt cccattgaaa tcatctttaa g 31

<210> 2

<211> 20

<212> DNA

<213> Artificial Sequence

<220>

<221> source

<222> 1..20

<223> /mol_type=""unassigned DNA"
/note="Sense PCR primer"
/organism=""Artificial Sequence”

<400> 2
ttgccttctc cggtttaatg 20

<210> 3

<211> 20

<212> DNA

<213> Artificial Sequence

<220>

<221> source

<222> 1..20

<223> /mol_type=""unassigned DNA"
/note="Antisense PCR primer"
/organism="Artificial Sequence"

<400> 3
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Texto escrito a máquina

mcepedar
Texto escrito a máquina
Lista de Secuencias


agggatttgt

<210> 4
<211> 498
<212> DNA
<213> Ovis

<220>
<221>
<222>
<223>

gatgctggac

aries

source
1..498
/mol_type=""unassigned DNA"

/note="Wild type ovine RELN gene fragment'
/organism="0vis aries”

<220>

<221> exon

<222> 188..365

<223> /note=""Exon 36"
<220>

<221> variation

<222> 277..307

<223> /note="Deletion
<400> 4

ttgccttctc cggtttaatg
gaaacatgat atgtgttaga
aaatgtatct atgtggagca
atctgacccc tttaaaaatg
ccctctctgc accatacact
ctttaagaat cgagggtaga
cacacctaag gaaaaaaatg
atctttcttt ttgcattaca
ccagcatcac aaatccct
<210> 5

<211> 467

<212> DNA

<213> Ovis aries
<220>

<221> source

<222> 1..467

<223>

fragment"

cccaagtgat
agacagtaac
ttgagaaaag
agcgatgttc
tcaggccaaa
ggaataacag
agtggagaaa

aaaaaagaaa

/mol_type=""unassigned DNA"

cataaaaaat
agtatataca
acaggaattt
cagacttgat
ggtcgggatg
gaacacagta
aggcattata

ctgccaattt

gatctcagtc
ataatatatc
cagtgctagt
ggtttcacca
taagttccca
ggctccacca
tgtcatgaga

cattaactta

gatataagag
atctgaacag
gaacagtctt
ttcagattcc
ttgaaatcat
aagccccggt
tcaagatact

cacacagcgt

/note="0vine RELN gene fragment resulting from deletion"
/organism=""0vis aries”

<220>
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<221> exon

<222> 188..334
<223> /note=""Exon 36"

<400> 5
ttgccttcte

gaaacatgat
aaatgtatct
atctgacccc
ccctctctgce
aacacagtag
ggcattatat

tgccaatttc

cggtttaatg
atgtgttaga
atgtggagca
tttaaaaatg
accatacact
gctccaccaa
gtcatgagat

attaacttac

cccaagtgat
agacagtaac
ttgagaaaag
agcgatgttc
tcaggccaaa
agccccggtc
caagatacta

acacagcgtc

cataaaaaat
agtatataca
acaggaattt
cagacttgat
ggtcggaatc
acacctaagg
tectttctttt

cagcatcaca
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gatctcagtc
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cagtgctagt
ggtttcacca
gagggtagag
aaaaaaatga
tgcattacaa

aatccct

gatataagag
atctgaacag
gaacagtctt
ttcagattcc
gaataacagg
gtggagaaaa

aaaaagaaac

60

120

180

240

300

360

420

467



OFICINA ESPANOLA
DE PATENTES Y MARCAS

ESPANA

INFORME SOBRE EL ESTADO DE LA TECNICA

@) N-° solicitud: 201330806
@ Fecha de presentacion de la solicitud: 31.05.2013

@ Fecha de prioridad:

B) int.cL.:  GO1N33/48 (2006.01)

DOCUMENTOS RELEVANTES

Categoria @ Documentos citados Reivindicaciones
afectadas

A WO 2012003353 A2 (UNIV YALE et al.) 05.01.2012, 1-9
reivindicaciones.

A WO 2008030065 A1 (MACROGEN INC et al.) 13.03.2008, 1-9
reivindicaciones.

A JP 2004081001 A (MITSUBISHI CHEM CORRP et al.) 18.03.2004, 1-9
recuperado de WPI, resumen.

A WO 03091426 A1 (SPECTRAL GENOMICS INC et al.) 06.11.2003, 1-9

reivindicaciones.

Categoria de los documentos citados

X: de particular relevancia

Y: de particular relevancia combinado con otro/s de la
misma categoria

A: refleja el estado de la técnica

O: referido a divulgacion no escrita

P: publicado entre la fecha de prioridad y la de presentacién
de la solicitud

E: documento anterior, pero publicado después de la fecha
de presentacion de la solicitud

El presente informe ha sido realizado
para todas las reivindicaciones

] para las reivindicaciones n°:

Fecha de realizacion del informe
08.08.2013

Examinador Pagina
I. Rueda Molins 1/4

69




INFORME DEL ESTADO DE LA TECNICA N° de solicitud: 201330806

Documentacion minima buscada (sistema de clasificacion seguido de los simbolos de clasificacion)

GO1N

Bases de datos electronicas consultadas durante la busqueda (nombre de la base de datos y, si es posible, términos de
busqueda utilizados)

INVENES, EPODOC, WPI, STN, TXT

Informe del Estado de la Técnica Péagina 2/4

70



OPINION ESCRITA

N° de solicitud: 201330806

Fecha de Realizacion de la Opinién Escrita: 08.08.2013

Declaracion

Novedad (Art. 6.1 LP 11/1986) Reivindicaciones 1-9 SI
Reivindicaciones NO

Actividad inventiva (Art. 8.1 LP11/1986) Reivindicaciones 1-9 SI
Reivindicaciones NO

Se considera que la solicitud cumple con el requisito de aplicacion industrial. Este requisito fue evaluado durante la fase de
examen formal y técnico de la solicitud (Articulo 31.2 Ley 11/1986).

Base de la Opinién.-

La presente opinidn se ha realizado sobre la base de la solicitud de patente tal y como se publica.
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OPINION ESCRITA

N° de solicitud: 201330806

1. Documentos considerados.-

A continuacion se relacionan los documentos pertenecientes al estado de la técnica tomados en consideracion para la
realizacion de esta opinion.

Documento Numero Publicacién o Identificacion Fecha Publicacion
D01 WO 2012003353 A2 (UNIV YALE et al.) 05.01.2012
D02 WO 2008030065 A1 (MACROGEN INC et al.) 13.03.2008
D03 JP 2004081001 A (MITSUBISHI CHEM CORP et al.) 18.03.2004
D04 WO 03091426 A1 (SPECTRAL GENOMICS INC et al.) 06.11.2003

2. Declaracion motivada segin los articulos 29.6 y 29.7 del Reglamento de ejecucién de la Ley 11/1986, de 20 de
marzo, de Patentes sobre la novedad y la actividad inventiva; citas y explicaciones en apoyo de esta declaracion

NOVEDAD Y ACTIVIDAD INVENTIVA (articulos 6y 8 Ley 11/1986)

En las reivindicaciones 1-8, de la solicitud de patente, se reivindica un procedimiento de diagnéstico de lisencefalia con
hipoplasia cerebelar en ganado ovino, que comprende la deteccion de la presencia o ausencia de un fragmento de ADN del
gen RELN ovino, identificado por la secuencia SEQ ID NO:1, en una muestra biolégica obtenida de ganado. En la
reivindicacion 9, se reivindica un kit para la realizacion de dicho procedimiento.

Se ha efectuado una busqueda de la secuencia de nucledtidos SEQ ID NO: 1, reivindicada en la solicitud de patente, esa
secuencia no se ha encontrado en el estado de la técnica. Los documentos D01-D04 divulgan diferentes métodos de
deteccion de lisencefalia. En ninguno de los citados documentos se refleja un procedimiento de diagnostico de lisencefalia
como el que se reivindica en la solicitud de patente. Por tanto, las reivindicaciones 1-9 presentan novedad y actividad
inventiva, segun lo establecido en los articulos 6 y 8 de la Ley 11/1986.
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Abstract

In this study, we demonstrate the use of a genome-wide association mapping together with
RNA-seq in a reduced number of samples, as an efficient approach to detect the causal mu-
tation for a Mendelian disease. Junctional epidermolysis bullosa is a recessive genoderma-
tosis that manifests with neonatal mechanical fragility of the skin, blistering confined to the
lamina lucida of the basement membrane and severe alteration of the hemidesmosomal
junctions. In Spanish Churra sheep, junctional epidermolysis bullosa (JEB) has been de-
tected in two commercial flocks. The JEB locus was mapped to Ovis aries chromosome 11
by GWAS and subsequently fine-mapped to an 868-kb homozygous segment using the
identical-by-descent method. The ITGB4, which is located within this region, was identified
as the best positional and functional candidate gene. The RNA-seq variant analysis enabled
us to discover a 4-bp deletion within exon 33 of the ITGB4 gene (c.4412_4415del). The
c.4412_4415del mutation causes a frameshift resulting in a premature stop codon at posi-
tion 1472 of the integrin B4 protein. A functional analysis of this deletion revealed decreased
levels of mMRNA in JEB skin samples and the absence of integrin 34 labeling in immunohis-
tochemical assays. Genotyping of c.4412_4415del showed perfect concordance with the
recessive mode of the disease phenotype. Selection against this causal mutation will now
be used to solve the problem of JEB in flocks of Churra sheep. Furthermore, the identifica-
tion of the ITGB4 mutation means that affected sheep can be used as a large mammal ani-
mal model for the human form of epidermolysis bullosa with aplasia cutis. Our approach
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evidences that RNA-seq offers cost-effective alternative to identify variants in the species in
which high resolution exome-sequencing is not straightforward.

Introduction

Epidermolysis bullosa (EB) is a clinically and genetically heterogeneous group of inherited
mechanobullous disorders caused by mutations in several structural skin proteins. EB is char-
acterized by structural and mechanical fragility of the skin, leading to recurrent blistering and
erosions that impair the life of EB affected individuals [1]. Following the latest classification
[2], there are four major types of EB: EB simplex (EBS), junctional EB (JEB), dystrophic EB
(DEB) and Kindler. This classification has been developed based on the level of blisters and the
location of the aberrant proteins involved.

JEB encompasses all of the subtypes of EB that have mechanical fragility and blistering con-
fined to the lamina lucida of the basement membrane and severe alteration of the hemidesmo-
somal junctions [1]. The hemidesmosomes are multi-protein complexes that play a critical role
in the stable association of basal epithelial cells to the underlying basement membrane in strati-
fied and pseudostratified epithelia [3]. Mutations in the genes encoding hemidesmosomal pro-
teins and functionally associated structures have been shown to result in different subtypes of
JEB [4, 5]. JEB occurs in various mammalian species [6-13]. In sheep, a Herlitz subtype of JEB
has been described in German Black-headed Mutton sheep [14-16].

In Spanish Churra sheep, JEB has been detected in two commercial flocks belonging to the
National Churra Sheep Breeders’ Association (ANCHE). The affected animals show erosions
and ulcers of the skin and mucous membranes (Fig 1). Initial analyses showed that the JEB in
Churra sheep is a recessive autosomal inherited defect. Microscopically, JEB with congenital
absence of skin have been diagnosed. In humans, the concurrence of JEB and congenital ab-
sence of skin is described in a subtype of JEB known as JEB with pyloric atresia (JEB-PA) [2].
Pyloric atresia has not been identified in the affected Churra lambs. Because of the clinical
and molecular heterogeneity of EB, there are some rare cases of JEB-PA-affected humans who
did not show pyloric atresia [17]. JEB-PA is related to mutations in the ITGA6 and ITGB4
genes [18-22].

In recent years, genome-wide mapping strategies have proven to be effective approaches for
the identification of defective genes underlying diseases with Mendelian inheritance patterns
[15, 23, 24]. The methods to identify the causal mutation in a Mendelian disorder generally in-
volve the detection of a disease locus followed by candidate gene sequencing. Recently, Next
Generation Sequencing (NGS) technologies have enabled high-throughput functional genomic
research to be performed [25]. High-throughput sequencing of RNA (RNA-seq) has been de-
veloped to identify and quantify the gene expression in different tissues [26, 27]. RNA-seq also
offers new opportunities for efficient and cost-effective detection of transcriptome variants
(SNPs and short indels) in different tissues and species [28-30]. In humans, recent studies
have highlighted the advantages of using NGS in EB diagnostics [31, 32].

In the present study, our aim was to find the causative mutation underlying JEB in Spanish
Churra sheep. For this goal, a SNP array was used to map the causative region of JEB, and then,
the disease-causing mutation was identified via an RNA-seq variant analysis. This study dem-
onstrates the effectiveness of combining both approaches to map and identify the causal muta-
tions in recessive Mendelian diseases.
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Fig 1. Clinical features of JEB in Churra sheep. (A) Affected lamb showing skin lesions at the ears and limbs. (B) Erosions in the tongue. (C) Affected lamb
showing severe skin lesions that involve the ears, limbs and caudal part of the body.

doi:10.1371/journal.pone.0126416.9g001
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Results
Mapping the causative gene for JEB

Approximately 44,800 evenly spaced SNPs were genotyped in 20 JEB-affected lambs and 28
related unaffected and 48 unrelated control sheep. A significant genome-wide association be-
tween the SNP genotypes and JEB was shown for sheep chromosome 11 (OAR11) (Fig 2A).
The marker rs410387229, located at position OAR11:54,939,690 bp of the OARv3.1 sheep
genome assembly, showed a genome-wide corrected p-value of 0.00001. There were

three additional SNP markers on OAR11, rs418150485, rs425824336 and rs412661420,
located at positions 56,897,973, 54,003,142 and 58,681,220 bp, respectively, with corrected
p-values < 0.0001.

The location of the JEB locus was refined using the identical-by-descent (IBD) mapping
method. The IBD analysis narrowed the defective region to an 868-kb homozygous segment,
from 54,632,309-55,500,100 bp on OAR11, in all 20 affected lambs (Fig 2B). The consensus re-
gion contains 16 consecutive SNP loci. Regarding the chromosomal location of the genes relat-
ed to JEB in humans (OMIM #226730: ITGB4,ITGA6), the ITGB4 gene was identified as a
promising positional and functional candidate, as it is located at 54,848,050-54,874,496 on
OARI1, which is within the identified block of homozygosis common to all of the cases (Fig
2C). The ITGB4 gene codes for integrin p4 protein. In stratified epithelia, integrin 06B4 is locat-
ed in specialized epidermal cell-basement membrane adhesion structures, called hemidesmo-
somes [33].

Ovine ITGB4 gene sequence and annotation

Because of its association with human JEB [17, 22, 34], the ITGB4 gene was identified as the
most promising candidate. Our first aim was to identify the causal mutation via Sanger se-
quencing of the ITGB4 gene in four JEB cases and four unrelated controls. Through the Sanger
approach for genomic sequencing, we were able to obtain 84% (29,936 bp) of the complete ge-
nomic sequence of the ITGB4 gene (ENSOARG00000009764), in the four cases and four con-
trols. By comparing the sequences of the unaffected and the JEB-affected lambs, we identified
eight single nucleotide polymorphisms (SNPs) that had have different genotypes in the cases
(.54857417T>G. g.54857293C>T, g.54856642A>G, g.54853969C>G, g.5485255C> A,
£.54851357C>T, g.54850814C>T and g.54848707G>A). All of the identified SNPs were located
in non-coding ITGB4 regions. A search for the SNPs in the International Sheep Genomic
Consortium (ISGC) database (https://data.csiro.au/dap/landingpage?execution = els2) allowed
us to discard these mutations as causal mutations, as all of them were already published on
healthy sheep from other breeds.

Because of the difficulties in performing Sanger DNA sequencing of the whole gene using
the ITGB4 reference sequence available in Ensembl (ENSOARG00000009764), we isolated
the ITGB4 sequence from three ovine BAC clones (CH243-344E15, CH243-306]7 and
CH243-504K6) [35]. The BAC clone sequencing allowed us to obtain the complete genomic
sequence of ITGB4 (GenBank: KP025765). Pairwise alignment between the sheep ITGB4 ref-
erence obtained via BAC clone sequencing and the ITGB4 reference available in Ensembl
(ENSOARGO00000009764) revealed an identity of 83.1% between the two sequences and a gap
percentage of 16.6%. Excluding the 5’- and 3°UTR regions that were not available in the
Ensembl sequence, 14 gaps, ranging from 2 to 1119 bp, were detected (S1 Fig).

In parallel to the BAC clone sequencing, an RNA-seq analysis was conducted. Sequencing
of the cDNA libraries from the RNA skin samples from one JEB case and one control generated
a total of 69.31-million paired-end reads, with an average of 34.65-million paired-end reads for
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Fig 2. Workflow chart for the discovery of the mutant locus of inherited JEB in Churra sheep. (A) Manhattan plot that shows the results of the case-
control GWA analysis performed. The X-axis shows the positions of the SNPs analyzed across the 26 ovine autosomes; different colors represent each
different chromosome. The Y-axis represents the —log10P values obtained after performing 1 million permutations using PLINK. The most significant
associated SNP is located at position 54,939,690 bp on OAR11. (B) IBD analysis on OAR11. The analysis of SNPs genotypes from affected lambs shows an
extended homozygous region on chromosome 11. All twenty affected lambs shared overlapping homozygous blocks (black and yellow blocks, which
represent the genes within the homozygous block of each animal). The consensus haplotype block (indicated by a solid red box) that contains the putative
causal mutation expands a region of 868-kb, from 54,632,309-55,500,100 bp on OAR11. (C) Gene content of the 868-kb interval shared by the JEB affected.

doi:10.1371/journal.pone.0126416.9002

each sample. The aligner STAR [36] was used to map the paired-end reads from each sample
to the ovine reference genome sequence (Oar_v3.1). Approximately 83.54% of the reads
(85.69% in the case and 81.39% in the control) were mapped to a unique location in the ovine
v3.1 genome. The combination of the ITGB4 sequence obtained from the BAC clone with the
RNA-seq data from the control allowed us to predict the complete CDS and the integrin B4
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protein sequence. To determine the gene structure of the ITGB4 sequence, Augustus software
was used [37, 38]. In total, of 5360 reads that were overlapping the ITGB4 region in the control
sample were used to generate a hints file for Augustus. A complete CDS of 5256 bp was found.
This transcript is distributed into 38 exons. The sheep ITGB4 CDS sequence encodes a pre-
dicted protein of 1751 amino acids. The BLAST tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
was used to compare the predicted amino acid sequence from the ovine ITGB4 gene with
several available sequences, including the cow (DAA18168.1), camel (EQB77252.1) human
(aai43743.1) and mouse (NP_598424.2) sequences. The predicted ovine integrin 4 protein
sequence showed 92% homology with the bovine protein, 92% homology with the camel se-
quence, 89% homology with the human, and 88% homology with the mouse sequence.

Detection of the genetic variation between the JEB-affected and
unaffected skin samples via RNA-Seq

GATK [39] was used for variant detection in the RNA-seq data from the JEB-affected and un-
affected samples. GATK can identify single base substitutions in addition to small insertions
and deletions. In total, 495921 different variants were detected using the RNA-seq reads in
both samples. The VEP tool from Ensembl processed a total of 490,196 variants, among which
5.2% (25247) corresponded to already-described variants and 94.8% (464949) corresponded to
novel variants. There were 20,828 variants overlapping with known transcripts. Most of the
variants detected were SNPs (91.5%), and 8.4% (40956) were indels.

Among the variants, we selected those that overlapped with the ITGB4 gene. In total, 54 var-
iants were found in the ITGB4 region (OAR11: 54,848,050-54,874,496). Following the assump-
tion that JEB in the Churra sheep is caused by a homozygous recessive mutation, the variants
were sifted to retain those present at a homozygous stage in the affected case (1/1) and absent
in the control animal (0/0). Fourteen variants matched this filter: nine intron variants, three
synonymous variants, one missense variant, and one frameshift variant and feature truncation.
We discarded the mutations located in introns, which had average DP (coverage) values of 3.2
in the case and 5.6 in the control, and the synonymous variants.

The missense variant detected in the RNA-seq variant analysis is a G>A substitution locat-
ed at OARI1, which was 54,868,894 bp of the sheep Oar_v3.1 assembly. Regarding the ITGB4
sequence (GenBank: KP025765) the mutation is positioned at 9,381 bp of the ITGB4 genomic
sequence. In the predicted CDS, the SNP is located at 1337 bp (¢.1337G>A), in exon ten of the
ITGB4 gene (Fig 3). The mutation leads to an arginine-to-glutamine residue change at position
446 of the integrin B4 protein (G>A p.Arg446Gin). The genotype quality (GQ) value for
¢.1337G>A was 99 for the control and 42 for the case. In general, the determined coverage (DP
value) for the ITGB4 variants was higher in the control lamb than in the case; for this SNP the
DP value was 75 and 14, respectively. This non-synonymous SNP has been observed at a ho-
mozygous stage in other sheep breeds (ISGC SNP database) and was predicted to be non-dele-
terious by SIFT [40] and PolyPhen-2 [41]. Therefore, the ¢.1337G>A variant was discarded as
a putative causal mutation of JEB.

The frameshift variant detected in the RN A-seq variant analysis is a four-bp deletion located
at OAR11:54,849,767-54,849,770 bp of sheep Oar_v3.1 assembly. In the ITGB4 sequence
(GenBank: KP025765) the mutation is positioned at 30,204-30,207 bp of the ITGB4 genomic
sequence. In the predicted CDS, the deletion is located at 4,412-4,415 bp (c.4412_4415del). The
GQ value for the deletion was 99 for the control and 35 for the case, and the DP value was 180
and 11, respectively. This mutation is located on sheep ITGB4 predicted exon 33 and leads to
a shift in the open reading frame of the ITGB4 coding sequence and a stop codon at position
1,473 (Fig 3). This mutation could lead to a truncated protein of 1,472 amino acids (1,470
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Fig 3. ITGB4 mutation analysis. (A) Genomic structure of ITGB4 sequence based in the information obtained by BAC clone sequencing and RNA-seq data.

Grey boxes represent exons. Grey lines crossing the exons represent the two mutations with protein effects found in this study (c.7337G>A and

c.4412_4415del). The red box highlights the exon 33 in which c.4412_4415del is located. (B) The first sequence corresponds to exon 33 and its translation in
a wild type protein, the second sequence corresponds to mutant exon 33 and the resulting translation. The affected codons at exon 33 are highlighted in red.
This 4-bp deletion leads to a truncated protein of 1,472 amino acids (1,470 amino acids of normal integrin 34 followed by two missense amino acids and a
premature termination codon). (C) Putative resulting protein of ITGB4 gene (GenBank KP025765). The mutation is predicted to delete the region spanning
the last 281 amino acids in the intracellular domain, including the third and fourth FNIII repeats.

doi:10.1371/journal.pone.0126416.9003

amino acids of normal integrin B4 followed by two missense amino acids and a premature ter-

mination codon) in contrast to the 1,751-amino-acid length of the normal integrin 34 protein.

Based on the deleterious effect on the composition and structure of the resulting protein, this

4-bp deletion was identified as the putative causal mutation for JEB in sheep.

Functional analysis identifies ITGB4 as a causative gene

To quantify the levels of the ITGB4 mRNA in the affected lambs and compare them with the
levels in unaffected animals, we performed qRT-PCR using six replicates for each condition.

The qRT-PCR confirmed that the ITGB4 transcript levels were significantly lower in the

cases than in the controls (relative expression average: 8.3 in the cases vs 100 in the controls;
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P<0.001). The mRNA expression analysis suggested that the JEB was likely caused by reduced
expression of ITGB4 in the skin.

Immunohistochemical labeling of integrin 34 showed the absence of this protein in the skin
of lambs with gross JEB lesions, whereas it was widely expressed in the basal cell layer in the
control animal (Fig 4). The labeling of the two other epidermal basement membrane proteins
that were studied, collagen VII and integrin 0.6, was similar between the control and the affect-
ed lambs. In the lambs showing gross JEB lesions, collagen VII was expressed primarily at the
base of the blister, whereas integrin o6 was found at the roof. This labeling pattern confirms
the localization of the cleavage between the lamina lucida and the lamina densa of the base-
ment membrane (Fig 4).

Validation of c.4412_4415del at the DNA level

After the putative causal mutation in the RNA-seq variant analysis was identified, the mutation
was confirmed via analysis of 46 samples at the genomic DNA level. The association between
the c.4412_4415del allelic variant and the JEB phenotype was confirmed by genotyping the de-
letion in the gDNA sequences of affected, alleged carrier and control animals. From the DNA
samples, the amplicon of the putative exon 33 was obtained via PCR for 27 cases, 10 unrelated
controls and sires and dams of affected lambs. The resulting PCR product was sequenced and
analyzed using SeqScape v2.5 (Applied Biosystems). All of the samples from the JEB-affected
animals were homozygous for the identified 4-bp deletion (c.4412_4415del/c.4412_4415del or
EBJ/EB), the sires and dams for later animals were heterozygous (EB/+) and the controls from
the different flocks were homozygous (+/+) for the wild-type allele.

Discussion

We herein demonstrated that a 4-bp deletion within exon 33 of ITGB4 gene (c.4412_4415del)

is responsible for JEB in Churra sheep, based on medium-resolution mapping and RNA-seq
variant analysis. The JEB locus was mapped to Ovis aries chromosome 11 via a GWA analysis
using cases, related animals and unrelated controls. The region was fine-mapped to an 868-kb
homozygous segment using IBD analysis. The ITGB4 gene, which is located within this region,
was the best positional and functional candidate gene. The RNA-seq variant analysis of control
and JEB-affected skin RNA samples allowed us to find the causal mutation (c.4412_4415del).
In this study, we found that individuals that are homozygous for this mutation lack the integrin
B4 polypeptide. The mutation was confirmed at the genomic level, and three genotypes segre-
gated with the disease status: homozygous mutants (EB/EB) were the affected lambs, heterozy-
gous animals (EB/+) corresponded to the phenotypically normal carriers (ewes and rams of the
affected lambs), and the wild-type genotype (+/+) was identified in all of the analyzed control
individuals. These genotypes completely agreed with the autosomal recessive mode of Mende-
lian inheritance inferred for JEB in Churra sheep. The discovery of this mutation has allowed
screening of affected flocks to identify phenotypically normal individuals carrying the 4-bp de-
letion to avoid at-risk mattings. Simple and rapid JEB genotyping methods like fragment length
analysis in capillary electrophoresis sequencer and restriction fragment length polymorphism
analysis are proposed (S2 Fig). The implementation of this gene-assisted selection approach
will solve the problem of JEB in flocks of Churra sheep.

De novo BAC clone sequencing allowed us to obtain the complete ITGB4 gene sequence
(GenBank KP025765). The previous ITGB4 ovine gene sequence (ENSOARG00000009764)
was missing 16.6% of the bases when compared with KP025765 (S1 Fig). The RNA-seq ap-
proach enables the generation of extensive transcriptome information in the absence of a well-
annotated genome. In the present study, the transcriptome information was essential in the
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annotation of the ITGB4 gene sequence (GenBank: KP025765). The sheep ITGB4 CDS ob-
tained from the KP025765 sequence is distributed into 38 exons and encodes a predicted pro-
tein of 1751 amino acids. The transcript available in Ensembl (ENSOART00000010637) has

42 exons and encodes a predicted protein of 1835 residues. The percentage of identity of the
ovine integrin 4 protein with that of other species, such as cow (DAA18168.1) or human
(AAI43743.1), is higher for the integrin B4 protein obtained from KP025765 (92% and 89%, re-
spectively) than for the sequence obtained from the ENSOART00000010637 transcript (86%
and 82%, respectively), which suggests that the ITGB4 sequence obtained in this study is more
reliable than the available sequence from the ovine genome assembly (Oar_v3.1).

Integrin B4 associates with integrin o6 to form a transmembrane constituent of hemidesmo-
somes anchoring complex [3]. Mutations in a6p4 have been associated with JEB-PA in humans
(OMIM: #226730). Although several mutations have been described in these two genes, most
mutations were found in the ITGB4 gene (approximately 70), whereas only five cases have
been reported in the ITGA6 gene [42]. In this study we found a causal mutation in the ITGB4
gene which leads into JEB in sheep. Several forms of EB have been associated with congenital
absence of skin, primarily with DEB (Bart type (OMIM: #132000)). Churra lambs lack PA;
however, previous reports on humans suggest that PA is not necessarily a feature of integrin-
associated JEB [42, 43]. A recent report about JEB in cattle due to a deletion in ITGB4 also de-
scribes the absence of PA [13]. Lack of PA could be due to the particular anatomical character-
istics of ruminant’s pyloric sphincter, less muscular than in monogastric animals. The
resemblance between the integrin p4-associated EB lesions described in humans [18], cattle
[13] and ovine JEB supports the causative nature of the 4-bp deletion in the ITGB4 gene that
was reported here in relation to the JEB phenotype observed in Churra sheep.

The 4-bp deletion on putative exon 33 of the ITGB4 gene (c.4412_4415del) results in a pre-
mature termination codon (PTC) and is predicted to delete the region spanning the last 281
amino acids in the intracellular domain (Fig 3), which has been shown to interact with the
180-kD bullous pemphigoid antigen [44]. This results in the loss of the C-terminal region, in-
cluding the third and fourth FNIII repeats. The lack of labeling by the monoclonal antibody
(clone 450-10D) used against integrinp4 is consistent with this prediction, as this antibody
binds to the intracellular region of the integrin [45]. The persistency of the extracellular do-
main could enable the formation of an 06p4 dimer. Also supporting this possibility, is the wide
expression of integrin 0.6, which was observed via immunohistochemistry at its physiological
location, the lamina lucida. However, the highly decreased amount of mRNA in the JEB skin
samples compared with the control samples (identified through the qRT-PCR analysis) sug-
gests that the truncated mRNA products are degraded by nonsense-mediated mRNA decay
(NMD) machinery. Therefore, the absence of both the extracellular and intracellular domains,
of integrin B4 cannot be ruled out, as deficiency of the whole protein would also produce a lack
of labeling by the monoclonal antibody specific for the intracellular epitope. In humans, muta-
tions related with PTC in both alleles are predominantly associated with lethal forms of the dis-
ease, whereas missense mutations are associated with mid-range phenotypes [46]. However,
lethal/non-lethal consequences are primarily associated with the existence of a functional
integrin 4, which, is why the immunological labeling of the protein is also important in the di-
agnostic procedure [21]. Similar to the integrin 4 subunit, when transmission electron micros-
copy (TEM) is performed in the skin samples of JEB lambs we could see that hemidesmosomes
were also absent. Schaapveld et al (1998) [47] indicated that keratinocytes lacking B4 expres-
sion are not capable of forming organized hemidesmosome-like structures. No hemidesmo-
some structures were found in ITGB4 knock-out mouse [48], it was thus proposed that
alternative adhesion molecules, such as integrin a3p1, could explain the residual adhesion of
the non-detached skin areas.
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In conclusion, we have identified the causal mutation for ovine JEB in Churra sheep. This
mutation (c.4412_4415del) is located in putative exon 33 of the ITGB4 gene and leads to the
formation of a premature termination codon without protein expression. The ITGB4 gene can
be rapidly applied as a selection marker for identification of carriers to avoid at-risk mattings,
enabling the eradication of this lethal mutation from the Churra sheep breed. We have also
demonstrated the successful combination of medium-density SNP panels with RNA-seq ap-
proaches for localization of mutant locus causing a recessive defect, which can serve as a refer-
ence for other studies performed in species in which high resolution exome sequencing is not
straightforward. Furthermore, given the relatively low cost of maintaining the carriers, sheep
with JEB could be used as a valuable large-animal model for the study of this disease and the
development of therapeutic approaches.

Material and Methods
Ethics statement

The blood and tissue samples were collected from rams, ewes and lambs by qualified veterinari-
ans following standard procedures and conducted under a license issued in accordance with
the European Union legislation (European Community Directive, 86/609/E and Directive
2010/63/EU of the European Parliament and of the Council). All of the animals were managed
in accordance with the guidelines for the accommodation and care of animals. The DNA sam-
ples used in this study were extracted from leucocytes in 3 ml of blood obtained via jugular ve-
nipuncture. The tissues were collected immediately after euthanasia (performed by a qualified
veterinarian via intravenous injection of T-61 (Intervet)); animals were euthanized as standard
of care. As the samples were from two commercial flocks that underwent veterinary examina-
tion, we were in a special situation in veterinary medicine and there was no “animal experi-
ment” according to the legal definitions in Spain (Animal care legislation “Ley 32/2007”).
According to the Ethics Commission of the University of Ledn, formal ethical approval is not
required under these circumstances.

Animals

Blood and/or tissue samples were collected from a total of 27 JEB-affected lambs from two
commercial flocks belonging to the Spanish Churra Sheep Breeders’ Association (ANCHE).
Additionally, samples from 28 healthy Churra individuals from the same flocks were collected.
The samples included the parents, siblings and half-siblings of the JEB-affected offspring. Fifty
samples from unaffected Churra sheep from different flocks with unknown relatedness to the
affected lambs were collected for use as controls.

Genome-wide association and homozygosity mapping studies

In total, 96 DNA samples were genotyped using the Illumina OvineSNP50 BeadChip. These
samples included 48 unrelated, healthy Churra individuals from different flocks of the Churra
Selection Nucleus and 48 animals from the affected flock. Twenty of the animals from the af-
fected flock were JEB lambs, and the rest of the animals were related to them (sires, dams, sib-
lings and half-siblings).

The results were analyzed using PLINK, v1.07 [49]. A quality control procedure was per-
formed to eliminate SNPs with genotyping rates lower than 0.05 and minor allele frequencies
lower than 0.01 and to eliminate animals with call rates lower than 0.95. After the QC pruning,
44,785 SNPs were considered in the subsequent analysis. The—assoc option in PLINK was
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applied to perform a case-control genome-wide association study (GWAS). To correct empiri-
cal p-values, a one-million permutation procedure was performed.

After the GWAS was performed, a run of homozygosity or identity-by-descent (IBD) analy-
sis was performed. The run of homozygosity is performed by filtering the cases to identify the
allele-sharing regions. The SNPs flanking the consensus region obtained from this analysis
were used to trace this region in the Ovine Genome Assembly Oar_v3.1 Browser (http://
gbrowse-ext.bioinformatics.csiro.au/fgb2/gbrowse/oarv3/). The genes identified within the ho-
mozygosity block were evaluated as putative positional candidate genes.

Isolation of the ovine ITGB4 gene

ITGB4 was isolated from three sheep CHORI-243 bacterial artificial chromosome (BAC) li-
braries [50]. The selected BAC clones predicted to span the region in which the ITGB4 gene is
located were CH243-344E15, CH243-306]J7 and CH243-504K6. The BACMAX DNA Purifica-
tion Kit (Epicentre) was used for purification of the DNA.

Ion Torrent PGM data were generated from the three BAC libraries constructed from 500
ng of DNA quantitated using the Qubit Fluorometer 2.0 (Life Technologies, Grand Island,
NY). The fragment libraries were constructed using the Ion Xpress Plus Fragment Library kit
based on Ion Shear chemistry according to the user guide. The barcode and adaptor ligation
were performed per the manufacturer’s protocol using the Ion Xpress Barcode Adapters 1-16
Kit. The quantitation and size distribution of the fragments were analyzed on an Agilent Bioa-
nalyzer using the High Sensitivity Kit (Agilent). The template preparation and emulsion PCR
were performed using the Ion PGM Template OT2 200 Kit (Life Technologies) according to
the manufacturer's instructions. The template product then was quantitated using the Ion
Sphere Quality Control Kit on at Qubit Fluorometer 2.0. OneTouch ES was used for the en-
richment of the Ion Sphere Particles (ISP) template products. Finally, the samples were load-
ed onto a 316 chip V2 and sequenced using the Ion PGM 200 Sequencing Kit V2 (Life
Technologies).

The reads were collected using Ion Torrent Suite v4.0, which also sorts the data according to
the barcodes. The Torrent Suite software scores the quality of the reads by assigning Q20 scores
according to Ion Torrent's quality scoring computation. MIRA (version 3.4.0) was used for de
novo assembly of all of reads from each of the three BACs. The mean coverage was 120X for
each BAC. The Torrent Mapping Alignment Program (TMAP) was used for alignment of all of
the reads from each of the three BACs against the reference (Chr 19 Cow sequence; chromo-
some: UMD3.1:19:1:64057457:1). Both, the BAC DNA sequencing and the de novo assembly
were performed at AC-gen Reading Life (Valladolid, Spain).

RNA-seq analysis

For the RNA-seq analysis, skin samples from a control lamb and a JEB-affected lamb were col-
lected for RNA extraction. The skin samples were harvested immediately after euthanasia and
preserved in RNA Stabilization Reagent (RNAlater, Ambion). Slices of up to 500 mg of skin tis-
sue were processed using the RNeasy Fibrous Tissue Midi Kit (Qiagen) to extract the total
RNA. RNA integrity and concentration were evaluated using an Agilent Technologies 2100
Bioanalyzer. Both samples had RNA Integrity Number (RIN) values higher than 7.3. The True-
Seq RNA Sample Prep Kit v2 (Illumina) was used to prepare paired-end libraries with frag-
ments of 300 bp. Two paired-end cDNA libraries were constructed, one for each of the two
samples (JEB-affected and unaffected skin samples). The cDNA libraries were loaded onto the
flow cell channels of an Illumina Hi-Seq 2000 platform to perform massive parallel sequencing
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at the CNAG (Centro Nacional de Analisis Genémico, Barcelona), generating 75-bp paired-
end reads.

The Ovis aries genome, the annotation file and the reference variant file were downloaded
from the Ensembl database (http://www.ensembl.org/index.html). The quality of the reads
generated was assessed using the program FastQC (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). The paired ends for each sample were aligned to Oar v3.1 using
STAR [36].

For the ITGB4 gene prediction, Augustus software was used [37, 38]. Once the alignment to
the reference genome was performed, Samtools [51] was used to sort, index and extract the
IDs of the reads aligned within the ITGB4 region from the bam files (OAR11: 54,830,000
54,880,000). Seqtk tool (https://github.com/Ih3/seqtk) was used with the ID list from the bam
file and the initial fastq file to create a new fastq file that contained only the reads that align
within the ITGB4 region. The new fastq files were mapped against the ITGB4 sequence ob-
tained from the BAC clones using STAR. Cufflinks [52] was used to assemble the bam files and
to create an exonpart hints file for Augustus. The putative coding transcript for the ITGB4
BAC clone sequence was identified with Augustus by providing the ITGB4 sequence, exon
boundaries and an integrin B4 protein profile and allowing the program to predict exactly
one gene.

For variant detection, GATK was used [39]. The GATK analysis was performed on the
STAR alignments following the RNA-seq workflow recommended in the best-practices section
of the webpage for the GATK software [53, 54]. Prior to the variant analysis, the PCR dupli-
cates from the bam files were removed using Picard tools (http://picard.sourceforge.net/).
Then, an indel realignment and a base quality score recalibration were performed using the
Ovis aries vcf file downloaded from Ensembl as a reference. These steps were followed by the
variant calling analysis performed using the “~T HaplotypeCaller” option of GATK. The bio-
logical impact predictions for detected variants were obtained using Ensembl Variant Effect
Predictor (VEP: http://www.ensembl.org/tools.html). Once the variant calling analysis was per-
formed, the variants located in the ITGB4 region were selected. These variants were filtered to
keep only those located in exons homozygous for the reference sequence in the control and ho-
mozygous and distinct from the reference in the case.

Quantification of the ITGB4 mRNA via gRT-PCR

Total RNA was isolated from the skin using the RNeasy Fibrous Tissue Midi Kit (Qiagen) ac-
cording to the manufacturer's instructions. The-high-capacity cDNA Reverse Transcription
Kit (Applied Biosystems) was used to synthesize the DNA according to the manufacturer's in-
structions. The primers were designed using Primer3 [55, 56] resulting in two primer sets (S1
Table) spanning the region containing the 4-bp-deletion. One primer set produced a 334-bp
product and the second produced a 182-bp product. The expression profiling of ITGB4 was
performed on a StepOne Real-Time PCR System (Applied Biosystems) with the Power SYBR
Green PCR Master Mix according to the manufacturer's instructions. ITGB4 transcript-
specific expression was evaluated via relative quantification against the sheep glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) expression level (ACt) using one of the control homo-
zygous replicates samples as a calibrator.

Immunohistochemical studies

Samples of grossly normal skin (metacarpal region) were taken from three lambs showing
gross JEB lesions. Control samples, taken from the same area, were also obtained from one
lamb from the same flock that was euthanized because of diarrhoea and not affected by JEB.
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The samples were snap-frozen immediately after euthanasia in 2-methylbutane cooled in liquid
nitrogen and stored at -70°C until used. Frozen sections (5 um) were cut with a cryostat, col-
lected on slides and fixed in acetone for 10 min. The samples underwent immunohistochemical
examination with monoclonal antibodies against collagen VII, clone LH7.2, (100 dilution; Neo-
markers), integrin a6, clone GoH3 (100 dilution; Abcam) and integrin B4, clone 450-10D
(2000 dilution; [45]) was carried out, using Dako EnVision System-HRP (Dako North America
Inc.) with 3,3’diaminobenzidine (Dako North America Inc.) as chromogen substrate.

Confirmation and genotyping of the causal mutation

DNA was extracted from the blood samples collected from the 27 cases, the 6 mothers and 3
half-brothers of the affected animals, and the 10 unrelated controls. Primers (ITGB4ovi-
ne_ex33fw: 5’ - CCAGCAGTCAGGGAGGTG and ITGB4ovine_ex33rv: 5 — CTCACCGCCGTT
CAGCAG) were designed using Primer3 [55, 56]. The primers ITGB4ovine_ex33fw and ITG-
B4ovine_ex33rv amplify a 243-bp fragment of the gene sequence that contains the 4-bp dele-
tion that was identified has the putative causal mutation. The products were amplified via PCR
in a 30 pL reaction volume containing 100 ng of gDNA, 480 uM dNTPs, 1.5 uM MgCl2, buffer
10X diluted 1X (Applied Biosystems), the specific primers at 0.5 uM, 0.25 M betaine and

0.75 ul of AmpliTaq Gold polymerase (5 U/ml) (Applied Biosystems). The PCR conditions
were 5 min at 96°C; 40 cycles of 30 sec at 96°C, 45 sec at 58°C, and 40 sec at 72°C; and then a
final extension of 10 min at 72°C. The amplicons were purified using Illustra Exonuclease I and
alkaline phosphatase (Illustra ExoProStar 1-Step, GE Healthcare Life Sciences) treatment and
were dideoxy-sequenced in both directions using the Big Dye Terminator Cycle Sequencing
Kit, v3.1 (Applied Biosystems) using the same primers used for the fragment amplification.
After sequencing on an ABI Prism 3130 automatic sequencer (Applied Biosystems), the se-
quence data were analyzed using SeqScape v2.5 (Applied Biosystems).

Supporting Information

S1 Fig. Ovine ITGB4 genomic sequence. Genomic sequences of sheep:
ENSOARGO00000009764 and KP025765 are aligned using the EMBOSS Needle software (http://
www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html).

(PDF)

S2 Fig. Examples of rapid genotyping methods for the detection of JEB carriers. Examples
for fluorescent fragment length analysis and RFLP used in carrier detection are displayed.
(PDF)

S1 Table. Primers used in quantification of the ITGB4 mRNA via qRT-PCR. The length
of the amplified product, the melting temperature (Tm) and position in Oar_v3.1 are

also indicated.

(XLSX)
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PROCEDIMIENTO Y KIT DE DIAGNOSTICO DE EPIDERMOLISIS BULLOSA
JUNTURAL EN GANADO OVINO

DESCRIPCION

CAMPO DE LA INVENCION

El campo de la invencion es el diagndstico de enfermedades genéticas de herencia
mendeliana simple (monogénica) en animales domésticos. En particular, la presente
invencién se refiere a la deteccion de la mutacion responsable de la enfermedad
genética denominada epidermdlisis bullosa juntural o de la unién en el ganado ovino y
al método de determinacién del estatus genético de un individuo (sano, portador,

enfermo) en relacién con esta enfermedad.

ANTECEDENTES DE LA INVENCION

El término epidermdlisis bullosa hereditaria incluye una serie de procesos de base
genética cuyo rasgo comun es una marcada fragilidad de la piel y mucosas que

desencadena la facilidad para desarrollar ampollas y ulceras por trauma o roce.

Existen diversos tipos de epidermdlisis bullosa siendo la clasificacion mas aceptada la
que distingue tres tipos principales: (i) epidermdlisis bullosa simple, donde se producen
ampollas intraepidérmicas que curan sin cicatriz, (ii) epidermdlisis bullosa de la unién o
juntural en la que las ampollas se deben a una formacién anormal de los componentes
de los hemidesmosomas, lo que da lugar a roturas a nivel de la lamina lucida, y (iii)
epidermdlisis bullosa distrofica, que se produce a nivel de la lamina basal epidérmica,

y en la que las ampollas subepidérmicas se reparan con cicatrices distroficas.

En el ganado ovino de raza Black Headed Mutton (BHM) se ha descrito recientemente
una mutacién en el gen LAMC2, que codifica para la laminina subunidad gamma-2
(Mbmke S. et al., 2011. A frameshift mutation within LAMC2 is responsible for Herlitz
type junctional epidermolysis bullosa (HJEB) in black headed mutton sheep. PLoS One
6(5):e18943). Sin embargo, existen otros genes que pueden causar la EBJ como es el
caso del LAMA3, LAMB3, COL17A1, ITGB4 e ITGAG6 (Sianez-Gonzalez C. et al., 2009.
Epidermdlisis ampollosa congénita: revision del tema. Actas Dermosifiliogréficas
100(10):842-56).
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El procedimiento diagnéstico de la EBJ descrito en la presente invencion se basa en la
identificacion de una mutacion asociada a la enfermedad EBJ en un fragmento del gen
ITGB4, que codifica para la proteina Integrina-beta 4. La Integrina-beta 4 es una proteina
expresada principalmente en la membrana basal epitelial formando parte de la placa externa
de los hemidesmosomas. Esta proteina contribuye a la estabilidad de la uniéon de la

epidermis con la membrana basal subyacente.

Segun la base de datos Online Mendelian Inheritance in Men (OMIM), las mutaciones en el
gen ITGB4 se relacionan principalmente con tres fenotipos: Epidermolisis bullosa de manos
y pies (OMIM: 131800), epidermdlisis bullosa juntural, tipo non-Herlitz (OMIM:226650) y

epidermdlisis bullosa juntural con atresia pilérica (OMIM:226730).

El gen ITGB4 esta situado en el cromosoma ovino 11 (OAR11), en la regién 54.848.050-
54.874.496 pb segun la version Oarv3.1 del genoma ovino
(http://www.ensembl.org/Ovis aries/Info/Index), y esta organizado en un total de 38 exones
(GenBank Acc. no.: KP025765).

DESCRIPCION DE LA INVENCION

Una realizacion es un procedimiento de diagndstico de epidermdlisis bullosa juntural en
ganado ovino que comprende la deteccién de la presencia o ausencia de un fragmento de
ADN del gen ITGB4 ovino, identificado por la secuencia de nucle6tidos ccac, en una

muestra biolégica obtenida de ganado ovino, en adelante procedimiento de la invencién.

El fragmento de ADN identificado por la secuencia de nucleétidos ccac corresponde a una
delecién de 4 pb entre las posiciones 4412 y 4415 de la secuencia codificante del ARNm del
gen ITGB4 ovino disponible en GenBank (Acc. no. KP025765) correspondiente a las
posiciones 54849767 y 54849770 pb en la secuencia de ADN del genoma ovino (Oarv3.1),
en el exdon 33 (posiciones 30204 a 30207), segun la anotacion del gen disponible en
GenBank (Acc. no. KP025765). Esta delecion se ha identificado por primera vez en la
presente invencién como responsable de la epidermdlisis bullosa juntural en oveja, mediante
un estudio comparado de la secuencia codificante de este gen en animales enfermos y

sanos.

El procedimiento de la invencién permite detectar individuos sanos portadores de
la enfermedad. Dichos portadores seran heterocigotos para la delecion de 4 pb localizada
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en el exén 33 del gen, es decir tendran una copia del gen completa y otra copia portadora

de la delecién.

Otra realizacion es el procedimiento de la invencion, donde dicha deteccion se realiza con

un biosensor o microarray.

Otra realizacién es el procedimiento de la invencion, que comprende:

(a) amplificar por PCR en dicha muestra biologica un fragmento de ADN situado entre los
cebadores con una identidad de al menos 80% respecto a las secuencias SEQ ID NO: 1y 2,
(b) determinar el nimero y tamafio de los fragmentos de ADN resultantes de dicha
amplificacion y

(c) realizar un diagnostico de epidermdlisis bullosa juntural a partir de la informacién

obtenida en el paso (b).

En la presente solicitud, dicho porcentaje de identidad en una secuencia determinada se
calcula teniendo en cuenta que un 80% de identidad significa que un 80% de residuos de la
secuencia completa de los cebadores identificados por las secuencias SEQ ID NO: 1y 2 son

idénticos a los residuos de la secuencia determinada.

Otra realizacion es el procedimiento de la invencion, donde en la etapa (b) el numero y

tamario de los fragmentos de ADN se determina por electroforesis.

Otra realizacién es el procedimiento de la invencidn, en el que antes de la etapa (a) se

realiza una extraccion de ADN de dicha muestra bioldgica.

La extraccion del ADN a partir de estas muestras se puede realizar por métodos como el
fenol-cloroformo descrito en Sambrook, 1989 (Sambrook, J. et. al., 1989, Molecular Cloning:
A Laboratory Manual. 2nd edition. New York: Cold Spring Harbor Laboratory Press); por el
método “Salting out” descrito en Miller, 1988 (MILLER, S.A. et al, 1988. A simple salting out
procedure for extracting DNA from human nucleated cells. Nucleic acids research, 16(3), pp.
1215) en el caso del semen o la utilizacion de Chelex-100 (BioRad Laboratories, Hercules,
CA) para la extraccion a partir de muestras de pelo. La extraccion del ADN también se
puede realizar utilizando Kits comerciales de extraccion de ADN, sobre todo para muestras
de saliva o de muestras de flujo nasal en las que se parte de una escasa cantidad de células

nucleadas.
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Otra realizacién es el procedimiento de la invencion, donde dicha identidad de secuencia es

de al menos 90%.

Otra realizacion es el procedimiento de la invencion, donde dichos cebadores estan
identificados por las secuencias SEQ ID NO: 2 y SEQ ID NO: 3.

Otra realizacion es el procedimiento de la invencion, donde al menos uno de dichos
cebadores esta unido a una molécula marcadora. En una realizacion particular, dicha
molécula marcadora estd seleccionada del grupo compuesto por 6-carboxi-fluoresceina,
hexacloro-fluoresceina y tetracloro-fluoresceina. Estas moléculas marcadores podrian ser

reemplazadas por otros moléculas marcadoras.

Otra realizacion es el procedimiento de la invencion, donde dicha muestra biolégica esta

seleccionada del grupo compuesto por pelo, tejido, célula o fluido bioldgico.

Otra realizacion es el procedimiento de la invencién, donde dicho fluido bioldgico esta
seleccionado del grupo compuesto por saliva, leche, suero, plasma sanguineo, sangre,

semen y fluido nasal.

Otra realizacion es un kit para realizar el procedimiento de la invencién, que comprende los
cebadores identificados por las secuencias SEQ ID NO: 1y SEQ ID NO: 2.

El procedimiento de la invencion constituye un método sencillo, rapido y econoémico de
deteccibn de animales portadores, evitando que animales heterocigotos puedan
seleccionarse para reposicion en el rebafio y ser incluidos en el programa de mejora

correspondiente, hechos que favorecerian la diseminacion de la enfermedad.

El procedimiento de la invencién puede utilizarse también para la deteccién de animales
portadores en el caso de cruzamientos programados para obtener animales que sirvan

como modelo animal en el estudio de la enfermedad.
El procedimiento de la invencion puede aplicarse a corderos que presenten lesiones
cutaneas compatibles con la enfermedad con el fin de descartarla sin necesidad de realizar

una necropsia.

TEXTO LIBRE DE LA LISTA DE SECUENCIAS
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A continuacion se aporta una traduccion del texto libre en inglés que aparece en la lista de

secuencias.

SEQ ID NO: 1. Cebador sentido para PCR.

SEQ ID NO: 2. Cebador antisentido para PCR.

SEQ ID NO: 3. Fragmento del gen salvaje ovino ITGB4.

89..238 Exdn 33

152..155 Fragmento de delecion

SEQ ID NO: 4. Fragmento del gen ovino ITGB4 resultante de la delecion.
89..234 Exdn 33

BREVE DESCRIPCION DE LAS FIGURAS

Figura 1. Se muestran los resultados para 4 muestras procesadas mediante una
electroforesis en gel de poliacrilamida en un secuenciador semiautomatico y analizadas
posteriormente con un programa de analisis de fragmentos. De arriba abajo se muestran los

resultados del analisis para cuatro muestras.

En la primera de las muestras se obtuvo un Unico pico de 239 pb, que indica genotipo
homocigoto para la delecion de 4 pb (del/del), unicamente identificable en individuos

afectados por la enfermedad.

En la segunda y cuarta muestra se identificaron dos picos de 243 y 239 pb, que indican
genotipo heterocigoto para la delecién (+/del), correspondiente a animales sanos pero

portadores.

En la tercera muestra se observd un Unico pico con un tamafio estimado de 243 pb, que

indica genotipo homocigoto para el alelo salvaje (+/+), y por tanto animal sano y no portador.

MODOS DE REALIZACION PREFERENTE

Ejemplo 1. Diagndstico genético de animales afectados por epidermolisis bullosa juntural y

animales portadores de dicha enfermedad
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En varias explotaciones ganaderas nacieron corderos con lesiones cutédneas, erosiones y
Ulceras en piel asi como en las membranas mucosas. Los corderos afectados fueron
eutanasiados debido al deterioro de su condicién. La microscopia electronica mostro que las
separaciones de la unién dermoepidérmica se localizaron en la lamina lacida de la

membrana basal.

Se realizaron andlisis anatomopatolégicos correspondientes y se descartd la posible
afeccién por otro tipo de enfermedades vesiculosas y ampollosas de la piel tales como los
otros subtipos de epidermdlisis bullosa (simple y distréfica), infecciones cutaneas por
estafilococos, pénfigo bulloso etc. A continuacién se realiz6 un analisis del pedigri de los
animales afectados mediante marcadores microsatélite siguiendo el protocolo descrito en
GLOWATZKI-MULLIS, M.L. et al, 2007. Cost-effective parentage verification with 17-plex
PCR for goats and 19-plex PCR for sheep. Animal Genetics, 38(1), pp. 86-88. Tanto los
andlisis anatomopatolégicos como los genéticos concluyeron que los animales sufrian

epidermdlisis bullosa juntural.

Extraccion del ADN a partir de la muestra bioldgica obtenida del animal en estudio.

En el presente ejemplo se utilizaron 4 de los corderos enfermos, las madres de los mismos
(clasificadas como portadoras) y 30 machos de los que no se conocia el estatus genético.
La extraccion de DNA se realiz6 a partir de sangre por el método de “Salting out” descrito en
Miller, 1988.

Disero de los cebadores

Los cebadores se disefiaron especificamente con el programa Primer3

(http://frodo.wi.mit.edu/primer3), a partir de la secuencia del genoma ovino v3.1. Asi se

partié de una regién de 243 pb que incluia el Exon 33, 88 bp de la region intrénica anterior y

5 pb de la regidén intrénica posterior al mismo.

Se seleccion6 una pareja de cebadores, cebador sentido, identificado con la secuencia SEQ

ID NO: 1y cebador antisentido, identificado con la secuencia SEQ ID NO: 2.

El tamafo del fragmento amplificado con esta pareja de cebadores fue 243 bp para la
secuencia salvaje o no mutada, dicho fragmento incluye la secuencia completa del exén
33 (150 pb), 88 bp de la region intrénica anterior y 5 pb de la regién intrénica
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posterior al mismo. En el caso de la presencia de la delecion de 4 pb el tamafio del

amplicon fue de 239 pb.

Uno de los cebadores, en concreto el cebador antisentido SEQ ID NO: 2 se marcé con
fluorocromo 6-fam; la presencia de un cebador marcado nos permitird determinar la longitud
de los fragmentos para asi identificar los distintos genotipos (homocigoto normal,
homocigoto para la delecion y heterocigoto) mediante fluorescencia en el gel de

poliacrilamida.

Amplificacion del ADN

Se realiz6 la amplificacion del fragmento de ADN mediante la reaccion en cadena de la
polimerasa (PCR). En este estudio, las reacciones de PCR estuvieron constituidas por un
80% de lo que denominamos “mezcla”’, mientras que otro 20% fue de ADN total (10-30
ng/ml). La “mezcla” estuvo constituida por un 1X de tampén 10X (Gold Applied Biosystem,
AB), MgCl, (de 1,5 pM a 2,5 pM), dNTPs (480 pM), los cebadores disefiados
especificamente para la amplificacién del fragmento de ADN de interés (0,5 uM), betaina
(0,25 M), dH,0 y la encima polimerasa (AmpliTagq Gold™ de AB) (5 U/ml).

La amplificacion se llevo a cabo en un termociclador automético (GeneAmp® PCR System
9700, AB). Los ciclos de temperatura siempre se vieron precedidos de un paso de
desnaturalizacion a 96°C durante 5 minutos. Posteriormente se realizaron 40 ciclos, estando

cada uno compuesto de 3 pasos:

- Desnaturalizacion del ADN: 96°C, 30s.

- Hibridacion de los cebadores con el ADN: 58°C, 45 s.
- Sintesis de ADN: 72°C, 40 s.

El Gltimo ciclo finalizé en todos los casos con una extension final de 10 minutos a 72°C.

Separacion y visualizacion del fragmento o fragmentos amplificados por electroforesis en gel

de poliacrilamida en un secuenciador semiautomatico.

Una vez que se amplificaron los fragmentos mediante la técnica de PCR las muestras fueron

preparadas para ser introducidas en el secuenciador. Para ello se cogieron 1.5 m del
producto de la PCR y este fue diluido en 20 nl de H,O mQ. Una vez realizada la dilucion se
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afiaden 1.5 nl de la misma a una mezcla de 10 m de formamida y 0.75 m del marcador

estandar de tamanfo.

Para la deteccién de los fragmentos, 12 ml de las mezcla anterior se cargaron en un
secuenciador semiautomatico ABlI PRISM 3130 (Applied BioSystems). Posteriormente los

fragmentos fueron analizados mediante un programa de analisis de fragmentos.

Los resultados obtenidos permitieron agrupar a las muestras en los siguientes grupos:

- Un Unico pico de 243 pb, que indica genotipo homocigoto para el alelo salvaje (+/+),
y por tanto animales sanos y no portadores.

- Un Unico pico con un tamafio estimado de 239 pb, que indica genotipo homocigoto
para la delecion de 4 pb (del/del), unicamente identificable en individuos afectados
por la enfermedad.

- Dos picos de 243 y 239 pb, que indican genotipo heterocigoto para la delecion

(+/del), correspondiente a animales sanos pero portadores.
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REIVINDICACIONES

1.

10.

11.

Procedimiento de diagnéstico de epidermdlisis bullosa juntural en ganado ovino que
comprende la deteccion de la presencia o ausencia de un fragmento de ADN del gen
ITGB4 ovino, identificado por la secuencia de nucledétidos ccac, en una muestra bioldgica
obtenida de ganado ovino.

Procedimiento segun la reivindicacién 1, caracterizado por que comprende:

(a) amplificar por PCR en dicha muestra biolégica un fragmento de ADN situado entre
los cebadores con una identidad de al menos 80% respecto a las secuencias SEQ ID
NO: 1y 2,

(b) determinar el nimero y tamafio de los fragmentos de ADN resultantes de dicha
amplificacion y

(c) realizar un diagnéstico de epidermdlisis bullosa juntural a partir de la informacion
obtenida en el paso (b).

Procedimiento segun la reivindicacion 2, caracterizado por que antes de la etapa (a) se
realiza una extraccion de ADN de dicha muestra biologica.

Procedimiento segun la reivindicacion 2, caracterizado por que dicha identidad de
secuencia es de al menos 90%.

Procedimiento segun la reivindicacion 2, caracterizado por que dichos cebadores estan
identificados por las secuencias SEQ ID NO: 1y SEQ ID NO: 2.

Procedimiento segun la reivindicacion 2, caracterizado por que al menos uno de dichos
cebadores esta unido a una molécula marcadora.

Procedimiento segun la reivindicacion 6, caracterizado por que dicha molécula
marcadora esta seleccionada del grupo compuesto por 6-carboxi-fluoresceina,
hexacloro-fluoresceina y tetracloro-fluoresceina.

Procedimiento segun la reivindicacion 1, caracterizado por que dicha deteccion se
realiza con un biosensor o microarray.

Procedimiento segun la reivindicacién 2, caracterizado por que en la etapa (b) el nimero
y tamafio de los fragmentos de ADN se determina por electroforesis.

Procedimiento segun cualquiera de las reivindicaciones 1 a 9, caracterizado por que
dicha muestra biolégica esta seleccionada del grupo compuesto por pelo, tejido, célula o
fluido bioldgico.

Procedimiento segun la reivindicacién 10, caracterizado por que dicho fluido biolégico
esta seleccionado del grupo compuesto por saliva, leche, suero, plasma sanguineo,

sangre, semen y fluido nasal.
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12. Kit para realizar el procedimiento segun la reivindicacién 2, caracterizado por que
comprende los cebadores identificados por las secuencias SEQ ID NO: 1y SEQ ID NO:
2.
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del/del

+/del

+/+

+/del

9000
7000
5000
3000
1000

9000
7000
5000
3000
1000

9000
7000
5000
3000
1000

9000
7000
5000
3000

235 236 237 238 239 240 241 242 243 236 237 238

235 236 237 238 239 240 241 242 243 236 237 238

235 236 237 238 239 240 241 242 243 236 237 238

0
235 236 237 238 239 240 241 242 243 236 237 238
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RESUMEN

Procedimiento y kit de diagnéstico de epidermdlisis bullosa juntural en ganado ovino.
Procedimiento de diagnostico de epidermdlisis bullosa juntural en ganado ovino que
comprende la deteccién de la presencia o ausencia de un fragmento de ADN del gen ITGB4
ovino, identificado por la secuencia de nucleétidos ccac, en una muestra bioldgica obtenida
de ganado ovino. Kit para realizar este procedimiento, que comprende los cebadores
identificados por las secuencias SEQ ID NO: 1y SEQ ID NO: 2.
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2014-4727 seq Tlisting
SEQUENCE LISTING

<110> UNIVERSIDAD DE LEON

<120> PROCEDIMIENTO Y KIT DE DIAGNOSTICO DE EPIDERMOLISIS BULLOSA JUNTURAL EN
GANADO OVINO

<160> 4
<170> BiSSAP 1.2

<210> 1

<211> 18

<212> DNA

<213> Artificial Sequence

<220>

<221> source

<222> 1..18

<223> /mol_type="unassigned DNA"
/note="Sense PCR primer"
/organism="Artificial Sequence"

<400> 1
ccagcagtca gggaggtg 18

<210> 2

<211> 18

<212> DNA

<213> Artificial Sequence

<220>

<221> source

<222> 1..18

<223> /mol_type="unassigned DNA"
/note="Antisense PCR primer"
/organism="Artificial Sequence"

<400> 2
ctcaccgccg ttcagcag 18

<210> 3

<211> 243

<212> DNA

<213> Artificial Sequence

<220>

<221> source

<222> 1..243

<223> /mol_type="unassigned DNA"
/note="wild type ovine ITGB4 gene fragment"
/organism="Artificial Sequence"

<220>

<221> exon

<222> 89..238

<223> /note="Exon 33"

<220>

<221> misc_feature

<222> 152..155

<223> /note="Deletion fragment"

<400> 3
ccagcagtca gggaggtgcg gctgagaacc agggactcct gcccagacac ccccgctggg 60
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ggctgactgt ggcctccccc atctgcaggce tcccgcctgg ctgcgggcgt gcccaacacg

cccacccgec tggtgttctc cgccctcgga cccacgtctc tgaaagtgag ctggcaggag

ccgcagtgtg agcgtgcgct gcagggctac agtgtggagt accagctgct gaacggcggt

gag

<210>
<211>
<212>
<213>

<220>
<221>
<222>
<223>

<220>
<221>
<222>
<223>

<400>

4
239
DNA
Artificial Sequence

source
1..239

/mol_type="unassigned DNA"

/note="0Ovine ITGB4 gene fragment resulting from deletion"
/organism="Artificial Sequence"

exon
89..234
/note="Exon 33"

4

ccagcagtca gggaggtgcg gctgagaacc agggactcct gcccagacac ccccgctggg

ggctgactgt ggcctccccc atctgcaggc tcccgcctgg ctgcgggegt gcccaacacg

cccacccgec tggtgttctc cgccctcgga cgtctctgaa agtgagctgg caggagccgce

agtgtgagcg tgcgctgcag ggctacagtg tggagtacca gctgctgaac ggcggtgag
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Initial RNA-seq analysis on the milk transcriptional profiling of two sheep breeds
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ABSTRACT: In this study, massively parallel sequencing
of transcripts (RNA-Seq) was used to make a preliminary
characterization of the milk transcriptome of two dairy
sheep breeds, Churra and Assaf, at day 120 of lactation. A
total of 230 million paired-end reads were obtained from
RNA sequencing. The 91% of these reads were mapped to a
unique location in the ovine genome. Genes encoding
caseins and whey protein showed the highest expression in
this stage of lactation. Eight genes were identified as
differentially expressed between the two dairy sheep breeds
under study. A relationship with milk composition and
lactation maintenance was established for some of the
differentially expressed genes found.

Keywords:
Sheep
Milk producion
RNA-seq
Introduction
Massively parallel DNA sequencing, widely
referred as '"next-generation sequencing" (NGS), is

changing the biological research view by enabling the
comprehensive and relatively inexpensive analysis of
genomes and transcriptomes (Metzker (2010)). RNA-seq
technologies have emerged proving a unique opportunity to
quantify transcripts and identify differential regulation in a
single experiment (Wang et al. (2009)).

Sheep production can lead many potential outputs
(milk, meat, skin, fiber). Sheep’s milk is commonly used to
produce many cultured dairy products. Dairy sheep industry
is mainly concentrated in Europe and the countries on or
near the Mediterranean Sea. The milk transcriptome profile
has been analyze in different mammalian species (Shu et al.
(2012), Wickramasinghe et al. (2012), Lemay et al. (2013))
in order to better characterize the genes involved in
lactation, although an specific study on the ovine milk
transcriptome has yet not been reported.

The aim of this research was performing a
preliminary analysis of the milk somatic cell transcriptome
profile in two dairy sheep breeds (Spanish Churra and
Assaf) at day 120 of lactation. Churra is an autochthonous
dairy breed reared in the northwest of Spain and Assaf is a
specialized dairy breed, with a higher milk production (De
la Fuente et al. (2006)). The stage of lactation analyzed in
this study is interesting from the point of view of the
different lactation length in these two dairy sheep breeds,
normalized to 120 and 150 lactation days in Churra and
Assaf, respectively. For Assaf ewes, day 120 of lactation
corresponds to a transition stage from peak to final lactation
while that time-point is related to nearly final lactation in
Spanish Churra sheep.
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Materials and Methods

Sample collection, RNA isolation and
sequencing. The milk samples were obtained from three
Churra sheep and three Assaf sheep at the 120 lactation
day. For each animal we collected 50 ml of fresh milk, from
both mammary glands. Somatic cells were separated as
described by Wickramasinghe et al. (2012) with some
modifications. Cells were pelleted by centrifugation at 1800
rpm in 50 mL sterile tubes for 10 min. at 4°C in the
presence of a final concentration of 0.5 mM EDTA. The
cell pellet was washed in PBS twice, pH 7.2 with 0.5 mM
EDTA and suspended in 500 pl of Trizol. RNA extraction
continued following the Trizol protocol (Invitrogen,
Carlsbad, CA, USA).

The integrity of the RNA was assessed using
Agilent 2100 Bioanalyzer device (Agilent technologies,
Santa Clara, CA, USA). The RNA integrity value (RIN) of
the samples ranged between 8.2 and 8.9. Paired-end
libraries with fragments of 300 bp were prepared using the
True-Seq RNA-Seq sample preparation Kit v2 (Illumina,
San Diego, CA, USA). The fragments were sequenced on
an Illumina Hi-Seq 2000 sequencer (Fasteris SA, Plan-les-
Ouates, Swizerland).

Mapping and assembly. The quality of the raw
RNA-seq reads was assessed by wusing FastQC
(www.bioinformatics.babraham.ac.uk/projects/fastqc). The
quality control of the studied samples was later performed
using the option HEADCROP of Trimmomatic
(www.usadellab.org/cms/?page=trimmomatic). In this step
we aimed to remove the first 10 bps of the paired-end reads
in order to eliminate the bias induced by the Illumina
hexamer priming in the nucleotide composition at the
beginning of the reads. The last bases of the reads which a
‘per base sequence quality’ lower than 20 were also
trimmed.

After the quality control, the paired-end reads were
mapped against the ovine reference genome (OARv3.1)
using TopHat v.2.0.10 (Trapnell et al. (2009)) with Bowtie2
(v2.2.0) applying the default settings. In addition, we used
the —G option followed by the ENSEMBL transcriptome
annotation, which allows the program to do a first
alignment of the reads to the virtual sheep transcriptome.
We also set the distance between both pairs to 50 bp (inner-
mean distance) and the standard deviation to 150 bp.
SAMtools (Li et al. (2009)) was used to sort the mapped
reads and to filter them in order to maintain only those that
map to a unique genomic position (MAPQ = 50). The
Cufflinks v1.3.0 8 Reference Annotation Based Transcript
(RABT) assembly method (Trapnell et al. (2012)) was used
to construct, identify and estimate the expression of both



known and novel transcript fragments (transfrags) from
TopHat alignment results with the —g option to supply a
reference annotation (GFF) to guide the RABT assembly.

Expression quantification and differential
expression analysis. The estimation of the number of reads
mapping to each transcript and the differential expression
analysis was done with the Cufflinks package (Cufflinks,
Cuffmerge, Cuffcompare, Cuffdiff and CummeRbund)
following the analysis pipeline described by Trapnell et al.
(2012). The parameter FPKM (Fragments Per Kilobase of
transcript per Million fragments mapped) was used to
quantify transcripts expression. FPKM was calculated
based on the mapped transcript fragments, transcript length
and sequencing depth. Differential expression analysis of
the two groups of milk samples was performed using
Cuffdiff. Cuffdiff was run using the multi-read correction (-
u option) and the —b option which improves the accuracy of
transcript abundance estimates by running a new bias
detection. The CummeRBund Bioconductor R package was
employed to analyze Cuftdiff outputs.

Results and Discussion

Global analysis of gene expression in day 120 of
lactation. A total of 230 million paired-end reads were
obtained from RNA sequencing. Three replicates were
analyzed for each breed with reads ranging from 34 to 42
million paired-end reads per sample. Approximately, the
91% of the sequences (95 million paired reads in Assaf and
87 million paired-end reads in Churra) were mapped to a
unique location in the ovine genome.

From the results obtained with cuffcompare (Table
1), it can be observed that more transcripts were identified
for Churra than for Assaf (52,690 versus 47,510 reads). The
distribution of the percentage across the different
cuffcompare classes for the two breeds is very similar; the
highest  difference can be noticed for the
unknown/intergenic transcripts which are slightly increased
for the Churra breed (7% higher).

Figure 1 shows the six most highly expressed
genes in the milk samples of Churra and Assaf breeds.
Genes with the highest value of FPKM at day 120 of
lactation are LALBA (a-lactoalbumin),
ENSOARGO00000005099 (LGB, pB-lactoglobulin), CSN1S1
(a-S1-casein), CSN1S2 (a-S2-casein), CSN3 (k-casein),
CSN2 (B-casein). These highly expressed genes encode
caseins and whey proteins, principal components of milk.
From the Figure 1 we can observe that the caseins, with the
exception of CSN1S1 are slightly more expressed in Churra
than in Assaf, while the whey proteins (a-lactoglobulin and
B-lactoglobulin) are lightly more expressed in Assaf than in
Churra. These results agree with the differences observed in
cheese yield between the two breeds, as the Churra breed is
reported to have more protein and fat contents in milk
compared to Assaf sheep (De la Fuente et al. (20006)).

The most highly expressed genes from this study
were compared with a study performed in bovine milk in
three stages of lactation (transition, peak, and late lactation)
(Wickramasinghe et al. (2012)). Interestingly, the profile of
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the most highly expressed genes in sheep at day 120 of
lactation is more similar to the gene expression profile in
cows at the peak and transition stages of the lactation than
at late lactation, contrary to what might be expected.

Analysis of differentially expressed genes. The
differential expression analysis of annotated genes
performed with Cuffdiff reveal a total of eight differentially
expressed genes (DE) between the two breeds, Churra and
Assaf (Figure 2). Five of these genes showed the highest
expression in Assaf sheep (GPRC5C (G-protein coupled
receptor family C group 5 member C), FGL2 (Fibrinogen-
Like 2), LIPG (Endothelial Lipase), TGM3 (Protein-
glutamine gamma-glutamyltransferase E),
ENSOARGO00000016020) and three showed the highest
expression in Churra sheep (MGP (Matrix Gla Protein),
PDK4 (Pyruvate Dehydrogenase Kinase, Isozyme 4),
SLCO2B1 (solute carrier organic anion transporter family,
member 2B1) (Figure 2). As can be observed in the
heatmap plot the most highly expressed DE gene is MGP in
Churra (1378 FPKM). The fold change of these DE genes
ranged from 2.47 to 3.65. The gene with the highest fold
change between two conditions is FGL2.

A deeper analysis of the eight DE genes was
performed. For some of these DE genes, a relationship with
lactation maintenance and milk composition was found.
This relation is discussed below.

FGL2 is a gene related to innate immunity; a study
of the effects of increasing milking frequency in bovine
mammary gland (Connor et al. (2008)) showed that under
stress conditions, like increasing milking frequency, the
FGL2 is down-regulated.

The GPRC5C gene encodes a membrane protein
receptor. This gene product is included among the milk fat
globule proteins where appears to be involved in signal
transduction and lipid droplet transport (D’ Alessandro et al.
(2011)).

Other of the genes identified as DE in this work,
LIPG, is involved in the lipid metabolism of the mammary
gland. The LIPG protein influences milk fatty acid
composition, showing a large negative correlation with
CLAt10c12, CLAcl11t9 and other trans-fatty acids, and
large positive correlations with C16, SCFA and SFA (Mach
et al. (2013)). The DE observed for LIPG between these
two breeds could suggest differences in the milk fatty acid
composition between Churra and Assaf, which have not
been studied up to date.

The MGP gene encodes the Matrix-Gla protein,
which acts as an inhibitor of calcification (Luo et al.
(1997)). The absence of this protein makes the expression
of osteopontin, another protein implicated in the
modulation/inhibition of calcification, to be upregulated
(Speer et al. (2002)). Osteopontin is a protein present in
tissues elaborating fluids, such as lactating mammary gland,
where it has been shown to be a regulator of lactation
(Sheehy et al. (2009)). Levels of osteopontin are high
during the initiation of lactation and the decrease, but
remain high during involution (Rittling and Novick (1997)).
Due to the similar functions of these two proteins, Matrix-
Gla could act in a similar way to osteopontin during
lactation.



Conclusion

The undertaken RNA-seq experiment has allowed
presenting herein a preliminary study on the gene
expression profiling in sheep’s milk somatic cells. RNA-seq
has shown to be a powerful tool to analyze the ovine milk
transcriptome.

Genes encoding caseins and whey proteins show
the highest expression at day 120 of lactation in sheep’s
milk. In general, from these six genes, whey proteins were
slightly more abundant in Assaf and caseins in Churra.

The differential expression analysis revealed a
total of eight DE genes between the two dairy breeds,
Churra and Assaf. Some of these genes display known
functions related to lactation and milk composition.

Further analysis on functional enrichment and
covering other stages of lactation should be carried out in
order to obtain a global expression profiling of the milk
somatic cells in sheep.
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Table 1: Classification of the transcripts identified in the
milk samples in relation to Ensembl annotated genes in
sheep genome.
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Cuffcompare N . % N° transcripts %
transcripts
class assaf churra churra
assaf
Complete match of intron chain 25024 52,67 25046 47,53
Multiple classifications 0 0 0 0
Contained in the reference 0 0 0 0
Possible pre-mRNA fragment 0 0 0 0
Transcr1p§ falling within a 14 0.03 22 0,04
reference intron
Potentially novel isoforms 15294 32,19 16510 31,33
Generic overlap Wlth a 717 151 783 149
reference transcript
Possible polymerase run-on 0 0 0 0
fragment
Intergenic transcript, unknown 6233 13,12 10054 19,08
Exonic overlap on opposite 228 0,48 273 052
strand
Repeat 0 0 0 0
Overlapping intron transfrag in
the other strand 0 0 2 0,01

Figure 1: Graphical representation of the six most
highly expressed genes in the milk samples of two sheep
breeds (Churra and Assaf) at day 120 of lactation.
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Figure 2: Heatmap plot of the differentially expressed
(DE) genes between the two sheep breeds under study.
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Abstract

This study presents a dynamic characterization of the sheep milk transcriptome aiming at
achieving a better understanding of the sheep lactating mammary gland. Transcriptome
sequencing (RNA-seq) was performed on total RNA extracted from milk somatic cells from
ewes on days 10, 50, 120 and 150 after lambing. The experiment was performed in Spanish
Churra and Assaf breeds, which differ in their milk production traits. Nearly 67% of the
annotated genes in the reference genome (Oar v3.1) were expressed in ovine milk somatic cells.
For the two breeds and across the four lactation stages studied, the most highly expressed genes
encoded caseins and whey proteins. We detected differentially expressed genes (DEGs) across
lactation points, with the largest differences being found, for both breeds, between day 10 and
day 150. Upregulated GO terms at late lactation stages were linked mainly to developmental
processes and organ morphogenesis. A total of 256 annotated DEGs were detected in the Assaf
and Churra comparison. The genes that were selectively upregulated in the Churra breed,
grouped in endopeptidase and channel activity GO terms, could be related to the higher cheese
yield of this breed. Overall, this study provides the first integrated overview on sheep milk gene

expression.

Keywords: sheep, lactation, RNA-seq

Introduction

Lactation is a specific mammalian function essential for newborn feeding. The milk
transcriptome has been characterized in various mammalian species '™*. The knowledge of gene
expression involved in lactation informs the basic study of mammary gland biology,
morphogenesis and metabolic activity as well as enhances our understanding of milk
composition in relation to the production of milk-based newborn formulas, milk and milk

derivatives.
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Livestock species have been used for centuries to provide milk and dairy products for humans.
Sheep milk is currently an important source of revenue, ranking fourth in terms of global milk
production in 2013 (http://faostat.fao.org/). The dairy sheep industry is primarily concentrated
in Europe and the countries near the Mediterranean Sea °. Sheep milk is commonly used to
produce many cultured dairy products. Spain was the world’s seventh largest producer of sheep
milk in 2012 (http://faostat.fao.org/), and the 70% of that milk production is concentrated in the
community of Castile and Leon (366.537 million liters in 2012)
(http://www.magrama.gob.es/es/). Assaf and Churra are the most important dairy breeds in this
region, with 77,896 and 35,094 recorded ewes, respectively, in 2014
(http://www.magrama.gob.es/es/). Churra is a Spanish autochthonous breed, characterized by its
rusticity; it is well adapted to the predominantly harsh environments of its production areas.
Assaf'is a more specialized dairy sheep created as a crossbreed between Awassi (5/8) and
Milschchaf (3/8) breeds. Assaf was introduced in Spain in 1977, and its population has
increased primarily because of its high production potential and its efficient adaptation to local
conditions ®. Lactation is normalized to 120 days in Churra and 150 days in Assaf. The Assaf
milk yield (400 kg) is more than double of the milk yield in Churra (117 kg), although Assaf
milk has lower fat (6.65 vs. 7.01) and protein content (5.40 vs. 5.79)

(http://www.magrama.gob.es/es/).

Transcriptome sequencing (RNA-seq) technologies provide a unique opportunity to characterize
cell transcripts (including alternative splicing and the discovery of new genes and single
nucleotide polymorphism in coding sequences), to quantify transcripts and to identify
differential regulation in a single experiment ’. In recent years, RNA-seq technology has been
applied to the study of lactating mammary gland in dairy cattle **'°.

Various RNA sources have been used to study the mammary gland transcriptome during
lactation in mammals, including mammary gland biopsies *'', milk fat globules 'and milk

somatic cells (MSCs) *. For this study, RNA was extracted from sheep MSCs. The analysis of

MSC:s is a more accessible method compared to invasive approaches, especially when dynamic
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studies with several sampling time points are required for the same animal * '>. Recent analyses
suggest that MSCs are representative sources of RNA in mammary gland tissue, and MSCs
isolation is an effective and simple method to study the mammary gland transcriptome through

RNA-Seq .

The aim of this research was to gain a better understanding of the sheep lactating mammary
gland and to compare the mammary gland transcriptome of two sheep breeds with different
dairy production characteristics, Spanish Churra and Assaf. To that end, we performed RNA-
seq analysis of MSCs in these two dairy sheep breeds at different lactation time points. Here,
the successful isolation and generation of global gene expression data from ovine MSCs is
reported for the first time. The characterization of milk sheep profile and differences between
the milk transcriptomes of Assaf and Churra breeds are described. The results herein provide a
significant advance in our knowledge of sheep lactating mammary gland gene expression and

valuable information for future studies.

Material and Methods

Animals and sampling

A total of eight healthy sheep were selected to be included in the experiment, four Assaf and
four Churra ewes. The animals belong to the commercial farm of the University of Le6n. These
sheep were kept in free stall housing, fed with the same rations and had no water restrictions.
Animals were milked twice a day: at 8 a.m. and 6 p.m. The lambing by these sheep was
between the November 11, 2012, and December 11, 2012. Milk samples were collected on days
10 (D10), 50 (D50), 120 (D120) and 150 (D150) after lambing. For each sampled animal and
lactation point, at least four samples of 50 ml of milk were collected; two of them were obtained
on the exact sampling day whereas two additional samples were collected the previous or the

following day to ensure RNA source material for each desired sampling.
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With the aim of maximizing the number of somatic cells present in milk, the sample collection
was made one hour after the 8 a.m. routine milking and ten minutes after the injection of 5 IU of
Oxitocine Facilpart (Syva, Leon, Spain), as indicated by '*. All protocols involving animals
were approved by the Animal Welfare Committee of the University of Leon, Spain, following
proceedings described in Spanish and EU legislations (Law 32/2007, R.D. 1201/2005, and
Council Directive 2010/63/EU). All animals used in this study were handled in strict accordance

with good clinical practices and all efforts were made to minimize suffering.

To ensure RNA purification of high yield and quality, we used the following protocol during the
sampling process. Before sampling, the collecting milk containers were cleaned with RNaseZap
(Ambion, Austin, TX, USA) and autoclaved. In the farm, udder cleaning was performed with
special care: first, the udders were cleaned with water and soap; then, they were disinfected with
povidone iodine; and finally the nipples were cleaned with RNAseZap (Ambion, Austin, TX,
USA). Sterile gauze was used to cover the collecting container during milk collection. The milk
was passed from the collecting container to RNAse-free 50 ml tubes after collection. Samples

were maintained at 4°C during their transport from the farm to the laboratory.
RNA extraction

Approximately 50 ml of milk was used for RNA extraction. The pellet of MSCs was obtained as
described by * with some modifications. The cells were pelleted by centrifugation at 540 g in 50
ml RNAse free sterile tubes for 10 minutes at 4 °C in the presence of a final concentration of 0.5
mM of EDTA. After centrifugation, the supernatant was discarded. During this step, a fatty
layer was usually placed in the first part of the tube. To remove it a sterile pipette tip was
introduced to separate this fatty layer from the tube walls. Then, the cell pellet was washed in
PBS (pH 7.2) with 0.5 mM EDTA and centrifuged at 540 g in 15 ml RNAse free sterile tubes
for 10 minutes at 4°C. The last step was repeated until the fatty layer was minimized. Once the

pellet was clean, it was resuspended in 500 pl of Trizol (Invitrogen, Carlsbad, CA, USA) and
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homogenized by a vortexer. RNA extraction continued following a standard Trizol protocol

(Invitrogen, Carlsbad, CA, USA).
RNA sequencing

The Agilent 2100 Bioanalyzer device (Agilent Technologies, Santa Clara, CA, USA) was used
to assess the integrity of the RNA. The RNA integrity value (RIN) of the samples ranged
between 7.1 and 9. Paired-end libraries with fragments of 300 bp were prepared using the True-
Seq RNA-Seq sample preparation Kit v2 (Illumina, San Diego, CA, USA). The fragments were
sequenced on an [llumina Hi-Seq 2000 sequencer (Fasteris SA, Plan-les-Ouates, Switzerland),
according to the manufacturer’s instructions at CNAG (Centro Nacional de Analisis Gendmico,

Barcelona, Spain), generating paired-end reads of 75 bp.
Quality Control, Mapping and Quantification

FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to assess the
quality of raw sequencing data. Reads were mapped against the ovine genome assembly v.3.1.
(Oar_v3.1) using STAR aligner (v. 2.3.1y) '°. The alignments were sorted with Samtools '°. The

data were also tested for contamination using BWA '” on the Escherichia coli genome.

To compare expression between genes within the same sample, gene expression was estimated
using Cuffquant and Cuffnorm packages from Cufflinks '*.Gene abundances were normalized
by library and gene length by calculating Fragments Per Kilobase Of Exon Per Million

Fragments Mapped (FPKM) using the Ensembl annotated genes (Oar_v3.1) as a reference.
Assembly and differential expression analysis

The aim of the assembly was producing a new annotation reference including novel genes and
transcripts, to be used in the downstream analysis. The Samtools package was used to remove
the duplicated reads from the alignments with the “rmdup” option and these deduplicated
alignments were merged with the “merge” option. The Cufflinks and Cuffmerge tools from the

Cufflinks package '**” were used to create a “transcripts.gtf” file to be used as reference in our

121



assembly. The Cufflinks option “—g” followed by the available gtf file from the Oar v3.1
reference sequence was used to guide the assembly but not excluding new genes. Cuffmerge
was used to filter genes with low or no expression from our reference gtf file. Cuffcompare was
used to compare the reference gtf file obtained with Cuffmerge with the reference annotation
file downloaded from Ensembl (http://www.ensembl.org/Ovis_aries/Info/Index) to estimate the
abundance of transcripts classified in different Cufflinks class codes, such as “complete match

EE T3

intron chain”, “novel isoforms” or “intergenic transcripts”.

To compare the expression levels of genes across samples, raw counts for the genes and
transcripts were obtained using SigCufflinks (available at http://www.sigenae.org). SigCufflinks
is a modified version of the cufflinks code that provides raw read counts per gene and transcript,
by using the sorted bam file from the alignment and the reference gtf file created in the
assembly. The “—G” option of sigcufflinks was used to guide the alignment but excluding new

genes.

To evaluate the differentially expressed genes (DEGs) from the RNA-seq data, two different R
packages, DESeq2 *' and edgeR *, were used. The DESeq2 package performs independent
filtering. In general, genes that have very low counts are not likely to see significant differences
due to high dispersion. The edgeR package has no function for independent filtering. To choose
a cut-off to eliminate the lowest expressed genes, we plotted a histogram on R with the
log;o(effmax+1), thereby maintaining those genes for which the distribution becomes normal

and eliminating the genes with less than 15 counts.

RNA-Seq read counts were modeled by a generalized linear model considering the experimental
desing, with two breed groups (Churra and Assaf) and four lactation time points per group
(D10, D50, D120 and D150). The model for both programs includes breed and day factors and
the interaction day x breed. After discarding a possible interaction between these two factors,
we performed the following analyses with edgeR and DESeq?2. First, with the aim of providing

a dynamic expression profile of the mammary gland across lactation for each breed, differential
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expression analyses were performed for all the possible time point pairs. Second, a differential

expression analysis between Churra and Assaf samples was performed.

DESeq?2 and edgeR perform pairwise comparisons between two or more groups using
parametric tests where read-counts follow a negative binomial distribution with a gene-specific
dispersion parameter. These packages mainly differ in the estimation of the dispersion
parameter and the type of normalization they follow. DESeq2 bases the estimation of the
dispersion on calculated mean—variance relationships in the data set provided, while edgeR
assumes a common dispersion for all the genes. These programs normalize the read count per
gene based on total gene depth per individual; DeSeq2 computes a scaling factor as the median
of the ratio for each gene of its read count over its geometric mean across the lanes *'. edgeR
follows the Trimmed Mean of M-values method (TMM normalization) in which the TMM
factor is computed for each lane as the weighted mean of log ratios between the test and the
reference **. Our choice of these two methods was based on the literature evidence for their

robustness.

For DESeq2, the DEGs were defined as those genes that had and an absolute log2-fold change >
1.5 and an adjusted p-value (Pagi-value) < 0.05, whereas edgeR DEGs were those that had a
log2-fold change > 1.5 and an adjusted FDR (false discovery rate) < 0.05. To identify the core
DEGs, genes identified as DEGs by the two packages were defined as core DEGs and were

subjected to subsequent functional analyses.
Gene functional classification, network and canonical pathways

The web-based Gene Set Analysis Toolkit (WebGestalt **) was used to perform a Gene-
Ontology (GO) enrichment analysis. Enriched terms were considered statistically significant
when pagj-value was <0.05 and a minimum of six genes were grouped for each significant term.
The GO terms were categorized in three major functional groups: biological process, molecular

function and cellular component.

Results and discussion
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Summary statistics for the RNA-seq data

Based on the quality scores of the extracted RNA samples for each breed, samples from four
animals were sequenced for time points D10, D50 and D150, and three biological replicates
were sequenced for D120. A total of 1,116 million paired-end reads were obtained from the
transcriptome sequencing of the 30 milk samples analyzed. Alignment of the reads to the Ovis
aries genome Oar v3.1 genome build yielded a mean of 985.05 million reads (88.10%) that
aligned to unique locations in the ovine genome per RNA-seq sample; a mean of 1.47 million
reads (4.01%) per sample that aligned to multiple locations in the genome; and a mean of 2.84
million reads (7.65%) per sample that did not align to any genome location. No contamination
was found in the alignment against the Escherichia coli genome. The average percentage of
uniquely mapped reads for each sample was substantially higher than that obtained in the
analysis of the bovine milk transcriptome, where approximately 65% of the total reads uniquely

mapped to the Btau 4.0 reference genome °.

The distribution of uniquely mapped reads to annotated genes in the Oar_v3.1 reference is
described in Table 1. According to the FPKM value, mapped genes were divided into a low
expression group (<10 FPKM), a moderate expression group (= 10 FPKM to 500 FPKM) and a
high expression group (= 500 FPKM). Using a threshold of > 0.01 FPKM to define potentially
significant gene expression **, we found an average of 16,757.25 and 16,897.00 unique
expressed genes in Assaf and Churra, respectively. These figures represent 66.51% and 67.06%,
respectively, of the total annotated genes in the Oar_v3.1 assembly. For both breeds, the
lactation time point with the highest number of expressed genes was D50 (17,386 genes in
Assaf and 17,192 genes in Churra). From a global view, the transcriptome results revealed that
the majority of the genes had low expression (FPKM < 10) across lactation for both breeds
(Table 1). The average gene expression levels reported here for sheep MSCs are in agreement

with previous reports on the mammary gland transcriptome of other ruminant species > .
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A total of 107,877 transcripts were assembled by Cufflinks using the 30 analyzed milk samples.
According to the Cuffcompare results (Table 2), 23.95% of the transcripts matched exactly with
annotated exons, and a total of 12,057 (11.18%) potentially novel isoforms were predicted. A
high percentage, 61.87% (66,739) of transcripts, were annotated as intergenic transcripts, which
is in agreement with the results reported from the RNA-Seq analysis of the ovine muscle
transcriptome in which the proportion of intergenic transcripts ranged between 55.44% (Small-
tailed Han sheep) and 66.40% (Dorper sheep) (DP) (using the ovine genome Oarv2.0) *°. These
results unfortunately underline the incompleteness of the annotation of the sheep transcriptome,
and the need for further studies to decipher its complexity. The Functional Annotation of
Animal Genomes (FAANG) project (http://www.faang.org/) aims to identify all functional

elements in animal genomes, and sheep is one of the target species.
Analysis of the ten most expressed genes in each stage of lactation

Gene abundances were normalized by library size and gene length (FPKM) to determine the list
of the most expressed genes at each lactation time point. This normalization approach facilitates
the comparison of genes within a sample >’. Table 1 shows the number of genes with the highest
FPKM (> 500) for each breed at each time point analyzed. The results show that in sheep milk,
the top-10 genes have very high expression values. For both breeds, Churra and Assaf, the ten
highest expressed genes at each time point accumulate at approximately 70% of the total gene
FPKM reads, which means that a small number of genes contribute to a large fraction of the
total RNA extracted from MSCs. A total of 13 genes, ranging between means of 4,459 to
219,181 FPKM, are encompassed in the top-10 highest expressed genes (Fig. 1). In general,
with exceptions for very specific changes in the profile expression, the same genes are highly
expressed at all of the different time points assessed during sheep lactation. In contrast, in dairy
cattle late lactation, the caseins are not included in the top-expressed category and are instead

replaced by other genes involved in proteolysis, anti-apoptotic activity and immune functions °.
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The genes with the highest FPKM values for both breeds and at the four studied lactation time
points are CSN2 (B-casein), CSN3 (k-casein), ENSOARG00000005099 (LGB, B-lactoglobulin),
CSN1S2 (casein-a-S2), CSN1S1 (a-S1-casein) and LALBA (a-lactoalbumin). These highly
expressed genes encode four caseins and two whey proteins, principal components of milk.
Caseins and whey proteins encompass the 5.5% of total milk composition in sheep, a higher
percentage than in bovine milk (3.2%) **. Caseins and whey protein expression remained
constant for Churra along lactation. As shown in Fig. 1, these six genes were slightly more
abundant in Churra sheep at the first two sampling time points (D10 and D50) than in Assaf
sheep. In contrast, the expression of caseins and whey proteins in the Assaf breed underwent an
increase at the last two time points studied (D120 and D150). The LALBA gene, which encodes
for the a-lactoalbumin, had higher expression in Assaf at D120 and D150. A SNP described in
this gene has been associated with a higher milk protein and fat content (milk concentration) in
Churra sheep ». The a-lactoalbumin is a major milk whey protein involved in the synthesis of
lactose, which is responsible for drawing water into the milk. The higher milk yields of Assaf as
compared to Churra could be due, among other factors, to higher expression levels of the

LALBA gene in this breed.

Apart from caseins and whey proteins, there are two other highly expressed genes in the two
breeds and at the four stages of lactation studied: GLYCAM-1 and B2M. GLYCAM-1 encodes
the glycosylation-dependent cell adhesion molecule 1, a member of the glycoprotein mucin
family, which is a component of the milk fat globule membrane ** and appears to be hormonally
regulated in the sheep mammary gland *'. B2M encodes for the beta-2-microglobulin protein, an
integral component of the Fc receptor heterodimer, which is involved in transferring
Immunoglobulin G (IgG) from serum into milk across mammary epithelial cells **. Some B2M
haplotypes have been reported to be related to higher concentrations of IgG1 in bovine milk **.
Increasing IgG levels in milk could become important as IgG enhanced dairy products are in

demand by consumers to obtain protective immunity **.
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Three other genes included among the top-10 highly expressed genes were found in the two
studied breeds but not across all the time points. The 5.8S rRNA (5 8S ribosomal RNA) gene is
a non-coding RNA component of the large subunit of the eukaryotic ribosome. It is part of the
ten most expressed genes in MSCs at D10, D50 and D150 for Churra and Assaf breeds.
Expression of this gene in the Churra breed remains constant, while in the Assaf breed, it
decreases as lactation proceeds (Fig. 1). In the rabbit mammary gland, expression of rRNA is
related to high levels of protein synthesis, correlations between prolactin binding to mammary
epithelial cells and high levels of rRNA synthesis *°. The SERP1 gene, which encodes the
stress-associated endoplasmic reticulum protein 1, is among the ten most highly expressed
genes at D10 in both breeds, at D120 in Assaf and at D150 in Churra. This protein is enhanced
by stress causing the accumulation of unfolded proteins in endoplasmic reticulum, suppressing
the aggregation and/or degradation of newly synthesized integral membrane proteins, and
facilitating their glycosylation when the stress is removed *°. The endoplasmic reticulum stress
gene network has been analyzed in the mammary glands of ruminants and non-ruminants to
study their role in maintaining protein cellular homeostasis as well as the potential implications
in lipid homeostasis *”**. The OST (also known as SPP1) gene encodes for osteopontin, a major
phosphoglycoprotein highly expressed in the mammary gland. This gene is one of the ten most
expressed genes at D50, D120 and D150 of lactation in the Assaf breed but only at D50 in the
Churra breed. The role of osteopontin in the mammary gland is not completely clear. Several
studies have shown an association between the expression of the OST gene and milk yield by
enhancing the expression of caseins CSN2 and CSN3 *, and OST has also been related to

. 4 . 41,42
mammary gland morphogenesis ** and new born immunity *-*.

In addition, the top-10 list of genes at D120 in Churra sheep contained two genes that were not
included in this category in the Assaf breed at any time point. One of them, CLU, encodes for
the clusterin protein. In mice, the CLU gene is highly expressed during mammary gland
prepartum development and also at the involution stage and is highly associated with

tubuloalveolar morphogenesis and alveolar epithelial cell differentiation **. Here, in agreement
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with the observations described in mice, CLU is highly expressed at the end of lactation. In
Assaf sheep, where the lactation is longer than in Churra sheep, although this gene was not
found within the top-10 list of any time point, it was found within the group of highly expressed
genes at D120 and D150. CLU has also been found to be associated to apoptotic events and
environmental stress **. In normalized lactation, D120 corresponds to the last stage lactation in
Churra sheep; hence, the intense remodeling of mammary epithelial cells due to the milking on
this last stage could stimulate the CLU expression. The second gene exclusively identified in
Churra sheep in the top-10 list at D120 is SAA, which encodes for a member of the serum
amyloid family of apolipoproteins. High levels of SAA have been related to states of
inflammation in the mammary gland **. However, studies in pigs in healthy lactating mammary
glands showed an increase of this gene’s mRNA in the second half of lactation, providing
evidence that this peptide could play a physiological role in the normal mammary gland,

stimulating neonatal gut immune responses **.
Differentially expressed genes across lactation

For the four comparisons for which DEGs genes were detected by at least one of the packages
(all except D50 vs. D120 and D120 vs. D150), a higher number of genes were detected with
DESeq?2 than with edgeR (Fig. 2). In total, the number of unique DEGs identified was 217 with
edgeR and 503 with DESeq2. For the two breeds, the D10 vs. D150 comparison had the largest
number of DEGs. Because this comparison for the Churra breed showed the highest number of
DEGs (173 with edgeR and 386 with DESeq2), we used this specific contrast to compare the
significant results from the two packages (Fig. 3a). While the highly conservative correction
method of edgeR was identified as one of the main factors explaining the discrepancies, when
considering the genes commonly identified by the two software solutions (Fig. 3b), we observed
a strong linear correlation between the logFC values obtained by the two packages. Based on
this, the only DEGs commonly identified with the two packages whose number ranged between
0 (for the Assaf D10 vs.D50 contrast) and 152 (for the Churra D10 vs.D150 contrast) (Fig. 2)

were subjected to a functional GO term enrichment analysis. Due to the large number of results
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generated in this analysis for all the comparisons (See Supplementary File S1), we only provide
a detailed discussion of the results obtained for the D10 vs. D150 comparisons. For the two
breeds, this was the comparison-pair with the largest number of DEGs: 152 in the Churra breed

and 47 in the Assaf breed.

For the 152 DEGs identified in the Churra breed, 89 were annotated genes. Forty-four of these
genes had a significantly higher expression at D10 than at D150. A total of 40 terms in the GO
biological process database were found to be significantly enriched for the upregulated genes in
the Churra breed at D10. Among the significant GO terms detected, we found terms related to
response to stimulus (p,g= 0.0272), response to stress (pagj = 0.0223), signaling genes (pagj =
0.0223) implicated in positive regulation of signal transduction (p,qj = 0.0233), cell
communication (pagj = 0.0252), cell proliferation (p.g = 0.0252), regulation of cell
differentiation (p.gj = 0.0252) and positive regulation of protein phosphorylation (pag = 0.0223).
As expected for the D10 time point, all of these terms involve biological regulation and
metabolic protein synthesis processes clearly related to the extreme metabolic stress associated
with high levels of milk production. Four GO terms were significant for the GO cellular
component cluster and were all related to the extracellular region (extracellular matrix (paq =
0.0017), extracellular region (p.g = 0.0468), extracellular region part (p,g; = 0.0017) and
extracellular space (paq; = 0.0017)), while no terms were significantly enriched for the GO

molecular function cluster.

Forty-five of the DEGs were upregulated at D150 in the Churra breed. From these, a total of 32
GO terms from the GO biological process database were significantly enriched. Among them,
we found terms related to developmental process (p.gj = 0.0208), organ morphogenesis (Pagj =
0.0222), cell motility (pagj = 0.0156), cell migration (paqj = 0.0123), chemotaxis (p.gj = 0.0067)
and nervous system development (p,gj = 0.0083). The nervous system has a role in mammary
gland milk ejection, and pathways related to the nervous system have also been found in the
bovine mammary transcriptome ''. Here, GO terms related to apoptotic processes were not

found, but significant enrichment terms related to mammary gland remodeling, which is a
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characteristic process of the lactation decline, were observed. In cattle, changes in the mammary
gland during lactation decline and involution reflects a change in secretory stage rather than
extensive tissue degeneration *°. No significant GO molecular function terms were found for
upregulated genes at D150, whereas twelve enriched terms were detected for GO cellular
components. Among them, we found plasma membrane (p,q; = 0.0268), extracellular matrix (pag;
=0.0096), extracellular region (p.q = 0.0435) and endoplasmic reticulum (paq; = 0.0268). We
highlight the significant GO terms related to endoplasmic reticulum as this organelle is linked to
the lipid secretory mechanism of the mammary epithelial cells *’. Initial analyses on the
expression of genes related to mammary gland fat metabolism suggest that genes implicated in

the de novo synthesis of sheep milk fat have increased expression at late lactation **.

For the Assaf breed, among the 47 DEGs genes detected in the D10 vs. D150 comparison, 38
were annotated. Of them, 17 and 21 genes were upregulated at D10 and D150, respectively.
Twenty-two genes were in common with the DEGs found in the Churra breed. No significant
enriched GO terms were found for upregulated genes at D10. For the genes upregulated at
D150, 13 terms were enriched in the GO biological process database; as in the Churra breed at
D150, these genes are primarily involved in developmental processes (pagj = 0.0329). The GO
biological function term related to macromolecule biosynthetic process (paq; = 0.0415) was also
enriched. No significant GO molecular function terms were found, and within the GO cellular
component database, the single significantly enriched GO term was extracellular region (pagj =

0.0342).

The results reported here show that sheep gene expression is very similar across lactation time
points. The major differences in gene expression levels and DEGs were found between extreme
stages of lactation in the two breeds analyzed. Fig. 4 shows a heatmap with the unique 191
common DEGs detected across lactation with the two analysis software solutions used here. The
genes are clustered in two major groups, one corresponding to D10 and D50 time points (related
to the initial stages of lactation) for both breeds and the other corresponding to D120 and D150

time points (associated with the late stages of lactation). These observations differ with those
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reported in cattle, where the analysis of the MSC transcriptome showed that the highest number
of DEGs was found for the D15 vs. D90 comparison (6,243 genes; p < 0.05, FDR <0.3),
representing the comparison between the transition and the peak lactation stages °. To interpret
these differences, we have to take into account that dairy cattle have a longer lactation
(normalized to 305 days in Holstein) than sheep (normalized to 150 days in Assaf and 120 days
in Churra). In addition, dairy sheep breeds, such as those analyzed here, are normally used with
a double production objective: providing milk for cheese and lambs for meat. The standard
management system involves one lambing per year in the Assaf breed (dairy specialized breed)
and three lambings in two years for the Churra breed. Our results show that the profile of highly
expressed genes is very similar between the two breeds and that within a breed, there are few
differences among the highly expressed genes across different lactation stages. Thus, sheep
lactation could physiologically continue longer, but this option is not currently exploited by
breeders because of the economic benefits that lamb sales provide to the general farm economy.
Larger differences were found between the extremes of lactation for the autochthonous Churra
breed than for the specialized dairy breed Assaf. The Churra breed has shorter lactation than the
Assaf breed, although here, we have elongated the milking period by 30 days such that larger

differences at late lactation were expected.
Differentially expressed genes between Churra and Assaf

In the comparison between the Churra and Assaf breeds, edgeR identified a total of 1,039
DEGs, whereas 774 genes were identified as DEGs with the DESeq?2 package. A total of 630
genes, of which 256 were annotated, were found in common as DEGs from both packages. A
total of 172 annotated genes were upregulated in the Churra breed, and 84 annotated genes were
upregulated in the Assaf breed. The GO terms with a significant pagj (<0.05) for the Churra and

Assaf breeds’ upregulated genes are shown in Supplementary File S2.

A total of 17 GO terms related to cell adhesion (p.g = 0.0259), cellular homeostasis (paqj =

0.0259) and developmental process (p.gj = 0.0259) were enriched for the upregulated DEGs
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identified in Churra sheep in the GO biological processes database. It has been demonstrated
that interactions between mammary epithelial cells, and thus the genes involved in cell
adhesion, are essential for cell viability and lactation **°'. In the Churra breed, it is remarkable
that 10 terms related to the GO molecular functions endopeptidase activity (p,qj = 0.0016) and
channel activity (p.gj = 0.0325) were found. Churra milk has better characteristics for cheese
production than Assaf milk, due to its higher protein and fat contents. Endopeptidases have
effects on the physicochemical characteristics and quality of dairy products **. It has been
suggested that ion channel activity could be related to the regulation of milk secretion *. Milk
volume is determined by osmotic-coupled water flow. The secretion of K, Na” and CI in dairy
cattle determines approximately 40% of the driving force, with the rest being determined by
lactose **. Mineral concentrations also affect milk physicochemical properties. Renneting
properties are influenced by pH, large casein micelle, more calcium per casein weight and other
mineral concentrations in milk *. Additionally, in the Churra breed, among the 12 significant
terms identified related to GO Cellular components, there were eight enriched terms related to
cell components such as plasma membrane part (p.gj = 0.0017), cell projection (pag; = 0.0112)
and secretory granule (p,g; = 0.0211) and four terms related to the extracellular region (pagj =
0.0001), extracellular region part (p,gj = 0.0142), extracellular matrix (p,gj = 0.0142) and
proteinaceous extracellular matrix (pagj = 0.0062) terms. Components of the mammary gland
extracellular matrix (ECM) are essential for supporting the basal lamina structure and providing
and anchor for mammary epithelial cells *°. Additionally, it has been shown that an increase in
mammary gland matrix components can contribute to the regulation of mammary epithelial cell

division *’.

For the 84 DEGs with higher expression levels in Assaf as compared to Churra sheep, 3 terms
were enriched in the GO biological process database that are related to the immune system
process (pagj = 0.003), immune response (p.gi = 0.0001) and response to stress (pagj = 0.0385)
terms. There is an enriched GO molecular function term related to receptor binding (pagj =

0.001). For the GO cellular component, three significant terms related to the extracellular region

132



were found (extracellular region (pagj = 0.0000375), extracellular region part (paq = 0.0004),
extracellular space (pagj = 0.0003)). In summary, from the breed comparison, a higher number of
upregulated genes was found during lactation in Churra sheep. Churra DEGs grouped in GO
molecular functions such as endopeptidase and channel activity, which could be related to the
better cheese yield of this breed, whereas gene expression in Assaf sheep was dominated by the

genes involved in immunity and stress responses.

Overall, this study represents the first integrated overview on the dynamic expression profile of
the milk sheep transcriptome. In addition, this study allowed us to compare the milk
transcriptome of two dairy sheep breeds, Churra and Assaf, showing that the differences in the
gene expression profiles, although small, could serve to identify candidate genes explaining the
known differences in production characteristics (milk yield, and milk composition) that exist
between these two breeds. This work may provide fundamental information for future studies
on specific pathways involved in lactation as well as the functional annotation of novel genes

detected.
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Tables

Table 1. RNA-Seq gene expression distribution for the two breeds and the four lactation time

points studied in the present work.

Churra Assaf
D10 D50 D120 D150 | D10 D50 D120 D150
Highly expressed genes
129 109 116 111 129 141 107 100

(=500 FPKM)
Medium expressed genes
(=10 FPKM to 500 5982 4747 5238 4986 5977 5916 4664 4397
FPKM)
Lowly expressed genes

10688 12336 11393 11753 | 10914 11329 11448 11907
(<10 FPKM)
Total expressed genes 16799 17192 16747 16850 | 17020 17386 16219 16404
Non expressed genes 8397 8004 8449 8346 8176 7810 8977 8792

Table 2. Classification of the transcripts identified in the mammary gland samples in relation to

the Ensembl annotated sheep genes (Oar_v3.1) based on the Cuffcompare tool of Cufflinks.

Cuffcompare_class Number _transcripts Percentage

Complete match of intro chain 25833 23.95
Multiple classifications 0 0
Contained in the reference 0 0
Possible pre-mRNA fragment 0 0
Transcript falling within a reference intron 0 0
Potentially novel isoforms 12057 11.18
Generic overlap with a reference transcript 1021 0.95
Possible polymerase run-on fragment 0 0
Intergenic transcript 66739 61.87
Exonic overlap on opposite strand 2166 2.01
Repeat 0 0
Overlapping intron transfrag in the other strand 61 0.06
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Figures

Figure 1: Bar graph with the highly expressed genes in milk somatic cells at 10, 50, 120
and 150 days of lactation. FPKM values are represented in the X-axis, whereas the gene names
are indicated in Y-axis. A color code is used to represent the four time points studied. (a) Top-

10 highly expressed genes in Assaf. (b) Top-10 highly expressed genes in Churra.
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Figure 2: Venn diagrams showing the number of differential expressed genes (DEG)
across lactation for Churra and Assaf sheep. For the two breeds (a, Assaf; b, Churra) and all
the time point pair comparisons considered, the number of DEG identified by the edgeR

analysis (red ellipse), the DESeq2 analysis (green ellipse) or both programs (intersection) is

indicated.
a  DEGs in Assaf breed along lactation b DEGs in Churra breed along lactation
D10vsD50 D10vsD50

edgeR Common DESeq2 edgeR Common DESeq2

o
:

D10vsD120 D10vsD120
edgeR Common DESeq2 edgeR Common DESeq2

52 62

D10vsD150 D10vsD150
edgeR Common DESeq2 edgeR Common DESeq2

75 234

D50vsD150 D50vsD150
edgeR Common DESeq2 edgeR Common DESeq2

o
o
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Figure 3: Comparison of differentially expressed genes (DEGs) detected with DESeq2 and
edgeR in the Churra D10 vs. D150 contrast. (a) Comparative graphical representation of the
logFC values resulting from the differential expression analysis performed for the D10 vs. D150
contrast with the edgeR package (X-axis) and the DESeq2 package (Y-axis). To help the
comparison, a color code is used to distinguish the following categories: logFC values of the
genes exclusively detected as DEGs by edgeR (red); logFC values of the genes exclusively
detected as DEGs by DESeq?2 (green); logFC values of the genes detected as DEGs by both
packages (yellow); logFC values of the genes not identified as DEG by any software (black). (b)
Comparative graphical representation of the logFC values obtained for the genes commonly
identified as DEGs by edgeR (X-axis) and DESeq2 (Y-axis) packages. Here it is shown that for
these genes (colored in yellow in Fig. 3a) the expression levels (logFC values) measured by the

two packages show a high and linear correlation.
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Figure 4: Heatmap and hierarchical clustering of differentially expressed genes (DEGs)
across lactation for Assaf and Churra sheep breeds. Heatmap display of supervised
hierarchical clustering of the unique 191 DEGs identified across four time points of sheep
lactation (D10, D50, D120, D150). The 191 genes are displayed in rows and the normalized
counts per sample are displayed in columns. Each column represents a sample; sample names
indicate the corresponding breed (A = Assaf; C = Churra) and day of sampling (D10, D50,
D120, D150). A colour code indicates up-regulated (orange) and down-regulated (blue)

expression levels,.
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INTRODUCCION

La produccion mundial de leche de oveja es de unos 10 millones de toneladas anuales
siendo la cuarta en importancia. Espafna se sitia como el séptimo productor mundial de
leche de oveja (FAOSTAT, 2012), siendo la comunidad de Castilla y Ledn la que genera un
70% de esta produccion lactea (352.501.000 litros en 2011) (MAGRAMA, 2015). En general,
la leche de oveja es procesada para la elaboracion de productos lacteos, principalmente
queso. Desde este punto de vista, el porcentaje de sélidos totales en leche o extracto
quesero (grasa y proteina) adquiere una importancia relevante. La sintesis de lipidos en
leche tiene especial interés debido a su influencia en el procesado y en las propiedades
organolépticas que confieren al queso. Por ello, el conocimiento de los genes que
desempenan un papel relevante en la sintesis de grasa de la leche y de las variaciones en
cuantitativas y cualitativas de los mismos a lo largo de la lactacién en el ganado ovino,
presentan un especial interés en la mejora de la produccién lechera de dicha especie.
Recientemente, las técnicas de secuenciacidon masiva paralela de RNA (RNA-seq) nos han
permitido comparar los niveles de expresion génica entre distintos grupos de individuos y
tejidos (Mortazavi et al., 2008; Wang et al., 2009). Para este estudio se han obtenido datos
de RNA-seq de 8 animales pertenecientes a dos razas ovinas lecheras, Assaf y Churra, de
las cuales se han tomado muestras de leche a lo largo de la lactacion, en concreto los dias
10, 50, 120 y 150 después del parto. Estas razas difieren en el porcentaje total de grasa en
leche, un 6,65 % en Assaf y un 7,01 % en Churra (MAGRAMA, 2015). El metabolismo
lipidico en la glandula mamaria puede subdividirse en: (i) captacién de acidos grasos del
torrente circulatorio, (ii) sintesis de novo y desaturacion de acidos grasos vy (iii) esterificacion
y secrecion de la grasa mamaria. El nUmero de genes que intervienen en estos procesos es
elevado y sus interacciones complejas, para este trabajo inicial hemos analizado el perfil de
expresion de 7 genes (VLDLR, LPL, ACACA, FASN, SCD1, BTN1A1 y XDH) con influencia
(Bionaz y Loor, 2008) en cada uno de los distintos procesos del metabolismo lipidico de la
glandula mamaria a lo largo de la lactacion en dos razas ovinas (Churra y Assaf).

MATERIAL Y METODOS

Para este estudio se han utilizado muestras procedentes de 8 ovejas libres de mamitis y
sometidas a la misma dieta, 4 ovejas de raza Assaf y 4 ovejas de raza Churra. De cada
animal se recogieron 50 ml de leche los dias 10, 50, 120 y 150 de lactacion. Las muestras
fueron recogidas una hora después del ordefio de las 8 de la mafana, coincidiendo con el
punto de maxima concentracion de células somaticas en leche, segun lo expuesto por
Gonzalo et al. (1994). EI RNA se extrajo a partir de 50 ml de leche siguiendo el protocolo
descrito por Wickramasinghe et al. (2012), con ciertas modificaciones. La integridad del RNA
(valor RIN) se analiz6 utilizando el Bioanalyzer Agilent 2100 (Agilent technologies, Santa
Clara, CA, USA). Los valores de RIN de las muestras de RNA oscilaron entre 7 y 9. Las
genotecas de RNA de extremos pareados (paired-end libraries) con fragmentos de 300 pb
se crearon con el kit True-Seq RNA-Seq simple preparation v2 (lllumina, San Diego, CA,
USA). Los fragmentos fueron secuenciados en el CNAG en un secuenciador /llumina Hi-Seq
2000, generando lecturas paired-end de 75 pb.

El control de calidad de los datos brutos de secuenciacion se realizé utilizando el programa
FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Las lecturas fueron
mapeadas contra el genoma ovino. (OAR v.3.1) utilizando el programa STAR_2.3.0e (Dobin
et al.,, 2013). El paquete bioinformatico Cufflinks (Trapnell et al., 2010) se utilizé6 para
ensamblar las lecturas mapeadas y crear un archivo de anotacién de referencia. La
cuantificacién del numero bruto de lecturas por gen se llevé a cabo utilizando el programa
SigCufflinks (http://www.sigenae.org).

El paquete de R DESeq2 (Love et al., 2014), fue utilizado en el andlisis de expresién
diferencial. Nuestro experimento, esta compuesto por 2 razas de animales (Churra y Assaf)
y cuatro dias diferentes de muestreo para cada grupo (Dia 10, Dia 50, Dia 120 y Dia 150).
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Para el analisis de la expresion diferencial se utilizé el siguiente modelo: Y = raza + dia +
(raza x dia) + error. Una vez realizado el andlisis con la funcién DESeq, se extrajeron los
recuentos normalizados para los genes de interés con la funcion plotCounts. Para cada
grupo de réplicas bioldgicas, se calculd la media, desviacién estandar y error estandar para
cada uno de los genes analizados.

RESULTADOS Y DISCUSION

El nivel de expresion de los genes analizados es muy variable a lo largo de los diferentes
momentos de la lactacion. Ninguno de los genes seleccionados muestra diferencias
significativas al comparar las distintas razas o los distintos puntos de lactacion. Cuando nos
fijamos en el perfil transcripcional de los genes analizados (Figura 1), podemos ver que, en
general, la expresion en la raza Churra es ligeramente superior que en Assaf. Aunque cabe
resaltar que la variabilidad entre los animales de raza Churra es también superior que entre
las réplicas biologicas de la raza Assaf. La lipoprotein-lipasa (LPL) y el receptor de
lipoproteina de muy baja densidad (VLDLR) estan implicados en la captacion de los acidos
grasos por la glandula mamaria. El LPL se expresa mas que el VLDLR e incrementa su
expresion a lo largo de la lactacion. El gen ACACA, FASNy SCD1 estén relacionados con la
sintesis de novo y la desaturacién de acidos grasos. Al igual que ocurre en el ganado bovino
(Wickramasinghe et al., 2012), el gen ACACA tiene una expresién muy baja en relacion con
el gen FASN, sin embargo, ambos tienen un perfil de expresién paralelo. La expresién del
SCD1 aumenta progresivamente a lo largo de la lactacion. La butirofilina (BTN1A7) y la
Xantina deshidrogenasa (XDH) son proteinas implicadas en la formacién del glébulo graso
(Bionaz y Loor, 2008). En el caso del ganado bovino la expresién de estos genes es muy
elevada al inicio de la lactacion y luego decrece (Wickramasinghe et al., 2012). En la oveja,
en el caso de la BTN1A1 se produce un incremento progresivo a lo largo de la lactacién, la
XHD se mantiene mas o menos constante incrementandose ligeramente al final.
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Figura 1. Perfiles de expresion de los genes implicados en el metabolismo lipidico de la
glandula mamaria durante la lactacion.

En general, la mayoria de los genes analizados incrementan su expresion a lo largo de la
lactacién, al contrario de lo descrito en el ganado bovino en la que la mayoria de los genes
muestran su mayor expresién al inicio de la misma (Wickramasinghe et al., 2012). Como se
puede observar en la figura 2, los tres genes con mayor expresién son FASN, SCD1y XDH.
FASN, que codifica para la acido graso sintasa, esta implicado en la produccién de acidos
grasos de novo y es el gen mas expresado al comienzo de la lactacion en las dos razas. La
estearoil-CoA desaturasa 1 (SCDT), es la principal encima implicada en la biosintesis de
acidos grasos mono-insaturados en rumiantes (Ntambi y Miyazaki, 2004). EI SCD1, es el
gen mas expresado al final de la lactaciébn en ambas razas, siendo también el gen mas
expresado en Churra los dias 50 y 120 de lactacion. En la glandula mamaria de rumiantes,
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este gen se encarga de la produccion de cerca del 80% de la forma mas comun de acido
lindleico conjugado (CLA, isémero cis-9, trans-11, C18:2) (Corl et al., 2001). Esta
demostrado que el consumo de acidos linoleicos conjugados es beneficioso para la salud
humana por sus propiedades anti-carcinogénicas, anti-lipogénicas e inmunomoduladoras
(Pariza et al., 1999). La elevada expresion de la estearoil-CoA desaturasa en la glandula
mamaria de las ovejas de raza Churra podria estar relacionada con una mayor
concentracion de CLA vy, por lo tanto, con una leche potencialmente mas saludable.

assaf churra

gene

[Avior
A [

ACACA

count

FASN

Figura 2.Recuentos normalizados de los genes implicados en el metabolismo lipidico de la
glandula mamaria durante la lactacion.
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STUDY OF THE TRANSCRIPTIONAL PROFILE OF GENES REALTED TO THE
MAMMARY GLAND FAT METABOLISM IN TWO OVINE BREEDS.
ABSTRACT: Sheep milk ranks the fourth position in terms of global milk production from
different species. Most of the world’s sheep milk is processed into dairy products, mostly
cheese. Milk lipid synthesis as well as fatty acid esterification and milk fat secretion have a
special interest due to their influence in manufacturing and organoleptic properties in dairy
products. In this study we performed a RNA-seq analysis in two different dairy sheep breeds
in order to evaluate the transcriptional profile of some genes implicated in the mammary
gland fat metabolism along lactation. The selected genes are: LPL and VLDL, implicated in
the fatty acid uptake from blood; ACACA, FASN and SCD, implicated in de novo synthesis
and fatty acid desaturation; BTN1A1 and XDN implicated in lipid droplet formation. None of
the genes evaluated is significantly differentially expressed between the two breeds nor
along lactation, but we can see changes in the expression profile. Mostly all of the genes
analyzed increased their expression along lactation. SCD1, ACACA y XDH were the most

abundant key genes measured, appearing to be key genes in milk fat metabolism.

Keywords: sheep, RNAseq, milk, fat metabolism.

149






5. Resumen de Resultados y

Discusion General






Resumen de Resultados y Discusion General

El estudio de la arquitectura molecular de caracteres de importancia econdmica en el
ganado ovino se ha visto favorecido por la rapida evolucién de la gendmica en los
ultimos afios. Las técnicas de secuenciaciéon de segunda generaciéon han permitido la
secuenciacion del genoma de distintas especies domésticas (vaca, pollo, cerdo,
oveja...) y la identificacién de gran variabilidad a lo largo de estos genomas. Este hecho
ha posibilitado el desarrollo de herramientas como las plataformas de genotipado
(chips de SNPs) de media y de alta densidad. Asi mismo, la disminucion de los costes
de secuenciacion experimentados por las técnicas de secuenciacion de segunda
generacidon ha permitido su utilizacion en ambitos mas amplios y por grupos de
investigacion mas modestos. Estos dos hitos en la evolucién de la gendmica de las
especies domesticas han marcado las actividades realizadas en la presente Tesis
Doctoral. Para su realizacion nos hemos servido fundamentalmente de dos
herramientas gendmicas, el chip ovino de media densidad (Ovine SNP50 BeadChip) y
técnicas de secuenciacién de segunda generacién. Estas herramientas gendmicas han
sido utilizadas en el estudio de dos tipos de caracteres: caracteres de herencia
mendeliana (enfermedades monogénicas), en los que se han utilizado el chip de media
densidad ovino y técnicas NGS; y caracteres complejos, relacionados con la produccién

lactea, en los que se ha utilizado la secuenciacidn masiva paralela del RNA (RNA-Seq).

En esta apartado se presenta un resumen de los principales resultados obtenidos en la
presente Tesis Doctoral y la discusion de los mismos. Para ello hemos dividido la
seccién en dos subapartados generales, el primero referido a la utilidad de las
herramientas gendmicas sobre el estudio de enfermedades monogénicas y el segundo
referido a la utilidad de la técnica de RNA-Seq sobre el estudio de la glandula mamaria

de la oveja durante la lactacion.

5.1. Utilizacion de herramientas gendmicas en el estudio de la base genética de

enfermedades monogénicas

5.1.1. Estudio de la base genética de la lisencefalia con hipoplasia cerebelar en

el ganado ovino de raza Churra

El primer trabajo presentado en esta Tesis Doctoral describe los resultados del estudio

de la base genética de la lisencefalia con hipoplasia cerebelar (Lissencephaly with
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Cerebellar Hypoplasia (LCH)) en el ganado ovino de raza Churra. La lisencefalia, cuyo
significado literal es “cerebro liso”, engloba un grupo de malformaciones severas del
cerebro causadas por una migraciéon anormal de las neuronas post-mitdticas al cértex
en desarrollo (Barkovich et al., 2005). Macroscdpicamente se observa una falta del
desarrollo de las circunvoluciones cerebrales. En el caso de la LCH estas
malformaciones a nivel del cértex cerebral vienen acompafiadas de una disminucién
acusada del tamafio del cerebelo. Los corderos enfermos cursan con incoordinacion de
movimientos e incapacidad para mantenerse en la estacién, lo que les dificulta la toma

de alimento y mueren a las pocas horas de nacer.

El estudio del pedigri de los animales afectados nos permitié determinar que nos
encontrdbamos ante una enfermedad genética compatible con una herencia
autosdmica recesiva. Ademads, permitié identificar el antecesor comun de los corderos
afectados objeto de estudio (HKLD8633). Este macho habia nacido en 1986 vy la
enfermedad se diagnosticd por primera vez en el afio 2004, aproximadamente, cuatro

generaciones mas tarde.

Para caracterizar la base genética de la LCH en la raza Churra se realizé un genotipado
con el chip de media densidad ovino (Ovine SNP50 BeadChip) en un total de 40
animales, 20 controles sanos no relacionados y 20 animales pertenecientes al rebafio
afectado, siete de ellos enfermos (casos). Mediante un estudio de asociacion a nivel
gendmico (GWAS) realizado con el software PLINK (Purcell et al., 2007) con los datos
de genotipado obtenidos con el chip, se identific6 una fuerte asociacién en el
cromosoma cuatro de la oveja (OAR4). EI SNP que mostraba la asociacion mas
significativa (p-value 2,4 x 10™) fue OAR4 45088426, localizado en la posicion
42.810.217 pb del cromosoma 4 en el genoma de referencia ovino Oar_v3.1. El analisis
de identidad por descendencia (homozigosity mapping) permitié acotar la region de
estudio a un intervalo de 4,8 Mpb en el OAR4 (42,369-47,251 Mpb). El andlisis de la
funcionalidad de los genes localizados en el intervalo de homocigosis nos permitiod
identificar al gen RELN como el mejor candidato posicional y funcional. El gen RELN

juega un papel critico en la migracion neural y la formacién de las capas cerebrales
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(Frotscher, 2010), relacionandose con un determinado tipo de lisencefalia en

humanos, la lisencefalia tipo 2 o sindrome Norman-Roberts (Hong et al., 2000).

La técnica de secuenciacidon Sanger aplicada sobre el mRNA en un control sano nos
permitid obtener la secuencia de cDNA completa del gen RELN en el ganado ovino, que
ha sido depositada en GenBank (n2 acc. KC590614). La secuenciacion del cDNA de este
gen en un cordero enfermo y su comparacion con el control sano revelé una delecién
de 31 pb en el exdn 36 del gen RELN del cordero afectado (c.5410 _5440del). Esta
mutacion se encontraba en homocigosis en el animal enfermo pero no en el control. La
delecion (c.5410_5440del) fue confirmada mediante el genotipado de DNA procedente
de seis corderos enfermos de LCH, seis controles no relacionados y seis madres de
corderos afectados de LCH. En todos los casos los animales afectados resultaron ser
homocigotos para la delecidn; las madres fueron heterocigotas para la mutacion; y los
controles homocigotos para el alelo salvaje. En el gen RELN se han descrito varias
mutaciones relacionadas con la LCH en humanos (Hong et al., 2000) y roedores
(Takahara et al., 1996; Royaux et al., 1997; D'Arcangelo and Curran, 1998; Yokoi et al.,
2003). La mutacion detectada (c.5410_5440del) originaria un cambio en el marco de
lectura de la secuencia codificante del gen RELN provocando un coddn de terminacién
prematuro en la posicion 1.817 de la proteina, frente a la proteina normal que
constaria de 3.460 aminodcidos. Sin embargo, las pruebas funcionales realizadas (qRT-
PCR y Western blot) en animales enfermos revelaron que la mutacién provocaba una

disminucién en la cantidad de RNA y la ausencia de la proteina en el tejido cerebral.

La caracterizacion de la mutacién causal de la LCH en el ganado ovino de raza Churra
permitio el desarrollo y registro como patente de un método de diagndstico rédpido
para la identificacidon de portadores sanos. Esta herramienta de diagndstico es util en
la implementacién de la seleccion asistida por genes en los rebafios de raza Churra y
por tanto en el control de la enfermedad. Dicha identificacion se realiza amplificando
por PCR un fragmento de DNA que contiene la mutacion; para ello se han disefiado dos
cebadores especificos que se utilizan para el diagnéstico (Sense PCR primer:
ttgecttctcecggtttaatg/ Antisense PCR primer: agggatttgtgatgctggac). Una vez realizada la
amplificacién, la migracién del amplicon en un gel de agarosa al 2% durante 45

minutos nos permite discernir la longitud de los fragmentos amplificados e identificar
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animales homocigotos para la deleccion (del/del), heterocigotos (del/+) u homocigotos

para el alelo salvaje (+/+).

5.1.2. Estudio de la base genética de la epidermdlisis bullosa juntural en el

ganado ovino de raza Churra

En el estudio de la base genética de la epidermdlisis bullosa se combind la utilizaciéon
de dos herramientas gendmicas, el genotipado con el chip de media densidad ovino
junto con técnicas de secuenciacion de segunda generacién. Ambas aproximaciones
han permitido identificar una delecién de 4 pb en el exén 33 del gen ITGB4 como la
mutacion causal responsable de la epidermdlisis bullosa juntural (Junctional

Epidemolysis Bullosa (JEB)) el ganado ovino de raza Churra.

La epidermdlisis bullosa es una genodermatosis autosémica recesiva que cursa con la
formacién de ampollas y la fragilidad mecdnica de la piel y membranas mucosas,
manifestandose al nacimiento. Las lesiones ampollosas en la JEB se producen a nivel
de la uniéon dermo-epidérmica en concreto a nivel de la ldmina ldcida, con alteracién
severa de los hemidesmosomas (Fine et al., 2008). En el nucleo de seleccion de ANCHE
se detectaron dos rebanos en los que nacian corderos que presentaban erosiones y
Ulceras en la piel y membranas mucosas y en los que se diagnosticé JEB (Benavides et
al., 2015). El estudio del pedigri de los animales afectados nos permitié determinar el
modo de herencia, compatible con una enfermedad autosémica recesiva, asi como
identificar un antecesor comun entre los dos rebanos afectados (VS94.11) (Benavides
et al., 2015). La JEB ha sido descrita en varias especies de mamiferos (Peters et al.,
2015; Olivry et al., 1997; Spirito et al., 2002; Milenkovic et al., 2003; Alhaidari et al.,
2005; Capt et al., 2005; Graves et al., 2009; Medeiros et al., 2012). En la oveja, la JEB
(subtipo Herlitz) ha sido previamente descrita en un rebafio de German Black-headed
Mutton; en este caso la enfermedad se producia por una delecién de 2 pb en el exdn

18 del gen LAMC2 (Momke et al., 2011).

El procedimiento llevado a cabo para determinar la region gendmica portadora de la
mutacién causal fue el mismo que para la LCH. El chip ovino de media densidad (Ovine

SNP50 BeadChip) se utilizdé para genotipar un total de 96 animales, 48 controles sanos
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no relacionados y 48 animales de los rebafios afectados, de los cuales 20 eran corderos
enfermos. Al igual que en la LCH, los analisis GWAS y de identidad por descendencia
realizados con los datos de genotipado nos permitieron acotar la localizacién de la
mutacion causal a un intervalo de homocigosis de 868 Kpb (54.632.309-55.500.100pb)
en el OAR11. El gen ITGB4, localizado dentro del intervalo de homocigosis, se
seleccioné como mejor candidato posicional y funcional, debido a las referencias
bibliograficas que asocian mutaciones en el gen ITGB4 con diversas formas de JEB en
humanos (Carmi et al., 1982; Chavanas et al., 1999; Birnbaum et al., 2008). El gen
ITGB4 codifica para la proteina integrina B4. En el epitelio estratificado esta proteina se
localiza en los hemidesmosomas, estructuras de adhesiéon especializadas de la unién

dermo-epidérmica (Stepp et al., 1990).

La mala calidad de la secuencia de referencia y de la anotaciéon del gen ITGB4
(ENSOARG00000009764) en el genoma ovino disponible (Oar_v3.1), hizo que
recurriésemos a la secuenciacién de novo del gen ITGB4 a partir de tres clones BAC

ovinos (CH243-344E15, CH243-306J7 y CH243-504K6) (Ratnakumar et al., 2010).

La técnica de secuenciacién masiva paralela del RNA (RNA-Seq) se utilizd para obtener
el transcriptoma de dos muestras de piel, la de un control sano y la de un cordero
enfermo. La técnica de RNA-Seq permite obtener informacion del transcriptoma de un
tejido celular en ausencia de una buena anotaciéon gendmica. La combinacién de la
secuencia gendmica del ITGB4 (obtenida mediante la secuenciacién de los clones BAC)
y de la informacién generada mediante la técnica de RNA-Seq en el control sano
permitid obtener la secuencia anotada del gen ITGB4 ovino, que ha sido depositada en

GenBank (n? acc. KP025765)

Una de las posibles aplicaciones de la técnica de RNA-Seq es la deteccion de variantes
en regiones codificantes del genoma (Wang et al., 2009). En este estudio, nos servimos
de esta utilidad de la técnica para detectar la mutacidn causal responsable de la JEB en
el ganado ovino, una delecién de 4 pb en el exdn 33 del gen ITGB4 (c.4412_4415 del).
Esta mutacién se confirmé a nivel gendmico, identificando tres genotipos que
segregaban claramente con los tres posibles estatus de la enfermedad: los animales

homocigotos para la delecidén (animales enfermos), los animales
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heterocigotos portadores (madres y padres de corderos afectados) y los homocigotos

para el alelo salvaje (identificados en los controles sanos analizados).

Las consecuencias de la mutacién se evaluaron mediante pruebas funcionales (gRT-
PCR e inmunohistoquimica), en ellas se comprobd una disminucién en los niveles de
RNA y la ausencia de integrina B4 en las muestras de piel de los corderos afectados. Al
realizar microscopia electrdnica de transmisidén se pudo comprobar que el tejido de
animales enfermos también carecia de hemidesmosomas (Benavides et al., 2015).
Estudios realizados en queratinocitos en los que no se expresa la integrina B4 y en
ratones knock-out para esta proteina confirman que la presencia de integrina B4 es
esencial para la formacion de los hemidesmosomas (Schaapveld et al., 1998; Van der

Neut et al., 1996).

Al igual que en el caso de la LCH, se desarrolld y patenté un método de diagndstico
rapido para la detecciéon de portadores sanos y control de la enfermedad en los
rebafios de raza Churra. El genotipado de la mutacién se realiza mediante la
amplificacién por PCR de un fragmento del gen que contiene la mutacién, para ello se
utilizan dos cebadores (Sense PCR Primer: ccagcagtcagggaggtg/ Antisense PCR Primer:
ctcaccgccgttcagecag), uno de ellos marcado con un fluoréforo. Posteriormente, se
realiza un analisis de longitud de fragmentos en un secuenciador de electroforesis
capilar, en el que se pueden identificar, en funcién del tamano de los fragmentos
amplificados, los tres genotipos: homocigotos para la deleccién (del/del),

heterocigotos (del/+) u homocigotos para el alelo salvaje (+/+).

5.1.3. Utilidad de las herramientas genomicas en la caracterizacion de

enfermedades monogénicas

Los resultados de los dos trabajos aqui presentados en los que se identifican las
mutaciones responsables de la lisencefalia con hipoplasia cerebelar y la epidermdlisis
bullosa juntural en la raza Churra apoyan resultados previos en diferentes especies
ganaderas en las que el uso de metodologias gendmicas ha tenido importantes

consecuencias practicas permitiendo el rapido control de defectos recesivos
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emergentes (Charlier et al., 2008; Nicholas, 2010), lo que deriva en mejoras tanto a

nivel productivo como a nivel de bienestar animal.

Estudios previos en nuestro grupo de investigacion evaluaban la utilizacidon del chip de
SNPs de media densidad como herramienta para el mapeo fino de regiones con
influencia sobre caracteres productivos complejos (Garcia-Gamez et al., 2012a). En
este estudio se concluia que seria necesario duplicar el nimero de marcadores para el
mapeo de caracteres cuantitativos de interés (Garcia-Gamez et al., 2012b). Sin
embargo, al contrario que ocurre con los caracteres complejos y tal y como se refleja
en la presente Tesis Doctoral, las plataformas de genotipado de densidad media son
altamente eficaces en el mapeo de regiones implicadas en caracteres de herencia
monogénica, siendo innecesaria la utilizacién de chips de mayor densidad que

aumentarian los costes de genotipado de los animales.

Un aspecto importante a sefialar es que, en nuestra experiencia, el intervalo de
confianza obtenido mediante la aproximacion de homozygosity mapping o mapeo por
“identidad por descendencia” depende del nimero de casos que se analizan. De esta
forma, en el mapeo de la LCH dénde unicamente se han genotipado siete animales
afectados se ha obtenido intervalo de homocigosis de 4,8 Mpb. Por otro lado, en el
caso de la JEB, dénde se han analizado 20 casos, el intervalo de homocigosis obtenido
se redujo a 850 Kpb. En este caso se puede observar que el anadlisis de cuatro veces
mas animales hace que el intervalo de confianza se reduzca unas 5,5 veces. Estas
observaciones, nos indican que aunque la aproximacion GWAS es muy eficiente en la
deteccion de la regidn que muestra desequilibrio de ligamiento con la mutacién causal
en la poblacion, el tamafio de la regién de homocigosis dénde se deben buscar los
genes candidatos responsables depende del nimero de sucesos recombinantes

(meiosis) que se analizan desde el antecesor comun en el que se produjo la mutacion.

Otro punto que hay que tener en cuenta es la calidad de la anotacién de la region de
busqueda y el conocimiento sobre la fisiologia y funcionalidad de los genes que se
localizan en esa region. En las dos enfermedades analizadas en la presente Tesis
Doctoral, en el primer andlisis de la funcionalidad de los candidatos posicionales se

identificd un gen candidato funcional que poseia un papel predominante en relacién
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con la enfermedad debido a estudios previos realizados en otras especies,
principalmente en la especie humana. En otras ocasiones puede ocurrir que, por una
deficiente anotacidn o por ser una enfermedad que no se ha estudiado previamente
en profundidad se deban analizar varios de los genes candidatos posicionales. En este
caso y en funcién de la longitud de la regién de homocigosis, una estrategia que
implique la secuenciacién gendmica de un caso y un control puede ayudar a identificar

la mutacion causal (Taylor et al., 2014; Sartelet et al., 2015).

Las técnicas de secuenciacién de segunda generacion han demostrado ser
herramientas Utiles en la secuenciacidon gendmica de alto rendimiento, permitiendo la
identificacion de variantes genéticas causales (Ng et al., 2010). La secuenciacién
masiva paralela de exomas es la aproximacién mas extendida en la identificacion de la
base genética de enfermedades monogénicas, presentandose como una alternativa
econdmica a la secuenciacion de genomas completos (Daetwyler et al., 2014). En seres
humanos, estudios recientes destacan las ventajas de la utilizacion de la secuenciacién
masiva paralela de exomas en el diagndstico genético de las distintas clases de
epidermolisis bullosa (Poulter et al., 2014; Takeichi et al., 2014). De la misma forma, en
base a los resultados descritos en la presente Tesis Doctoral, la secuenciacién masiva
paralela de transcriptomas seria una alternativa eficaz a la secuenciacidon de genomas
completos en aquellas especies con un genoma de referencia en desarrollo,

permitiéndonos ademas conocer el grado de expresidn génica.

En los dos estudios de enfermedades monogénicas presentados en esta Tesis Doctoral
se han seguido dos aproximaciones distintas, una mas cldsica (mapeo con el chip de
SNPs de media densidad y secuenciacidén Sanger) y otra mas innovadora en la que se
combinan el genotipado con el chip de SNPs con técnicas NGS. El genotipado con el
chip de SNPs permite mapear la region con influencia sobre el caracter mendeliano, la
secuenciacion con la técnica de RNA-Seq permite la deteccidn de variantes en la regién
mapeada, pero ademas, en zonas en las que el genoma de referencia tiene
limitaciones, la secuenciacién de novo con clones BAC para obtener una buena
referencia se hace fundamental. Estas aproximaciones mixtas son altamente eficaces

en genomas en los que tanto la secuencia como la anotacion del genoma de referencia
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no estan muy avanzadas. La combinacién de ambas técnicas supone un ahorro
fundamentalmente en tiempo laboratorial. Ademas, el coste econdmico comparado de

las dos aproximaciones seria similar.

El fin ultimo de la deteccién de mutaciones causales responsables de enfermedades
monogénicas es el control de la aparicion de enfermedades genéticas emergentes. La
aplicacion practica de la deteccion de las mutaciones causales en las dos
enfermedades caracterizadas en la presente Tesis Doctoral (LCH y JEB) se ve reflejada
en las herramientas de diagndstico desarrolladas y que han sido objeto de patente.
Estas herramientas permiten el diagndstico en animales con sintomas compatibles y
facilitan la aplicacién de la seleccidn asistida por genes en el nucleo de seleccion de
ANCHE. La deteccién de mutantes heterocigotos permite la eliminaciéon de estos
animales del programa de seleccién, ayudando a los criadores a evitar apareamientos
de riesgo en sus rebafios. Asi mismo, los métodos de diagndstico desarrollados podrian
utilizarse en la deteccion de portadores en el caso de cruzamientos programados para

obtener animales que sirvan como modelo en el estudio de ambas enfermedades.

5.2. Utilizaciéon de la técnica RNA-Seq en el estudio de la lactacidon en el

ganado ovino

Uno de los objetivos de la presente Tesis Doctoral ha sido el analisis global del
transcriptoma mamario en el ganado ovino mediante la técnica de RNA-Seq. En este
estudio se han comparado dos razas de ovejas lecheras con distintas caracteristicas
productivas, Churra y Assaf. El planteamiento del trabajo es doble, por un lado ver las
diferencias de expresion a lo largo de la lactaciéon en el ganado ovino y en segundo
lugar analizar las diferencias de expresidn entre dos razas con distintas caracteristicas

productivas y lactacion de distinta duracion.

En el estudio del perfil de expresién génica de la glandula mamaria de la oveja en
lactacidn se obtuvieron datos de RNA-Seq de ocho animales, cuatro de cada raza, de
los cuales se tomaron muestras de leche a lo largo de la lactacién, en concreto los dias
10, 50, 120 y 150 postparto. EIl RNA se extrajo a partir de las células somaticas de la
leche (CSL). En relacién a la expresién génica, las CSL han demostrado ser

representativas del tejido mamario en lactacion (Canovas et al., 2014). Tratandose,
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ademads, de un método sencillo y no invasivo de obtencién de RNA, lo que lo hace
especialmente interesante en estudios dindmicos de la glandula mamaria en la que se
realizan tomas de muestras por animal seriadas en el tiempo (Boutinaud and Jammes,

2002).

En los analisis RNA-Seq basados en el alineamiento de los datos frente al genoma de
referencia, la calidad de la secuencia del genoma y su anotacidon es esencial para
obtener una representacidon 6ptima de los transcriptomas. Por ello, en un estudio
previo se hizo un andlisis comparativo en el que se alinearon los datos de RNA-seq de
las dos razas en uno de los puntos de lactacidon (D120) frente a los genomas ovino
(Oar_v3.1) y bovino (UMD 3.1), presentando este ultimo un grado de anotacién mucho
mas avanzado. En el caso del alineamiento con el genoma ovino, el 87,7% de las
lecturas fueron alineadas. Cuando se utiliz6 como referencia el genoma bovino
alinearon un 72,8% de las lecturas. El ensamblaje de los transcritos para los dos
alineamientos demuestra que la utilizacién como referencia del genoma ovino permite
la deteccidon de un mayor nimero de nuevas isoformas potenciales, siendo el nimero
de transcritos cuyos intrones concuerdan completamente y el de transcritos
intergénicos muy similar al usar uno u otro genoma de referencia (Figura 3). Estos
datos nos llevaron a concluir que la utilizaciéon del genoma Oar_v3.1 como referencia
era la opcidn mas apropiada para realizar el andlisis global de los datos de RNA-seq en

el ganado ovino durante la lactacién.

En el andlisis del transcriptoma global de la oveja durante la lactacidn se detectaron un
alto porcentaje de transcritos intergénicos (61,87 % de todos los transcriptos
ensamblados). Este hecho nos da una idea de la anotacién incompleta de la versién
actual del genoma ovino (Oar_v3.1). En la actualidad, proyectos como el FAANG
(Functional Annotation of Animal Genomes) (http://www.faang.org/), estan siendo
desarrollados con el objetivo de mejorar la anotacién del genoma e identificar todos
los elementos funcionales en los genomas de diferentes especies animales, entre ellos

el de la oveja.
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Figura 3. Histograma de la distribucién de los transcritos ensamblados utilizando

como referencia el genoma bovino (UMD 3.1) y el genoma ovino (Oar_v3.1).
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En el andlisis realizado en base a los genes anotados en el genoma ovino Oar_v3.1, se
detectd la expresidn de una media de 16.897 y 16.757 genes en las CSL de Churra y
Assaf, respectivamente, lo que representa un 67,06% y un 66,51% del total de genes
anotados en la versidn actual del genoma. La mayoria de los genes expresados en las
CSL (mas de 10.000 genes en cada punto de muestreo y raza) tienen una expresion
baja, de menos de 10 FPKM (Fragmentos por Kilobase de exdn por millon de
fragmentos mapeados). Para las dos razas estudiadas, los diez genes mas expresados
en cada punto de muestreo acumulan aproximadamente el 70% del total de FPKM, lo
que significa que un pequefio nimero de genes acumula un porcentaje muy alto de las
lecturas del RNA total extraido de las CSL. Estas observaciones concuerdan con el
hecho de que estamos realizando un estudio sobre un érgano, la glandula mamaria,
gue posee una maquinaria altamente especializada propia del estado productivo en
gue se encuentra, la lactacidn, cuyas funciones principales son las sintesis de proteinas

(en las células del alveolo mamario) y la secrecién de grasa (captacion y sintesis de
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novo). Nuestros resultados muestran que el perfil de genes altamente expresados en
las dos razas es muy similar a lo largo de la lactacién. Al analizar los 10 genes mas
expresados en las dos razas y en todos los puntos de lactacidn nos encontramos que
los genes que codifican para las caseinas (CSN1S1, CSN1S2, CSN2 y CSN3) vy las
proteinas del lactosuero (LGB y LALBA), principales componentes proteicos de la leche,
se encuentran siempre en las primeras posiciones de este top-10. Otros dos genes
altamente expresados en las dos razas y en los cuatro puntos de la lactacién analizados
son el gen GLYCAM-1, componente de la membrana del glébulo graso de la leche
(Kann et al., 1999) y el gen B2M, componente estructural de receptores implicados en
la transferencia de inmunoglobulinas G del suero a la leche (Anderson et al., 2006).
Tres genes se incluian en el top-10 en las dos razas pero no en todos los puntos de
lactacidn, estos fueron los genes 5.85 rRNA, SERP1 y OST. El 5.85 rRNA es un RNA no
codificante que forma parte del ribosoma. Estudios realizados en la glandula mamaria
de conejos relacionan la expresiéon de rRNA con niveles altos de sintesis proteica
(Teyssot and Houdebine, 1981). El gen SERP1 codifica para la proteina del reticulo
endopldsmico asociada al estrés 1, la sintesis de esta proteina aumenta asociada al
estrés metabdlico, suprimiendo la agregacién o degradacion de proteinas integrales de
membrana recién sintetizadas y favoreciendo su glicosilacion cuando el estrés se
elimina (Yamaguchi et al.,, 1999). El gen OST (también SPP1) codifica para la
osteopontina, cuya funcion en la glandula mamaria no esta claramente determinada.
Existen diversos estudios que intentan explicar la funcion del gen OST relacionando su
expresiéon con aumentos en la sintesis de las caseinas CSN2 y CSN3 (Sheehy et al.,
2009), con la morfogénesis de la glandula mamaria (Nemir et al., 2000) o con la
transmisién de propiedades inmunitarias al recién nacido (Alain et al., 2009; Schack et
al., 2009). Ademas, en la lista de los diez genes mas expresados se identificaron dos
genes en Churra el dia 120 que no se detectaron en Assaf, estos fueron los genes CLU y
SAA. En la glandula mamaria de ratén, el gen CLU se encuentra altamente expresado
en el preparto y la involucién, estando altamente relacionado con procesos de
morfogénesis tubuloalveolar y diferenciacién de células epiteliales (French et al.,
1996). Niveles elevados de expresion del gen SAA se relacionan con estados

inflamatorios de la glandula mamaria (Pyorala, 2003); sin embargo estudios realizados
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en glandulas mamarias sanas de cerdos indican que esta proteina puede tener una
funcién fisiolégica normal en la glandula mamaria sana estimulando la respuesta
inmune neonatal (de Jesus Rodriguez et al.,, 2009). Como contraste a nuestros
resultados, los datos publicados en el ganado vacuno indican que al final de la
lactacidn las caseinas y las proteinas del lactosuero no se encuentran entre los genes
mas expresados siendo sustituidos por otros genes relacionados con fenédmenos de
protedlisis, actividad antiapoptdtica y funciones inmunes (Wickramasinghe et al.,

2012).

En el estudio de expresion diferencial realizado entre los distintos puntos de muestreo
a lo largo de la lactacién, el mayor nimero de genes diferencialmente expresados en
las dos razas se detectd entre el inicio y el final de la lactacién (dias 10 y 150). En total
se detectaron 89 genes anotados expresados diferencialmente en Churra y 38 en
Assaf. Los analisis de enriquecimiento funcional para los genes sobreexpresados en el
dia 10 de la lactaciéon en la raza Churra se relacionaban con procesos de respuesta a
estimulos, proliferacidon y diferenciacién celular y regulacién positiva de fosforilacién
de proteinas. Procesos que estan relacionados con los altos niveles de produccién de
las primeras etapas de la lactacién. En el caso de los genes sobreexpresados en el dia
150 de lactacidon se encuentran términos relacionados con la remodelacion de la
glandula mamaria (procesos de desarrollo, morfogénesis de drganos, movimiento y
migracion celular). En el caso de la raza Assaf, sélo se encontré enriquecimiento en
términos de ontologia de genes en los genes sobreexpresados en el dia 150. Estos
términos, al igual que en Churra, estaban relacionados con procesos de desarrollo
celular, de tejidos, diferenciacién celular y morfogénesis. En el caso del ganado ovino
al contrario de lo que cabria esperar en un punto de muestreo tardio como es el dia
150, no se encuentran términos de ontologia génica relacionados con procesos de
apoptosis y degeneracion tisular. En el ganado vacuno, un estudio realizado por (Holst
et al., 1987) describe que a nivel tisular los cambios en la glandula mamaria al final de
la lactacién se reflejan mas como un cambio en el estado de secrecidon que en una
degeneracion extensiva del tejido. Sin embargo, en el estudio global de expresién
génica a lo largo de la lactacién en el ganado vacuno realizado por (Wickramasinghe et

al., 2012) si se detectan genes relacionados con la apoptosis y muerte celular tanto

165



Utilizacion de herramientas gendmicas en el estudio de la arquitectura molecular
de caracteres de importancia econémica en el ganado ovino

entre los genes mas expresados como en los diferencialmente expresados en la ultima
etapa de lactacion bovina (dia 250). Para entender estas diferencias entre el perfil de
expresion génica al final de la lactacién en el ganado vacuno y el ganado ovino lo
primero que deberiamos tener en cuenta es la aptitud productiva y longitud de las
lactaciones en una y otra especie. Por lo general, la aptitud principal del ganado
vacuno lechero es la produccién lactea y en esta especie los periodos de lactacidn se
llevan al limite (lactaciones normalizadas a 305 dias en la raza Holstein). Sin embargo,
las dos razas ovinas lecheras analizadas en este trabajo se explotan generalmente con
una doble aptitud, produccién de leche, principalmente para queso, y produccién de
corderos para carne. En este sentido los actuales sistemas de manejo estan orientados
a que se produzca un parto al afio en las explotaciones de ovejas de raza Assaf y tres
partos en dos anos en las explotaciones de ovejas de raza Churra. Esto hace que las
lactaciones se normalicen generalmente a 150 dias en la raza Assaf y 120 dias en la
raza Churra. Desde nuestro punto de vista, en base al perfil de expresion génica
analizado, en el que la expresion de caseinas y proteinas del lactosuero se mantienen
elevadas y no se detectan genes relacionados con fendmenos de degeneracidn tisular
al final de la lactacién, las lactaciones podrian ser fisiolégicamente mas largas en el
ganado ovino, sin embargo desde un punto de vista productivo resulta
econdémicamente mas interesante tener lactaciones mds cortas y sacar beneficios de la

venta de corderos.

En el analisis de expresion diferencial realizado entre las dos razas, Churra y Assaf, se
detectaron sobreexpresados, en la raza Churra, unos grupos de genes asociados con el
transporte de iones y la actividad endopeptidasa. Los genes agrupados bajo estas
funciones podrian relacionarse con la mayor aptitud de la leche de Churra para la
elaboracidn de quesos. En el caso de los genes relacionados con el transporte de iones,
estos genes pueden influir sobre caracteristicas de la leche como el pH vy la
concentracion de calcio y otros minerales. Estos factores tienen una influencia directa
sobre el proceso de coagulacién de la leche para la elaboracién de queso (Park et al.,
2007,Bittante et al., 2012). En cuanto a la actividad endopeptidasa, en general, las
proteasas endogenas de la leche suelen tener efectos sobre las caracteristicas

fisicoquimicas de la leche fresca y sobre la calidad de los productos lacteos (Marino et
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al., 2005). La protedlisis tiene una influencia directa en el sabor del queso ya que en
este proceso se producen péptidos cortos y aminodcidos, algunos de los cuales tienen
sabor. También influye de forma indirecta, ya que a lo largo de la protedlisis se liberan
aminodacidos que son sustratos para una serie de reacciones catabdlicas que generan
muchos compuestos importantes para el sabor del queso maduro (McSweeney, 2004).
El proceso de protedlisis es muy complejo y en él juegan un papel fundamental
diferentes enzimas proteoliticas tanto exdgenas (cuajo, microorganismos) como
endogenas (presentes en la propia leche). Hay que tener en cuenta que las proteasas
enddégenas tienen un papel importante en el proceso de maduracidn del queso ya que
son una de las fuentes de enzimas proteoliticas, entre las proteasas enddgenas
destacan por su actividad en la leche, la plasmina, las catepsinas y la elastasa
(McSweeney, 2004). En una revision inicial de los genes sobreexpresados en Churra,
dentro del término actividad peptidasa nos llama la atencidn la expresién de un grupo
de seis genes pertenecientes a la familia de las calicreinas (KLK5, KLK6, KLK7, KLK10,
KLK12, KLK13). Estos genes codifican para un grupo de serin-proteasas con actividad
tipo tripsina o quimotripsina que son responsables, entre otras, de la coordinacién de
diversas funciones fisioldgicas incluyendo la presién arterial, la licuefaccién del semen
y la descamacion de la piel (Yousef and Diamandis, 2001,Shaw and Diamandis, 2007).
El estudio realizado por Shaw and Diamandis (2007) en seres humanos confirma la
presencia de las calicreinas KLK4, KLK5, KLK6, KLK7, KLK8, KLK9, KLK10, KLK11, KLK12,
KLK15 en leche. Las funciones de esta familia de proteasas en la leche estan aun por
determinar y no hemos encontrado ningln trabajo que analice el posible papel de las
calicreinas en la gldndula mamaria. Sin embargo, sorprende la actividad diferencial de
los genes que codifican para estas enzimas proteoliticas en las dos razas analizadas. El
posible papel de la concentraciéon de estas proteasas y la diferente aptitud en la
maduracién de los quesos entre ambas razas debera ser objeto de analisis en futuros

trabajos.

En el estudio preliminar realizado sobre los genes relacionados con el metabolismo
lipidico de la glandula mamaria en lactacién se seleccionaron un total de siete genes:
dos genes implicados en la captacién de acidos grasos por la glandula mamaria (VLDLR

y LPL), dos genes implicados en la formacion del glébulo graso (XDH y BTN1A1), dos
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genes implicados en la sintesis de novo (ACACA y FASN) y un gen relacionado con la
desaturacion de los acidos grasos (SCD1). Ninguno de los genes esta diferencialmente
expresado entre las dos razas. En general, la mayoria de los genes analizados
incrementaron su expresion a lo largo de la lactacidn, al contrario de lo descrito en el
ganado bovino, especie en la que la mayoria de los genes muestran su mayor
expresion al inicio de la misma (Wickramasinghe et al., 2012). Los tres genes con
mayor expresion fueron los genes FASN, SCD1 y XDH, que ademas se encuentran en el
grupo de genes con mas de 500 FPKM en el estudio global, por lo tanto en el grupo de
genes altamente expresados. Los genes FASN y XDH estan implicados en la produccién
de acidos grasos de novo y la formacién del glébulo graso. El incremento de expresién
de estos genes a lo largo de la lactacion implicaria una mayor formacion de lipidos,
producidos en el reticulo endoplasmico liso. En los analisis de expresion diferencial a lo
largo de la lactacién encontramos sobre-expresados en la raza Churra en los dias 120 y
150, genes que codifican proteinas cuya actividad se detecta de forma preferencial en
el reticulo endopldsmico, lo que podria correlacionarse con la mayor formacién de
lipidos en etapas finales de la lactacion. El gen SCD1 codifica para la estearoil-CoA
desaturasa 1, principal enzima implicada en la biosintesis de acidos grasos mono-
insaturados en rumiantes (Ntambi and Miyazaki, 2004). En la glandula mamaria de
rumiantes, este gen se encarga de la produccion de cerca del 80% de la forma mas
comun de acido lindleico conjugado (CLA, isdmero cis-9, trans-11, C18:2) (Corl et al.,
2001). Estd demostrado que el consumo de acidos linoleicos conjugados es beneficioso
para la salud humana por sus propiedades anti-carcinogénicas, anti-lipogénicas e
inmunomoduladoras (Pariza et al., 1999). El SCD1, es el gen mds expresado, de los
estudiados en este apartado, al final de la lactacidon en ambas razas, siendo también el
gen mas expresado en Churra los dias 50 y 120 de lactacién, lo que implica que pueda
estar relacionada con una mayor concentracién de CLA en la leche de Churra vy, por lo
tanto, con una leche potencialmente mas saludable. Estudios previos realizados sobre
la concentracidn en leche de CLA (C18:2 cis-9, trans-11 ) en ambas razas confirman que
la concentracion de CLA en Churra es superior (0,89 g/ 100 g de acidos grasos totales;
De La Fuente et al., 2009) a la de Assaf (0,64 g/ 100 g de acidos grasos totales; Toral et
al., 2010).
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Este trabajo constituye el primer estudio que analiza el perfil de expresion génica de la
glandula mamaria de la oveja en lactacidn. Se trata de un estudio complejo, con dos
razas y cuatro puntos de muestreo, donde los resultados obtenidos nos proporcionan
una vision global del transcriptoma de la glandula mamaria de la oveja y nos dan
informacién sobre posibles rutas metabdlicas implicadas en la lactacién y en caracteres
productivos de interés. Sin embargo, la gran cantidad de datos proporcionados por la
técnica de RNA-Seq hace que este estudio sélo constituya el inicio y que quede aln
mucho trabajo por hacer, como el andlisis detallado de los genes implicados en las
rutas significativas detectadas, relacionadas a priori con caracteres productivos; la
identificacion de variantes tanto en genes relacionados con estas rutas como en
regiones gendmicas en las que previamente se han identificado QTLs; asi como el
andlisis de expresion diferencial de isoformas y andlisis funcional de transcritos no
anotados en el genoma de referencia. De la misma forma, resultaria interesante
ahondar en rutas especificas, que aunque no contengan genes diferencialmente
expresados, sean interesantes desde el punto de vista productivo (genes implicados en
el metabolismo de oligosacaridos, rutas metabdlicas implicadas en la degradacion de
proteinas, etc.) al igual que se ha hecho en el andlisis preliminar de los genes

implicados en el metabolismo lipidico presentado en esta Tesis Doctoral.
5.3. Perspectivas Futuras

La capacidad de secuenciar y descifrar el material genético de las distintas especies
animales de una forma rapida y a un coste asequible se ha logrado gracias al desarrollo
de las técnicas NGS. Sin embargo, el almacenamiento, procesado, analisis,
interpretacion e integracién de resultados suponen un reto para los investigadores

debido a la enorme cantidad de datos generados.

Las técnicas de secuenciacion de alto rendimiento ofrecen oportunidades sin
precedentes en la identificacion de genes y mutaciones relacionadas con
enfermedades. La principal ventaja en la utilizacion de herramientas NGS es que, al
contrario que las plataformas de genotipado, las técnicas de secuenciacién de segunda
generacion permiten la deteccion de forma directa de las mutaciones causales. En la

actualidad la secuenciacién de exomas es la técnica mas utilizada en la especie
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humana, sin embargo la disminucién progresiva de los costes de secuenciacién
favorecerd que cada vez se recurra mas a la secuenciacion de genomas completos,
técnica claramente mds ventajosa dado el actual estado de anotacién en especies
como la oveja. Asi mismo, el abaratamiento de los costes permitird la secuenciacién de
un mayor nimero de muestras lo que ampliara la potencia de deteccion. No obstante,
al contrario de lo que ocurre cuando se utilizan plataformas de genotipado donde los
analisis de GWAS y de identidad por descendencia estan altamente estandarizados, en
la utilizacidn de técnicas NGS, la capacidad para la generacidn de datos aln va muy por
delante del desarrollo de protocolos estandar para interpretarlos correctamente. Los
datos de secuenciacion masiva paralela son mds propensos a interpretaciones
errdneas debido a la gran cantidad de mutaciones causales candidatas que podemos
encontrar en cualquier genoma, muchas de las cuales podrian concordar por azar con
datos que sugieran que la mutacion estaria relacionada con la enfermedad estudiada,

I “"

un problema que ha sido definido como el “potencial narrativo” de los genomas
(Goldstein et al., 2013). Por ello, en la revisién realizada por MacArthur et al. (2014) se
describen una serie de directrices y se sugieren pautas para el desarrollo y mejora en la
investigacion de mutaciones causales utilizando técnicas NGS; entre ellas se propone la
necesidad de desarrollo y evaluacién comparativa de métodos estadisticos
estandarizados que permitan la asignacién de probabilidades objetivas a los nuevos
genes identificados como responsables de enfermedades y mutaciones candidatas
(MacArthur et al., 2014). En el mismo estudio, también se sugiere la mejora de las
bases de datos en las que se describen las mutaciones detectadas y se anima a los
investigadores a que publiquen sus fenotipos, datos de secuenciacién masiva vy
pruebas funcionales con el fin de que toda esta informacién pueda servir de ayuda en

la implicacién o exclusion en futuros estudios de nuevas variantes génicas en relacién

con una determinada enfermedad (MacArthur et al., 2014).

En lo que se refiere a la utilizacion de datos de RNA-Seq en el estudio del perfil
transcripcional de tejidos relacionados con caracteres de interés productivo en las
distintas especies domésticas, esta técnica ha demostrado ser de gran utilidad
ayudando a caracterizar bioldgicamente dichos transcriptomas e identificando rutas

metabdlicas, genes y asociaciones entre alelos marcadores y fenotipos de interés
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(Wickramasinghe et al., 2014). Sin embargo, la técnica de RNA-seq también tiene
limitaciones que deben ser tenidas en cuenta. En el caso de los animales domésticos
los resultados de los estudios de RNA-seq se encuentran en muchos ocasiones
condicionados por la anotacion actual de los genomas. El proyecto FAANG
(http://www.faang.org/), es un proyecto reciente (Andersson et al., 2015) que al igual
gue el ENCODE en seres humanos (ENCODE Project Consortium, 2004) y otras especies
modelo (Gerstein et al., 2010; modENCODE Consortium et al., 2010; Shen et al., 2012;
Sivasubbu et al., 2013; Yue et al., 2014), nace en los animales domésticos con el
objetivo de mapear los elementos funcionales del genoma. En la actualidad, los
estudios para la identificacion de elementos funcionales se realizan, generalmente, en
muestras de tejido que a menudo contiene multiples células heterogéneas, lo que
complica los andlisis. Recientemente las técnicas NGS han solventado estos problemas
con el desarrollo de plataformas capaces de secuenciar el material genético de una
Unica célula (Nawy, 2014). Asi mismo, se han desarrollado técnicas de secuenciacién
de tercera generacidon que permiten la secuenciacién de una sola molécula de DNA lo
que elimina los sesgos producidos en la amplificacion inicial (Schadt et al., 2010). Como
se deduce de todo lo expuesto anteriormente, el avance de la tecnologia en la
gendmica ha sido espectacular y el reto ahora se encuentra en el desarrollo de
herramientas que nos permitan interpretar la complejidad bioldgica que subyace a la
variabilidad genética para poder predecir los fenotipos resultantes o lo que es lo
mismo, predecir las consecuencias codificadas en la secuencia gendmica. De la misma
forma, la colaboracién entre diferentes grupos de investigacion e integracion de datos
de las diferentes ciencias “Omicas” en lo que se conoce como biologia de sistemas
resulta esencial en la interpretacién de resultados y su aplicacidon en el conocimiento

de la base genética de caracteres productivos complejos.
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Conclusiones

12. El clonado posicional mediante un analisis de asociacién en el genoma completo

(GWAS) y un analisis de identidad por descendencia nos han permitido identificar

la mutacion causal de la lisencefalia con hipoplasia cerebelar en el ganado ovino de

raza Churra. Asi:

Se ha detectado una delecién de 31 pb en el exdn 36 del gen RELN
(c.5410 5440del) en estado de homocigosis como la posible mutacién
responsable de la enfermedad.

Los efectos de dicha mutacion han sido confirmados a nivel funcional
mediante la utilizacidn de las técnicas gRT-PCR y Western blot.

Se ha desarrollado un método de diagndstico rapido para la identificacién de

portadores sanos en las explotaciones de raza Churra.

22, La utilizacion del chip de SNPs de 50K ovino junto con el uso de técnicas de

secuenciacion de segunda generacién han demostrado ser eficaces en el mapeo e

identificacion de la base genética de la epidermdlisis bullosa juntural en el ganado

ovino de raza Churra. De esta manera:

Se ha identificado como mutacién causal de esta enfermedad una delecién de
4 pb en el exdn 33 del gen ITGB4 (c.4412_4415del) que se encontraba en
homocigosis en los animales afectados por la enfermedad.

Los analisis funcionales (gRT-PCR e inmunohistoquimica) revelan una
disminucién en los niveles de mRNA del gen ITGB4 y la ausencia de integrina
B4 en las muestras de piel de los corderos afectados.

La combinacion de la secuenciacién masiva paralela de un BAC conteniendo un
inserto con la regidon gendmica ovina donde se localiza el gen ITGB4 y los datos
de RNA-Seq de la piel de un control sano ha permitido obtener la secuencia
completa del gen ITGB4 y su correcta anotacién.

Se ha implementado un método de diagndstico rdpido para la identificacidn de

portadores sanos.
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32, Se ha llevado a cabo el primer estudio integrado de la caracterizaciéon de la
expresion génica de la glandula mamaria ovina a lo largo de la lactacion mediante
RNA-Seq. Asi hemos podido comprobar que:

e Los diez genes mdas expresados en cada punto de muestreo acumulan
aproximadamente el 70% del total de FPKM, lo que da una idea del alto grado
de especializacién de la gldndula mamaria. Los genes que codifican para las
caseinas y las proteinas del lactosuero son los mds expresados en todos los
puntos analizados.

e Se han detectado un alto porcentaje de transcritos intergénicos, el 61,87 % de
todos los transcriptos ensamblados, lo que refleja la anotacion incompleta de
la version actual del genoma ovino (Oar_v3.1), asi como la complejidad del
mismo.

e En los analisis de expresién diferencial longitudinal, las mayores diferencias se
detectaron entre el inicio y el final de la lactacion. En las etapas finales de este
proceso fisiolégico se ha detectado una mayor expresion de genes
relacionados con la remodelacion de la glandula mamaria.

e En las comparaciones de la expresion génica diferencial entre las dos razas
ovinas estudiadas, Churra y Assaf, se han identificado genes sobre-expresados
en la raza Churra cuya funcion estd relacionada con la actividad endopeptidasa
y el transporte de iones. La mayor expresidon de estos genes podria asociarse

con una mayor aptitud de la leche de Churra para la elaboracién de queso.
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Conclusions

15t. The positional cloning with the OvineSNP50 BeadChip through a genome-wide

association study and an identity-by-descent analysis have enabled the

identification of the causal mutation of the lissencephaly with cerebellar

hypoplasia in Spanish Churra sheep. Thus:

e We have detected a homozygous deletion of 31 bp in the predicted exon 36
of the RELN gene as the causal mutation of the disease.

e The effects of the mutation have been confirmed at the functional level by
using gRT-PCR and Western blot techniques.

e A diagnostic method for the rapid detection of healthy carriers has been

developed in order to avoid at-risk matings in Churra flocks.

2"d.The combination of the use of the OvineSNP50 BeadChip and massive parallel
sequencing has enabled the characterization of the molecular architecture of
the junctional epidermolysis bullosa in Spanish Churra Sheep. In that way:

e We herein demonstrated that a 4-bp deletion within exon 33 of the ITGB4
gene (c.4412 4415del), which was found in homozygosity exclusively in
affected lambs, is responsible for the junctional epidermolysis bullosa in
Churra sheep.

e The functional analyses performed in relation to this deletion revealed that
junctional epidermolysis bullosa skin samples showed decreased levels of
mRNA and the absence of integrin B4 labeling in inmunohistochemical
assays.

e De novo BAC clone sequencing combined with the RNA-seq data obtained
from the skin sample of a control individual allowed us to obtain the
complete ITGB4 gene sequence and its appropriate annotation.

e A diagnostic method has been implemented in Churra sheep flocks to

identify healthy carriers of this mutation.
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34, The RNA-seq approach on sheep milk somatic cells across lactation reported
here comprises the first integrated overview on global expression of sheep milk
transcriptome. Thus, we have confirmed that:

e The ten highest expressed genes at each time point accumulate
approximately 70% of the total gene FPKM reads, which means that a small
number of genes contribute to a large fraction of the total RNA extracted
from milk somatic cells. As could be expected, due to the high specialization
of the lactating mammary gland machinery, genes encoding caseins and
whey proteins are part of the most expressed genes across lactation.

e A large proportion of intergenic transcripts (61.87% of the total assembled
transcripts) has been detected. This fact underlines the incompleteness of
the annotation of the current sheep transcriptome as well as its complexity.

e In the differential expression analysis across lactation, the highest number
of differentially expressed genes was found between the extreme time
points of lactation. Upregulated genes at final stages of lactation were
enriched in terms related to mammary gland remodeling.

e In the comparison between the Churra and Assaf breeds, we found genes
selectively upregulated in Churra grouped within endopeptidase and
channel activity functions. These genes could be related to the higher

cheese yield of this breed when compared with Assaf.
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Resumen

La presente Tesis Doctoral surge dentro del marco de los cambios y la evolucién que
han sufrido las herramientas gendmicas en los ultimos diez anos, desde la aparicién de
las plataformas de genotipado masivo derivadas de la informaciéon producida en las
fases iniciales de los proyectos de secuenciacion de los genomas de los animales
domeésticos, hasta el desarrollo de las técnicas de secuenciacion de segunda
generacion (Next Generation Sequencing (NGS)) que surgen debido a la necesidad de
tener herramientas de secuenciacion de alto rendimiento en el proyecto del Genoma
Humano. El objetivo inicial de la presente Tesis Doctoral, coincidiendo con Ia
comercializaciéon del chip de SNPs de 50K ovino, era la utilizacién del OvineSNP50
BeadChip para la caracterizacion de la base molecular de dos enfermedades de
herencia mendeliana, detectadas en rebafios del nucleo de seleccién de la Asociacion
de Criadores de Raza Churra (ANCHE). Sin embargo, la rdpida evolucién, eficacia y
asequibilidad de las técnicas de secuenciaciéon de segunda generacion en los ultimos
afios nos ha permitido aplicar el uso de estas nuevas metodologias en el ambito de la
mejora genética en produccién animal. Asi, hemos utilizado las técnicas NGS, en
concreto la secuenciacion masiva paralela de RNA (RNA-Seq), tanto para la
caracterizacion de la base molecular de una de las enfermedades de herencia
mendeliana en estudio, como para el andlisis del transcriptoma de la glandula mamaria
en lactacién. Uno de los principales objetivos de nuestro grupo de investigacion es la
mejora de la produccién lactea en el ganado ovino, principalmente en la raza Churra,
por ello, el conocimiento del perfil transcripcional de la gldndula mamaria en lactacién
es de especial interés, ya que permite la identificacion de genes que controlan
caracteres complejos relacionados con la produccién y la composicidn de la leche, y la
deteccion de variantes génicas que pudieran ser utilizadas en la mejora de la
produccién lechera. En funcidon de lo expuesto, el objetivo general de esta Tesis
Doctoral ha sido utilizar las herramientas gendmicas disponibles en el estudio de
caracteres de importancia econdmica en el ganado ovino lechero. En concreto, utilizar
el OvineSNP50 BeadChip en el mapeo de regiones portadoras de mutaciones causales
de enfermedades de herencia mendeliana y utilizar las herramientas de secuenciacién
masiva paralela en la caracterizacion de la mutacién causal de enfermedades

monogénicas y del transcriptoma de la glandula mamaria de la oveja en lactacién.
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En la primera etapa de la presente Tesis Doctoral, utilizamos el chip de SNPs de 50K
ovino junto con una aproximacién clasica de secuenciacion Sanger para identificar la
mutacion causal de la lisencefalia con hipoplasia cerebelar (Lissencephaly with
cerebellar hypoplasia (LCH)) en el ganado ovino de raza Churra. El chip ovino
OvineSNP50 BeadChip se utilizé para genotipar siete corderos afectados de LCH y 33
controles sanos. Los analisis de asociacion a nivel gendmico y de identidad por
descendencia realizados con los datos de genotipado nos permitieron acotar la regién
de estudio a un intervalo de 4,8 Mpb en el OAR4. La evaluacion de la funcionalidad de
los genes localizados en el intervalo de homocigosis nos permitid identificar al gen
RELN como el mejor candidato posicional y funcional. El gen RELN juega un papel
critico en la migracién neuronal y la formacion de las capas cerebrales. La aplicacion de
la técnica de secuenciacion Sanger en el mRNA de este gen en un control sano nos
permitié obtener la secuencia de cDNA completa del gen RELN ovino. La secuenciacién
del cDNA de este gen en un cordero enfermo y su comparacion con el control sano
reveld una delecién de 31 pb en el exén 36 del gen RELN del cordero afectado
(c.5410_5440del). Segun los estudios de prediccién funcional, la mutacién detectada
(c.5410_5440del) provocaria un cambio en el marco de lectura de la secuencia
codificante del gen RELN ocasionando un coddn de terminacion prematuro. Las
pruebas funcionales realizadas (gRT-PCR y Western blot) en animales enfermos
revelaron que la mutacion provocaba una disminucion en la cantidad de mRNA y la

ausencia de la proteina en el tejido cerebral.

La segunda enfermedad caracterizada a nivel molecular en la presente Tesis Doctoral
fue la epidermdlisis bullosa juntural (junctional epidermolysis bullosa (JEB)) ovina. La
JEB es una genodermatosis autosémica recesiva que cursa con la fragilidad mecanica
de la piel y membranas mucosas y la formacién de ampollas en la uniéon dermo-
epidérmica, en concreto, a nivel de la lamina lUcida, manifestandose al nacimiento. En
el nucleo de seleccién de ANCHE se detectaron dos rebanos en los que nacian corderos
gue presentaban erosiones y Ulceras en la piel y membranas mucosas y a los que se
diagnosticd JEB. El chip ovino de media densidad (OvineSNP50 BeadChip) se utilizd
para genotipar un total de 96 animales, 48 controles sanos no relacionados y 48

animales de los dos rebanos afectados, de los cuales 20 eran corderos enfermos. Al
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igual que en la LCH, los analisis de asociacion a nivel gendmico y de identidad por
descendencia realizados con los datos de genotipado nos permitieron acotar la
localizacion de la mutacién causal a un intervalo de homocigosis de 868 Kpb en el
OAR11. Dentro del intervalo de homocigosis identificado en los corderos afectados con
JEB, se selecciond el gen ITGB4, que codifica para la integrina B4 como mejor
candidato posicional y funcional. En el epitelio estratificado, la integrina B4 es un
componente estructural de los hemidesmosomas, complejos proteicos que intervienen
en la adhesidn de las células epiteliales a la membrana basal subyacente. La
combinacion de la secuencia gendmica del ITGB4, obtenida mediante la secuenciacién
de tres clones BAC, y de la informacién generada al aplicar la técnica de RNA-Seq en la
piel de un cordero sano permitié obtener la secuencia anotada del gen /ITGB4 ovino. El
analisis de variantes realizado a partir de las muestras de RNA-seq del control sano
utilizado para la anotacién y de un cordero con JEB nos permitié identificar una
deleciéon de 4 pb en el exdn 33 del gen ITGB4 (c.4412_4415del) como responsable de la
JEB en el ganado ovino de raza Churra. En este estudio se demuestra que la utilizacidn
de plataformas de genotipado de media densidad en combinacién con la técnica de
RNA-seq resulta ser una estrategia efectiva en la deteccién de mutaciones causales en
enfermedades de herencia mendeliana, constituyendo una alternativa eficaz a la
secuenciacion de exomas en aquellas especies con un genoma de referencia en
desarrollo. Ademas la técnica de RNA-seq permite conocer el grado de expresion
génica de los transcritos expresados en el tejido de interés. Las consecuencias de la
mutacion identificada se evaluaron mediante pruebas funcionales (qRT-PCR e
inmunohistoquimica), comprobandose con las mismas una disminucion en los niveles
de mRNA del gen ITGB4 y la ausencia de integrina B4 en las muestras de piel de los

corderos afectados.

El fin Ultimo de la deteccion de mutaciones causales responsables de enfermedades
monogénicas es el control de la aparicion de enfermedades genéticas emergentes. La
aplicacion practica de la deteccion de las mutaciones causales en las dos
enfermedades caracterizadas en la presente Tesis Doctoral (LCH y JEB) se ve reflejada
en las herramientas de diagndstico desarrolladas y que han sido objeto de patente.

Estas herramientas permiten el diagndstico en animales con sintomas compatibles y
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facilitan la aplicacion de la seleccion asistida por genes en el nucleo de seleccién de
ANCHE. La deteccion de mutantes heterocigotos permite la eliminacion de estos
animales del programa de seleccién, ayudando a los criadores a evitar apareamientos
de riesgo en sus rebaifos. Asi mismo, los métodos de diagndstico desarrollados podrian
utilizarse en la deteccidn de portadores en el caso de cruzamientos programados para

obtener animales que sirvan como modelo en el estudio de ambas enfermedades.

La disponibilidad de las metodologias de secuenciacion de segunda generacidn vy la
democratizacion de los precios de las mismas han permitido que grupos que trabajan
en mejora genética animal centren sus objetivos en la caracterizacion de los
transcriptomas de tejidos relacionados con caracteres productivos. Uno de los
objetivos de la presente Tesis Doctoral ha sido el andlisis global del transcriptoma
mamario en el ganado ovino mediante la técnica de RNA-Seq. Este estudio constituye
el primer andlisis integral del transcriptoma de la gldndula mamaria en lactacién.
Ademads, en él se han comparado dos razas de ovejas lecheras con distintas
caracteristicas productivas, Churra y Assaf. El planteamiento del trabajo es doble, por
un lado ver las diferencias de expresion a lo largo de la lactacién en el ganado ovino, y
en segundo lugar analizar las diferencias de expresidon entre dos razas con distintas
caracteristicas productivas y lactacién de distinta duracién. Para este estudio se
utilizaron muestras de leche procedentes de 8 ovejas libres de mamitis, 4 ovejas de
raza Assaf y 4 ovejas de raza Churra. Los puntos de muestreo fueron los dias 10, 50,
120 y 150 de lactacion. La secuenciacion masiva paralela del transcriptoma se realizé
en muestras de RNA total procedentes de las células somdticas de la leche. En el
analisis global del transcriptoma de la oveja durante la lactacidn se obtuvieron un total
de 1.116 millones de pares de lecturas a partir de la secuenciacion del transcriptoma
de 30 muestras de RNA. Tras el correspondiente andlisis bioinformatico a partir de
esos datos, se detectaron un total de 107.877 transcritos, de los cuales el 23,95%
concordaba exactamente con los transcritos anotados, el 11,18% eran nuevas
isoformas potenciales y el 61,87% eran transcritos intergénicos. El alto porcentaje de
transcritos intergénicos nos da una idea de la anotacién incompleta de la actual
version del genoma ovino (Oar_v3.1). Nuestros resultados muestran que el perfil de

genes altamente expresados en la gldndula mamaria es muy similar a lo largo de la
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lactacién y en las dos razas estudiadas. En la glandula mamaria se expresa un 67% de
los genes anotados en el genoma ovino (Oar_v3.1). Los diez genes mas expresados en
cada punto de muestreo acumulan aproximadamente el 70% del total de FPKM, lo que
significa que un pequefio nUmero de genes acumula un porcentaje muy alto de las
lecturas del RNA total extraido de las células somaticas de la leche. Como cabe
esperar, dado el alto grado de especializacion de la glandula mamaria, los genes que
codifican para las caseinas y proteinas del lactosuero se encuentran entre los genes
mas expresados en las células somaticas de la leche a lo largo de la lactacién. En el
estudio de expresion diferencial realizado entre los distintos puntos de muestreo a lo
largo de la lactacidén, el mayor nimero de genes diferencialmente expresados en las
dos razas se detectd entre el inicio y el final de lactacién (dias 10 y 150). En total se
detectaron 89 genes anotados expresados diferencialmente en Churra y 38 en Assaf.
Los andlisis de enriquecimiento funcional para los genes sobreexpresados en el dia 10
de la lactacién en la raza Churra se relacionaron con procesos de respuesta a
estimulos, proliferacion y diferenciacién celular y regulacién positiva de fosforilacidon
de proteinas; todas ellas, actividades de sintesis relacionadas con los altos niveles de
produccion de las primeras etapas de la lactacion. En el caso de la raza Assaf, no se
encontré enriquecimiento en términos de ontologia de genes en los genes
sobreexpresados en el dia 10. En el dia 150 de la lactacion, para las dos razas, se
encuentran sobreexpresados genes implicados en procesos de desarrollo,
morfogénesis de érganos, movimiento y migracion celular, lo que sugeriria procesos de
remodelacién de la gldndula mamaria que podrian estar relacionados con el final de la
lactacidn. En el anadlisis de expresidn diferencial realizado entre las dos razas, Churra 'y
Assaf, se detectaron un total de 256 genes anotados expresados de forma diferencial.
En la raza Churra se detectaron varios grupos de genes enriquecidos en funciones
relacionadas con transporte de iones y actividad endopeptidasa. Estos genes podrian
afectar a las propiedades de coagulacion de la leche y maduraciéon de los quesos y
explicar, en parte, el mejor rendimiento de la leche de Churra para la produccién de

quesos.

Centrandonos en rutas metabdlicas especificas, el estudio preliminar realizado con una

seleccion de siete genes implicados en el metabolismo de los acidos grasos en la
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glandula mamaria (LPL, VLDL, ACACA, FASN, SCD, BTN1A1 y XDH), observamos que, en
general y al contrario de lo descrito en ganado vacuno, en la oveja los genes analizados
sufren un incremento progresivo en su expresién a lo largo de la lactacidn, lo que se
correlacionaria con la mayor concentracién de lipidos en la leche ovina comparada con

la leche de vaca.

Este trabajo nos da una vision global del transcriptoma mamario de la oveja en
lactacién, proporcionando informaciéon fundamental para el desarrollo de futuros
analisis detallados de los genes implicados en las rutas significativas detectadas,
relacionadas a priori con caracteres productivos, asi como el anadlisis funcional de
transcritos no anotados en el genoma de referencia o la identificacion de variantes

relacionadas con caracteres productivos de interés.
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Summary

This PhD Thesis was set out concurrently with the impressive progress that has been
achieved in the field of genomics during the last decade, from whole genome SNPs
genotyping platforms derived from the initial phases of the genome sequencing
projects of livestock species, to the development of Next Generation Sequencing (NGS)
technologies developed by the need of using high-throughput sequencing tools in the
Human Genome Project. The initial objective of this PhD Thesis was the use of the
OvineSNP50 BeadChip, developed by the International Sheep Genomics Consortium
and commercialized by /llumina in 2009, to characterize the molecular architecture of
two Mendelian disorders that had appeared in several commercial flocks of Spanish
Churra sheep. However, with the development of NGS, the growing power and the
reducing costs of these technologies in the last years sparked an enormous range of
applications and enabled their use in animal breeding. Thus, in this work we have
taken the advantage of using massive parallel sequencing of RNA not only to
determine the basis of monogenic diseases, the initial objective of this PhD Thesis, but
also to characterize the sheep mammary gland transcriptome. One of the principal
aims of our research group is the improvement of traits related to milk production in
Spanish Churra Sheep. On that way, the knowledge of the expression profile of the
milk transcriptome is interesting since it allows the identification of genes and variants
related to complex milk production traits that could be used in animal breeding.
Hence, the final objective of this PhD Thesis was to use the available genomic tools for
the study of the molecular architecture of economically important traits in sheep,
specifically the use of the OvineSNP50 BeadChip for fine-scale mapping of inherited
Mendelian diseases and the use of massive parallel RNA sequencing to characterize

one of the monogenic diseases under study and the sheep milk transcriptome.

In the first stage of this PhD Thesis, we used of the OvineSNP50 BeadChip together
with a Sanger sequencing classical approach to identify the causal mutation of the
lissencephaly with cerebellar hypoplasia (LCH) in Spanish Churra sheep. The
genotyping of seven affected animals and 33 controls with the OvineSNP50 BeadChip
allowed the localization of the causative mutation for ovine LCH to a 4.8-Mb interval
on sheep chromosome 4 using genome-wide association and homozygosity mapping

analysis. The RELN gene, located within this interval, was considered a strong
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positional and functional candidate because it plays critical roles in neuronal migration
and layer formation. By performing a sequencing analysis of the cDNA of this gene in a
control lamb, we obtained the complete coding sequence of the ovine RELN gene. The
cDNA sequence of this gene from an LCH-affected lamb revealed a deletion of 31 bp
(c.5410 _5440del) in the predicted exon 36 of RELN, resulting in a premature
termination codon. A functional analysis of this mutation revealed decreased levels of
RELN mRNA and a lack of reelin protein in the brain cortex and blood of affected
lambs. This mutation showed a complete concordance with the Mendelian recessive

pattern of inheritance observed for the disease.

The second disease analyzed in this PhD Thesis was the junctional epidermolysis
bullosa (JEB), which is a recessive genodermatosis that manifests with neonatal
mechanical fragility of the skin, blistering confined to the lamina lucida of the
basement membrane and severe alteration of the hemidesmosomal junctions. In this
study, we demonstrated the use of a genome-wide association mapping together with
RNA-seq in a reduced number of samples, as an efficient approach to detect the causal
mutation for a Mendelian disease, evidencing that RNA-seq offers cost-effective
alternative to identify variants in the species in which high resolution exome-
sequencing is not straightforward. In Spanish Churra sheep, JEB was detected in two
commercial flocks. The OvineSNP50 BeadChip was used to genotype 20 affected
animals and 76 controls. The JEB locus was mapped to Ovis aries chromosome 11 by
GWAS and subsequently fine-mapped to an 868-Kb homozygous segment using the
identical-by-descent method. Within the 868-Kb homozygous segment identified in
JEB-affected animals, the ITGB4 gene was identified as the best positional and
functional candidate gene. The ITGB4 gene codes for the integrin B4 protein. In
stratified epithelia, integrin B4 is located in specialized epidermal cell-basement
membrane adhesion structures, called hemidesmosomes. De novo BAC clone
sequencing combined with the RNA-seq data obtained from the control skin sample
allowed us to obtain the complete /ITGB4 gene sequence and its annotation. The RNA-
seq variant analysis of control and JEB-affected skin RNA samples allowed us to find
the causal mutation, a 4-bp deletion within exon 33 of the ITGB4 gene

(c.4412 4415del). The c.4412 4415del mutation causes a frameshift resulting in a
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premature stop codon at position 1,472 of the amino acid sequence of the integrin 4
protein. A functional analysis of this deletion revealed decreased levels of mRNA in JEB
skin samples and the absence of integrin 4 labeling in immunohistochemically assays.
Genotyping of c¢.4412 4415del showed complete concordance with the recessive

mode of inheritance of the disease phenotype.

The ultimate aim of the identification of the causal mutations in monogenic diseases is
the control of emerging recessive defects. The practical implementation of the
molecular characterization of these two Mendelian diseases in Churra sheep (LCH and
JEB) is reflected in the two diagnostic methods developed by our group that have been
patented. These diagnostic methods enabled the application of gene-assisted selection
to detect heterozygous mutants, which will help breeders to avoid at-risk matings in
their flocks. Moreover, the identification of these naturally occurring mutations
provide an opportunity to use Churra sheep as a genetically characterized large animal

model for the study of both diseases LCH and JEB.

The availability of NGS technologies and the reductionist trend of sequencing costs
have allowed that many animal breeding research groups have focused their
objectives on the complete characterization of tissue transcriptomes. The undertaken
RNA-seq approach on sheep milk somatic cells across lactation comprises the first
integrated overview on global expression of the milk sheep transcriptome. It has also
enabled us to explore the mammary gland transcriptome of two dairy sheep breeds
with differences in production characteristics, Churra and Assaf. A total of eight
healthy sheep were selected to be included in the experiment, four Assaf and four
Churra ewes. Transcriptome sequencing (RNA-seq) was performed on total RNA
extracted from milk somatic cells from ewes on days 10, 50, 120 and 150 after
lambing. A total of 1,116 million paired-end reads were obtained from the
transcriptome sequencing of 30 milk samples. A total of 107,877 transcripts were
detected, 23.95% of these transcripts matched exactly with annotated transcripts in
the reference ovine genome (Oar_v3.1), whereas 11.18% of them were potentially
novel isoforms and 61.87% were annotated as intergenic transcripts. The large number
of intergenic transcripts detected in our analysis underlines the incompleteness of the

annotation of the current sheep transcriptome (Oar_v3.1) as well as its complexity.
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Nearly 67% of the annotated genes in the reference genome (Oar_v3.1) were
expressed in the ovine milk somatic cells. The highest expressed genes across lactation
are very similar between the different time points analyzed and in the two breeds. For
both breeds, Churra and Assaf, the ten highest expressed genes at each time point
accumulate at approximately 70% of the total gene FPKM reads, which means that a
small number of genes contribute to a large fraction of the total RNA extracted from
milk somatic cells. As could be expected, due to the high specialization of the lactating
mammary gland machinery, genes encoding caseins and whey proteins are included
within the most expressed genes across lactation. For the differentially expressed
genes across lactation time points, the highest number of differences, in both breeds
were found between extremes of lactation (day 10 vs. day 150), with Churra
autochthonous breed showing the largest number of differences (89 annotated
differentially expressed genes in Churra and 38 in Assaf). As expected for the initial
stage of lactation, the functional enrichment analysis performed with the upregulated
genes at day 10 in Churra revealed terms involving biological regulation and metabolic
protein synthesis processes which are clearly related to the extreme metabolic stress
associated with high levels of milk production. For Assaf breed, no significant enriched
gene ontology terms were found for upregulated genes at day 10. At the last stage of
lactation studied (day 150), similar enriched gene ontology terms were found for both
breeds. These terms were related to development, morphogenesis, cellular movement
and cell migration which suggest processes of mammary gland remodeling that could
be related with the decline of lactation. When the milk transcriptome between both
breeds, Churra and Assaf, was compared, 256 annotated genes were found as
differentially expressed. In this comparison, we found genes selectively upregulated in
Churra grouped within endopeptidase and channel activity functions. These genes
could influence on renneting properties and flavor during cheese ripening and explain,
at least partially, the higher cheese yield of this breed when compared to Assaf.
Focusing on specific metabolic pathways, the initial study of the transcriptional profile
of genes related to the mammary gland fat metabolism (LPL, VLDL, ACACA, FASN, SCD,
BTN1A1 and XDH), has shown that, in contrast with the evidences reported in dairy

cattle, in sheep mostly all of the genes analyzed tend to increase their expression
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across lactation. This result could be correlated which the increased concentration of

lipids in milk towards late lactation.

The sequencing data and analysis applied on the milk sheep transcriptome that are
reported here provide essential information for future studies on genes implicated in
significant specific pathways involved in lactation, as well as the functional annotation
of novel genes identified and the detection of genetic variants related to milk

production traits.
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PAGINAS WEB CITADAS

ANCHE - Asociacion de Criadores de Ganado Selecto de la raza Churra

http://www.anche.org/

ENSEMBL- Ensembl Genome Browser

http://www.ensembl.org/

ENSEMBL- Sheep assembly and gene annotation

http://www.ensembl.org/Ovis aries/Info/Annotation

FAANG - Functional Annotation of Animal Genomes

http://www.faang.org/

FAOSTAT - Statistics Division of the Food and Agriculture Organization of the United
Nations

http://faostat3.fao.org/home/E

FASTQC - A quality control tool for high throughput sequence data

http://www.bioinformatics.babraham.ac.uk/projects/fastqc

FASTX-Toolkit - FASTQ/A short-reads pre-processing tools

http://hannonlab.cshl.edu/fastx toolkit/

HUMAN GENOME SEQUENCING CENTER- Bovine Genome Project

https://www.hgsc.bcm.edu//other-mammals/bovine-genome-project

ISGC - International Sheep Genomics Consortium

http://www.sheephapmap.org/

MAGRAMA - Ministerio de Agricultura, Alimentacion y Medio Ambiente

http://www.magrama.gob.es/es/

OMIA - Online Mendelian Inheritance in Animals

http://omia.angis.org.au/

PICARD - A set of tools (in Java) for working with next generation sequencing data

http://picard.sourceforge.net
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Abstract

Background: Lissencephaly is a rare developmental brain disorder in veterinary and human medicine associated
with defects in neuronal migration leading to a characteristic marked reduction or absence of the convolutional
pattern of the cerebral hemispheres. In many human cases the disease has a genetic basis. In sheep, brain
malformations, mainly cerebellar hypoplasia and forms of hydrocephalus, are frequently due to in utero viral
infections. Although breed-related malformations of the brain have been described in sheep, breed-related
lissencephaly has not been previously recorded in a peer reviewed publication.

Results: Here we report neuropathological findings in 42 newborn lambs from a pure Churra breed flock, with
clinical signs of weakness, inability to walk, difficulty in sucking and muscular rigidity observed immediately after
birth. All the lambs showed near-total agyria with only a rudimentary formation of few sulci and gyri, and a severe
cerebellar hypoplasia. On coronal section, the cerebral grey matter was markedly thicker than that of age-matched
unaffected lambs and the ventricular system was moderately dilated. Histologically, the normal layers of the
cerebral cortex were disorganized and, using an immunohistochemical technique against neurofilaments, three
layers were identified instead of the six present in normal brains. The hippocampus was also markedly disorganised
and the number and size of lobules were reduced in the cerebellum. Heterotopic neurons were present in different
areas of the white matter. The remainder of the brain structures appeared normal. The pathological features
reported are consistent with the type LCH-b (lissencephaly with cerebellar hypoplasia group b) defined in human
medicine. No involvement of pestivirus or bluetongue virus was detected by immunohistochemistry. An analysis of
pedigree data was consistent with a monogenic autosomal recessive pattern inheritance.

Conclusions: The study describes the clinical and pathological findings of lissencephaly with cerebellar hypoplasia
in Churra lambs for which an autosomal recessive inheritance was the most likely cause. Histopathological features
observed in the cerebral cortex and hippocampus are consistent with a possible failure in neuronal migration
during brain development. This report suggests that lissencephaly should be considered in the differential diagnosis
of congenital neurological disease in newborn lambs showing weakness, inability to walk and difficulty sucking.

Keywords: Lissencephaly, Cerebellar hypoplasia, Agyria-pachygyria, Sheep, Autosomal recessive

Background

Neuronal migration disorders represent a group of rare
brain malformations which account for a wide range of
cortical anomalies, the most severe forms being repre-
sented by lissencephalies [1-3]. Lissencephaly or agyria-
pachygyria designates a malformation characterized by a
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( BiolMed Central

simplified convolutional pattern in which there may be
no or only a few broad gyri separated by rudimentary
primary fissures and sulci; agyria refers to the extreme in
which the brain shows a smooth surface over all the
cerebral hemispheres [4]. This term was proposed in
humans to distinguish the flat brains of lower mamma-
lian species and at present, several cases have been
reported and different studies made in order to clarify
its origin [1-3,5,6]. Two main forms of lissencephaly
have been described: i) classical or type I lissencephaly,
characterized by agyria (total loss of gyri) or pachygyria

© Pérez et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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(few and broadened gyri) together with a very thick cor-
tical gray matter layer, normal brainstem and grossly
normal cerebellum or mild vermis hypoplasia, and ii)
cobblestone or type II lissencephaly, in which affected
children have an agyric brain, with a verrucous appear-
ance and a less marked thickening of the cortex than
in type I lissencephaly [1,6,7]. Microscopically, in type I
lissencephaly the agyric cortex is mostly composed of four
coarse layers: a molecular layer, an outer cellular layer, a
sparsely cellular layer and a thick inner cellular layer [7,8].
Type II lissencephaly is characterized by a complete
disorganization of the cortex, without discernible layering,
and by the presence of gliomesenchymal cell proliferations
and neuroglial heterotopia in the leptomeninges [8].

More recently, lissencephaly with cerebellar hypoplasia
(LCH) has been recognized as a distinct category of
brain malformation, consisting of type I or II lissen-
cephaly associated with cerebellar underdevelopment
[1,9-11]. Among LCH, six different phenotypes have
been described in children, according to the degree and
characteristics of cerebellar hypoplasia and the presence
of alterations in other areas such as the corpus callosum
and the hippocampus [11].

Lissencephaly in humans is a congenital and genetic-
ally heterogeneous disease [3,5,12]. Mutations or dele-
tions in different genes have been identified as involved
in lissencephaly cases: the LIS gene is responsible for the
autosomal form of classical lissencephaly [13] and the
doublecortin gene (DCX or X-LIS) is X-linked [14]
whereas homozygous RELN gene has been identified in
cases of LCH [10]. Recently, mutations in gene TUBAIA,
coding for alpha I tubulin, have been also described in
some cases of LCH [15].

In domestic animals, lissencephaly is an extremely rare
brain malformation. Sporadic cases have been described
in dogs [16-18], where a breed predisposition for this
malformation has been reported in Lhasa Apso dogs
[16,17] and more recently in cats, in which lissencephaly
was detected together with microencephaly and hypopla-
sia of cerebellum and corpus callosum [18,19]. The de-
velopmental mechanisms responsible for the absence of
gyral formation in animals are not known but a genetic
basis in many cases is presumed [18].

In sheep, brain malformations, mainly cerebellar hypo-
plasia, have been widely described as associated with in
utero viral infections caused by orbiviruses [18], pesti-
viruses [20] and arboviruses such as Cache Valley [21] or
Schmallenberg viruses [22], variably accompanied by
arthrogryposis or other anomalies, such as hydroceph-
alus or porencephaly.

The purpose of the present report is to describe the
clinical, pathologic and pedigree analyses carried out in
several cases of lissencephaly in newborn lambs from a
pedigree Churra dairy sheep flock.
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Results

Case presentation

The affected lambs were from a dairy flock of approxi-
mately 1600 adult pedigree Churra breed sheep, includ-
ing 35 purebred males. The flock is located in the
Valladolid province of Castilla y Le6n region (North-
West of Spain) and is managed under a semi-extensive
system, where the animals graze the pasture in appropri-
ate weather conditions and are kept indoors during the
lambing and lactation periods. On average ~2.500 lambs
are born in the flock each year. In 2005, the farmer ob-
served some newborn lambs with signs of weakness,
shivering, muscular rigidity and recumbency. The ani-
mals were unable to stand, had difficulties in sucking
their dams and lacked coordination. A total of 23 af-
fected lambs (approximately 0.92% of the total crop in
that lambing season) were examined and diagnosed as
affected by the same clinicopathological entity. Addition-
ally, another 19 affected lambs born in subsequent years
were included in this study. A total of 11 newborn lambs
from the same farm but dying from unrelated diseases
(watery mouth disease, hypothermia) were used as un-
affected controls, after checking that no malformations
were present in the brain.

Pathological findings
All the affected lambs showed the same pathological
features. A slight reduction in cerebrum size was noted
for affected lambs (mean values 5.2 ¢cm length x 6.0 cm
width x 3.5 cm height) compared to control lambs (6.4 x
5.7 x 4.3). Agyria was the most remarkable change in the
cerebral hemispheres, being particularly evident in the
temporal, parietal and occipital lobes, where the cerebral
surface had a smooth appearance (Figure 1). Rudimental
formation of gyri and sulci were observed in the lateral
and rostral areas (Figure 1), probably corresponding to
suprasylvian, presylvian and ansate sulci. The cerebellum
showed a marked hypoplasia affecting both cerebellar
hemispheres and vermis with loss of discernible folial
pattern (Figure 1). The mean measurements of the cere-
bellum of affected lambs (1.4 x 2.7 x 0.8 cm) were clearly re-
duced compared with unaffected lambs (3.1 x 4.2 x 2 cm).
On coronal sections of the brain, in addition to agyria,
a marked pachygyria was observed in all the regions of
the cerebral cortex. It was characterized by the presence
of a thick grey matter layer, with a depth of 9 mm
in average, with broad gyri and very shallow sulci, when
present (Figure 2). The white matter was narrow, leading
to an inverted grey to white matter ratio. The cerebral
grey matter-white matter interface was linear and well
defined with rare interdigitations. Macroscopically, the
remaining areas of the forebrain (corpus callosum,
cingulate gyrus (Figure 2) and hippocampus) and brain
stem appeared normally developed. The posterior part
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Figure 1 Affected and normal brains. Comparative image of a brain showing lissencephaly (left), with few and poorly developed sulci, and a
marked cerebellar hypoplasia, and a brain from a newborn control lamb (right).

5 mm

Figure 2 Coronal section (fixed tissue) of normal (a) and lissencephalic (b) brains. A marked increase of thickness of the cerebral cortex is
seen in the affected lamb (b). Note that the corpus callosum is normally developed.
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of the lateral ventricles was moderately dilated in 13
lambs but no physical obstruction of CSF flow was
detected. There was a substantial reduction in the depth
of the cerebellar cortex and the folia were markedly de-
creased in size and number.

Histopathological examination was carried out in sam-
ples from the cerebral cortex of the most severely af-
fected area (temporo-parietal region) in all the animals.
The sagittal sections of the cerebral cortex lacked
the typical six-layered structure characteristic of this
area, seen in the control lambs (Figure 3). Neither glial
cells nor neurons were detected in the meningeal layers
(Figure 3). In both HE and cresyl violet stained sections,
beneath the pial surface, a cell-sparse layer containing
neurons smaller than those present in the rest of the
cortex and resembling morphologically the molecular or
layer I of normal brains, was observed (Figure 3). Below
this layer, a wide, more densely populated cellular layer
was formed by neuronal bodies of different sizes, some
of which had a pyramidal appearance (Figure 3). No
laminar organisation or vertical linear array of neurones
was identified within this wide layer. The narrow white
matter layer was normally myelinated and contained het-
erotopic neuronal cell bodies.

In the control brain sections immunolabelled with
antibodies against NF-L neurofilaments, the six conven-
tional layers were identified in the cerebral cortex, and
the two pyramidal neurone layers (III and V) had the
strongest intensity of immunostaining (Figure 4a). In

Page 4 of 11

contrast, in the sections from the affected brains, only
three layers were discernible (Figure 4b). Besides the
outer marginal zone, corresponding to the molecular
layer, that did not show immunolabelling, a thick layer
formed mainly by pyramidal neurons of different sizes,
some of them showing intense neurofilament expression,
was present (Figure 4b). Finally, an internal layer not
discernible in HE sections, adjacent to the white matter,
with a more reduced immunostaining, was identified
(Figure 4b).

The corpus callosum was present and normally devel-
oped in all the lambs, while the hippocampus was disor-
ganized (Figure 5). The pyramidal layer was sharply
delineated in the hippocampus of unaffected lambs,
whereas in affected lambs several layers of pyramidal
neurones were identified interspersed with large num-
bers of other neurons and glial cells. The dentate gyrus
could be discerned in the majority of the lambs, but in
some cases it was not clearly evident. The cerebellum of
the affected animals showed a marked reduction in size,
complexity and number of folia. Lobules were poorly de-
veloped and usually the cerebellar cortex was reduced to
a single band of folia, which were notably shortened and
separated by shallow and wide sulci (Figure 6). Only oc-
casionally up to two folds of folia were seen (Figure 6).
The three layers, characteristic of the cerebellar cortex
histological architecture, were easily detected in each fo-
lium, but Purkinje neuronal heterotopia was commonly
seen (Figure 7).

Figure 3 Histological section of the cerebral cortex from a control (a) and lissencephalic (b) brain. Both sections were taken at the same
magnification. Whereas in the control brain the whole cortex can be seen in the picture and organized in six layers (I to V), in the lissencephalic
brain only the most superficial part of the cortex is shown (aprox. 40% of the whole thickness), due to the thickening of this layer. A sparse-
cellular layer underneath the piamater can be identified (*), whereas in the rest of the gray matter the neurons appear disorganized. H-E.
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Figure 4 Immunohistochemistry for neurofilaments. Sections of the cerebral cortex from a control (a) and a lissencephalic (b) brain, taken at
the same magnification and immunolabelled for neurofilaments. In the control brain, the typical layering of this area (I to VI) can be seen, where
the neurons from the pyramidal layers show the strongest signal. In the lissencephalic brain, three different layers can be identified according to
neurofilament expression. Immunoperoxidase staining for neurofilaments.

No macroscopic or microscopic changes were detected
in any of the other organs of the affected lambs.
Pestivirus and bluetongue virus antigens were not
detected by immunohistochemical methods.

Pedigree analysis

The analysis of the three pedigrees, including 14 affected
animals, with available DNA, was consistent with a
monogenic autosomal recessive inheritance (Figure 8).
In the three families some additional healthy lambs were
analyzed. Overall, four rams were involved: ram #11
mated 46 ewes that lambed 63 unaffected lambs, 7 ewes
that lambed 8 affected labs and one ewe that lambed a
non-affected ewe which, when matted to ram #112 pro-
duced an affected lamb; ram #21 matted 23 ewes that
produced 30 non-affected lambs and 4 ewes that lambed
4 affected and 1 non-affected lambs; ram #31 matted 16
ewes that produced 20 non-affected lamb s and one ewe
that produced an affected lamb in one pregnancy and a
non-affected lamb in a subsequent parturition.

Discussion

This study describes forty-two cases of lissencephaly
with cerebellar hypoplasia in newborn Churra lambs, oc-
curring over consecutive years, in the same flock. The
occurrence of brain malformations of similar type in
multiple lambs is not commonly documented in sheep
flocks. Most of such cases have been related to in utero
viral infections by pestiviruses (Border Disease virus),
orthobunyaviruses (Schmallenberg, Akabane or Cache val-
ley viruses) or orbiviruses (bluetongue virus) [20-22,24,25].

In our study, evidence of a possible viral etiology of these
cases involving the main teratogenic viruses present in our
area was not detected by immunohistochemical analyses.
Besides, the histological characteristics observed in the
cerebral cortex of these lambs are distinct from those oc-
curring in the cerebrum in cases of viral teratogenesis.
Porencephaly and hydranencephaly, cerebellar lesions and
arthrogryposis are the most common malformations asso-
ciated with orbiviruses, pestiviruses and orthobunyaviruses
respectively. Moreover, immunohistochemical evidence of
border disease virus and bluetongue virus was not
detected, and the occurrence of these cases predates the
emergence of Schmallenberg virus. Although lissencephaly
has been reported to occur in association with ovine
pestivirus [26] and Cache valley virus [21] infections, the
lesions were not described in detail and the lack of gyral
formation may have been associated with underlying cor-
tical lesions such as porencephaly. This lesion would
therefore differ from the strict definition of lissencephaly.
No other cases of lissencephaly were reported from other
flocks of Churra or Assaf breed in the area over the same
time period. Furthermore, pedigree analysis has demon-
strated that lissencephaly cases in this study were compat-
ible with a monogenic trait following an autosomal
recessive inheritance, suggesting that lissencephaly is asso-
ciated with a genetic defect segregating in this flock, rather
than a teratogenic infectious disease. This hypothesis has
been also proposed in the cases of lissencephaly previously
reported in veterinary medicine, that have occurred pre-
dominantly in Lhasa Apso dogs [16-18], suggesting a
marked breed predisposition. In this study all the cases
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Figure 5 Cross section of the hippocampus from a lissencephalic (a) and control (b) brain. Both sections were taken at the same
magnification. Whereas in the control brain there is an evident and organized layer of pyramidal neurons, this region shows a marked cellular
disorganization in the lissencephalic brain, with several layers of neuronal and glial cells interspersed. H-E.

.

occurred in purebred Churra lambs, as well as a previously
documented case [27] that occurred in the same region
but in a different flock with no known direct connection
with the flock in this report. However, since many other
Churra flocks do not appear to suffer from this condition,
it would be premature to hypothesize about a breed-
related genetic defect or predisposition.

The exact date of the first occurrence of lissencephaly
in this flock is not known. It was not until the farmer
noticed that a significant number of animals suffered the
disease that veterinary assistance was sought. Given the
number of cases in the first year we can make a rough
estimate of the frequency of the putative allele causing
the disease in the flock. Assuming that the population is

in H-W equilibrium, with 23 affected lambs in a total of
2500 lambs born, the allele frequency for the mutated al-
lele in the flock would be approximately 0.09. Since no
new rams from other farms have joined the flock in re-
cent years, the most likely reason for this high frequency
for a lethal allele will be inbreeding leading to an in-
creased proportion of the flock being carriers of the pu-
tative autosomal recessive trait and hence increase the
likelihood of mating of carriers leading to birth of af-
fected lambs. Furthermore it should be noted that this
problem has not been detected in any other flock be-
longing to the Churra breeders association. It is also
important to note that none of the rams used in the arti-
ficial insemination program carried out by the Churra
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cortex can be identified. H-E.

.

Figure 6 Marked cerebellar hypoplasia. The cerebellum shows a reduced number of very short folia. Note that the typical layering of the

selection scheme has noticed to have any offspring af-
fected by lissencephaly.

In humans, although it is considered a rare disorder,
lissencephaly is a well-recognized entity that belongs to
the group of malformations caused by abnormal neur-
onal migration, with two main pathological syndromes
described: type I (classical) and type II (cobblestone)
[1,7,8]. According to the gross (absence of a verrucous
appearance of the cortical surface) and microscopic

findings, with no leptomeningeal neuronal heterotopia,
the lissencephaly cases recorded in this study resemble
the so-called type I or classical lissencephaly of humans.
However, the constant presence of cerebellar hypoplasia
in these lambs, is consistent with the more recently rec-
ognized category of human lissencephaly associated with
cerebellar underdevelopment [LCH; 1,9,11], in which an
heterogeneity of clinical presentation and imaging findings
have been reported [11,15,28,29], probably associated with

-

-

Figure 7 Cerebellar neuronal heterotopias. Groups of large neurons, consistent with Purkinje cells, appear in the cerebellar white matter. H-E.

N
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Figure 8 Pedigree of the lissencephaly and cerebellar hypoplasia affected Churra sheep. The pattern is compatible with an autosomal
recessive inheritance model. The pedigree relationships were confirmed using 19 microsatellite markers. Symbols used in the pedigree are those
proposed in humans by the “Pedigree Standardization Work Group of the National Society of Genetic Counselors” [23]. Briefly, square represent
male, circle female, shaded square-affected male, shaded circle-affected female. A diamond for the individual symbol is used to indicate animals
with gender not specified (males and females). Numbers inside the symbol represent multiple individuals.
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different gene mutations responsible for malformations in
cerebral and cerebellar cortex [1,11]. Ross et al. [11] have
proposed a classification of LCH based on clinical and
morphological features and six types, so-called LCH
groups a-f, have been recognized and some of them re-
lated to mutation in some genes. The cases recorded in
this study, according to their pathological features, espe-
cially the presence of pachygyria, slight microencephaly, a
marked thickening of the cerebral cortex, an abnormal
hippocampus configuration and a normally developed cor-
pus callosum, most closely resemble the LCH-b group. In
humans, this phenotype has been related to mutations in
the RELN gene that encodes reelin [10,11], a protein se-
creted by the first born neurons in neocortex and cerebel-
lum [30]. Reelin is an extracellular matrix protein that
plays a key role in the organization of architectonic pat-
tern in cerebral and cerebellar cortices, particularly in the
radial cortical organization [31] and controlling cell to cell
interactions, critical for cell positioning in the brain [2].
Furthermore, lesions found in this study are in accordance
with the phenotypic characteristics of the reeler mice, a
mouse strain that have a mutation in the RELN gene caus-
ing a loss of reelin associated with an abnormal neuro-
genesis in the brain cortex [32]. In mice, mutations in
genes that take part of the reelin signaling pathway like
mutations in Disabled 1 (Dabl) and double mutations in
two lipoprotein receptors, very-low-density lipoprotein
receptor (VIdlr) and apolipoprotein E receptor (ApoER2)

generate a similar phenotype that is known as reeler-like
phenotype [31,33-35]. More recently, a mutation in the
TUBAIA gene, encoding for the alpha I tubulin protein,
has been found in cases of LCH [15,36]. These mutations
cause defective interactions in the tubulin heterodimer as-
sembly or in the three-dimensional conformation that will
impair the action of these proteins, necessary for central
nervous system development [37,38]. Although mutations
in this gene result in a variety of phenotypical presenta-
tions [15], hypoplasia or complete absence of the corpus
callosum, has been reported together with lissencephaly
and cerebellar hypoplasia, in the majority of the cases
[15,29], including one reported in a cat [19] but was not
detected in the lambs in this study. Further studies are ne-
cessary to investigate the possible gene mutations involved
in this outbreak of lissencephaly in lambs.

Children suffering lissencephaly show mental and psy-
chomotor retardation, seizures that are refractory to treat-
ment and hypertonus in the limbs [7,8]. These clinical
signs are broadly consistent with those observed in these
lambs, which were unable to walk, had difficulty sucking
their dams and show shivering and muscular rigidity.

The gross and, particularly, the histopathological find-
ings of this study consisting of an abnormal layering of
the cerebral and cerebellar cortices and the hippocam-
pus, together with the presence of heterotopic neurons
in the white matter, are in agreement with a neuronal
migration defect during brain development [1,2,6,12]. In
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classical lissencephaly in humans, four layers are recog-
nized in most of the cases [2,8,36] whereas in LCH a
wide variation has been reported, from patients in which
no layers can be determined to other showing three or
four layers [15,19,28]. In our study, the posterior area of
the brain, the most severely affected macroscopically,
showed markedly abnormal microscopic architecture.
Whereas conventional methods identified two layers, the
most external one corresponding to the molecular layer,
by using immunohistochemical labelling for neurofila-
ments, three zones were distinguished. The widest layer
was formed by positively immunolabelled neurons, con-
sistent with the pyramidal layers seen in the control brains
that also show a strong immunoreactivity. This picture
suggests that the most external layer -the molecular area-
was formed, and the subsequent migration of the neurons
has failed. This finding is consistent with a reeler-like
phenotype since the reelin signaling pathway plays a crit-
ical role in neuronal migration [39]. A complete and more
detailed study of the lesions present in the different areas
of the brain in these cases of lissencephaly with cerebellar
hypoplasia and the analysis of the genetic basis of the
phenotype is necessary to further characterize this entity,
and is currently under progress.

Conclusions

This study reports the clinical and pathological findings
of several cases of lissencephaly with cerebellar hypopla-
sia in pedigree Churra lambs, in which evidence for an
autosomal recessive mode of inheritance was demon-
strated. The histopathological features observed in the
cerebral cortex hippocampus and cerebellum are con-
sistent with a failure in neuronal migration during brain
development. Lissencephaly should be considered as a
possible cause when newborn lambs show weakness and
inability to walk or to suck. Further studies are needed
to better characterize this disease in lambs. The possible
use of lissencephalic lambs as model for studying human
lissencephalies should be also considered.

Methods

Pathological examination

Thirty-three out of the 53 lambs examined were submit-
ted alive. After intravenous injection of a veterinary eu-
thanasia drug (T-61, Intervet), a complete necropsy was
performed in all the lambs. All the organs were exam-
ined and gross lesions recorded. Coronal sections of the
brain were made at different levels. Samples from several
areas of the brain (cerebral frontal, parietal, occipital and
temporal cortex, thalamus and corpus callosum, mesen-
cephalon, hipocamppus, pons and cerebellar peduncles,
cerebellar cortex and medulla oblongata) and spinal cord
together with other tissue samples (liver, lungs, heart,
kidneys, thymus, lymph nodes and intestine with Peyer’s
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patches) were taken. The tissue samples were fixed in
10%neutral buffered formalin, dehydrated through gra-
ded alcohols and embedded in paraffin wax. Sections (4
pum) were stained with haematoxylin and eosin (HE) and
cresyl violet method for identification of the neuron
structure in the brain.

Immunohistochemistry

Selected sections from the brain cortex were immunohis-
tochemically labelled with a monoclonal antibody specific
for the 70 kDa subunit of the NF-L human neurofilament
(clone 2 F11, Dako, Golstrupp, Denmark), at a dilution
1:100, to further characterize brain morphology. Addition-
ally, to rule out the teratogenic infectious agents present in
Spain at the moment in which this study was carried out,
in selected sections from the brain, thymus, mesenteric
lymph nodes and Peyer’s patches obtained from eight
affected lambs, immunohistochemistry was applied, using
monoclonal antibodies directed against ruminant pestivirus,
known to react with border disease virus (PA08OIL,
AHVLA, Addlestone, UK), and bluetongue virus (clone
2E9, Ingenasa, Madrid, Spain) diluted 1:100 and 1:20 re-
spectively. In all the cases, a polymer-based detection sys-
tem (EnVision + System Labelled Polymer-HRP antimouse;
Dako, Golstrupp, Denmark) was employed, following the
manufacturer instructions. Subsequently, immunolabelling
was developed with a solution of 3,3'diaminobenzidine
(DAB) (Vector Laboratories, Burlingame, USA). The slides
were counterstained with haematoxylin and mounted.
Technique specificity was controlled by omission of the
primary antibody and substitution by a normal mouse
serum, omission of the Envision polymer and omission
of diaminobenzidine. All these controls gave negative
results. To evaluate the specificity of the antibodies, tis-
sue samples of a normal lamb brain and several organs
of a lamb and sheep previously known to be infected
with border disease (where positive signal was found in
neurons and lymphocytes) and bluetongue (positive la-
belling was found in macrophages and endothelial cells)
viruses respectively, were employed.

Pedigree data and analysis

To confirm the pedigree information from the affected
lambs and their parents we collected blood samples in a
10 ml Venoject tubes with EDTA (Terumo Europe N.V.,,
Leuven, Belgium) of a total of 33 animals from the
lissencephaly affected flock. Fourteen of these animals
were affected lambs (cases), three animals were un-
affected half-sibs of the cases and 17 were healthy par-
ents of the affected offspring, which were classified as
obligate carriers. DNA was extracted from blood sam-
ples using the salting out procedure previously described
[40]. All the samples were analysed for a set of 19 micro-
satellite markers amplified in a single PCR reaction
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following the Multiplex-PCR protocol described by [41].
The PCR products were separated by capillary elec-
trophoresis in an automatic ABI3130x] DNA Sequencer
(Applied Biosystems). The results of the capillary elec-
trophoresis were analyzed using GeneMapper v.4.0
software (Applied Biosystems). Finally, a segregation
analysis was performed in order to estimate the genetic
architecture of the trait. We followed the parsimony
principle and, after examining the segregation in the
pedigree, we proposed the compatible pattern that
makes the fewest assumptions.
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Background - Up to 0.5% of churra lambs from two genetically related flocks showed congenital skin lesions of
variable severity, jeopardizing the life of the lambs in the most severe cases.

Hypothesis/Objectives — The primary objective of this study was to classify the type of congenital epithelial dis-
ease suffered by these animals, based on the description of the macroscopic skin defects, the histological and ul-
trastructural changes and the hereditary nature of the condition.

Animals - Thirty affected newborn lambs from two genetically related flocks were studied. Three additional
lambs acquired from two other flocks, which had no grossly apparent skin lesions and had died of infectious dis-
eases, were studied as unaffected control animals.

Methods - Histological and ultrastructural examinations of skin and oral mucosa samples were performed. Pedi-
gree analyses were used to investigate genealogical relationships.

Results — Generalized severe junctional epidermolysis bullosa with congenital absence of skin was described in
all lambs studied and an autosomal recessive mode of inheritance was identified.

Conclusions and clinical importance - The pathological findings and mode of inheritance in these lambs are
similar to an inherited epidermolysis bullosa subtype of humans, which has not been reported previously in veter-
inary medicine.

A review of EB nomenclature has proposed a progres-

Introduction sive method to classify subtypes of the disease. After
Epidermolysis bullosa (EB) refers to a heterogeneous classification into one of the major types (simplex, junc-
group of skin disorders that are characterized by tional, dystrophic or Kindler syndrome), it then accounts
increased skin and mucosal fragility, with formation of for clinical phenotypic features, such as distribution and
vesicles and bullae following minor trauma. The disease cutaneous or extracutaneous involvement.'" One of the
results from structural defects in the basement mem- less common cutaneous lesions that may accompany bul-
brane. The rupture of bullae leads to loss of the epithe- lae is the congenital absence of skin. The association of
lium and ulceration."? Hereditary EB is classified into EB with large areas of congenitally absent epithelium has
three main types based on the location of the basement not been reported in animals; it is rare in humans, where
membrane defect.® In EB simplex, the separation occurs it has been described under the eponym of Bart syn-
within the basal keratinocyte layer, above the lamina luci- drome.'? It was subsequently classified as aplasia cutis
da; in junctional EB (JEB), blister formation occurs in the congenita type 6,"® where both lesions can coexist with
lamina lucida; and in dystrophic EB, the separation occurs other abnormalities, such as pyloric atresia, urethral ste-
below the lamina densa. All three types of EB, with differ- nosis, hypoplastic or ‘bound-down’ ears and nail dystro-
ent subtypes, have been described in humans and geneti- phy." Congenital absence of skin has been described in
cally engineered mice, while only certain types have been human cases of both dystrophic and junctional EB.'*®
reported in livestock or companion animals.?*® There Recent consensus reports have recommended that ep-
have been several reports of this condition affecting dif- onyms be avoided in favour of descriptive terms, i.e. Bart
ferent breeds of sheep in the UK, New Zealand, Switzer- syndrome should now be referred to as ‘EB with congeni-
land, Spain and Germany.®'° Some cases have been tal absence of skin”."" 14
characterized as dystrophic EB,”'® while others have The aim of this study was to describe the macroscopic,
been reported as JEB.® histological and ultrastructural findings of skin lesions
occurring in a group of purebred churra lambs. Given that
these lambs were derived from genetically related flocks,
Accepted 8 April 2015 an additional aim was to determine the mode of inheri-
Sources of Funding: This study was self-funded. tance of the skin disease.
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Materials and methods

Sheep

The animals described in this study were purebred churra lambs
derived from two different flocks (VS and MS), which were managed
intensively for milk production. The flocks were located in the same
region, shared breeding males and amounted to ~800 sheep when
combined. Over a 4 year period (2008-2011), between 0.2 and 0.5%
of lambs were born with gross skin defects (auricular cartilage mal-
formation and/or areas devoid of epidermis). Animals with the most
severe lesions were euthanized within 24 h of parturition by intrave-
nous overdose of barbiturates. Over the 4 years, 30 affected lambs
(12 from flock VS and 18 from flock MS) were submitted for postmor-
tem examination. Three lambs from two different pure-bred churra
flocks, which had no grossly apparent skin lesions and had died of
infectious diseases (neonatal diarrhoea and/or bacterial pneumonia),
were studied as unaffected control animals.

Pathological examination

Samples of skin were acquired from both the periphery and the cen-
tre of the lesional areas, which were mainly located on the dorsal
aspect of carpal or tarsal regions, the tongue or the buccal mucosa.
At least one sample from each of these three locations was collected
from every lamb studied as well as from any other macroscopic
lesions found during the postmortem examination. Specimens were
fixed in 10% neutral buffered formalin, processed routinely through
graded alcohols and embedded in paraffin wax. Sections were
mounted on glass microscope slides and stained with haematoxylin
and eosin, Gomori trichrome stain and periodic acid Schiff.

Samples of grossly normal skin from the metacarpal region and
tongue were collected from four of the affected lambs and from one
control animal and processed for electron microscopy. Specimens
were fixed in 5% glutaraldehyde and then embedded in a mixture of
Solution A [Epon 812 (Poly/Bed 812; Polysciences Inc., Warrington,
PA, USA) and dodecenylsuccinin anhydride at a ratio of 1.3:1, respec-
tively] and solution B [Epon 812 and methyl-5-norbornene-2,3-dicar-
boxylic anhydrite at a ratio of 1.13:1, respectively, with 3%
benzyldimethyl amine (Polysciences, Inc.)] added. Ultrathin sections
(95 nm) were stained with uranyl acetate and lead citrate (Poly-
sciences, Inc.). A transmission electron microscope (JEM-1010;
JEOL Ltd, Tokyo, Japan) was used for ultrastructural examination.

Pedigree data and analysis

Information was obtained from the Spanish churra sheep breeders’
association (Asociacon nacional de criadores de ganado ovino selecto
de raza churra (ANCHE)] herd book for the affected animals, and Ped-
igraph software (University of Minnesota, St Paul, MN, USA) was
used to construct the pedigree.’® A total of 219 animals and 145 mat-
ings were used to evaluate the genetic basis of the disease in the
affected flocks. After examining the segregation, we proposed the
inheritance pattern of the trait following the parsimony principle.

Results

Gross findings

The most striking gross lesion in the affected lambs was
the absence of epidermis in several locations (Figure 1a).
These presented as well-demarcated foci of variable size
(ranging from a few centimetres to large areas of the
body) and shape (mainly ovoid). Areas devoid of epider-
mis were bright red in colour and no scarring was noted.
Some lesions produced serofibrinous crusts, which were
more frequent on the head and anterior limbs (Table 1).
The head and ears were the most common location for
macroscopic lesions, where they presented two different
morphologies: an absence of epidermis, which was fre-
quently observed over the dorsal aspect at the base of
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the ear (Figure 1b), and fusion with folding inward of the
borders of the pinnae at their apices (Figure 1c). In seven
animals, the area devoid of epithelium extended to the
fused misshapen ear tip (Figure 1c). In 65% of cases with
head lesions the defects were bilateral and in eight cases
the auricular skin defects were linked to lesions on the
muzzle (Figure 1b).

Oral cavity lesions were frequent (57 % of cases) in ani-
mals that had skin defects on the head (Table 1). When
there were lesions in the oral cavity the tongue was con-
sistently affected. Sixteen animals had erosions and
ulcers on the dorsal aspect of the tongue, mainly located
at the torus linguae, and in several cases they were pres-
ent also on the apex (Figure 1d). In two of these animals
the remaining epithelium of the dorsal aspect of the ton-
gue was easily detached. In addition to the tongue, 12 of
16 lambs with affected oral cavities also had lesions on
the buccal mucosa and hard palate. Although no gross
lesions were visible in the oral cavities of the remaining
four lambs, the epithelium — especially that of the hard
palate — was friable and sloughed easily (Figure 1e).

All but one affected lamb showed skin defects on at
least one of the four limbs; two limbs were commonly
affected (Table 1). Lesions were present more frequently
on the forelimbs and involved mainly the metacarpal
region and the dorsal and palmar aspects of the pha-
langes (Figure 1f). On the forelimbs, the skin defect con-
sistently extended proximally to the carpus or the
antebrachium in the more severe cases (Figure 1f). Iso-
lated patches of epidermis and wool were surrounded by
hyperaemic dermis. Similar but less frequent lesions
were found on the hindlimbs, where the phalanges were
the most common location for lesions. Eight of the lambs
with lesions on any limb showed incomplete or complete
lack of development of at least one hoof, and in the other
six lambs the hooves were partly detached at the time of
postmortem examination. Lesions were also present on
the thoracic (three lambs) and lumbar regions (seven
lambs), where they appeared as large, red areas devoid
of epithelium, extending onto the abdomen in two individ-
uals. One lamb, which was devoid of epithelium on sev-
eral areas of the head (ears and muzzle), limbs (anterior
and posterior) and rump also suffered from atresia of the
penile urethra. Oedema, congestion and accumulation of
urine in the subcutaneous tissue of the ventral abdominal
wall were present.

Histopathology

The microscopic examination of all areas where epithe-
lium was absent showed a sharply demarcated loss of
epidermis, glands and hair follicles in the transition from
normal to affected skin (Figure 2). The affected dermis
was severely congested and trichrome-stained sections
showed sparsely disarranged collagen fibres surrounded
by oedema. A serofibrinous exudate with an infiltration of
mixed inflammatory cells (neutrophils, macrophages, lym-
phocytes and plasma cells) associated with bacteria was
present in a number of sections, especially those from
the limbs. In some instances there was marked epider-
mal hyperplasia and orthokeratotic hyperkeratosis at the
border of the lesions (Figure 2).

© 2015 ESVD and ACVD, Veterinary Dermatology
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Figure 1. Macroscopic lesions in affected lambs. (a) Affected lamb showing multiple skin lesions of the ears, limbs and caudal half of the body. (b)
Epidermal defects resulting in dermal exposure of the ears, muzzle and occipital area of the head. The transition between affected and unaffected
areas was very well demarcated. (c) Affected lamb showing two different types of macroscopic lesions on the ear: lack of epithelium on the pinna
and malformation of the apex. (d) Multifocal to coalescent ulceration of the dorsal surface of the tongue. The torus linguae was most severely
affected. (e) Hard palate: single ulcer and sloughing of the epithelium. (f) Limbs: marked congestion of the dermis, partly covered by a fibrinone-
crotic exudate. Note the detachment of the hoof in the most severely affected limb.

Specimens from all lambs showed subepithelial split-
ting of variable severity in at least one of the samples
examined. The roof of the microscopic vesicle was
formed by full-thickness epidermis, with all the cell layers,
including intact basal cells. In areas with greater separa-
tion between the epidermis and dermis, vesicles were
filled with clear, eosinophilic fluid and erythrocytes.
Detachment of hair follicles from the dermis was also a
common feature. Periodic acid Schiff-stained sections
showed that the basement membrane was located on
the floor of the cleft (Figure 3). Whether macroscopic

© 2015 ESVD and ACVD, Veterinary Dermatology
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lesions were present, or not, subepithelial splitting was
apparent in the oral mucosa and the skin.

Transmission electron microscopy

Subepithelial cleft formation was present in all skin and
tongue samples from affected animals examined by tran-
mission electron microscopy. The lamina densa was
found at the base of the cleft adjacent to the dermis,
while no evidence of lamina lucida was seen (Figure 4).
While desmosomes were normal, there was an evident
reduction in the number of hemidesmosomes and sub-
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Table 1. Location of macroscopic skin/mucosal defects in the stud-
ied animals

Region n(%*) Location n(%"
Head 28 (93) Tongue 16 (57)
Gingiva 1(4)
Buccal mucosa 2(7)
Palate 12 (43)
Muzzle 8(29)
Ear, right 24 (86)
Ear, left 21(70)
Orbital area 4(13)
Occipital area 2(7)
Thorax 3(11) Neck 1(33)
Other 2 (67)
Abdomen 7 (23) Rump 5(71)
Other 2 (29)
Right forelimb 25 (83) Humerus 1(3)
Radius 0(0)
Metacarpus 13 (52)
Phalanges 18(72)
Hoof 10 (40)
Left forelimb 22 (73) Humerus 1(5)
Radius 1(5)
Metacarpus 10 (45)
Phalanges 17 (77)
Hoof 10 (45)
Right hindlimb 13 (43) Femur 1(8)
Tibia 2 (15)
Metatarsus 5(38)
Phalanges 7 (54)
Hoof 8(62)
Left hindlimb 11 (37) Femur 1(9)
Tibia 1(9)
Metatarsus 4 (36)
Phalanges 7 (64)
Hoof 7 (64)
Pelvis 1(3) Urethra 1(100)

*Percentage of total studied animals showing gross lesions in this
region.
tPercentage of animals showing lesions in this location.

basal dense plaques in the affected animals (Figure 5a).
Collagen fibres of affected areas were scarce and disar-
ranged (Figure 5a). The ultrastructure of the skin from the
control lambs was normal (Figure 5b).

Pedigree analysis

The breeding history of the affected flocks was consis-
tent with a monogenic autosomal recessive pattern of
inheritance such that the affected individuals must be
homozygous for the causal mutation (aa) and the parents
of affected animals must be classified as carriers (Aa), as
seen in Supporting information Figure S1. Analysis of
pedigrees revealed that the breeding practices in the
flocks were based on mating closely related individuals. A
detailed analysis of pedigrees showed that all affected
animals could be traced, on both paternal and maternal
sides, to a common ancestor designated as 'VS94.11".
The relationship of VS94.11 with affected individuals from
the 'VS' flock was extensive (Figure 6a). A ram (desig-
nated MSVS03085) descended from VS94.11 was intro-
duced into the breeding stock of the MS flock.
Inbreedings between the offspring of this ram were sub-
sequently responsible for the development of EB in that
flock (Figure 6b).

4

Figure 2. Histopathological findings in affected skin. Congenital
absence of skin denoted by a sharp transition between unaffected
and affected (right) areas where the epidermis and cutaneous adnexa
are absent. Fibrinopurulent dermatitis involving the exposed dermis,
and focal epidermal hyperplasia and orthokeratotic hyperkeratosis at
the border of the lesion. Haematoxylin and eosin stain.

Figure 3. Histopathological findings in affected skin. Subepidermal
cleft formation beneath the basal cells and serofibrinous exudate in
the blister. Note staining of the basement membrane on the floor of
the bulla. Periodic acid Schiff stain.

Discussion

The histopathological changes identified in the cases
reported here, which were characterized by subepithelial
splitting of the epithelium of both oral mucosae and skin,
are consistent with a diagnosis of EB.?'% Ultrastructural
evaluation of these lesions enabled further classification
of the condition as JEB due to the presence of dermo-epi-
thelial clefts within the lamina lucida of the basement
membrane."?® The gross skin lesions identified (i.e.
extensive areas devoid of epidermis or oral mucosal epi-
thelium) merit classification of this inherited disease as
‘generalized severe JEB with congenital absence of
skin’."" Previous descriptions of this condition in human
medicine have referred to the congenital absence of skin

as ‘aplasia cutis’.’®
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Figure 4. Ultrastructural findings in skin with junctional epidermoly-
sis bullosa. Cleft formation between the basal cell and the lamina
densa (arrowheads) located at the base of the bulla. Note the normal
desmosomes between basal cells (arrows). Electron microscopy
x 15,000 magnification. Scale bar represents 1 pm.

The concurrence of EB and congenital absence of skin
is rare in humans and, to the best of the authors’ knowl-
edge, there are no confirmed reports in domestic ani-
mals. However, in veterinary medicine the term
‘epitheliogenesis imperfecta’ has been used to describe
cases of inherited EB with macroscopic absence of epi-
dermis,"” and this has resulted in confusion.'® The nature
of the lesions (i.e. absence of epithelium) in the our cases
and their predilection for the head and extremities are
similar to those previously described in lambs and
calves."® 20 |t is possible that prior reports were describ-
ing the same condition, but the lack of detailed histologi-
cal descriptions of grossly nonaffected skin in previously
reported cases prevents the retrospective confirmation of
whether JEB was present or not.

While the pathogenesis of hereditary EB is well known
(i.e. structural defects of basement membrane proteins
involved in anchoring the epidermis to the dermis), the
pathogenesis of epidermal absence is not." In human
medicine, the occurrence of congenital absence of epi-
dermis — as a unique lesion referred to as aplasia cutis
congenita — is typically sporadic, with an estimated inci-
dence of three in 10,000 births.2! Very few cases have
been described as inherited and several theories have
been proposed to explain sporadic cases, including intra-
uterine trauma, vascular compromise, infectious agents
and medications.?! Conversely, congenital absence of
epidermis linked to EB is thought to be a clinical manifes-
tation of the EB rather than a separate entity, probably as
a consequence of in utero rupture of bullae and
trauma.??2 Like the lambs described in this study, areas
of missing epidermis in human newborns often include
the legs, arms and head,??72® suggesting a shared patho-
genic mechanism between the two species.

In addition to loss of the epidermis, the affected skin of
lambs reported here lacked the dermal adnexae (hair folli-
cles and glands). It has been shown that expression of
the transcriptional factor p63 in the epidermis during
embryogenesis is essential for skin appendage develop-
ment.?® Therefore, loss of epidermis at this stage due to
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Figure 5. Ultrastructural findings in skin with junctional epidermoly-
sis bullosa. (a) Junctional epidermolysis bullosa in an affected lamb:
absence of hemidesmosomes. Note the scarcity and disarrangement
of collagen fibres in the dermis, below the lamina densa (arrows). (b)
Skin of control lamb. Normal skin with hemidesmosomes (arrow-
heads). Electron microscopy x30,000 magnification. Scale bar repre-
sents 0.5 um.

in utero formation of bullae and subsequent sloughing of
the epithelium may deprive the skin of the stimulus and
cell repertoire necessary for adnexal development.
Another possibility is that the in utero epithelial detach-
ment could evolve into a scarring process involving the
subjacent dermis, thus interfering with normal adnexal
development. In our cases trichrome stain showed that
scar tissue was histologically absent. However, mamma-
lian fetuses can heal cutaneous lesions without the for-
mation of scar tissue,?’ so this hypothesis cannot be
addressed in the circumstances of our study. In any case,
the close relationship between the congenital absence of
epithelium and adnexae with JEB, found together in all
studied lambs, would fit with the proposed hypothesis
that the congenital absence of skin is a clinical manifesta-
tion of EB that occurs in utero.

Loss of epithelium has been reported to occur with all
three major types of EB in people?® but is most com-
monly related to dominant dystrophic EB in Bart syn-
drome?® (recently renamed 'EB with congenital absence
of skin’)."" The three major types of EB have also been
described in veterinary medicine and, more specifically,

5
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Figure 6. Pedigree analysis of the animals affected by epidermolysis bullosa. Filled symbols represent affected animals in the two flocks. Squares
represent males; ovals represent females. Animal identification is indicated within the symbols. The occurrence of the affected lambs is consistent
with an autosomal recessive trait; all can be traced back on both paternal and maternal sides to a common ancestor 'VS94.11" for both the VS flock

(a) and the MS flock (b).

JEB has been observed in horses, cattle and sheep.
Although congenital absence of skin has not been
reported in any of these cases,? the causative mutation of
JEB, identified in horses, sheep and dogs, affects the
genes LAMCZ2 or LAMAS3, which are responsible for
expression of laminin 332, a protein of the hemidesmo-
somes.? The fact that every lamb from the present study
showed congenital absence of skin linked to JEB sug-
gests that this syndrome may have been caused by single
or multiple mutations affecting genes different from
LAMCZ or LAMAS.

The specific association between congenital absence
of skin and JEB of humans commonly co-occurs with
pyloric atresia (PA) and other extracutaneous abnormali-
ties, such as genitourinary malformations or rudimentary
ears.'"?% Known as 'EB with pyloric atresia’ (EB-PA),"4°
this disease is caused by mutations in the hemidesmo-
somes,?" specifically in genes encoding for a6p4 inte-
grin.32* While PA was not noted in the lambs analysed
in this study, incomplete PA could be hard to detect dur-
ing postmortem examination of a neonate. Malformation

6
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of the ears was a common feature in affected lambs and
one animal also exhibited urethral stenosis. Therefore,
future studies could target a6p4 integrin genes as reason-
able candidates for the causative mutation in these
flocks.

The genealogical analysis of 241 ancestors of affected
lambs allowed the inference that the mode of inheritance
of the disease follows a pattern consistent with an auto-
somal recessive allele. Pedigree analysis showed that
inbreeding was a common practice in these flocks and
that systematic use of carrier rams produced a founder-
like effect in subsequent generations. This was evident
with the predominance of ram VS80.76 in the popula-
tion’s pedigree. A similar event was observed several
generations later with ram VS94.11, which was the most
recent common ancestor of animals affected by EB. If
either of these rams was a carrier of the mutation respon-
sible for the disease, the probability of finding homozy-
gous animals with the mutation (identity-by-descent)
would be highly favoured by inbreeding. Likewise, we
can track the introduction of EB into the MS flock follow-
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ing the introduction of ram MSVS03085, a direct descen-
dant of VS94.11 and probably a heterozygous carrier of
the mutated allele.

In conclusion, the macroscopic, histological and ultra-
structural features reported here suggest that the condi-
tion suffered by these lambs should be classified as
‘generalized severe JEB with congenital absence of skin’
according to recent guidelines."” Comparisons with prior
descriptions of JEB in humans and animals suggest that
the genetic cause of this condition may be different from
those previously described in animals. Further studies are
required to determine the precise protein(s) and genetic
mutation(s) responsible for the lesions.
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Figure S1. Familial relationships between the 18 animals
affected by junctional epidermolysis bullosa and congeni-
tal absence of skin. Filled symbols represent affected
lambs. Occurrence is consistent with an autosomal
recessive trait. All cases can be traced to the common
ancestor 'VS94.11" for both the VS flock and the MS
flock.
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Résumé

Contexte - Jusqu'a 0.5% des agneaux de race churra de deux troupeaux génétiquement apparentés ont
montré des lésions cutanées congénitales de sévérité variable, mettant en danger la vie des agneaux dans
les cas les plus graves.

Hypotheses/Objectifs - Le premier objectif de cette étude était de déterminer le type de la maladie
congénitale épithéliale de ces animaux en fonction des Iésions macroscopiques cutanées, des modifica-
tions histologiques et ultrastructurales et de la nature héréditaire de la maladie.

Sujets - Trente agneaux nouveaux nés atteints de deux troupeaux génétiquement apparentés ont été
étudiés. Trois agneaux supplémentaires issus de deux autres troupeaux, sans lésion cutanée apparente,
morts de maladie infectieuse, ont été inclus dans I'étude en tant que controles.

Méthodes - Les examens histologiques et ultrastructuraux de la peau et de la muqueuse orale ont
réalisés. Les analyses de pédigrées ont permis d'étudier les relations généalogiques.

Résultats - Une épidermolyse bulleuse jonctionnelle généralisée sévere avec absence congénitale de
peau a été décrite chez tous les agneaux étudiés et un mode de transmission autosomal récessif a été
identifié.

Conclusions et importance clinique - Les données pathologiques et le mode de transmission chez ces
agneaux sont identiques a un sous type d'épidermolyse bulleuse de I'homme, ce qui n'avait pas encore
été décrit en médecine vétérinaire.

Resumen

Introduccion - hasta un 0,5% de los corderos de raza Churra de dos rebanos genéticamente relacionados
mostraron defectos congénitos de la piel de severidad variable, poniendo en peligro la vida de los corderos
en los casos mas severos

Hipotesis/Objetivos — el objetivo primario de este estudio fue clasificar el tipo de enfermedad epitelial
congénita sufrido por estos animales basado en la descripcién de los defectos de la piel macroscépicos,
los cambios histoldgicos y ultraestructurales, y la naturaleza hereditaria de la condicion.

Animales - 30 corderos recién nacidos afectados de dos rebanos genéticamente relacionados fueron ob-
jeto del estudio. Se adquirieron como animales control no afectados tres corderos adicionales de otros dos
diferentes rebanos, sin que presentaran lesiones de la piel aparentes y que habian muerto de enfermed-
ades infecciosas.

Métodos - se desarrollé el examen histoldgico y ultraestructural de la piel y la mucosa oral. El andlisis de
pedigree se utilizo para investigar las relaciones genealdgicas

Resultados - se describe epidermolisis bullosa de la unidn generalizada severa con ausencia congénita de
la piel en todos los corderos estudiados y un modo de herencia recesivo autosémico.

Conclusiones e importancia clinica — los hallazgos patoldgicos y el modo de herencia en estos corderos
son similares a un subtipo de epidermis bullosa hereditaria en humanos, enfermedad que no ha sido previa-
mente descrita en medicina veterinaria.

Zusammenfassung

Hintergrund - Bis zu 0,5% von Churra Lammern aus zwei genetisch verwandten Herden zeigten angebo-
rene Hauterkrankungen von unterschiedlichem Schweregrad, was bei den schwersten Féllen das Leben
der Lammer gefahrdete.

Hypothese/Ziele — Das Primarziel dieser Studie war eine Klassifizierung der Arten der angeborenen epi-
thelialen Erkrankungen, an denen diese Tiere litten. Das erfolgte basierend auf der Beschreibung der ma-
kroskopischen Hautdefekte, der histologischen und ultrastrukturellen Veranderungen und der
angeborenen Natur dieses Zustandes.

Ergebnisse - Es wurde eine generalisierte schwere junktionale Epidermolysis bullosa mit einem angebore-
nen Fehlen der Haut bei allen untersuchten Lammern beschrieben und ein autosomal rezessiver Verer-
bungsmodus identifiziert.

Schlussfolgerungen und klinische Bedeutung - Die pathologischen Befunde und die Art der Vererbung
bei diesen Lammern war ahnlich wie ein vererbter Subtyp der Epidermolysis bullosa des Menschen, der in
der Veterinarmedizin bisher noch nicht beschrieben worden war.
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Supporting Information

Figure S1. Familial relationships between the 18 animals affected by junctional epidermolysis bullosa
and congenital absence of skin. Filled symbols represent affected lambs. Occurrence is consistent
with an autosomal recessive trait. All cases can be traced to the common ancestor ‘VS94.11’ for both
the VS flock and the MS flock.
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