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“Las falacias y las flaquezas del pensamiento humano generan problemas sistematicos y
predecibles cuando intentamos comprender las complejidades de la realidad externa.
Entre estos puntos débiles, nuestros intentos persistentes de construir sistemas que son
hermosos en abstracto, l6gicamente impecables y globalmente simplificados, siempre
nos hacen salir del camino.”

Stephen Jay Gould, Lying stones from Marrakech.
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Introduccién

Macroevolucion y las causas organicas de la complejidad bioldgica.

Desde la aparicion de los primeros organismos en el registro fosil, hemos observado la
huella de formas de vida poblando el planeta a lo largo de su cronologia. Con la suficiente
perspectiva geologica, cada época temporal presenta organismos morfolégicamente
diferentes en mayor o menor grado. Hoy en dia sabemos que estos organismos estan
relacionados con las formas predecesoras y, en ocasiones, también con las posteriores. La
transformacion de los seres vivos, que conecta filogenéticamente a todas las especies, es
el proceso responsable de la generacion de la biodiversidad acumulada en el historial

evolutivo terrestre.

Esta diversidad se compone de organismos con diferentes patrones estructurales a
multiples niveles. Tradicionalmente, la division mas profunda reconocida entre seres
vivos es la que separa a procariotas y eucariotas, actualmente matizada en bacterias,
arqueas y eucariotas. Otro gran eje de clasificacion estructural podria establecerse entre
linajes unicelulares y multicelulares. Siendo los primeros organismos del planeta seres
unicelulares, el nivel de organizacién multicelular surgi6 independientemente en diversos
clados como los hongos, las plantas o los animales (también llamados metazoos). Esta
transicion a la multicelularidad abri¢ las puertas a la aparicion de multiples planes
corporales en el linaje de los metazoos, asi como de una infinidad de innovaciones a nivel

de tipos celulares y 6rganos.

La acumulacion de estos nuevos caracteres a lo largo de trayectorias macroevolutivas
dispares ha generado, en ciertos grupos animales, seres de complejidad estructural y
funcional creciente. Sin embargo, este fendémeno no debe interpretarse como la pauta
general del cambio organismico, pues la evolucion no genera inevitablemente formas mas
complejas que las anteriores dentro de un conjunto filético. Anélisis cladisticos a diversas
escalas revelan que el cambio macroevolutivo procede en todas las direcciones respecto
al nivel de complejidad, siendo comunes tanto las simplificaciones o pérdidas de
caracteres como las modificaciones o ganancias de los mismos (Finlay and Esteban,
2009). Por otro lado, una gradacion intuitiva de la complejidad estructural puede resultar

facil de aplicar para organismos muy extremos, pero resulta mucho mas complicada de
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medir a la hora de comparar organismos menos dispares. Se han intentado aplicar
diferentes pardmetros para objetivizar estas cuantificaciones, como el namero de tipos
celulares, aunque esta clase de aproximaciones pueden resultar deficientes para medir la

complejidad al nivel funcional y estructural entre organismos (Bell and Mooers, 1997).

Uno de los objetivos principales de la biologia evolutiva desde sus inicios ha sido
comprender el origen de esta complejidad variable. El descubrimiento del ADN como
responsable de transferir la informacion genética de una generacion a otra puso el foco
sobre éstas moléculas para dilucidar las causas organicas de las diferencias en la
complejidad de los organismos. Se estudid el tamafio de los genomas de especies
eucariotas dispares para intentar trazar una correlacion entre la cantidad de ADN y la
complejidad organismica (Mirsky and Ris, 1951). Sin embargo, los datos obtenidos
rechazaron cualquier relacion lineal, un resultado que fue etiquetado como el enigma del
valor-C (Gregory, 2004). Mas tarde, se descubri6 que los genomas estaban repletos de
regiones no codificantes que parecian no tener funcion. Esto condujo a ciertos autores a
proponer que en realidad lo importante era el nimero de genes codificantes, no la cantidad
total de ADN (Moore, 1984). No obstante, la secuenciacion entera de genomas ha
revelado una situacion similar a la anterior, conocida como la paradoja del valor-G: no
existe una correlacion directa entre la complejidad percibida y el nimero de genes o

familias génicas de una especie (Hahn and Wray, 2002).

Estas paradojas aparentes han recibido diversas explicaciones. Algunos autores, en la
linea de sus predecesores, siguen sugiriendo que tiene que existir mayor cantidad de algin
tipo de elemento derivado del genoma en los grupos de organismos con estructuras mas
elaboradas o complejas. La mayoria de estos investigadores apunta al transcriptoma, es
decir, al conjunto de transcritos expresados por el genoma. Sus planteamientos podrian
dividirse principalmente en dos frentes no excluyentes, el que aboga por la importancia
de los transcritos no codificantes (Djebali et al., 2012), y el que destaca la cantidad de
genes codificantes que presentan diversidad transcripcional mediante la produccion de
isoformas proteicas (Kanapin et al., 2010). Es necesario aclarar que ambas afirmaciones
reposan mayormente sobre un trasfondo ideoldgico pan-adaptacionista, en el que se

asume que la mayoria de elementos detectados a nivel de transcriptoma posee una funcioén
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a nivel organismico. Si bien es cierto que se han descrito roles moleculares relevantes
para ambos tipos de eventos transcripcionales en casos particulares, la relevancia
funcional para la mayor parte de estos elementos constituye una incognita (Niu and Jiang,
2013). De hecho, otros autores han argumentado que muchos de estos elementos no tienen
por qué presentar una funcidon seleccionada adaptativamente, si no que probablemente
sean consecuencia de una transcripcion espuria o ruidosa que no interfiere de manera

deletérea con los roles esenciales del organismo (Doolittle et al., 2014).

En los ultimos afos se han publicado estudios aislados comparando datos
transcriptomicos entre conjuntos todavia muy limitados de organismos, donde aseguran
detectar una correlacion entre los niveles de splicing alternativo (AS) y la complejidad
organismica (Chen et al., 2014). El splicing alternativo puede describirse brevemente
como un proceso de regulacion génica capaz de producir mas de un tipo de transcrito a
partir de un solo locus génico. Sin embargo, toda precaucion es poca a la hora de
establecer una relacion causal subyacente a estas correlaciones observadas, especialmente
cuando la complejidad es cuantificada en base al nimero de tipos celulares. Ademas,
diversos estudios sugieren que la maquinaria molecular encargada del splicing podria
producir niveles elevados de isoformas sin ninguna funcidn, que serian consecuencia de
fallos del proceso en determinados contextos celulares (Pickrell et al., 2010). De hecho,
han empezado a detectarse casos particulares que rompen claramente la asociacion entre
complejidad organismica y AS. El ejemplo mas llamativo es el del alga unicelular
Bigellowiella natans, que presenta una de las tasas de AS mas elevadas detectadas hasta
el momento, sdlo comparables al cerebro humano (Curtis et al., 2012). Interesantemente,
el analisis del tipo de AS detectado en B. natans revela que una gran parte de los eventos
observados son probablemente atribuibles a una produccion descontrolada de isoformas

sin funcion especifica.

De todos modos, si que parece plausible que determinados tipos celulares controlen parte
de su actividad fisiol6gica mediante la regulacién coordinada de un nimero elevado de
eventos funcionales de AS. Uno de los casos mas evidente detectados hasta el momento
en animales es el sistema nervioso de organismos vertebrados que, aparte de exhibir una

de las frecuencias mas elevadas de AS junto a los testiculos, presenta los mayores niveles
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de conservacion reguladora (Barbosa-Morais et al., 2012; Raj and Blencowe, 2015).
Ademas, la proporcion de exones alternativos con regulacion especifica de tejido que
respetan la pauta de lectura es mas elevada en muestras neuronales respecto al conjunto
del resto de 6rganos (Irimia et al., 2014). Estos datos apuntan a un uso frecuente de este
mecanismo regulador para la produccion de isoformas proteicas especificas de neuronas,
que posiblemente presenten propiedades moleculares distintas y necesarias en estas
células. Paralelamente, un analisis transcriptomico en la mosca Drosophila melanogaster
detectd niveles mas elevados de produccién de isoformas en los ganglios nerviosos
respecto al resto de organos, aunque aproximadamente la mitad se debian al uso de
promotores alternativos (James B Brown et al., 2014). Por tanto, es probable que estos
altos niveles de regulacion génica por AS en el sistema nervioso de vertebrados e insectos

refleje una herramienta funcional recurrente de los tipos celulares neurales.

Por otro lado, la clase de perspectivas que buscan las raices de la complejidad organismica
en base a una supuesta complejidad transcriptomica podrian resultar excesivamente
reduccionistas. En este sentido, son necesarios planteamientos alternativos que otorguen
menos relevancia a la cantidad de elementos singulares del genoma y sus transcriptomas
asociados, y mas importancia a como éstos interaccionan entre si. Sin negar la aportacion
individual necesaria de elementos moleculares diversos, el interés se centra en las
conexiones establecidas entre ellos para generar complejidad funcional. Este enfoque
prioriza la comprension de las intrincadas relaciones entre el genoma y el organismo,
investigando los procesos reguladores que producen la diversidad estructural y funcional
interpretando la informacion gendmica. En el estudio macroevolutivo, dicha perspectiva
pretende dar una explicacion materialista a aquellos cambios organicos que transcienden
el nivel poblacional y quedan establecidos a un nivel jerarquico superior, desde las

especies hasta clados mucho mas amplios.

Del genoma al organismo: la importancia de establecer conexiones.

Los organismos multicelulares, especialmente los animales, adquieren sus principales

organos y estructuras mayoritariamente durante el desarrollo embrionario. Partiendo de

una sola célula en la reproduccion sexual, se generan multiples tipos celulares en
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localizaciones embrionarias determinadas que son las encargadas de construir los
diferentes organos dentro de un plan estructural arménico. A pesar de compartir
mayoritariamente la misma secuencia gendmica, los diferentes tipos celulares expresan
transcritos distintos de manera dindmica para controlar su identidad y fisiologia, ademas
de determinar la capacidad de interaccion con otras células. El desarrollo es un proceso
altamente intrincado en el que los tejidos embrionarios proliferan y se diferencian de
manera coordinada para construir un organismo funcional respecto a un rol ecologico
concreto. La alteracion de estos procesos de desarrollo mediante modificaciones de la
secuencia genomica es una de las herramientas basicas de la evolucion para producir

cambio organico duradero.

Puesto que la relacion entre un genoma y su organismo resultante es muy compleja y
dificil de predecir, es necesario analizar los niveles de organizacion biologica intermedios
para conseguir conectar ambos extremos. Al nivel molecular, diversos procesos se
coordinan fisica y temporalmente para obtener determinados RNAs en cada tipo celular.
Estos fenémenos forman parte de lo que se conoce como regulacion de la expresion
génica, y son responsables de la produccion de distintos transcritos en contextos
diferentes, cuyo conjunto se denomina transcriptoma. Un porcentaje de dichas moléculas
de RNA contiene informacion codificante, que serd traducida por la maquinaria ribosomal

en cadenas de péptidos, la suma de los cuales constituye el proteoma.

Conjuntamente, estos elementos moleculares son los encargados de establecer a nivel
celular una identidad, caracteristicas fisioldgicas concretas y capacidad de respuesta a
estimulos externos. Las propiedades comunicativas entre células de un mismo y
diferentes tejidos mediaran la coordinacion necesaria para la formacion de las estructuras
del organismo a nivel macroscopico. Para comprender tanto la funcion de esta
variabilidad molecular como para establecer la mecanica del cambio organismico, son
necesarias aproximaciones desde los distintos niveles de organizacion biologica. Por un
lado, el estudio de los elementos gendmicos, transcriptdmicos y protedmicos es
imprescindible para establecer diferencias moleculares entre especies y plantear las
posibles bases materiales de la evolucion estructural y funcional. Paralelamente, se

requieren herramientas y conceptos de campos como la biologia del desarrollo, para
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Tipo Celular A {_5 Tipo CelularB .(_3 Tipo CelularC

Proteoma A Proteoma B — Proteoma C

TRANSCRIPTOMA TRANSCRIPTOMA TRANSCRIPTOMA
A < B < c <
Genoma + Genoma + Genoma +
| Cromatina A < Cromatina B <— . Cromatina C =
“'\_‘_ _.-’ \"H-. ____/
Zigoto

Genoma + Cromatina 7
RMNA materno

Figura I1 | Esquema de las interacciones entre los elementos moleculares en organismos
multicelulares sexuales para construir las diferentes estructuras de un organismo ecoldgicamente

viable.

determinar el impacto de los cambios moleculares.

Distintos elementos del genoma, el transcriptoma y el proteoma coordinan juntos la

regulacion génica.

Si bien la regulacion a nivel de proteinas puede resultar esencial para la actividad celular,
se asume que el transcriptoma refleja razonablemente bien las herramientas moleculares
de que disponen las células. Inicialmente catalogado como un conjunto de RNAs
mensajeros, de transferencia y ribosémicos en su mayoria, hoy sabemos que existen

muchos mas tipos de transcritos con roles relevantes. La generacion de este inventario
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molecular, si bien codificado en tultima instancia por el genoma, esta lejos de ser un
proceso unidireccional y estatico pues requiere de la interaccion fisica continuada de
elementos del genoma, el transcriptoma y el proteoma. Estos elementos se coordinan
modulando la produccién de un conjunto especifico de transcritos mediante procesos
complejos como la transcripcion, el splicing alternativo, el editing, o la poliadenilacién.
Para comprender la funcidn de estas capas de regulacion génica es necesario identificar
los factores que intervienen en esos procesos, la logica reguladora que los conecta, y las

consecuencias fenotipicas que provoca su ausencia.

Tradicionalmente, la mayoria de estudios sobre expresion diferencial ha focalizado en el
proceso de transcripcion génica. La atencion recibida es entendible puesto que constituye
el primer paso, y probablemente el mas central, en la generacion de transcritos. Aunque
se trata de un fendmeno complejo que consta de multiples etapas, la transcripcion génica
se concibe como la produccion de moléculas de RNA mediante la lectura de un molde de
DNA. Ademas del transcrito y la cadena molde, durante la regulacion de este proceso
intervienen multiples elementos procedentes mayoritariamente del genoma y el proteoma.
El genoma aporta promotores basales, enhancers, silencers y aisladores. Estos elementos
influyen en la activacion o la represion de la transcripcion mediante su interaccion con
una multitud de componentes del proteoma, como los factores de transcripcion o las
proteinas modificadoras de la cromatina (Calo and Wysocka, 2013). Por otro lado, cada
vez son mas los casos encontrados de transcritos no codificantes que intervienen en la
modulacion de eventos de transcripcion, involucrando también al transcriptoma (Geisler
and Coller, 2013). De esta manera, la biisqueda de las causas concretas de los cambios en
la expresion génica entre tejidos celulares o especies suele proceder mediante el estudio

de la interaccion de estos elementos.

No obstante, la importancia de otros mecanismos de regulacion génica que operan a nivel
post-transcripcional es cada dia mas clara. Por ejemplo, existen moléculas muy pequeias
de RNA, llamadas microRNAs, cuya funcion esta relacionada con la degradacion de uno
o multiples transcritos diana, controlando asi los niveles de expresion génica (Jonas and
Izaurralde, 2015). Por otro lado, también se dan mecanismos reguladores que pueden

producir secuencias distintas de RNA a partir de un solo locus génico, conocidas como
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isoformas. Esta capacidad reside parcialmente en la maquinaria transcripcional mediante
el uso de promotores alternativos que generan transcritos diferenciados en la region 5°.
Sin embargo, la regulacion post-transcripcional permite ampliar la diversidad de
secuencias de las isoformas en las regiones internas y finales de los RNAs. Entre estos
procesos reguladores destaca el splicing alternativo (AS), un mecanismo que sucede
durante la maduracion de los transcritos. La maquinaria spliceosomal interacciona con
secuencias especificas del transcrito saliente, a menudo a través de proteinas auxiliares
especificas de tejido (proteoma) y en ocasiones también con el DNA molde (genoma) o
estructuras secundarias y ediciones del RNA (transcriptoma), para generar unas isoformas

determinadas (Gonzalez et al., 2015; Lev Maor et al., 2015; Zhou et al., 2014).

Splicing alternativo y su conexion con la estructura génica.

La regulacién mediante splicing alternativo esta indefectiblemente ligada a la estructura
génica. La inmensa mayoria de genomas eucariotas contiene una proporcién muy variable
de unos elementos llamados intrones spliceosomales (a los que se va a hacer referencia
como “intrones” en el texto subsiguiente para simplificar). Estos elementos forman parte
de la secuencia interna de algunos genes, pero son eliminados de los transcritos maduros
durante o después de la transcripcion. Desde su descubrimiento, las secuencias génicas
han quedado divididas entre aquellas que seran incluidas en el transcrito final, los exones,
y las que no, los intrones. Los exones pueden contener tanto informacion codificante para
proteinas (CDS) como secuencia no codificante (UTRs). Por su parte, los intrones son
generalmente considerados como elementos no codificantes, aunque se han llegado a

describir algunos casos que si lo son (Irimia et al., 2008; Marquez et al., 2015).

A nivel macroevolutivo, esta disposicion de la estructura génica no es una caracteristica
estatica de cada locus. Genes ortdlogos de linajes separados pueden exhibir estructuras
muy diferentes respecto al nimero de exones que los forman. Este proceso se puede deber
tanto a la ganancia y pérdida de intrones como a la aparicion de nuevos exones (Merkin
etal., 2015; Schmitz and Brosius, 2011). Entre los mecanismos moleculares mas comunes
de generacion de nuevos exones se encuentra la duplicacion de secuencias de ADN. Esta

puede darse frecuentemente a partir de una region interna del mismo gen, aunque también

10
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se han descrito casos de duplicacion de exones procedentes de otros loci (exon shuffling).
Otro proceso capaz originar nuevos exones es la insercion de elementos moviles
transponibles dentro de secuencias intronicas, donde algunos fragmentos de la nueva
secuencia pueden pasar a incluirse en los transcritos maduros tras unas pocas mutaciones.
Finalmente, otra via que pueden contribuir al exoma es la “exonizaciéon” de regiones

intrénicas, fendmeno conocido como evolucion exonica de novo.

El hallazgo de intrones en practicamente todas las especies eucariotas estudiadas, ha
conducido a la afirmacién de que éstos aparecieron antes de la separacion del ultimo
ancestro eucariota (Irimia and Roy, 2014). El nimero de intrones puede ser muy variable
en distintos genomas: mientras que los humanos poseemos una media de unos 8,5 intrones
por gen, la levadura Saccharomyces cerevisiae contiene solo 0,05. Estas densidades
intronicas elevadas o inferiores se hallan distribuidas de manera compleja en la filogenia
eucariota, puesto que los organismos con muchos y pocos intrones no presentan ninguna
separacion cladistica coherente (Collén et al., 2013). Esta situacion es debida a escenarios
historicos particulares de cada linaje. Por un lado, se han documentado casos de
conservacion intrénica profunda entre especies o grupos muy distantes, mientras que
también se han documentado episodios de ganancia o pérdida masiva de intrones durante

la evolucion de multiples linajes eucariotas (Csuros et al., 2011).

El proceso molecular de exclusion de los intrones esta catalizado por la maquinaria
spliceosomal, que consta de cinco RNAs pequeiios (snRNAs) y mas de doscientas
proteinas (Wahl et al., 2009). La estructura de la mayoria de intrones estd compuesta por
elementos cuya secuencia es reconocida por dicha maquinaria para la realizacion de la
reaccion de splicing. Sus elementos basicos son los sitios de splicing a 5’y 3’ en los
extremos del intron, la adenosina catalitica del punto de ramificacion (branch point), y el
tracto de polipirimidinas (polypirimidine tract) (Irimia and Blencowe, 2012). El resto de
la secuencia intrénica es muy variable tanto en contenido como en tamafio (Irimia and
Roy, 2008), habiéndose encontrado casos extremos en un mismo genoma que divergen
en longitud por mas de un millén de pares de bases. En algunos casos, la longitud de
ciertos intrones podria estar relacionada con la presencia de elementos reguladores en la

secuencia genoémica (Irimia et al., 2011b) (articulo anexo 1).
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Figura 12 | En inglés; adaptada de Irimia M. et al. 2012. (a) Representacion de los diferentes tipos
principales de eventos de splicing alternativo. (b) Esquema de los diferentes elementos del

genoma, el transcriptoma y el proteoma involucrados en la regulacion del proceso de splicing.

A pesar de que la reaccion de splicing suele ser muy precisa, el spliceosoma es capaz de
generar frecuentemente mas de una isoforma a partir de un solo locus génico mediante la
inclusion diferencial de su secuencia en el transcrito maduro (Wang et al., 2008). Este
fenomeno, que se conoce como splicing alternativo (AS), se ha dividido tradicionalmente
en diferentes clases dependiendo del tipo de secuencias implicadas en el proceso, a pesar
de que esta clasificacion no refleja a menudo la complejidad de algunos eventos. Las
principales variantes son la inclusion diferencial de exones enteros (cassettes exonicos),
el uso de sitios de splicing alternativos a 5° 0 a 3’, eventos de exclusion mutua entre
exones ¢ incluso la retencion de intrones (Fig 12a). De hecho, esta ultima clase constituye
el tipo de AS mas frecuente en la mayoria de clados eucariotas estudiados (Ner-Gaon et
al., 2004; Sebé-Pedros et al., 2013). Asi, gran parte de linajes parece emplear este
mecanismo para la regulacion de los niveles de expresion génica, puesto que la retencion
intronica implica frecuentemente la degradacion del transcrito (Braunschweig et al.,
2014; Ge and Porse, 2014). Por otro lado, este proceso puede generar en ocasiones
transcritos mensajeros alternativos, especialmente cuando sucede en UTRs o hacia el final
de la region codificante. También se han descrito casos de uno o mas intrones retenidos

que provocan el secuestro del RNA en el nicleo celular (Buckley et al., 2014). Dichos

12




Introduccidon

intrones son eliminados del transcrito dependiendo de una sefial molecular determinada,
pasando al citoplasma para ser traducidos en el momento apropiado. Otros casos de
retencion intronica han sido relacionados también con el transporte citoplasmatico del

transcrito afectado (Buckley et al., 2011) .

Unos pocos grupos filogenéticos presentan también proporciones elevadas de otros tipos
de AS, especialmente respecto a la inclusion diferencial de exones cassette, como los
eumetazoos. Este tipo de regulacion también puede afectar a la expresion génica, por
ejemplo, mediante la inclusiéon de codones stop prematuros que provocan la degradacion
del transcrito por la via NMD (non-sense mediated decay). Sin embargo, el potencial de
este tipo de eventos abarca muchas otras posibilidades. Este proceso genera
frecuentemente proteinas con secuencias de aminoacidos parcialmente diferentes,
alterando en ocasiones distintos aspectos de su funciéon molecular. Se han descrito
1soformas proteicas que difieren en estabilidad, localizacion celular, actividad enzimatica,
etc (Kelemen et al., 2013). Recientemente, un analisis global sobre los dominios
peptidicos de humano afectados por AS apunta a un impacto frecuente de este proceso en
regiones desorganizadas que determinan la afinidad de las interacciones proteicas (Ellis
et al., 2012). En resumen, este mecanismo ofrece la posibilidad de ajustar, innovar o
incluso antagonizar las funciones moleculares del gen implicado dependiendo del

contexto celular.

Impacto funcional de los eventos de splicing alternativo.

Resulta muy complicado predecir las consecuencias funcionales de eventos particulares
incluso a nivel molecular, siendo necesaria una aproximacion experimental para
desentrafiar su utilidad en el organismo. Hasta la fecha, se han descrito numerosos eventos
de splicing alternativo con un impacto constatado a nivel celular u organismico,

especialmente en aquellos que se encuentran conservados en mas de una especie.
Uno de los casos mas estudiados de evento funcional y conservado determina la identidad

sexual en varias especies de insectos (Gempe et al., 2009). En embriones de Drosophila

dotados de cromosomas sexuales homdlogos, se produce la inclusion del cuarto exon en
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los transcritos del factor de transcripcion doublesex. Las dos isoformas se unen a las
mismas regiones de ADN, pero presentan funciones bioquimicas generalmente opuestas
respecto a la activacion o represion de sus genes diana (Coschigano and Wensink, 1993).
La presencia de la isoforma que incluye el cuarto exon en las hembras reprime la
transcripcion del programa de diferenciacion sexual masculino. A pesar de que no todos
los hexapodos presentan el mismo mecanismo, la aparicion de esta regulacion ha sido
trazado hasta la base del clado, apoyando el AS de doublesex como el sistema molecular
de determinacion sexual ancestral en insectos (Price et al., 2015). Interesantemente, tanto
las cascadas activadoras de esta regulacion como los elementos activables por dicho
factor de transcripcion se encuentran mucho menos conservados entre distintos grupos de

insectos (Shukla and Nagaraju, 2010).

Otro evento de splicing funcional de origen incierto es el descrito en algunas especies de
vertebrados en diversos miembros de la familia Fefr (Fgfrl, Fgfr2 y Fgfr3) que codifican
para receptores de los ligandos Fgf. Estos genes presentan dos exones alternativos
mutuamente excluyentes, llamados IIIb y Illc, que codifican parte del tercer dominio
inmunoglobulina de la proteina (Turner and Grose, 2010) (Fig. 13a). Ambas isoformas
difieren en su capacidad de interaccion respecto a los diferentes ligandos Fgf (Miki et al.,
1992). Las isoformas que incluyen el exon IIIb, expresadas en células epiteliales,
muestran una mayor afinidad por los ligandos secretados por células mesenquimales
(Fef3, Fgf7, Fgfl0, etc) (Fig. I3b). La situacién es la inversa para las células
mesenquimales, cuyos receptores contienen el exon Illc, proporcionandoles mas afinidad
por ligandos provenientes de células epiteliales (Fgf2, Fgf4, Fgf8, etc). Este sistema
contribuye a generar una sefializacion cruzada entre tejidos epiteliales y mesenquimales
de diversos organos en desarrollo (Figura 13). En consecuencia, la morfogénesis de
estructuras como las extremidades, los pulmones o el oido interno se ve severamente
afectada tras la eliminacion selectiva del exén IIIb en tejidos epiteliales de raton (De

Moerlooze et al., 2000; Pirvola et al., 2000) (Fig 13c¢).

Por otro lado, también se han descrito eventos de AS especificos de especie o de grupos
muy reducidos con roles claramente funcionales. Uno de los mas interesantes por su papel

adaptativo se encuentra en el gen TRVPI, un sensor térmico involucrado en la deteccion
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Figura I3 | En inglés. (a,b) Adaptada de Turner et al. 2010. (a) Esquema del evento de splicing
mutuamente excluyente de los genes Fgfrl, Fgfr2 y Fgfr3 de mamiferos, que produce la inclusion
del exon I1Ib en epitelios y el exon Illc en mesénquima. (b) Representacion de aquellos ligandos
con mayor afinidad para las dos isoformas producidas mediante la regulacion post-transcripcional
de dicho evento en el gen Fgfi-2. (¢) Adaptada de Ornitz et al. 2015. Esquema de las interacciones
sefalizadoras mediante la via FGF durante el desarrollo del primordio de la extremidad en raton.

de temperaturas nocivas para el organismo (~40°C) (Gracheva et al., 2011). Este gen
contiene un exon alternativo compartido por diversos quirdpteros cuya inclusion genera
una proteina mas corta en la region C- terminal. Esta isoforma, que reduce el umbral de
deteccion térmico hasta los 31°C, se expresa a unos niveles practicamente residuales en
los organos sensoriales de murciélagos que se alimentan de frutas o insectos. Sin
embargo, la inclusion de este exon particular estd potenciada especificamente en el
ganglio trigémino del vampiro Desmodus rotundus. Dicha estructura contiene las fibras
sensoriales responsables de la deteccion de radiacion infrarroja (>29°C) emitida por la
sangre caliente de sus presas. Por tanto, la regulacion precisa de este evento de splicing
estd probablemente asociada a una adaptacién evolutiva reciente de esta especie

hematofaga.
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Dinamicas evolutivas globales de la regulacion génica mediante splicing alternativo.

A pesar de los casos descritos de eventos particulares de splicing con regulacion similar
en clados relativamente grandes, estudios transcriptdmicos amplios apuntan hacia
escenarios de baja conservacion global. Por ejemplo, la comparacion de los niveles de
inclusion de exones cassette en distintos 0rganos de mamiferos y otros vertebrados reveld
mayor similitud de los patrones de splicing entre los tejidos de una misma especie que
entre 6rganos homologos en general (Barbosa-Morais et al., 2012; Merkin et al., 2012).
Este resultado es opuesto al obtenido mediante el cotejo interespecifico de los patrones
de expresion génica, lo que sugiere tasas evolutivas comparativamente mas elevadas en
la regulacion por AS. De hecho, un analisis reciente utilizando cinco especies de
Drosophila ha descrito un resultado muy similar (Gibilisco et al., 2016). La repeticion de
este escenario en otros linajes podria apuntar a un fendmeno general respecto a las

velocidades evolutivas relativas de la regulacion génica por transcripcion y por splicing.

No obstante, resulta adecuado recalcar que también se han descrito conjuntos conservados
de exones alternativos cuya inclusion es regulada coordinadamente durante algtin proceso
bioldgico o en un tipo celular concreto. Por ejemplo, el corazon de mamiferos y aves sufre
cambios dramaticos en los niveles de inclusion de una amplia bateria de exones después
del nacimiento (Kalsotra et al., 2008). Por otro lado, el sistema nervioso central constituye
el organo de vertebrados con las tasas mas elevadas de similitud entre especies respecto
a sus patrones de splicing alternativo. Especialmente conservada se encuentra la
regulacion de un programa de exones alternativos de entre 3 y 27 nucleodtidos, cuya
inclusion estd mayormente potenciada en neuronas (Irimia et al., 2014). Estos
microexones, a pesar de constituir alrededor del 1% de eventos de AS totales, representan
un tercio de los exones neurales conservados entre humano y raton que generan isoformas

proteicas.
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Mecanismos moleculares de regulacion del splicing alternativo.

Como se ha mencionado anteriomente, la funcion celular u organismica de las variantes
de splicing esta intimamente ligada a una regulacion adecuada en determinados contextos
celulares. Esta regulacion precisa de diversos factores para controlar los niveles de
inclusion exénica. Se han descrito multiples tipos de elementos moleculares que modulan
el reconocimiento de la estructura génica por el spliceosoma y permiten regular la
proporcion de las distintas isoformas producidas por un gen (Wang et al., 2015). Entre
estos componentes, destacan por un lado determinadas secuencias de bases situadas
normalmente en los exones y/o intrones que forman parte del evento regulado (elementos
en cis). Estas secuencias, una vez transcritas a RNA, constituyen sitios de uniéon para
determinadas proteinas (elementos en trans) capaces de interaccionar con el spliceosoma
directa o indirectamente modificando su actividad. Dichas proteinas auxiliares, conocidas
como factores de splicing, pueden provocar tanto un incremento como una disminucion
en los niveles de inclusion exdnica dependiendo del evento y el contexto celular (Fu and
Ares, 2014). El nivel de expresion variable de este conjunto de factores de splicing influye

decisivamente en el balance global de isoformas en los distintos tipos celulares (Fig. 14a).

Estos factores proteicos que intervienen en la regulacion de eventos de AS acostumbran
a presentar niveles de expresion muy variables en distintos 6rganos o tipos celulares
(Grosso et al., 2008). Mientras que algunos de ellos se encuentran en niveles
suficientemente elevados para ejercer su actividad en un conjunto relativamente amplio
de tejidos, otros factores presentan patrones de expresion muy restringidos. En este
sentido, se han descrito casos de proteinas reguladoras cuya expresion Unicamente es
detectada en un tipo celular (Raj et al., 2014). A pesar de la variabilidad respecto a la
proporcion de 6rganos distintos donde se expresa cada uno de estos péptidos, buena parte
de ellos son referidos en la bibliografia como factores de splicing especificos de tejido.
Por otro lado, aquellos factores con actividad en mas de un tipo celular pueden ejercer
actividades reguladoras distintas dependiendo de la presencia cambiante de cofactores en
cada contexto celular (Vuong et al., 2016) (Fig. 14b). De hecho, esta combinatoria
particular de factores en cada tejido, ligada a un estado regulador determinado, resulta

muy similar a la descrita tradicionalmente para los factores de transcripcion.
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Figura 14 | (a) Adaptado de Vuong C.K. et al. 2016. Esquema sobre la cooperacion
especifica en cada evento de distintos factores de splicing para generar el transcriptoma
de un tipo cellular dado. (b) En inglés; adaptado de Gonvoy J. et al. 2017. Representacion
de las interacciones especificas de tejido que provocan la inclusion diferencial de distintos
exones en cerebro, musculo o ambos. La flechas verdes simbolizan actividad

potenciadora, mientras que las rojas son silenciadoras.
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Factores de splicing alternativo involucrados en el desarrollo embrionario.

Mientras que algunos de estos factores regulan una cantidad notablemente reducida y
especifica de eventos de AS (Traunmuller et al., 2016), otros ejercen su impacto funcional
sobre numerosas dianas. Debido a la influencia extensa de estos ultimos casos sobre el
transcriptoma celular, a menudo se hace referencia al conjunto de sus eventos regulados
como programas de AS. Bajo esta nomenclatura también subyace la idea de que estos
grupos de eventos sujetos a un regulador en frans determinado estdn frecuentemente
involucrados en funciones celulares comunes. Segln esta perspectiva, la expresion de un
factor determinado en un contexto celular dado produciria las isoformas propicias para
llevar a cabo procesos fisiologicos concretos (Vuong et al., 2016). Si bien este modelo
puede pecar en ocasiones de excesivamente simplista o generalista, probablemente resulta
acertado para subconjuntos amplios de los eventos diana. De esta forma, un factor dado
puede estar implicado en mds de un rol fisiologico determinado tanto en diferentes
organos como dentro de un mismo tipo celular (Raj and Blencowe, 2015). En esta linea,
se han empezado a identificar familias de factores de splicing cuyas funciones estan

relacionadas con procesos del desarrollo variados, especialmente en organismos modelo.

Es el caso, por ejemplo, de las familias génicas Nova (neuro-oncological ventral antigen)
y RbFox (RNA binding protein, Fox1-homolog). Los factores que forman parte de estas
familias en mamiferos (Noval, Nova2, RbFoxI, RbFox2 y RbFox3) se expresan durante
el desarrollo del sistema nervioso en células cuyo destino celular ya ha sido determinado
como neuronal (Jensen et al., 2000; Underwood et al., 2005). Entre los principales papeles
funcionales descritos para la familia Nova en estos tejidos se encuentran la migracion de
progenitores mitoticos en la médula espinal, la laminacion cortical o el disparo de las
neuronas motoras (Gallego-Paez et al., 2017) (Fig. [5a). La familia RbFox esta
involucrada también en la arquitectura del cortex cerebral, asi como en la formacion de
dendritas en neuronas excitatorias o el crecimiento del cerebelo (Gehman et al., 2012,
2011; Hamada et al., 2015). De hecho, ambos factores regulan el splicing de algunos
eventos diana comunes, con interacciones tanto sinérgicas, como aditivas o antagdnicas
(Zhang et al., 2010). Por otro lado, estos genes también desempefian roles fisioldgicos en

organos no neurales de vertebrados. La familia Nova esta involucrada en termogénesis en
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el tejido adiposo (Vernia et al., 2016), asi como en la formacion del lumen vascular
durante la angiogénesis (Giampietro et al., 2015). Por su parte, algunos genes RbFox estan
implicados en procesos como la fusién de mioblastos (Singh et al., 2014) (Fig. I5b) o la

funcioén cardiaca (Gallagher et al., 2011; Gao et al., 2016).
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Figura IS | En inglés. (a) Adaptado de Gallego-Paez L.M. et al. 2017. Nova2 promueve
la migracion en la corteza cerebral de raton de células ya determinadas como neuronas
mediante la regulacion de las isoformas del gen Dab!. (b) Adaptado de Singh R.K. et al.
2014. La actividad de RhFox2 en mioblastos murinos en cultivo promueve la fusion de
estas células para formar fibras musculares multinucleadas a través del splicing de los
genes Mef2d y Rock2. (¢) Adaptado de Kalsotra A. et al. 2011. El gen Esrp1 promueve el
fenotipo epithelial en diversos cultivos celulares humanos mediante la regulacion de la
inclusion exonica en una bateria de genes, como en el caso de CD44.

Otro tipo de variabilidad respecto la expresion tisular es la observada en familias de
factores de splicing como Esrp. Los dos paralogos encontrados en mamiferos, Esrpl y
Esrp2, se expresan en raton en multiples 6rganos de manera muy dindmica durante el

embrionario (Revil and Jerome-Majewska, 2013). Sin embargo, su expresion se ha
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considerado especifica de tipo celular en un sentido histolégico, ya que se describid
restringida a tejidos epiteliales. La funcion de ambos genes fue primeramente relacionada
con la capacidad de influir en transiciones epitelio-mesénquima en cultivos celulares
humanos (Warzecha et al., 2010). En estos estudios, una interrupcion de la actividad de
Esrpl produjo una pérdida de adhesion celular y un incremento en su motilidad (Fig. I5c¢).
Coherentemente, muchos de los eventos de splicing regulados por estos factores suceden
en genes involucrados en adhesion celular y migracion (Dittmar et al., 2012). La
generacion reciente de mutantes murinos para Esrpl y Esrp2, tanto por separado como
conjuntamente, ha revelado su implicacion en multiples procesos morfogenéticos (Bebee
et al., 2015). Los fenotipos observados se han adjudicado presumiblemente a una
distorsion de diversas interacciones organogenéticas entre tejidos epiteliales y

mesenquimales.

La implicacion de estos programas de AS en diversos procesos mediante la modulacion
de propiedades o roles celulares concretos, coloca a sus factores reguladores como
miembros relevantes en las redes génicas del desarrollo. Puesto que la modificacion de
dichas redes es responsable del cambio estructural entre linajes, su comparativa puede
aportar pistas sobre la base molecular de la evolucion organismica. Por tanto, es
importante entender las similitudes y diferencias en la expresion y funcién ontogenética
de los factores de splicing alternativo, asi como entre los conjuntos de eventos que regulan
a nivel transcriptomico. Este tipo de aproximacion permitird valorar tanto la plasticidad
evolutiva de los programas de AS como su conexion con procesos celulares ligados al
desarrollo de caracteres fenotipicos. Dicha perspectiva es capaz de conectar mas
comprensiblemente los distintos niveles de organizacion bioldgica en comparacion con

el inventariado de isoformas totales en cada especie.

Evolucion y caracteristicas de los organismos deuterostomos.

La utilizacion de un conjunto de especies anidadas respecto a su separacion cladistica
resulta conveniente para valorar la magnitud de los cambios evolutivos a diferentes

escalas filogenéticas. Este uso estratégico de organismos pertenecientes a grupos

relativamente lejanos pero relacionados permite también la inferencia de escenarios
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macroevolutivos mas precisos. Dado que la mayor parte de datos publicados para los
factores de splicing pertenecen a animales vertebrados (y en especial, mamiferos), en la
presente tesis se ha trabajado con especies de este grupo y de aquellos linajes mas
cercanos a ellos. De este modo, los organismos que forman parte del trabajo experimental
son cordados y equinodermos. El grupo filogenético que incluye a estos dos filos y a los
hemicordados, grupo hermano de los equinodermos, son los deuteréstomos
(Deuterostomia), cuyo origen se haya probablemente en el periodo Ediacarico (635-542
Ma). Un esquema de las principales relaciones filogenéticas de este grupo puede

visualizarse en la Figura 16 (Sansom et al., 2010).

Echino- | Hemi-
Chordata
Cephalochordata Vertebrata

Petromyzontida | Gnathostomata

"~"Stem vertebrates
B Pikaia
B Myllokunmingiids
Metaspriggina
Nectocaris
Cathaymyrus
B Yunnanozoans

~"Stem chordates

<

PN
~"Stem deuterostomes

Figura 16 | En inglés; adaptado de Sansom R. et al 2010. Relaciones taxonomicas de los
principales grupos de animales deuterostomos. Las ramas cortas constituyen organismos
extinguidos. Cada color representa la gama de posibles posiciones filogenéticas de diferentes
fosiles cambricos. Debido a esta incertidumbre, resulta complicado hacerse una idea precisa de
muchos de los caracteres estructurales del ancestro de cada linaje.

22



Introduccidon

La disparidad de planes corporales de los tres filos constituyentes complica la
reconstruccion de las caracteristicas corporales de su ultimo ancestro comun. Los
deuter6éstomos comparten la formacion del ano a partir del blastoporo, motivo por el que
recibieron su nombre taxonomico. No obstante, la deuterostomia ontogénica no
constituye una caracteristica inica de este grupo, pues también esta presente en algunos

linajes de protdstomos e incluso se ha propuesto que podria representar la condicion
ancestral de bilaterales (Martin-Duran et al., 2012). Aun asi, parece existir consenso al
menos sobre un caracter sinapomorfico hallado en individuos adultos, embriones o fosiles
de los tres clados: las hendiduras faringeas. Se ha llegado incluso a relacionar este rasgo
con un agrupamiento génico conservado de cuatro factores de transcripcion expresados
coordinadamente durante el desarrollo de la faringe en embriones de vertebrados y
hemicordados (Simakov et al., 2015). Ademads, algunos autores establecen también un
origen comun entre el cartilago acelular faringeo de hemicordados y anfioxo (Rychel et
al., 2006). Otra estructura propuesta como homologa entre cordados y hemicordados es
el cordon nervioso dorsal, aunque esta relacion estd mucho més discutida (Kaul and Stach,

2010).

En general, numerosos caracteres no presentan una correspondencia anatdémica clara entre
los distintos filos de deuterdstomos. Sin embargo, ciertas estructuras dificilmente
homologables entre grupos muestran una similitud notable respecto a sus bases
moleculares subyacentes. Un caso interesante es el de las redes génicas descritas en las
regiones que rodean los organizadores secundarios del sistema nervioso central de
vertebrados (Pani et al., 2012). Muchos de los genes implicados parecen seguir una logica
reguladora muy parecida en torno a los limites de la proboscis, el collar y el tronco de
embriones hemicordados. A pesar de haber sido reclutadas para la formacién de
estructuras distintas, es probable que un conjunto de interacciones génicas esenciales se
haya mantenido estable para establecer fronteras morfoldgicas en el eje anteroposterior.
Este caso ilustra la posibilidad de desacoplamiento entre programas genéticos
razonablemente conservados y los caracteres organismicos que producen en linajes

evolutivos distantes.
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A continuacion, una breve descripcion de los principales organismos deuterdéstomos
empleados en la presente tesis, incluyendo sus procesos ontogénicos mas estudiados en

el apartado experimental:

Strongylocentrotus purpuratus: Perteneciente al filo de los equinodermos, en esta tesis
se ha trabajado con el erizo de mar purpura (Strongylocentrotus purpuratus), cuya
distribucion natural se situa en las costas del Océano Pacifico norteamericano. Los
individuos adultos presentan pentamerismo, con un fino epitelio recubriendo un
endoesqueleto formado por carbonato célcico. El esqueleto estd formado por placas que
se extienden desde la boca hasta el ano y que presentan multiples agujeros a través de los
que emergen los pies ambulacrales. Estos pies ambulacrales, revestidos de musculatura,
forman parte de un sistema vascular hidraulico conectado al exterior a través del
madreporito, ubicado cerca del ano. El 6rgano ambulacral confiere movilidad al animal,
ademas de ayudarle a conducir los alimentos hasta la boca. Esta, situada en la parte
inferior, contiene un 6rgano masticatorio formado por una compleja estructura esquelética
y muscular consistente en un armazon pentagonal, conocida como linterna de Aristoteles.
Su sistema nervioso consiste en un anillo neural que rodea la boca del que surgen cinco

nervios parejos a los canales radiales del sistema ambulacral (Fig. 17a).

Sin embargo, dicho plan corporal no aparece hasta pasado un proceso de metamorfosis,
pues las primeras fases del desarrollo generan una larva con simetria bilateral. Este
fendmeno es extensible a todas las clases de equinodermos, si bien cada clase presenta un
tipo de larva particular en el sentido morfologico. En Strongylocentrotus, el zigoto se
compartimentiza a través de divisiones celulares siguiendo un patréon radial.
Aproximadamente hacia la sexta division, las capas germinales ya han sido especificadas.
El estadio de bléastula se alcanza hacia las 24 horas post-fertilizacion (hpf) a una
temperatura de 15°C. Hacia las 48hpf el embrion ha alcanzado un estadio de géstrula
avanzado, y a las 72hpf ya es reconocible la estructura en forma de prisma caracteristica

de la larva pluteus.

Uno de los primeros procesos morfogenéticos reconocibles en el estadio de blastula es el

ingreso de las células mesenquimales primarias (PMCs) en el blastocele mediante una
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Figura 17 | (a) En inglés. Adaptado de Abiogenesis. Dibujo de los principales 6rganos de un erizo
de mar adulto. (b) Adaptado de Staveley 2011. Esquema del desarrollo de un embrién
euequinoideo. Las células rojas marcan el mesénquima primario, las azules, el secudario. O, oral;
Ab, aboral (¢) Adaptado de Gildor 2015. Dibujo que muestra la integracion de las células
pigmentarias (color malva) en el ectodermo aboral (color verde). (d) Adaptado de Lapratz et al.
2009. Representacion por colores de las tres regiones primordiales del ectodermo en una gastrula
y una larva plateus.
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transicion de epitelio a mesénquima (Ettensohn, 2009). Una vez ingresadas, las PMCs
forman un sincitio alrededor de la invaginacion endodérmica y finalmente excretan una
matriz biomineral que constituird el esqueleto larvario (Fig. I7b). El resto de células
mesodérmicas permanece en forma epitelial hasta que comienza la gastrulacion, cuando
ingresan también en el blastocele junto a la invaginacién endodérmica y quedan
dispuestos alrededor de la punta del arquénteron (McClay, 2011) (Fig. I7b). Este conjunto
de tejidos, conocido como células mesenquimales secundarias (SMCs) o mesodermo no-
esqueletogénico (NSM), se divide basicamente en cuatro grupos: precursores de células
pigmentarias, blastocelares, de las bolsas celdmicas, y miogénicas. Estas ultimas, después
de un proceso de fusion celular, forman las fibras musculares que rodean al es6fago en la
fase pluteus (Andrikou et al., 2013). Por su parte, las precursoras de las células
pigmentarias migran durante las primeras fases de la gastrulacion hacia el ectodermo
aboral, en el que se integran mediante un proceso de transicion mesénquima-a-epitelio
(MET) (Gibson and Burke, 1985) (Fig. I7¢). El ectodermo, que constituye la superficie
del embrion, puede dividirse principalmente en aboral, oral, y banda ciliar (Lapraz et al.,
2009). Esta ultima estructura se distribuye en forma de anillo en el estadio de blastula,
separando a las dos otras regiones (Fig. [7d). En la banda ciliar se formaran las neuronas,
asi como los cilios que la larva usard para nadar. El ectodermo oral forma parte de la
region donde se formara la apertura del tracto digestivo anterior, mientras que el

ectodermo aboral constituird la mayor superficie del embrion durante la fase pluteus.

Branchiostoma lanceolatum: El término anfioxo se aplica a aquellos animales
pertenecientes al subfilo de los cefalocordados. Este grupo constituye una rama basal
dentro de los cordados actuales puesto que los otros dos clados, los urocordados y los
vertebrados, son grupos hermanos (Delsuc et al., 2006). La anatomia del anfioxo adulto
presenta multiples puntos de similitud respecto a la de un vertebrado, aunque de mayor
simplicidad general (Fig. 18a). Estos animales poseen caracteristicas tipicas del prototipo
cordado, como un cordon nervioso dorsal, una notocorda subyacente, un sistema
digestivo ventral, perforaciones faringeas, musculatura axial agrupada en bloques, o la
cola post-anal. Ademas, también presentan Organos supuestamente homologos a la
glandula tiroides y la adenohipofisis de vertebrados, conocidos como el endostilo y la

foseta pre-oral, respectivamente. Sin embargo, carecen de muchos de los oOrganos
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compartidos por los vertebrados, como sistemas sensitivos pares (0jos, oidos), esqueleto

interno o diversas estructuras derivadas de la cresta neural (craneo).

Los anfioxos son animales filtradores que viven en zonas costeras en fondos arenosos.
Durante su alimentacion, a menudo adoptan una posicion en la que entierran gran parte
de su cuerpo, dejando al extremo mas anterior sobresalir del bentos. Anatobmicamente, un
capuchon oral cubre la obertura anterior de la faringe, del que sobresalen los cirros
bucales que impiden la entrada de grandes particulas. El aparato filtrador faringeo
presenta hendiduras para permitir la salida de una corriente de agua unidireccional hacia
el atrio. Las particulas alimenticias se adhieren a una banda dorsal en el surco epibranquial
mediante una sustancia mucosa, segregada por el endostilo y las células secretoras de las
barras faringeas. A continuacion, el alimento pasa al tubo digestivo, donde es objeto de
un proceso de desmenuzamiento mecanico. Los fragmentos mas pequefios son
conducidos a través de cilios hacia el ciego digestivo, donde se produce la absorcion de
los nutrientes, mientras que el material desechado sale al exterior a través del ano. El agua

acumulada en el atrio es expulsada a través del atrioporo.

Los huevos del anfioxo contienen muy poco vitelo, motivo que favorece un proceso de
segmentacion aparentemente sencillo. Las divisiones de los blastomeros, cada vez menos
sincronicas, conducen a una blastula de 32 células que rodean al blastocele lleno de
liquido. La gastrulacién tiene lugar por la invaginacion de la pared del polo vegetativo.
El embrién transiciona de una capa de blastémeros a una doble capa laminar de células
que forman el ectodermo y el endomesodermo (Fig. 18c). Por su lado, el epitelio ventral
del arquénteron se replegara para formar el tracto digestivo, la faringe y otros derivados
endodérmicos. A partir de evaginaciones del endomesodermo, se forman unos pares de
saquitos mesodérmicos cuyas cavidades daran lugar al celoma (Terazawa and Satoh,
1997) . El mesodermo situado en la linea media dorsal entre los saquitos se diferencia en
el cordomesodermo, que originara el primordio de la notocorda central y dos secciones
laterales que daran lugar a los somitas (Mansfield et al., 2015) (Fig. 18d). El
cordomesodermo estimula a su vez la generacion de una placa neural en el ectodermo
superpuesto, que se convertird en un tubo neural después de que ambos lados epidérmicos

se fusionen en la linea media durante la neurulacion (Holland and Holland, 2001).
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Figura I8 | En inglés. (a,b) Adaptado de Bertrand et al 2011. (a) Fotografia de un especimen de
Branchiostoma lanceolatum. (b) Dibujo del plan corporal de un anfioxo adulto y sus principales
organos. (¢) Adaptado de . Stanek. Esquema representando el desarrollo y separacion de las capas
germinales en estadios consecutivos de un embrion de anfioxo. El ectodermo estd coloreado en
azul, el endodermo en amarillo, el mesodermo somitico en rojo y la notocorda en verde. Los
dibujos simulan un corte transversal. (d) Adaptado de Hatscheck 1881. Representacion coronal
de la disposicion de las capas germinales en una néurula de anfioxo. (e-f) Adaptado de Kaltenbach
et al. 2010. (e) Fotografia obtenida por microscopia electronica de barrido de una néurula de
anfioxo que ha sido despojada de la epidermis. El recuadro marca las células procedentes del
ectodermo ventral que migran hacia posiciones dorsales. (f) Representacion grafica del proceso
de migracion e integracion de las células determinadas como neuronas epidérmicas sensoriales.

Uno de los procesos mas peculiares durante la embriogénesis del anfioxo es la formacion
de las neuronas epidérmicas sensoriales, que formarian el sistema nervioso periférico.
Los precursores de dicha poblacién neuronal se originan en una zona del ectodermo
ventral, delaminan al especio sub-ectodérmico y migran hacia regiones dorsales del
embrion, donde se integran en la epidermis (Benito-Gutiérrez et al., 2005; Kaltenbach et

al., 2009) (Figura I8e,f). Algunos autores que han estudiado el programa molecular
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involucrado en el desarrollo de estas células han sugerido similitudes respecto a los
mecanismos genéticos utilizados por poblaciones del sistema nervioso periférico en

vertebrados, especialmente los derivados de las placodas (Lu et al., 2012).

El tubo neural del embrion de los cefalocordados no presenta las deformaciones
complejas propias del sistema nervioso central (CNS) de los vertebrados, donde las
diferentes partes exhiben diferencias morfoldgicas claras. También estan ausentes los
organizadores secundarios liberadores de morfogenos responsables de una parte
importante de la diferenciacion anatomica en vertebrados, como la ZLI (zona limitans
intrathalamica) o el istmo (Irimia et al., 2010a). Sin embargo, un analisis detallado de la
placa neural del estadio de néurula media de anfioxo ha revelado una alta complejidad en
su genoarquitectura, incluyendo la conservacion de la expresion relativa de diversos
marcadores respecto al bauplan de vertebrados (Albuixech-Crespo et al., 2017) (articulo
anexo 2). Una de las conclusiones mas interesantes de dicho articulo es la identificacion
en anfioxo de una region homoéloga al tdlamo, el pretecho y el mesencéfalo, cuyo
desarrollo depende de la ZLI y el istmo en vertebrados. Como se ha mencionado
anteriormente, en hemicordados se han descrito programas moleculares muy similares a
los de los organizadores secundarios de vertebrados (Pani et al., 2012). Ademas, se han
encontrado enhancers del morfogeno de la ZLI (sonic hedgehog) en regiones gendomicas
homologas en vertebrados y Saccoglossus que son funcionalmente intercambiables (Yao
et al., 2016). Estos datos han alentado un debate sobre si los organizadores secundarios
del CNS podrian haber estado presentes en el ultimo ancestro de los cordados actuales y
perdidos secundariamente en el linaje de los cefalocordados. De ser asi, el sistema
nervioso del anfioxo podria representar una simplificacion estructural respecto a los

cordados troncales.

Ciona intestinalis: Las ascidias son animales sésiles pertenecientes al subfilo de los
urocordados, grupo hermano de los vertebrados. Una de las caracteristicas mas
representativas de este clado es la tiinica, una substancia parecida a la celulosa segregada
por la epidermis que forma la pared del cuerpo en individuos adultos. Entre estas paredes
se encuentran el cestillo branquial, una amplia cavidad atrial y las visceras. Existe un

sifon inhalante y otro exhalante para la entrada y salida respectivas de una corriente de
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agua que circula por el animal y contiene el plancton del que se alimenta. Las hendiduras
branquiales filtran el agua hacia el atrio, localizado entre el cestillo y la tinica. El
endostilo, un surco medioventral del cestillo branquial, produce una sustancia mucosa a
la que se adhieren las particulas en suspension, de manera muy similar al anfioxo. Unas
hileras de cilios recogen el moco cargado de alimento y lo conducen a la lamina dorsal,
que a su vez la dirige al intestino. El sistema nervioso consiste en un ganglio cerebroideo
situado entre los sifones del que parten nervios hacia éstos, las branquias y los 6rganos
viscerales. Las bandas musculares lisas que corren a lo largo del cuerpo y de los sifones

pueden contraerse para cambiar la forma y el tamafo del adulto.
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Figura 19 | (a) En inglés; adaptado de Hickman et al. 1993. Representacion de la metaforfosis
tipica de las ascidias, que sucede después de que las larvas se hayan fijado a un sustrato. (b)
Adaptado de Shi et al. 2005. Tejidos embrionarios de un embrion de Ciona intestinalis en el
estadio de tailbud temprano. (c) Adaptado de Imai et al. 2003. Expresion en el linaje mesenquimal
de los genes Twist-like de C. intestinalis durante las primeras fases del desarrollo embrionario.
Twist-likel es el primero en iniciar su transcripcion, y de hecho activa la expresion de Twist-like2
en gastrula tardia antes de dejar de transcribirse en el estadio tailbud.
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Esta organizacion corporal puede recordar poco a la de un vertebrado o incluso al
prototipo cordado. No obstante, la fase embrionaria de las ascidias resulta mucho mas
semejante (Passamaneck and Di Gregorio, 2005) (Fig. 19b). Estos animales presentan una
larva planctonica con capacidad natatoria cuya funcidon es la de encontrar un sustrato
adecuado al que fijarse mediante unas papilas adhesivas. Los embriones desarrollan un
tubo neural dorsal e incluso una vesicula sensorial, ademés de un 6rgano fotorreceptor (el
ocelo) y un sensor de balance gravitatorio (el otolito). Estos organos constituyen un
supuesto equipo de navegaciéon implicado en la orientaciéon de la larva. Durante la
ontogénesis, también presentan una notocorda turgente en la cola, que carece de células
vacuoladas. Parejas a esta notocorda se ubican las células musculares estriadas, que se
contraen a la vez a cada lado para doblar la cola. Una vez adheridas al sustrato, las larvas
comienzan un proceso de metamorfosis absorbiendo las células de la cola, incluyendo los
musculos, la notocorda, parte del cordon nervioso y la epidermis (Holland, 2016) (Fig

19a).

Recientemente, estudios embrioldgicos en Ciona intestinalis han revelado nuevos
caracteres o tipos celulares en comun con vertebrados, que se pensaban exclusivos de
estos ultimos. Por ejemplo, se han descrito células con doble funcién quimiosensorial y
neurosecretora que son candidatas a provenir del mismo tipo celular ancestral que algunas
neuronas derivadas de las placodas sensoriales de vertebrados (Abitua et al., 2015).
También se ha propuesto que determinadas células del borde de la placa neural podrian
constituir una cresta neural rudimentaria que da lugar tanto a células pigmentarias como
a neuronas migratorias periféricas, de manera similar a vertebrados (Abitua et al., 2012;
Stolfi et al., 2015). Por otro lado, las ascidias también presentan tipos celulares peculiares
durante la embriogénesis, como el linaje mesenquimal (Fig. 19¢). Dicho tejido proviene
de tres pares de blastomeros en el estadio de 110 células (A7.6, B7.7 y B8.5) que
comparten la expresion del factor de transcripcion Twist-likel (Imai, 2003). Estas células
se dividen en fases posteriores del desarrollo y forman tres subgrupos mesenquimales
similares pero diferenciados (Tokuoka et al., 2004). Poco antes de cesar su expresion
completamente en el estadio de early tailbud, Twist-likel promueve la transcripcion de su
homologo Twist-like2, que permanece activado en el linaje mesenquimal durante unas

cuantas fases ontogenéticas subsiguientes. Estas células migraran posteriormente hacia la
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parte anterior del tronco y formaran partes de diversos organos del juvenil y el adulto
(Tokuoka et al., 2005). Es interesante remarcar que, si bien Twist-likel es indispensable
para la determinacion celular, Twist-like2 parece involucrado en conferir capacidad

migratoria a las células (Abitua et al., 2012).

Danio rerio: El pez cebra es un teledsteo ciprinido de agua dulce, préoximo
filogenéticamente a carpas y barbos, originario del sudeste asidtico. Se trata de una
especie muy utilizada en biologia del desarrollo debido a la facilidad en su estabulacion,
reproduccion y manipulacion de embriones. Este organismo pertenece al clado de los
gnatdstomos, que junto con los cicléstomos (lampreas y mixinos) constituyen el subfilo
de los vertebrados. Dicho linaje presenta multiples estructuras novedosas, como un
craneo que protege al cerebro, un esqueleto cartilaginoso u 6seo conectado por una
columna axial vertebral, o extremidades locomotoras que sobresalen del tronco en
numero parejo o impar. El sistema nervioso est4 altamente elaborado respecto a los otros
grupos de cordados, compuesto por un encéfalo, médula espinal y numerosos ganglios y
nervios. Asimismo, poseen diversos 6rganos sensoriales muy desarrollados agrupados en
su mayoria en el crdneo, como 0jos, oidos o el sistema olfactor. El origen evolutivo de
este disefo corporal podria estar relacionado con un modo de vida activo, posiblemente

consecuencia de una alimentacion macrofaga ligada a la depredacion.

El desarrollo embrionario del pez cebra comienza, después de una fecundacion externa,
con una segmentacion en la region libre del abundante vitelo, el blastodisco (Kimmel et
al., 1988) (Fig. [10a). Durante la gastrulacion, se genera un movimiento de epibolia en el
que las células internas migran hacia afuera para intercalarse con las externas, lo que
provoca un adelgazamiento del blastodermo a la vez que éste se expande hacia el polo
vegetal del embrion. La neurulacion sucede mediante un proceso peculiar, donde las
células de la placa se pliegan en la linea media para constituir la quilla neural, que después
se abrird internamente dando lugar a la caracteristica estructura hueca del tubo neural
(Lowery and Sive, 2004). A continuacion, en el estadio de faringula, comienza un periodo
donde se formardn los principales organos del embrion mediante procesos
morfogenéticos. Muchos de estos procesos dependeran de la interaccion senalizadora a

nivel molecular entre distintos tejidos. Especialmente abundante durante el desarrollo es
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Figura I10 | En inglés. (a) Adaptado de D’Costa et al. 2009. Representacion de los primeros
estadios embrionarios y el ciclo vital del pez cebra. (b) Adaptado de Dougherty et al. 2013.
Izquierda, esquema que muestra los pasos ontogenéticos de la formacion del paladar, incluyendo
la migracion e integracion de una poblacion de la cresta neural en la estructura cartilaginosa del
hueso etmoides. Derecha, representacion de las partes que componen el paladar en humano y pez
cebra seglin su origen embrioldgico, que es equivalente en ambos organismos. La linea de pez
utilizada contiene un enhancer del gen Sox10 controlando la expression de la proteina
fotoconvertible Kaede, que ha sido alterada en la poblacion migratoria supraocular mediante
manipulacion con un microscopio de fluorescencia.
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neurulacion (Klymkowsky et al., 2010). Estas células tienen la capacidad de migrar
durante la ontogenia a diversas localizaciones corporales donde se diferencian en distintos
tipos celulares como melanocitos, condrocitos o células de Schwann. De este modo,
constituyen una parte relevante del material celular de diversos drganos, como el corazon,
la sefnalizacidon cruzada entre tipos celulares epiteliales y mesenquimales (Gilbert, 2013).
Un ejemplo de estos casos es la interaccion molecular entre la cresta apical ectodérmica,
un epitelio localizado en la parte distal de la extremidad creciente, y las células
mesenquimaticas del mesodermo subyacente (Zeller et al., 2009). Este intercambio de
moléculas senalizadoras se ha revelado clave para la proliferacion y diferenciacion de las
células esqueléticas y musculares que conforman las extremidades (Masselink et al.,

2016).

Por otro lado, es interesante destacar que en los vertebrados muchos 6rganos se forman
mediante el acoplamiento de poblaciones celulares diversas que pueden tener origenes
embrionarios diferentes. Una de las estructuras embrionarias que mejor ejemplifica dicho
fendmeno es la cresta neural. También conocida como “la cuarta capa germinal”, la cresta
neural proviene de las células del borde de la placa neural, que se localizan en la parte
mas dorsal del tubo nervioso una vez concluida lalos ganglios sensoriales o el cartilago
craneal. En este ultimo caso, un proceso morfogenético concreto relacionado con las
células de la cresta ha sido especialmente estudiado: la formacion del paladar (Mork and
Crump, 2015). El paladar constituye el techo de la cavidad oral y esta formado en un
principio por condrocitos que se mineralizan en los vertebrados con huesos (teledstomos).
Tanto en peces como en mamiferos, uno de los procesos basicos durante la ontogenia del
paladar es la integracion de dos poblaciones distintas de la cresta neural craneal (Swartz
et al., 2011) (Fig. I10b). Una de estas poblaciones se extiende bajo la vesicula optica y
forma las regiones laterales del paladar, mientras que una poblacion distinta migra por

encima del ojo y se integra en medio de esa estructura (Dougherty et al., 2013) (Figura

110).
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Objetivos

Durante la realizacion de la presente tesis, se han marcado los siguientes objetivos
principales:

1.- Identificar aquellos exones alternativos con patrones de inclusion y exclusion

diferencial en varios tejidos de organismos deuteréstomos. (Capitulo 1)

2.- A fin de inferir escenarios macroevolutivos de ensamblaje de programas de splicing

alternativo:
a) Caracterizar la expresion y/o la funcion embrionaria de determinadas familias de
factores reguladores de splicing en especies de cordados y equinodermos. (Capitulos 2 y

3)

b) Investigar la conexion entre los fenotipos obtenidos y la alteracion de los programas

post-transcripcionales derivados de la perturbacion de dichos factores. (Capitulos 2 y 3)

¢) Estudiar la evolucion de los programas de splicing regulados por un mismo factor,

tanto a nivel exdénico como génico, en un contexto filogenético amplio. (Capitulo 3)
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Capitulo 1

C1: Preliminary insights into the tissue-regulated alternative splicing landscape in

deuterostome species

To begin unravelling macroevolutionary trends among AS patterns in the deuterostome
lineage, we aimed to quantify the relative abundance of tissue-specific splicing events in
distinct organs of two bony vertebrates, one chondrichthyan, one cephalochordate and
one echinoderm. In particular, the species included in the analysis were: zebrafish (Danio
rerio), human (Homo sapiens), elephant shark (Callorhinchus milii), amphioxus
(Branchiostoma lanceolatum) and purple sea urchin (Strongylocentrotus purpuratus). We
selected 7 tissues for each species, matched for homology when possible, specially within
vertebrates (neural, muscle, male and female gonads, digestive tube and hepatic). For
vertebrate species, we used publicly available RNA-seq data. For sea urchin, we
generated deep coverage RNA-seq for radial nerve (neural), lantern (muscle) and gut, and
used other tissues from public sources (Tu et al., 2012). For the amphioxus B.
lanceolatum, we generated high-coverage RNA-seq samples from embryonic and
dissected adult organs. Since this species lacks a published genome, we used these data,
along with data coming from other labs, to annotate the B. lanceolatum genome pre-
release using a combination of RNA-seq tools and EVidenceModeler (EVM) (see
Methods).

Using the vast-tools pipeline, for each species, we first filtered our AS events that did not
have enough read coverage in at least three out of the seven samples. Next, we defined
alternative exons in coding genes as those with Percent Spliced In (PSI) value between
15% and 85% in at least one sample. Then, to characterize those exons with a tissue-
biased inclusion and exclusion pattern, we quantified the number of exons with a
differential PSI (APSI = PSI in tissue A — PSI in tissue B) value greater than a given
threshold in one tissue compared to all other samples. We used two different thresholds,
APSI > 15 and APSI > 25, to check the effect of a more permissive and a more restrictive
definition of tissue-specificity, respectively (Fig. R1 and Fig. R2). Using the most relaxed
definition (APSI >15), between 51 and 64% of exons showed tissue-biased regulation in
all species. An increase of the specificity threshold (APSI >25) reduced about half the

percentage of tissue-biased exons in human, shark and sea urchin, while a softer decrease
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Figure R2
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Figure R1 and R2 | Differentially regulated AS exons in a given organ detected with dPSI>15
(R1) and dPSI>25 (R2). Blue bars represent the number of exons with differentially regulated
maximum inclusion in a given sample versus the rest (UP), while dark red bars represent those
exons with a significant tissue-specific skipping (DOWN). In amphioxus, “Hepatic” sample refers
to the digestive cecum organ, for simplicity. In sea urchin, AxialG refers to the axial gland, and
R.Nerve to the radial nerve organ. IR, intron retention; Alt5, alternative 5’ acceptor; Alt3,
alternative 3’ donor; AItEX, alternative exon cassette.

to 42% was observed in zebrafish and amphioxus.

Some common patterns were observed across all species. On one hand, comparison
between the seven adult organs in each species revealed that the nervous system showed
the highest number of exons with up-regulated inclusion using APSI > 25 as cut-off (Table
R1). However, the magnitude of this difference in the number of detected neural-
enhanced exons versus other tissues was variable among species. The purple sea urchin,
in particular, showed the more balanced levels of organ-specific exons, with samples
presenting fold-differences below 1.5 (APSI >15) or 2 (APSI >25) relative to the radial
nerve in all cases but in the axial gland. Interestingly, the restrictive analysis increased
the distance between nervous system and most other organs, although proportions were

generally maintained in muscle of chordates and most sea urchin tissues.

On the other hand, differentially down-regulated exons exhibited a more complex
landscape. Those exons presented relatively similar numbers than enhanced ones in a
given sample of non-human organisms, especially in APSI >15 analysis. A recurrent
exception to this pattern was observed for neural and muscle tissues in several species,
that showed a substantial decrease in skipped versus included exons in most cases.
Strikingly, human presented very high relative levels of organ-specific down-regulated
exons. In this species, the lungs were detected as the most extreme sample, even
exceeding the already elevated number of differentially skipped exons in both muscle and
neural tissues. This result points to organ-specific skipping regulation as a more recurrent
phenomenon in this primate organism relative to the other studied deuterostomes.
However, these results may be confound by the use of different RNA-seq sources and
lack of replicates, and it is therefore difficult to draw specific conclusions about the

diversity of patterns observed for tissue-specific skipping.
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Human  dPSI=15 dPSI=25 Zebrafish dPSI=15 dPSI=25
Muscle Muscle _—
Lung Gills 681111102
Testis Testis _—
Ovary ovary [ 52 58
Colon Intestine --
Liver Liver -_
Elephantshark dPSI=15 dPSI=25
Muscle
Gills
Testis
Ovary
Intestine
Liver
Amphioxus dPSI=15 dPSI=25 Seaurchin dPSI=15 dPSI=25
Muscle Lantern _—
Gills Axiale | 695 115
Testis Testis - 1,64
Ovary Ovary TS
HindGut Gut [ 148 1,86
Hepatic Tuberoot [ 1,76

Table R1 | This tables show the proportion of neural up-regulated exons relative to all other
tissues (neural/given organ) in each species in both dPSI>15 and dPSI>25 analysis. Green color
is for values above 2-fold. Yellow color is for values between 1,5 and 2-fold. Red color is for
values between 1 and 1,5-fold. Blue color is for values below 1.

47






Capitulo 2






Capitulo 2

C2: Characterization of RbFox and Nova ontogenetic functions in sea urchin and

the evolution of their expression patterns across distant species.

Characterization of differentially spliced events in multiple species is important for
understanding the evolutionary dynamics regarding relative abundance of this regulatory
mechanism in particular organs. Nevertheless, this approach is limited in terms of
unveiling the organismic function of those sets of tissue-specific alternative isoforms.
Regulation of alternative splicing events is usually performed by RNA-binding proteins
that interact with the spliceosome to enhance or silence the inclusion of multiple exons in
one or few tissues or cell-types. Investigating the expression and organismic roles of those
factors can contribute to unveil the evolution and function of coordinated alternative

splicing programs that are often deployed in coherent biological processes.

For example, RbFox and Nova splicing factors are involved in the development of certain
structures, including the central nervous system, in studied bony vertebrates. On one
hand, an evolutionary scenario leading to the assembly of neural-specific splicing
programs regulated by Nova proteins in chordates has been proposed based on embryonic
expression (Irimia et al., 2011a) (Annexed article 3). On the other hand, a similar
macroevolutionary perspective for RbFox ontogenetic role is lacking, as reported analysis
have been restricted to vertebrates and fast-evolving ecdisozoans. Furthermore, there is
no functional data regarding the embryonic function of both gene families, neither their

regulated splicing programs, in deuterostome organisms other than mouse or zebrafish.

Nova function is involved in gastrulation movements in sea urchin embryo.

To begin unravel the developmental function of Nova splicing factor in an organism
closely related to the chordate phylum, we investigated its role in the purple sea urchin
(Strongylocentrotus purpuratus). The sole Nova ortholog of this species was described to
be expressed in an endomesodermal ring of cells surrounding the future blastopore in
mesenchyme blastula embryos (24hpf) and subsequently restricted to the hindgut region
during gastrula stages (36-48hpf) (Fig. R3a) (Irimia et al., 2011a). In fact, this pattern is
very similar to the one previously described for the Mediterranean urchin Paracentrotus

lividus (Rottinger et al., 2006), which suggests a certain degree of functional conservation
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Figure R3 | Endoderm invagination is impaired during gastrulation in Nova knock-down
embryos. (a) WISH using Nova and Endo16 anti-sense probes in Strongylocentrotus purpuratus
embryos at three different developmental stages (24hpf, 36hpf, 48hpf). (b) Statistics regarding
the gastrulation phenotype in 48hpf embryos injected with both splicing (SpIMO) and translation
(trMO) morpholinos. (¢) Number of differentially regulated splicing events, classified by type,
obtained by RNA-seq comparison between 3 replicates of control and trMO injected embryos.
Blue color is used for those events whose inclusion is promoted by Nova, while red color
represents those events with down-regulated inclusion by Nova factor. IR, intron retention; Alt5,
alternative 5 acceptor; Alt3, alternative 3’ donor; AItEX, alternative exon cassette.
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for this gene within the Echinacea lineage.

We designed two morpholino molecules to knock-down Nova function in sea urchin
embryos, one of them blocking translation (ATG-MO) and another one blocking the 3’
splice site of exon 3 (Spl-MO). Eggs were injected separately with the two morpholinos
to ensure the specificity of the experiment. In both cases, a significant fraction of injected
embryos showed an impairment in the invagination movements of the endoderm tissue
that occur during gastrulation. While some of embryos exhibited a reduced gut at 48hpf
that did not reach the animal side of the gastrula, most of them presented an apparent fail
in gastrulation initiation (Fig. R3b). A whole mount in situ hybridization (WMISH) of
Endol6, a marker for endoderm specification, showed no change in expression at 24hpf
and 36hpf (Fig. R3a). This suggests that the phenotype is not due to an error in cell lineage

determination, but more probably related to morphogenetic disturbance.

To check the transcriptomic impact of Nova knock-down during sea urchin
embryogenesis, we performed three independent replicas of RNA sequencing (RNA-seq)
from control and ATG-MO injected embryos at 24hpf stage. Using vastools pipeline, we
identified differentially-regulated splicing events (dPSI > 10) between control and knock-
down blastulas. We found 1.695 exon cassettes with down-regulated inclusion in Nova
depleted embryos, suggesting a profound molecular affectation. Surprisingly, a great
percentage of those exons (~66%) are constitutively included in a relatively complete set
of developmental and adult public samples. Thus, a possible explanation for this result is
that one or more of Nova-regulated alternative exon targets may produce a direct or
indirect impairment of the constitutive spliceosomal function in knock-down embryos.
Alternatively, Nova might act as protein co-factor needed to catalyse the inclusion of

some of these constitutive exons in their expressing cells.
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We also aimed to characterize relative Nova expression in adult organs of five
deuterostomes and three protostome species using RNA-seq data (Fig. R4). We found
high transcription of Nova genes in the central nervous system (CNS) in organisms from
the chordate phylum. Nevertheless, while both paralogues of zebrafish exhibit a quite
clear neural-specific pattern, human genes presented a less clean picture, with Nova?2
transcription exhibiting similar levels in brain and lungs (which are highly enriched in
endothelial tissue). Along these lines, Noval also showed elevated presence in male and
female gonads in elephant shark. Moreover, fainter but noticeable expression was
detected in amphioxus muscular tissue, as has been previously reported by qPCR data
(Irimia et al., 2011a). Interestingly, the purple sea urchin showed a much less tissue-
enriched pattern, with the radial nerve being one of the organs with lowest expression.
Within the protostomes, the two arthropods and one cephalopod species presented higher
abundance of Nova transcripts in the male gonads, although Drosophila melanogaster
exhibited comparable expression levels in the nervous system. These results point to
complex evolutionary trajectories of this gene family including scenarios of conservation

and recruitment of Nova function in certain organs within distinct metazoan clades.
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RbFox activity is conserved in the myogenic mesoderm and co-opted into lineage-

specific developmental processes among deuterostomes.

To unravel the evolution RbFox gene family expression patterns during development, we
performed whole mount in situ hybridization (WISH) in several non-vertebrate
deuterostome species. We found the sole RbFox homologues expressed in the embryonic
mesoderm of all studied organisms (Figure R5). In the urochordate Ciona intestinalis, we
observed expression in the tail in muscular and notochord tissues at tailbud stage. In
Branchiostoma lanceolatum, a cephalochordate species, RbFox transcription was
detected along dorsal mesoderm at mid-neurula stage. This tissue-specific pattern was
maintained at late neurula stage, as individual somites derived from the adaxial mesoderm
were stained. In Strongylocentrotus purpuratus, expression of RbFox was clearly detected
in the skeletogenic mesenchyme at blastula stages (18hpf and 24hpf) and in the myogenic
cell lineage in gastrula embryos (48hpf). In addition, transcription of this gene in other
mesodermal non-skeletogenic tissues during blastula stage was also observed, although
assays with additional markers would be further needed to unveil the precise cell
lineage/s. In summary, these expression patterns suggest the possibility that RbFox gene
family was expressed in the myogenic embryonic mesoderm of the last common ancestor
of deuterostomes. Moreover, they also point to co-option of this gene family in the
ingressing skeletogenic mesenchyme of at least one echinoid species and into brain

development of bony vertebrates.

Next, to investigate the ontogenetic role of this splicing factor in a non-chordate species,
we aimed to knock-down RbFox function during embryogenesis. We designed two
different morpholino molecules to ensure the specificity of our experimental approach. A
first morpholino was designed to block splicing of exon 5 (SpIMO), which contains the
sequence coding for the internal part of the only RNA Recognition Motif (RRM) domain
of the encoded protein. Injected embryos collected at 24hpf showed missplicing of the
targeted exon, with usage of a cryptic splice site located within the adjacent intron (Figure
R6a). The transcript resulting from this experimental manipulation contained a premature

stop codon (PTC), leading to the production of a non-functional peptide.
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Figure R5 | RbFox genes are expressed in myogenic mesoderm of studied deuterostome
species and also in developing CNS of vertebrate species. (a-d) Pictures adapted from Thisse
2004 and Gallagher et al. 2010. WISH for RbFox gene family members in zebrafish embryos
around 32hpf show expression in central nervous system in case of RbFox1, RbFox2 and RbFox3
(a,b), in myogenic cells in RbFox2 and RbFox4 (c,d). (e,f) WISH of RbFox gene in mid-tailbud
embryos of Ciona intestinalis show a strong expression pattern in the muscle cell lineage, located
in the tail, along with slightly weaker expression in the notochord. e is lateral view, f is dorsal
view. (g-j) WISH of RbFox ortholog in embryos of Branchiostoma lanceolatum at middle neurula
stage (g,h) reveals transcription in paraxial mesoderm, that is maintained in the somites coming
from this tissue in late neurulas (i,j). g and i are lateral views; h and j are dorsal views. (k-m)
WISH for RbFox transcripts in Strongylocentrotus purpuratus embryos at 18hpf (k), 24hpf (1)
and 48hpf (m) showed a mesodermal expression patterning, with clear staining of the primary
mesenchyme during its ingression into the blastocele cavity (I) and in the myogenic lineage at
gastrula stage (m).
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Figure R6 | RbFox knock-down in sea urchin embryos with two different morpholino
molecules. (a) Left, schematic representation of the gene structure of RbFox gene of
Strongylocentrotus purpuratus, with boxes representing exons, and horizontal lines representing
introns. The binding region of the Spl MO is marked with a thicker line at the exon 5 donor site.
Targeted exon codes for the internal part of the RRM domain. Right, transcriptional alteration
produced by morpholino injection, with the included intronic region painted in red. PTC,
premature termination codon. (b) Up, schematic representation of the multiple alternative first
exons of RbFox gene in sea urchin, and their relative position relative to exon 2. Down, a graphic
showing the relative abundance of RNA-seq reads from sea urchin embryo stages that map to the
junction of each of the first annotated exons with exon 2. Blue column marks the developmental
period when co-injection of both EIbMO and E1eMO is supposed to be more effective.

We then aimed to design a second morpholino in a region overlapping the ATG codon to
block translation of the protein. However, similar to vertebrate’s case, we found five
alternative promoters containing in-frame ATG codons that may constitute translation
initiators. To understand the differential usage of those promoters, we used publicly
available RNA-seq data spanning 10hpf to 48hpf embryonic stages. We quantified the

proportion of reads mapping to exon junctions formed by the sequence transcribed by
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each promoter and the first constitutive exon of the transcript (Figure R6b). Obtained
results pointed to a dynamic use of the different promoters during development. Exons
E1b and Ele were the most frequently transcribed at 24hpf and 30hpf. On the other hand,
exons Ela, and specially E1d, were predominant at 40hpf and 48hpf. Thus, to maximize
down-regulation of RbFox gene expression around 24hpf, we designed two morpholinos

blocking translation of the transcripts containing exons E1b (E1bMO) and Ele (E1eMO).

As RbFox gene is expressed in skeletogenic mesenchyme during blastula stage and in
myogenic cells at gastrula stage, we checked the development of those organs in knock-
down embryos at pluteus stage (Fig. R7). Embryos injected with SpIMO developed into
larvae with complete absence of skeletal structure (92,5%) or with very small rudimentary
spicules (7,5%) at 72hpf. We observed the same phenotypes in embryos injected with
both E1IbMO and E1eMO, although in this case the proportion of pluteus larvae with
rudimentary spicules was higher (73%) compared to the absolute lack of a calcium
carbonate skeleton (25%). We also studied the development of the muscular
circumesophageal ring tissue using an antibody against myosin heavy chain (MHC). This
staining allowed us to quantify that most SpIMO injected embryos presented an impaired
circumesophageal ring (73%), with muscle cells not fused or disorganized, and even a

noticeable percentage of larvae showed no ring presence at all (19%).

On contrary, EIbMO and E1eMO co-injection lead to a normal MHC ring in most cases
(94%), while only a minority showed impairment of muscular structure (6%). This data
seems to reflect differential promoter usage in mesodermal tissues. RbFox is strongly
expressed in primary mesenchyme at 24hpf, when most active promoters produce
isoforms containing exons E1b and Ele, and in the myogenic lineage at 48hpf, when
transcripts mainly contain exons Ela and Eld. Thus, blocking the two most active
promoters during primary mesenchyme ingression at 24hpf have wide structural
consequences for the larvae skeleton, but not for the development of the muscular

circumesophageal ring.
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Figure R7 | RbFox gene is involved in the development of both larva skeleton and
circumesophageal muscle in Strongylocentrotus purpuratus embryos. (a) DIC images of
control and morpholino-injected early pluteus larvae at 72hpf showing skeletal spicules (blue
claudators) or rudiments (black) arrowheads. In wild type, left picture is aboral view, and right
picture shows lateral view. Both RbFox SpIMO and E1bMO/E1eMO injection experiments
produced some embryos with a stronger phenotype characterized by the absence of skeletal
spicules (left), and other individuals that presented small rudiments (right). (b) Z-stacks from
confocal microscope pictures of control and knock-down embryos stained with antibodies against
MHC (red) and acetylated tubulin (green) at 96hpf. Cell nucleus were marked with DAPI (blue).
All red signal from the embryos is included in the pictures. Control embryos show the proper
morphology of continuous circumesophageal muscle rings. Embryos injected with SpIMO
showed an impairment of MHC rings structure, with non-fusined MHC-positive cells (left) or
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even a complete absence of differentiated muscle cells surrounding the foregut (left). However,
embryos with double E1b/Ele morpholino injection showed normal ring (left) or a softer
impairment of the structure. (¢) Statistics regarding the skeleton phenotype in the knockdown
experiments show a stronger effect in case of SpIMO injection. (d) Statistics regarding the
muscular phenotype in the knockdown experiments show that the phenotype is greatly restricted
to the SpIMO injection.

To get insights into the molecular function of RbFox in purple sea urchin, we performed
RNA-seq of 3 replicas of wild type and Spl-MO injected embryos at blastula stage (24hpf)
(Fig R8). We identified multiple cases of differentially regulated splicing events: 204
exon cassettes, 49 alternative donor sites, 13 alternative acceptor sites and 29 intron
retentions. Interestingly, among the obtained events, we detected an RbFox-silenced exon
in Fgfrl, a member of the Fgf signalling receptor family. This gene was previously
reported to be expressed in both the myogenic mesodermal lineage and in the ectodermal
apical organ during early development. Moreover, a knock-down of Fgfrl in sea urchin
embryos revealed a very similar phenotype to that of RbFox in terms of muscle formation
(Andrikou et al., 2015). We then performed an in-silico analysis that identified two
canonical RbFox binding sites within the 160nt adjacent nucleotides of the upstream

intron, suggesting direct regulation of this event by the splicing factor.

Finally, we also characterized the expression of RbFox family in multiple adult tissues
from diverse species using the same RNA-seq samples as in the Nova analysis (Fig. R9).
Surprisingly, all non-vertebrate organisms showed the highest relative levels of RbFox
mRNA in the nervous system. This pattern was similar in general terms for vertebrate
species, although maximum levels were observed in muscle for some homologs like
human RbFoxI or zebrafish RbFox4. Consistent with published data for mammals,
RbFox2 gene seems to present the more promiscuous expression among the different
paralogs. These results point to three main conclusions: (i) RbFox family could be related
to AS regulation in the adult nervous system since the origin of Bilateria; (ii) embryonic
RbFox transcription is decoupled from adult pattern in terms of neural expression in non-
vertebrate deuterostome species; (iii) RbFox paralogs from vertebrate organisms present
notable evolutionary plasticity regarding their relative expression levels in distinct

tissues.
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Figure R8 | Inclusion levels of numerous AS events in sea urchin blastula change
upon RbFox knock-down, including one Fgfirl exon. (a) Number of differentially
regulated splicing events, classified by type, obtained by RNA-seq comparison between
3 replicates of control and SpIMO injected embryos. Blue color is used for events whose
inclusion is promoted by RbFox, while red color represents those events with down-
regulated inclusion by RbFox factor. IR, intron retention; Alt5, alternative 5° acceptor;
Alt3, alternative 3’ donor; AItEX, alternative exon cassette. (b) Left, a graphic showing
the inclusion levels (PSI) of an Fgf/ exon in the three replicates of control and RbFox
knock-down embryos in sea urchin embryos at 24hpf. Lines are drawn at the mean value
for control (red) and SpIMO injected (blue) samples. Right, Rt-PCRs showing the
different isoform balance if Figfr! splicing between control and SpIMO cDNAs
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Figure R9 | RbFox gene family expression in adult organs is neural-enriched in
diverse Bilateria organisms. GE values are expressed in corrected Reads per Kilobase
per Million reads (cCRKPMs). Species are the same already shown in R4.
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C3: Evolutionary recruitment of flexible Esrp-dependent splicing programs into

diverse embryonic morphogenetic processes

Epithelial-mesenchymal interplays are essential to many organogenetic processes in
vertebrates (Gilbert, 2013; Wagner, 2014). These tissues often interact in morphogenetic
interfaces through the exchange of cells and signaling molecules (Niswander et al., 1994;
Thesleff et al., 1995). Despite the great diversity of cell types across the embryo, the
majority can be classified as showing either mesenchymal or epithelial characteristics.
This broad distinction, which is independent of tissue origin, has also been shown to be
reflected in the patterns of gene expression and alternative splicing (AS) (Mallinjoud et
al., 2014). Those transcriptomic programs confer partly antagonistic morphogenetic
properties to epithelial and mesenchymal tissues by modulating certain cellular features,

such as adhesion, motility and polarity.

Several morphogenesis-associated AS events are directly regulated by the Epithelial
Splicing Regulatory Protein (Esrp) genes in mammalian species (Claude C Warzecha et
al., 2009). Esrpl and Esrp2 were originally identified as positive regulators of IIIb exon
inclusion of the Fgfr2 gene (Claude C. Warzecha et al., 2009). They encode RNA-binding
proteins that are dynamically expressed mainly in a subset of epithelial tissues during
mouse development (Revil and Jerome-Majewska, 2013), although mesenchymal
expression has also been reported in chicken (Sagnol et al., 2016). Recently, double
knockout (DKO) mice for both Esrp genes were shown to display severe organogenetic
defects, and a complete shift to exon Illc inclusion in Fgfrl, Fgfr2 and Fgfr3 (Bebee et
al., 2015). In addition, many Esrp exon targets were identified in genes involved in cell-
cell adhesion, cell polarity and migration (Warzecha et al., 2010). However, the degree of
evolutionary conservation and diversity of Esrp morphogenetic functions and its

regulated AS programs at a large phylogenetic scale remain unknown.

esrpl and esrp2 are involved in multiple morphogenetic processes in zebrafish
development.
A broad phylogenetic analysis showed that Esrp predates the origin of metazoans and that

a single copy of Esrp has been maintained in most metazoan groups with the exception
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of the vertebrate lineage, in which two copies are present in all studied species
(Supplementary Fig. R1 and R2). To investigate the evolution of Esrp roles, we first
examined the expression and function of the two Esrp paralogs (esrpl and esrp2) in
zebrafish. A highly dynamic expression pattern was observed for both genes during the
development of zebrafish using whole-mount in situ hybridization (WMISH) (Fig. R10a
and Supplementary Fig. R3a). At early stages, both genes displayed different expression
patterns. esrpl transcripts were detected in the whole epidermis at 14 hours post-
fertilization (hpf), but its expression was restricted to the posterior part of the embryo at
16hpf. On the other hand, esrp2 was found only in the hatching gland rudiment at these
stages. However, from 24hpf to 5 days post-fertilization (dpf), the expression of both
genes converged in most territories. Their transcription was transiently activated during
the development of multiple organs, including the olfactory epithelium, otic vesicle,
pharynx, epidermis and notochord. esrp2 showed expression in a few additional tissues

such as pronephros, hatching gland, liver and heart.

Next, we used the CRISPR-Cas9 system to generate loss-of-function zebrafish mutant
lines for esrpl and esrp2. We targeted single guide-RNAs to the first and third exons of
esrpl and esrp2, respectively (Fig. R10b). For esrpl, we selected a mutant allele with a
168-bp deletion and 14-bp insertion that induced the usage of an upstream cryptic splice
donor, resulting in skipping of the whole coding sequence of exon 1, including the start
codon. For esrp2, we selected a mutant allele with a 17-bp frame-disrupting deletion that
produced a premature stop codon before the translation of any RNA-binding domain and
that was predicted to trigger non-sense mediated decay (Fig. R10b). To determine the
functional impact of these mutations, we attempted to clone the full-length version of
both mutant and wild type (WT) alleles in a pcDNA3.1 vector and transfect the construct
into human 293T cells. Whereas expression of the WT allele of zebrafish esrp/ was able
to modify the splicing pattern of previously reported endogenous targets (EXOC?7,
ARHGAPI7 and FGFRI) in the same way as its human orthologue (Warzecha et al.,
2010), expression of the mutant esrp/ allele did not produce any measurable effect in
exon inclusion levels (Supplementary Fig. R3m). We were unable to clone the full-length
transcript of the mutant esrp2 allele due to its very reduced expression (Supplementary

Fig. R3n), supporting that the selected esrp?2 allele is also a functionally null mutant.
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Figure R10 | Expression and developmental roles of esrp! and esrp2 in zebrafish. (a) WMISH
for esrpl and esrp2 in Danio rerio wild type embryos. At 14hpf, esrpl transcripts were observed
in embryonic epidermis, while esrp2 expression was only detected in the polster (po). At 16hpf,
esrpl was restricted to the posterior and tailbud (tb) epidermis, whereas esrp2 persisted in the
hatching gland rudiment (hr) and mild expression started to be detected in the otic placode (ot).
By 20hpf, esrpl was found in the tailbud epidermis and more subtly in the olfactory placode (ol),
while esrp2 appeared in new territories such as pronephros (pn) and ectodermal cells of tailbud
fin fold (ff). At 24hpf, expression of both paralogs presented a similar pattern including olfactory
and otic placodes, cloaca (cl) and epidermis (ep), although esrp2 was also observed in the hatching
gland (hg). By 36hpf, both genes were detected in the inner ear epithelium (ie), notochord (nt),
and phanynx (ph), and esrp2 was also observed in the heart (he). At 48hpf, expression was found
predominantly in inner ear and pharynx. (b) Left: Schematic representation of the genomic and
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transcriptional impact of the selected esrpl and esrp2 mutations. Blue boxes/lines represent
genomic deletions in the mutants, while the red line depicts an altered splice junction in the esrp!
mutant allele. TSS, transcription start site; PTC, premature stop codon; del, deletion. Standard
and fluorescent (green dot) primers used during genotyping are represented by arrows. Right:
genotyping of those embryos by fluorescent PCR distinguished between WT and KO alleles. (c)
Representative 5dpf larvae for wild type (WT), esrpl knockout [esrpl (-/-)], esrp2 knockout
[(esrp2 (-/-)] and double knockout (DKO) genotypes. Deflated swim bladder in the DKO embryo
is indicated by an asterisk. (d-i) Phenotypic differences between 6dpf WT (top) and DKO
(bottom) embryos in different embryonic structures. DKO larvae showed impaired fin formation
(arrows) and cleft palate (arrowhead) (d), including malformation of the ethmoid bone, as shown
by alcian blue staining (e). (f-i) Transversal histological sections stained with hematoxylin and
eosin showing structural differences in pectoral fin (f), esophagus (g), inner ear (h) and olfactory
epithelium (i). Black arrowheads mark the dorso-lateral septum between semicircular canals in
(h). Proximal (pr) and distal (dl) parts of the fin are indicated in (f).

Morphological examination of single esrpl or esrp2 homozygous zebrafish mutants
showed no apparent gross defects during development (Fig. R10c). Although esrp?2
knockout females were unable to produce eggs, both mutant lines grew normally in
homozygosity and became seemingly healthy adults. However, double knockout (DKO)
mutants presented multiple developmental abnormalities. Most larvae (28/37, 75.7%)
died between 8 and 10dpf, and no fish survived beyond 14dpf. Phenotypic analysis of
6dpf DKO larvae showed multiple fully penetrant morphogenetic defects. All DKO larvae
presented cleft palate (Fig. R10d), with the medial population of cartilage cells being
absent in the ethmoid plate, as revealed by alcian blue staining (Fig. R10e). Fin
development was also impaired, with evident dysgenesis of its distal endoskeletal part
(Fig. R10f). Reduction in esophagus diameter and loss of its villous shape was observed
(Fig. R10g). The volume of the inner ear was smaller compared to wild-type larvae, and
the dorsolateral septum that separates the rostral and caudal semicircular canals was
abnormally invaded by cellular and extracellular material (Fig. R10h). The posterior part
of the olfactory epithelium formed a spherical internal lumen, instead of being open
towards the embryo surface (Fig. R10i). Mutants also showed an abnormal arrangement
of basibranchial pharyngeal cartilage (Supplementary Fig. R3p), in addition to a smaller
and thicker swim bladder epithelium (Supplementary Fig. R3q), which failed to inflate in
24/35 (68,5%) of examined DKO embryos (Fig. R10c). Interestingly, Esrp genes in
mouse are also required during development of structures homologous to some of these

organs (Bebee et al., 2015), including several that exhibit distinct morphologies and
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functions compared to zebrafish, such as the lungs/swim bladder, palate skeleton and

pectoral limbs/fins.

To characterize the phenotype of the DKO embryos at the molecular level, we performed
RNA-seq of two replicates of DKO 5dpf and age-matched WT larvae (see Methods).
Differential gene expression analysis identified 248 and 609 down-regulated and up-
regulated genes, respectively. Gene Ontology (GO) enrichment analysis showed
functional categories that were highly consistent with some of the observed phenotypes,
such as skeletal system development and sensory perception (Supplementary Fig. R3r).
Interestingly, other significantly enriched categories pointed to specific impaired
processes at the cellular level such as cell-cell adhesion, cell-matrix adhesion and cell

component morphogenesis.

Esrp is able to modulate the motility of the mesenchymal cell lineage in vase

tunicates.

To examine the diversity of roles that Esrp genes play during embryogenesis beyond the
vertebrate clade, we first studied the ascidian Ciona intestinalis, a species belonging to
its sister group, the tunicates (Delsuc et al., 2006). Expression of the single Esrp ortholog
present in the Ciona genome was detected in the embryonic epidermis after neurulation,
as in the case of vertebrates (Fig. R11). In addition, Esrp expression was also observed in
a bilateral domain located within the mesenchymal lineage from early to late tailbud
stage. Ciona mesenchymal cells derive from the Twist-likel-expressing A7.6 [trunk
lateral cells], B7.7, and B8.5 blastomeres of the 110-cell stage embryo (Imai, 2003). As
development proceeds, those cells divide and give rise to three mesenchymal sub-lineages
that are located in a region of the trunk adjacent to the tail during mid-tailbud stages.
Twist-likel enhances the transcription of several mesenchymal genes, including Tiwist-
like2, before being downregulated around mid-tailbud stage (Imai, 2003; Tokuoka et al.,
2004). In subsequent stages, a number of cells coming from the Twist-like2-positive
lineage migrate towards the anterior part of the trunk to contribute to the formation of

mesodermal organs (Tokuoka et al., 2005).
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Figure R11 | Esrp is expressed in a subpopulation of TLCs in Ciona and is able to modulate
cell motility in the mesenchymal lineage. (a) Esrp expression (green) is detected at 10hpf by
fluorescent WMISH in the epidermis and in some cells within the mesenchymal lineage, as shown
by co-staining with mCherry driven by the Twist promoter, which labels the Twist-likel-derived
cell lineage. (b-c) Esrp (green) is expressed in the TLC lineage as shown by co-staining with
Hand-r>LHG/LexAOP>H2B::mCherry (red) in 13hpfand 14hpf embryos in lateral (b) and dorso-
lateral (c) views, respectively. aTLC: Anterior TLCs, pTLC: posterior TLCs. (d-1) Double
fluorescent WMISH for Esrp (red) and Twist-like2 (green), with the exception of (j), which
corresponds to colorimetric Esrp mRNA staining (purple). At middle tailbud stage, Esrp
expression is detected in both epidermis and mesenchymal cell lineage (the latter is marked by
arrows). (m-m’) Mesenchymal lineage in wild type larvae at 18hpf stained in red using the
Twist>CD4::mCherry construct. Tyrpl/2a>2xGFP, which labeled pigment sensory organs in
green, was used as co-electroporation control plasmid. (n-n’) Mesenchymal lineage stained in
larvae co-electroporated with Twist>CD4::mCherry and Twist>Esrp constructs. The trunk region
is shown in (m-n), while tail segments are shown in (m’-n’). (o) Quantification of the different
phenotypes of mesenchymal cell lineage motility observed in Twist>Esrp and control larvae.
These included individuals with abnormal migration in the trunk (‘Trunk’), with ectopic mCherry
positive cells in the tail (‘Tail”) or both phenotypes (‘Trunk + Tail”). P-values correspond to a two-
sided Fisher Exact tests (‘Normal’ vs rest).

We confirmed the expression of Esrp within the mesenchymal lineage with a double-
staining assay. Fertilized eggs were electroporated with a construct (Twist>CD4::mChe)

carrying the Twist-likel promoter driving the expression of the membrane-targeted
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Cherry (mChe) protein as a reporter (Gline et al., 2015). An anti-mChe antibody was used
to track the mesenchymal cell lineage, while endogenous Esrp expression was visualized
by fluorescent WMISH (Fig. R11a). A similar assay using a LexA/LexAop system driven
by the Hand-r proximal enhancer (Tolkin and Christiaen, 2016) narrowed the identity of
this Esrp-expressing domain down to a subset of posterior trunk lateral cells (Fig.
R11b,c). This mesenchymal lineage contributes to the formation of specific organs like

the oral siphon muscle and the epithelium of the 152" gill-slits (Tokuoka et al., 2005).

To unravel the dynamics of these Twist-likel-derived Esrp-positive cells, we next
performed a double WMISH with probes for Esrp and Twist-like2. This showed that the
expression of both genes is rapidly regulated during development and soon acquire a
mutually exclusive expression pattern, which becomes evident by late tailbud stage (Fig.
R11g-i). At late tailbud II stage, Twist-like2 was restricted to anterior mesenchymal
domains, while Esrp transcripts were only detected in the posterior-most part of the trunk

(Fig. R11j-1).

The common developmental origin of these two cell populations, the function of Twist-
like2 as a key inducer of cellular migration (Abitua et al., 2012), and the described
antagonistic roles of Esrp and Tiist genes in mammalian cells (Shapiro et al., 2011) led
us to hypothesize that Esrp may confer particular morphogenetic properties to the subset
of cells within the mesenchymal lineage in which it is expressed. To test this possibility,
we ectopically expressed Esrp in all mesenchymal cells (7wist>Esrp) during early stages,
together with Twist>CD4::mChe to visualize them. We fixed embryos at larval stage,
when a large part of the cell migration towards the anterior part of the trunk has occurred.
We observed two main phenotypes associated with an abnormal mesenchymal
distribution in 75% of individuals (n=70). In all affected embryos, migrating mChe-
positive cells were found only in the lateral sides adjacent to the epidermis, but not
through the middle part of the trunk (Fig. R1lm-n,0). In addition, 35% of co-
electroporated larvae also showed ectopic mChe-positive cells distributed along the tail,
which were only very rarely observed in control individuals (Fig. R110). Interestingly, a
previous study found that some cells derived from B7.7 and B8.5 mesenchymal lineages,

which normally do not express Esrp, localized in the tail of Twist-likel knockdown of
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Ciona larvae, integrating muscular and endodermal tissues (Tokuoka et al., 2005).
Altogether, our results thus suggest that Esrp may modulate motility properties of the
mesenchymal cell lineage in ascidians, as well as compromise topological cellular fate

when ectopically expressed.

Esrp expression in amphioxus embryos is associated with different morphogenetic

processes.

We next investigated Esrp expression in the amphioxus Branchiostoma lanceolatum, a
cephalochordate species that shares many developmental processes and a general
bodyplan with vertebrates (Garcia-Fernandez et al., 2009). Amphioxus Esrp showed a
highly dynamic expression pattern during embryo development (Fig. R12). In early
neurula embryos (14hpf), Esrp transcripts were observed in the border region, an
ectodermal tissue adjacent to the neural plate (Fig. R12a). During neurulation, Esrp was
strongly expressed along the ectodermal hinge points of neural tube closure (Fig. R12b-
¢). Right after neurulation (21hpf), transcription of Esrp was extended to the epidermis
of the whole embryo (Fig. R12d). Finally, in pre-mouth larvae stages, the expression was
restricted to the tailbud region, anterior ectoderm, and, strikingly, in a few cells near and
within the dorsal epidermis (Fig. R12e-g). Because of their shape and location, the latter
group of cells may correspond to a previously described population of epidermal sensory
neurons (Benito-Gutiérrez et al., 2005; Kaltenbach et al., 2009; Lu et al., 2012). These
cells have been reported to delaminate from the ventral ectoderm, migrate underneath the
epithelium towards the dorsal part of the embryo and re-integrate into the ectoderm,
where they become sensory cells. Based on its dorsal expression, we speculate that Esrp

might contribute to the process of epithelial integration at the final migratory stages.
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36hpf (Lateral view) 36hpf (D view)

Figure R12 | Esrp is expressed dynamically in the non-neural ectoderm during amphioxus
embryo development. WMISH of Esrp in Branchiostoma lanceolatum embryos. Anterior is to
the left in all cases. (a) 14hpf early neurula (dorsal view) showing expression in the border region
(br) next to the neural plate (npl). (b,c) 16hpf and 18hpf mid-neurula embryos (dorsal view)
stained most strongly in the ectodermal cells next to the neural plate border and that form the
hinge points (hp) during neural tube closure. The location of the neuropore (npo) is indicated. (d)
In 21hpf late neurula (dorsal view), Esrp expression is extended throughout the whole epidermis
(ep). (e-f) Early (30hpf) and late (36hpf) pre-mouth stages (lateral views) showing Esrp-positive
cells in anterior ectoderm, tail bud epithelia and in a few cells that likely corresponding to
migrating sensory cells during dorsal incorporation or already integrated into the epithelium
(black arrows). (g) Dorsal (D) view shows the epidermal location those Esrp-positive cells.

Esrp is involved in ciliogenesis repression in ectodermal cells and the mesenchymal-

to-epithelial transition of pigment cells in sea urchin.

We next investigated the functions of Esrp in the purple sea urchin Strongylocentrotus
purpuratus (hereafter referred as ‘sea urchin’). This organism belongs to Ambulacraria, a
lineage closely related to chordates, with a transcriptome-based annotated genome and
available genetic tools. Colorimetric WMISHSs revealed Esrp expression in the ectoderm
and mesoderm in one half of the embryo at blastula stage (24hpf) (Fig. R13a,b). At later
stages (36hpf), expression became more complex in the mesoderm (Fig 4c). Expression
was no longer detected at gastrula (48hpf) or early pluteus stage (72hpf). Fluorescent

WMISH confirmed Esrp expression in the ectoderm and non-skeletogenic mesodermal
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cells at 30hpf (Fig. R13d,e). To investigate the nature of the ectodermal expression, we
performed double fluorescent WMISH with Esrp and Hnf6, a marker for the ciliary band
(Poustka et al., 2004), the region where ciliary cells and neurons differentiate (Fig. R13f).
No signal overlap was observed, indicating that Esrp expression is restricted to the non-
neural ectoderm. Next, double WMISH with Gem, a marker for aboral non-skeletogenic
mesoderm (Andrikou et al., 2013), showed that Esrp expression in the ectodermal tissue
corresponds to the aboral side (Fig. R13g-1). Interestingly, we observed co-expression of
Gcem and Esrp in pigment cells precursors, a group of cells that migrate from the
mesoderm towards the ectoderm, where they insert between epithelial cells becoming

immunocytes (Gibson and Burke, 1985; Solek et al., 2013).

To explore the functions of Esrp, we generated gene knockdowns by injecting sea urchin
zygotes with two different morpholinos (MO), one blocking translation and a second
impairing splicing of intron 2. Efficiency of the splicing MO was assessed by RT-PCR
(Fig. R13p). We observed two main phenotypic defects in both MO injections, supporting
knockdown specificity (Fig R13q,r). First, a “chickenpox” phenotype was evident at
gastrula (42hpf) (Fig. R13j,k and Supplemental Figure R4a) and prism/early pluteus
(68hpf) stages (Fig. R131-m,q). Whereas in control embryos most pigment cells were
already located in the ectoderm at 42hpf and acquired a dendritic conformation by 68hpf,
in knockdown embryos these cells were usually observed in the sub-ectodermal space at
gastrula stage and maintained their roundish shape at prism stages (p < 10 for all
comparisons, Fisher Exact test). This failure in the complete integration of pigment cells
into the ectoderm likely constitutes an impaired mesenchymal-to-epithelial transition.
Second, knockdown embryos showed a “hairy” phenotype at gastrula and pluteus stage,
consisting of ectopic long cilia on the aboral ectoderm, especially at the apex (Fig.
R13j.k,n,0,r and Supplemental Fig R4b; p < 107 for all comparisons, 3-way Fisher Exact
test). In summary, these results demonstrate that Eszp in sea urchin is necessary for a
complete integration of pigment cells into its destination epithelium and to avoid

ciliogenesis in aboral ectodermal cells.
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Figure R13 | Esrp represses cilia formation in aboral ectoderm and is necessary for complete
MET of pigment cells. (a-¢) Colorimetric WMISH of Esrp in Strongylocentrotus purpuratus
embryos at 24hpf, in lateral (a) and dorsal (b) views showed expression in one side of the
ectodermal territory (ec) and in some cells of the non-skeletogenic mesoderm (ns); signal at 36hpf,
oral view (c), revealed a more complex pattern. (d-e) Fluorescent WMISH at 30hpf (lateral view)
confirmed ectodermal and mesodermal expression of Esrp. (f) Double fluorescent WMISH
showed that Esrp expression (red) was restricted to non-neuronal ectoderm (nne) at 36hpf (aboral
view), since its signal did not overlap with the neurogenic ectoderm (ne) as labeled by Hnf6
(green). (g) Double fluorescent WMISH of Esrp (red) and Gem (green) at 36hpf (dorsal view)
revealed that Esrp was expressed in the aboral ectoderm (ae) and in the pigment cell precursors.
These cells are initially part of the aboral non-skeletogenic mesoderm and subsequently migrate
towards the ectoderm. Some pigment cell precursors that are already in contact with the
ectodermal epithelium are marked by arrowheads. Oral ectoderm (oe). (h-i) Esrp (green) and Gem
(red) at 36hpf in two different stacks from same embryo (lateral view). The arrow indicates a
representative migratory path of pigment cells from mesoderm to ectoderm. (j-k) Early gastrula
(42hpf) from uninjected control and Esrp trMO embryos showed marked differences in pigment
cell location and cilia presence. Pigment cells in the sub-ectodermal space are indicated by white
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arrowheads. (I-m) Early pluteus larvae (68hpf) in lateral view show marked differences in
pigment cell morphology in control and Esrp trMO embryos (stellate and roundish, respectively).
(n,0) Ectopic embryonic cilia stained with acetylated tubulin in the aboral ectoderm (ae) of 96hpf
Esrp-trMO injected embryos. Apex is marked by a white arrowhead. Ciliary band (cb). (p) RT-
PCRs showing the levels of intron 2 retention in Esrp transcripts from control and Esrp spIMO
embryos; genomic DNA was used as a reference for intron inclusion. (q) Quantification of
pigment cell morphology in control, Esrp trMO and spIMO knockdown 68hpf embryos (sum of
3 independent experiments). (r) Quantification of the ‘hairy’ phenotype in control, Esrp trMO
and spMO knockdown 68hpf embryos (sum of 2 independent experiments). P-values correspond
to 2-way (q) or 3-way (1) two-sided Fisher Exact tests.

To further characterize these developmental defects, we generated RNA-seq data for two
replicates of SpIMO-injected embryos at 24hpf and age-matched controls. These data
confirmed our RT-PCRs results showing a high level of retention of Esrp intron 2 due to
the morpholino effect (Supplementary Fig. R4c). Differential gene expression analysis
identified 360 and 712 downregulated and upregulated genes, respectively. Interestingly,
some enriched GO categories for these gene sets were similar to those found for the
zebrafish DKO analysis, including cell-cell adhesion, cell component morphogenesis and
ectoderm development (Supplementary Fig. R4d). We also observed a significant
enrichment for functions related to nervous system development among the upregulated

genes, consistent with a possible failure in proper non-neural ectoderm specification.

Evolutionary comparison of Esrp-dependent programs.

Next, we investigated the origin and evolution of alternative exon programs regulated by
Esrp across multiple phylogenetic timescales using our zebrafish and sea urchin RNA-
seq data, as well as previously published RNA-seq data for Esrp perturbations in mouse
epidermis (Bebee et al., 2015) and three human cell cultures (Dittmar et al., 2012; Yang
et al., 2016). Importantly, this approach detected both direct and indirect Esrp-regulated
events, hereafter referred together as Esrp-dependent. We identified 188 differentially
spliced cassette exons in sea urchin, 494 in zebrafish, 254 in mouse and 336 in human
(see Methods for details). In all species, these exons were found enriched in genes
associated to certain GO terms such as vesicle-mediated transport, GEF activity, and actin
cytoskeleton cell components (Supplementary Fig. R5). Additionally, we detected lower

numbers of other types of AS regulatory changes, such as alternative 5’ or 3’ splice site
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choice and intron retention (Fig. R14a). RT-PCR assays validated all tested differentially
regulated exons in zebrafish (APSI correlation R? = 0.90, n=15) and in sea urchin (R? =

0.89, n=12) (Supplementary Fig. R6).

To understand the evolution of Esrp-dependent programs at the exon level, we performed
automatic comparisons followed by manual curation to detect high confidence
homologous coding cassette exons within conserved gene intron-exon structures
(Supplementary File 2 and see Methods). A large fraction of alternative exons was
detected as Esrp-dependent only in one of the studied species, ranging from 47.8%
(110/232) in mouse to 99.5% (180/181) in sea urchin (Fig. R14b). However, comparisons
between closely and distantly related organisms uncovered different scenarios with
regards to the sources for exon recruitment. On the one hand, most non-overlapping Esrp-
dependent exons in vertebrates could be found in the other species, ranging from 93% in
mouse to 52% in zebrafish (Fig. R14b). On the other hand, we only detected homologous

counterparts in any of the studied genomes for 21% of sea urchin non-overlapping exons.

When focusing on the full set of 308 human Esrp-dependent exons, 82.5% had a
homologous exon in mouse, most of which were also alternatively spliced in the rodent
species (Fig. R14c). Among the latter subset, 116 exons were also identified as Esrp-
dependent in mouse. These events include numerous previously described Esrp-
dependent exons in genes such as Scrib, Nf2, Enah and Grhll (Bebee et al., 2015). From
this set of shared mammalian targets, we found homologous exons in zebrafish for 70
cases (60%), most of which were also alternatively spliced in this species (Fig. R14c).
Interestingly, we detected a core set of 22 homologous exons classified as Esrp-dependent
in the three vertebrate species, including some in genes previously associated with
morphogenetic processes (Warzecha and Carstens, 2012) (e.g. Numb, pl20-catenin,
Arhgapl7 or Itga6). However, most of these exons (90.9%) did not have a detected
homologous counterpart in sea urchin, and the two exons identified in the echinoderm
genome did not exhibit Esrp-dependent differential regulation (Fig. R14c). From the total
set of Esrp-dependent exons in sea urchin, only one homologous exon showed changes
in inclusion also in human (Fig. R14b), but was constitutively spliced in both mouse and

zebrafish, suggesting that Esrp-dependent regulation was independently acquired.
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Figure R14 | Evolution of Esrp-dependent splicing programs. (a) Number Esrp-dependent AS
events by type detected in zebrafish, sea urchin, human and mouse RNA-seq samples. Blue/red
bars correspond to Esrp-enhanced/silenced inclusion of the alternative sequence. IR, intron
retention; AltS, alternative 5’ splice site choice; Alt3, alternative 3’ splice site choice; AltEx,
alternative cassette exons. (b) Venn diagram showing the overlap among Esrp-dependent cassette
exons in coding regions in the four species. For exons with clade-specific Esrp-dependent
regulation, the percent of exons with no homology in any of the other species is provided (Nh).
(¢) Summary of conservation at the level of genomic presence, alternative splicing and Esrp-
dependency for human Esrp-dependent coding exons in other species. Shared Esrp-dependent
exons between the previous phylogenetic group is classified in the test species into three
categories: (i) the exon is not detected in the genome (top row, discontinuous line); (ii) the
homologous exon is detected in the genome, but it is constitutively spliced (middle row, grey
exon); and (iii) the homologous exon is alternatively spliced (bottom row, yellow exon, bold
numbers). Below this exon type classification, number of Esrp-dependent exons shared by the
two species/lineages.

Along these lines, we also identified 49 orthologous genes whose alternative splicing was
dependent on Esrp in at least two species, but in which the specific regulated exons were
different (i.e. non-homologous). Twenty one of these cases involved sea urchin and at
least one vertebrate, and impact genes related to diverse morphogenetic processes in

metazoans (Boehlke et al., 2015; Bouchet et al., 2016; Jung et al., 2011; Laprise et al.,
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2010; Zhao et al., 2013) (e.g. Exoc7, Slain2, Epb41, Ift88 and Scrib). Moreover, we
further observed a significant fraction of target genes with more than one Esrp-dependent
exon, ranging from 5.2% in sea urchin to 19.1% in zebrafish. These observations highlight
the evolutionary plasticity of some genes for multiple acquisition of AS regulation. An
interesting case is Cd44, which acquired at least nine Esrp-dependent exons within the
mammalian clade, and is involved in ureteric branching in mouse (Pohl et al., 2000), a

process affected in Esrpl KO mice (Bebee et al., 2016).

Regulation of Fgfr AS by Esrp is conserved across the chordate phylum.

Among the 22 Esrp-dependent homologous AS event groups shared by the three
vertebrate species, one case involved multiple paralogous genes of the Fgfr family.
Evolutionary conservation of the mutually exclusive exons encoding the Iglll domain of
fefr2 had been previously reported for zebrafish (Liu et al., 2011). As in mammals
(Vainikka et al., 1992), we found homologous AS events also in fgfrla, fgfr1b and fgfr3,
but not in fgfr4. RT-PCR assays for those Fgfr genes showed a complete isoform switch
towards the mesenchymal Illc exons in zebrafish esrpl and esrp2 DKO embryos (Fig.
R15a). Interestingly, the Fgfr ortholog of sea urchin harbored only one exon homologous
to those alternatively spliced in vertebrates and it was constitutively included in all
transcripts (see below). Therefore, to assess when this AS event originated during
evolution, we first turned to the chordate amphioxus. We found that the sole amphioxus
Fgfr gene harbors exons homologous to I1Ib and Illc that are also alternatively spliced in
a mutually exclusive manner. In addition, a cephalochordate-specific exon was found in
this genomic region (exon IlIx; Fig R15b). RT-PCR assays on dissected adult tissues
showed that Esrp expression was only strongly detected in the amphioxus skin, where the
highest inclusion of exon IlIb was also observed (Fig R15b). An amphioxus-specific
isoform including both exons IIIx and Illc was also detected in this tissue, while inclusion
of exon Illc alone was nearly absent. On the other hand, the rest of the tissues express

predominantly the isoform containing only the exon Illc.

To gain further insights into the regulatory evolution of this event, we made two minigene

constructs, one comprising the whole genomic region spanning the amphioxus Fgfir AS

81



Resultados

event, and one lacking the amphioxus-specific exon IIIx (Fig. R15c). These minigenes
were individually transfected into human 293T cells together with an expression vector
containing the amphioxus or the zebrafish full-length Esrp transcripts. Remarkably,
despite considerable mis-splicing of the minigenes in 293T cells, amphioxus Esrp acted
as a major regulator of Fgfir AS, promoting inclusion of IIIb exon in both minigenes (Fig.
R15c). On the other hand, zebrafish esrp/ produced only very mild changes compared to
the control, despite both amphioxus and zebrafish Esrp genes were able to modify the AS
pattern of endogenous exon targets as the human ESRP/ (Fig. R15d and Supplementary
Fig. R7). Therefore, altogether, these results provide two main insights into the evolution
of Fgfr AS regulation: (i) its mutually exclusive regulation by Esrp originated before the
last common ancestor of chordates; and (ii) it acquired lineage-specific regulatory

requirements in ¢rans in cephalochordates.
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Figure R15 | Fgfr AS is regulated by Esrp genes in vertebrates and amphioxus. (a) RI-PCR
assays showing differential Fgf exon Illb and Illc inclusion in wild type versus DKO 5dpf
zebrafish embryos. (b) RT-PCR assays for Figfir AS in different amphioxus adult tissues, depicted
in a transversal section. Nc, nerve cord, ms, muscle, gl, gills, hd, hepatic diverticulum, nt,
notochord, sk, skin. Reverse primers were designed in both exons IIIb and Ill¢ (arrows) and used
together in the same PCR reactions. (¢) Top: schematic representation of pcDNA3.1-based
minigene constructs containing the genomic region spanning the Fgfrr AS event of Branchiostoma
lanceolatum, with (pcDNA3.1-BIaFGFR) and without (pcDNA3.1-BlaFGFRAIIIx) exon IIx.
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Bottom: relative intensity of fluorescent RT-PCR bands supporting differential inclusion of exons
IIIb and Illc when transfecting the minigenes alone (Control) or together with a plasmid
containing either amphioxus or zebrafish full-length Esrp transcripts (BlaEsrp and DreEsrpl,
respectively). Despite significant mis-splicing of the minigene in all conditions, only the
amphioxus construct was able to induce a dramatic switch towards exon IIIb inclusion. Primers
were designed in the neighboring constitutive exons (arrows). (d) RT-PCR assays for endogenous
human AS events in the same control, BlaEsrp or DreEsrp1 transfected 293T cells showing that
the amphioxus and zebrafish Esrp constructs are able to modulate endogenous Esrp-dependent
events in a similar manner. Esrp-enhanced isoforms are marked with a black arrowhead.

Fgfr AS evolved independently in several Bilateria lineages.

Given the remarkable conservation across chordates (for over 550 million years of
independent evolution), we next studied the evolution of Fgf AS in further detail. A gene
structure analysis for Bilateria species showed that vertebrate exons I1Ib and Illc are the
result of a single tandem exon duplication that occurred at the base of the chordate
phylum, before the split of its three main sub-phyla (Fig. R16). In contrast to chordates,
the single pro-orthologous exon IIIb/Illc is found as constitutively included in all
observed transcripts from all studied non-chordate species. However, previous studies
reported other AS events in the genomic locus encoding the region homologous to the
IgIIl domain in two non-vertebrate species (the purple sea urchin (McCoon et al., 1998;
Mistry et al., 2003) and the red flour beetle (Sharma et al., 2015)), and we further show
that a diverse array of AS events independently evolved in most studied lineages (Fig.
R16). In particular, the previously reported alternative exon in sea urchin is located
upstream of exon IIIb/c and exhibits no sequence similarity with its neighboring exons.
Moreover, its inclusion was not detected as Esrp-dependent, which is consistent with the
non-overlapping expression of Fgfir and Esrp genes during sea urchin's development
(Andrikou et al., 2015). Remarkably, this exon is also present and alternatively spliced
across the Ambulacraria clade, which comprises echinoderms and hemichordates phyla.
In summary, our phylogenetic survey shows that this genomic region is a hotspot for
recurrent AS evolution across Bilateria, likely due to its potential to modulate FGF

signaling (Miki et al., 1992).
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Figure R16 | Gene structure and AS at the IgIIl domain of the Fgfr gene family in
metazoans. Schematic representation of the AS diversity in the region encoding the homolog of
the Fgfr Iglll domain for zebrafish (Danio rerio), vase tunicate (Ciona intestinalis), amphioxus
(Branchiostoma lanceolatum), purple sea urchin (Strongylocentrotus purpuratus), acorn worm
(Saccoglossus kowalevskii), honey bee (4Apis mellifera), red flour beetle (Tribolium castaneum),
fruit fly (Drosophila melanogaster), pacific oyster (Crassostrea gigas) and starlet sea anemone
(Nematostella vectensis). Homologous to vertebrate exons Illa, IIIb and IIlc are shown in purple,
blue and red, respectively. The non-chordate pro-orthologous exon of exons IlIb and Illc is
colored half blue and half red. The amphioxus- and ambulacrarian-specific alternative exons are
depicted in green and yellow, respectively. Light violet colors are used for the insect-specific
mutually exclusive event involving exon Illa, and brown and light blue for oyster-specific exons.
Grey exons are constitutive in all species. Fruit fly orthologues (heartless and branchless) are
intronless genes.
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Supplementary Figure R1 | Protein domain composition of Esrp homologous genes in
eukaryotic species.

All represented eukaryotes share a DnaQ-like exonuclease domain in their Esrp homologous
genes. Variation arises from the number of RRM6 domains, a specific type of RNA-binding
domain. The alveolata species Tetrahymena termophila, and the rodhophyte Galdieria
sulphuraria have three and four RRM6 domains, respectively. In the amebozoan Acanthamoeba
castellanii and the fungi Spizellomyces punctatus, more closely related to metazoans, only one
RRM6 domain was found. Zinc finger domains were also detected in those species. Four RRM6
domains were found in orthologues from choanoflagelate and metazoan species. However, partial
or no detection of a fourth RRM6 domain was observed in some species, especially in Esrpl
genes from vertebrates. Partial DAZAP2 and FAM70 domains were also detected in human genes,
but with low e-values. Other species in the figure are the choanoflagelate Mylnosiga fluctuans,
the demosponge Petrosia ficiformis, the priapulid Priapulus caudatus, the chondrichthyan
Callorhincus milii, the dinosaur Falco cherrug and the mammal Homo sapiens.
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Supplementary Figure R2
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Supplementary Figure R2 | Phylogenetic analysis reveals a lineage-specific duplication of
Esrp genes in vertebrates.

Most species shown in the tree belong to metazoan lineages, with the exception of
choanoflagelates Salpingoeca urceolata and Salpingoeca qvevrii. Vertebrates: Homo sapiens
(Hsa), Mus musculus (Mmu), Gallus Gallus (Gga), Chelonia mydas (Cmy), Callorhincus milii
(Cmi), Latimeria chalumnae (Lch) and Danio rerio (Dre). Urochordates: Ciona intestinalis (Cin).
Cephalochordates: Branchiostoma lanceolatum (Bla) and Asymmetron lucayanum (Alu).
Hemichordates: Ptycodera flava (Pfl) and Saccoglossus kowalevskii (Sko). Echinoderms:
Ophiocoma echinata (Oec), Strongylocentrotus purpuratus (Spu) and Patiria miniata (Pmi).
Lophotrochozoans: Crassostea gigas (Cgi), Aplysia californica (Aca) and Lingula anatina (Lan).
Ecdysozoans: Priapulus caudatus (Pca), Parasteatoda tepidariorum (Pte), Tribolium castaneum
(Tca) and Drosophila melanogaster (Dre). Cnidarians: Exaiptasia pallida (Epa) and Nematostella
vectensis (Nve). Sponges: Cliona varians (Cva), Petrosia ficiformis (Pfi) and Ephydatia muelleri
(Emu).
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Supplementary Figure R3

esrp1

esrp2 H esrp1 ||

n esrp1
<

N o

Q

% %

M~

Q

<

g

@

= =
X

- o

2 %

D - ——

6 16 3
r Downregulated Genes

p-value 0.01 104 10% 10% 107

pattern specification process
segment specification
ectoderm devel.

digestive tract mesoderm devel.
skeletal system devel.

female gamete generation
embryo devel.

dorsal/ventral axis specification
mesoderm devel.

cell-matrix adhesion
angiogenesis

cell-cell adhesion

cell compaonent morphogenesis

intermediate filament cytosk.
extracellular region

Biological Process
Molecular Function
Cellular Component

Upregulated Genes

immune response
complement activation
immune system process
visual perception

proteolysis

steroid metabolic process
sensory perception

anion transport

behavior

cholesterol metabolic process
response to interferon-gamma
cell-cell adhesion

peptidase activity

cytokine activity

Ser-type peptidase activity
peptidase inhibitor activity
Ser-type endopept. inh. activity
receptor binding

chemokine activity
oxidoreductase activity
hormone activity

cytokine receptor binding

extracellular space
extracellular region
integral to membrane

p-valye 0.(}1

104106 10®




Figuras Suplementarias

Supplementary Figure R3 | Developmental expression and impact of Esrp genes in zebrafish.

Additional details of WMISH for esrp! and esrp2 in zebrafish embryos. (a,b) Similar expression
of esrpl and esrp2 was detected in 5dpf embryos in inner ear (ie) and craniofacial cartilaginous
(cc) tissue. Signal was also observed in stomach (st) and swim bladder (sb), although non-specific
staining of those hollow organs by NBT/BCIP precipitation could not be ruled out. esrp2 was
additionally found in the liver (1v). (c-e) Broad expression of esrp! in the tail bud ectoderm was
maintained at 18hpf (c), reached its highest intensity by 20hpf (d), and became restricted to the
median fin fold (ff) by 24hpf (e), when it was also observed in cloaca (cl) tissue. (f) 48hpf embryo
heads showed expression of esrp! predominantly in pharynx (ph) and inner ear (ie). (g) Detail of
esrpl expression in the head of 5dpf embryos in craniofacial cartilague (cc) and inner ear (ie). (h-
1) esrp2 expression was also detected in a few territories where esrp! was not observed, including
the polster (po) at 14hpf (h), that later develops into the hatching gland (hg) by 24hpf (i), and in
the pronephros (pr) (j); it shared expression with esrpl/ in structures such as olfactory placode
(white arrowheads) (k, 24hpf) and inner ear ventral epithelium (1, 32hpf). (m) Ectopic expression
of wild type, but not mutant, zebrafish esrp/ transcripts in human 293T cells produced splicing
changes in endogenous ESRPI human targets. Black arrowheads indicate Esrp-enhanced
isoforms. (n) Expression of esrpl and esrp2 expression in Sdpf embryos quantified by RNA-seq
shows a clear reduction in the steady-state mRNA levels of both genes in DKO embryos. Boxes
represent the range of expression in the two replicates. (p,q) Phenotypic comparison of transversal
sections stained with hematoxylin and eosin from 6dpf embryos shows impaired development of
visceral skeleton (p) and swim bladder (q). (r) Significantly enriched GO terms for down- and
up-regulated genes in DKO 5dpf embryos.
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Supplementary Figure R4
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Supplementary Figure R4 | Developmental and transcriptomic impact of Esrp in sea urchin.

(a) Quantification of pigment cell morphology in control and Esrp trMO knockdown embryos at
42hpf. (b) Quantification of the ‘hairy’ phenotype in control and Esrp trMO knockdown embryos
at 42hpf. P-values correspond to 2-way (a) or 3-way (b) two-sided Fisher Exact tests. (¢) RNA-
seq reads mapping to the genomic region spanning exons 2 and 3 of Esrp in control and SpIMO
injected embryos. (d) GO terms enriched in genes with down- and up-regulated expression in
24hpf embryos upon spIMO treatment.
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Supplementary Figure RS
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Figuras Suplementarias

Supplementary Figure RS | Gene Ontology enrichment of genes containing Esrp-dependent
exons among all studied species.

GO Categories that were significantly over-represented in at least one species and showed an

observed vs. expected enrichment ratio higher than 1.3 for all species. Asterisks indicate
significant over-representation (p<0.05) in a given species, as calculated by PANTHER.
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Figuras Suplementarias

Supplementary Figure R6 | Validation of Esrp-dependent exons by RT-PCR.

RT-PCR (dark colors) and RNA-seq (light colors) based quantification of exon inclusion for a
subset of 15 and 12 representative Esrp-dependent exons in wild type (blue) and Esrp-depleted
(red) zebrafish and sea urchin embryos, respectively. Bottom-right: correlation between APSI
values obtained by RNA-seq and PCRs. Strong correlations are observed both in case of zebrafish
(R?=0.90, black dots) and sea urchin (R*=0.89, grey dots).
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Figuras Suplementarias

Supplementary Figure R7 | Esrp transcripts from amphioxus and zebrafish change the
splicing pattern of endogenous human Esrp-dependent exons in 293T cells.

RT-PCR quantifications of APSI changes in endogenous exons in 293T cells after transfection of

expression vectors containing amphioxus (BlaEsrp) or zebrafish (DreEsrpl) ORF sequences.
Error bars correspond to the standard error of three independent replicates.
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Domain and phylogenetic analyses of Esrp genes. Putative Esrp orthologs for all
organisms included in Supplementary Fig. 1 and 2 were identified by combining blastp
and tblastn searches against NCBI databases and resources specific for sponges (Riesgo
et al., 2014) and choanoflagellates Salpingoeca urceolata, Salpingoeca qvevrii, and
Mylnosiga Fluctuans from unpublished transcriptomes provided by Daniel Richter.
Domain detection was performed using the NCBI conserved domain search function

(Marchler-Bauer et al., 2015) (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).

To reconstruct the phylogenetic relationships of Esrp genes among the Apoikozoa clade
(Metazoa + Choanoflagellata), we first aligned protein sequences with MAFFT (Katoh
and Standley, 2013). Neighbor-joining algorithm, as implemented by MEGA7 with
default parameters and a JTT substitution model, was employed for tree reconstruction

using only conserved positions of the multi-sequence alignment, as identified by MAFFT.

Zebrafish experimental procedures. Breeding zebrafish (Danio rerio) were maintained
at 28°C on a 14 hours light/10 hours dark cycle as previously described. All protocols
used have been approved by the Institutional Animal Care and Use Ethic Committee
(PRBB-TACUEC), and implemented according to national and European regulations. All

experiments were carried out in accordance with the principles of the 3Rs.

To investigate the expression of Esrp genes during development, embryos were raised at
28°C for staging(Kimmel et al., 1995) and fixed overnight with 4% paraformaldehyde
(PFA) in PBS at 4°C. RNA probes were labeled with digoxigenin, and WMISH was
performed as previously described(Thisse and Thisse, 2008). To create loss-of-function
zebrafish lines for esrpl and esrp2, we used the CRISPR-Cas9 system. We first assessed
the presence of multiple promoter in both genes looking at RNA-seq-based annotations
and H3K4me3 Chip-seq peaks at their respective loci in the UCSC browser. Since each
gene had only one promoter, we designed single guide RNAs (gRNAs) targeting the first
and third exons of esrp! and esrp2, respectively. The genomic target sites were identified
using a publicly available web tool (http://crispr.mit.edu/). Selected targeted gRNA
sequences corresponded to: 5'-GGAGCAAGTGGGGATAAGTTGGG-3' for esrpl and
5'-GGAGACCGGGCTCACTGCCGAGG-3' for esrp2. The CRISPR-Cas9 approach was

performed following the protocol from Chen and Wente laboratories, as previously
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described for zebrafish (Jao et al., 2013). Engineered vectors were obtained from
Addgene. One nl of a mixed solution containing gRNA (80 ng/ul) and purified Cas9
mRNA (150 ng/ul) was microinjected into one-cell stage zebrafish embryos. FO founders
were crossed with a wild type strain, and F1 individuals genotyped by fin clipping to
select the appropriate mutations. We selected the following mutations for further analyses:
a 168-bp deletion together with a 14-bp insertion that induced the usage of a cryptic splice
donor upstream the start codon for esrp/, and a 17-bp frame-disrupting deletion for esrp2
(Fig. 1c). Crosses between male and female heterozygous individuals carrying the same
mutation were set to obtain single KO mutant lines in the F2 generation. In addition,
individuals from these esrpl and esrp2 F1 lines were crossed to obtain a F2 generation of
double heterozygous. DKO embryos were obtained in subsequent F3 generations from
intercrosses between F2 double heterozygous fish, at the expected Mendelian ratio.

Sequences of the primers used for genotyping are provided in Supplementary Table 4.

For histological analysis, fixed embryos were progressively dehydrated in ethanol and
xylol, embedded in paraffin, sectioned in transversal orientation with a microtome at 7-
10 um thickness, stained with haematoxilyn and eosin, and mounted with DPX (Eukitt).
Alcian blue staining of chondrocytes at 6dpf embryos was performed according to the

Zebrafish Book (Westerfield, 2007).

Vase tunicate experimental procedures. Adult Ciona intestinalis animals were
collected from both the Gulf of Naples and M-REP (San Diego CA, USA). Ripe oocytes
and sperm were collected surgically and kept separately until in vitro fertilization. We
used chemical dechorionation to eliminate the chorion and follicular cells surrounding
the eggs. Dechorionated eggs were then in vitro fertilized using sperm from various
individuals. Fertilized eggs were washed in Millipore-filtered sea water, and transferred
to a solution containing 0.77M Mannitol and 50-80mg of the plasmid DNA used for
electroporation. Electroporation was carried out in Bio-Rad Gene Pulser 0.4 cm cuvettes,
using Gene Pulser II (Bio-Rad). Each experiment was performed at least three times.
Embryos were staged according to an standard developmental timeline (Hotta et al.,
2007). A DIG-labelled probe for RbFox and Esrp and a fluorescein-labelled probe for
Twist-like2 were transcribed with Sp6 RNA polymerase (Roche) and purified with the
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RNeasy Mini Kit (Qiagen). WMISH, antibody stainings and embryo manipulations were
performed as previously described (Racioppi et al., 2014). To generate the Twist>Esrp
construct, we cloned a genomic region upstream 7wist-likel reported to be active in the
mesenchymal lineage (Abitua et al., 2012). As transcripts for the predicted full-length
Esrp locus were not detected using a mix of embryonic Ciona ¢cDNAs, we cloned the
most highly expressed isoform during development for overexpression experiments. This
isoform lacks the exonuclease domain at the N-terminus as a result of splice-leader trans-

splicing, but contains all RNA-binding domains.

Amphioxus experimental procedures. Adult Branchiostoma lanceolatum animals were
collected in Banyuls (France) and Matar6 (Catalonia). Spawning of reproductive
individuals was done as previously reported (Fuentes et al., 2007). Embryos were cultured
in filtered sea water at 17°C and fixed in 4% PFA in MOPS buffer overnight at 4°C.
WMISH was performed with digoxigenin labeled RNA probes for RbFox and Esrp and
performed as previously described (Irimia et al., 2010b). BM Purple (Sigma) was used as

chromogenic substrate.

Sea urchin experimental procedures. Adult Strongylocentrotus purpuratus specimens
were obtained from the Kerckhoff Marine Laboratory, California Institute of Technology,
Pasadena CA, USA. Spawning was induced by vigorous shaking of animals, and embryos
were cultured at 15°C in diluted (9:10) stilled water with 0.22 um filtered Mediterranean
Sea water. Embryos were fixed in 4% PFA in MOPS buffer. RNA probes were
differentially labelled with digoxigenin (Esrp) and fluorescein (Hnf6, Gem) in double
assays. RbFox, Nova and Endol6 probes were al labelled with digoxinenin. Colorimetric
and fluorescent WMISH and immunohistochemistry with anti-acetilated tubulin antibody
were performed according to previous reports (Andrikou et al., 2013). For Hnf6 and Gem
WMISH assays, we used previously published probes (Poustka et al., 2004; Ransick and
Davidson, 2006). To knockdown Esrp, two different morpholinos were designed, one
targeting the single annotated translation start site (5'-
CCAGATAGTTAAACGCCATTTTTCC-3") and one the 3’ splice site of the third exon in
order to induce intron retention (5- AGTTGTCAAGCTGCGAAAATGATGA-3").

Morpholinos were obtained from GeneTools and injected (about 6-8 pl per injection) in
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zygotes at a 300 uM concentration in the presence of 0,12M KCI. Sequences of primers
used to clone the Esrp probe and test intron 2 retention are provided in Supplementary

Table 4.

RNA extraction, library preparation and RNA sequencing. RNA extractions were
performed using the RNeasy Qiagen MiniKit (for zebrafish embryos) or the RNaquous
(Ambion) (for sea urchin embryos). Trizol extraction (Invitrogen) according to
manufacturer’s instructions was employed to obtain total RNA from adult amphioxus
tissues. All RNA samples were subjected to DNAse treatment. First-strand cDNAs for
RT-PCR assays were generated using SuperScript III Reverse Transcriptase (Invitrogen).
Libraries for Illumina high-throughput RNA sequencing were produced from poly-A
selected RNA as described by the manufacturer, and [llumina HiSeq2500 machines in
high yield mode were used for sequencing. Two replicates for DKO fish embryos and
age-matched controls at 5dpf, and two replicates of splicing morpholino-treated sea
urchin embryos at 24hpf and matched controls were sequenced, producing an average of
~145 and ~80 million 125-nucleotide paired-end reads per zebrafish and sea urchin
sample, respectively. Raw sequence data were submitted to Gene Expression Omnibus
(GSE97267). For human, we used RNA-seq from previous studies (Dittmar et al., 2012;
Yang et al., 2016), including one replicate of a ESRP/ mRNA knockdown (KD) in PNT2
cell line, three replicates of ESRPI and ESRP2 knockdowns in H358 cells, and a replicate
of overexpression (OE) of ESRPI in MB231 cell line. For mouse, we used previously
published RNA-seq data for two replicates of embryonic epidermis from Esrpl and Esrp?2
DKO and control mice at the E18.5 stage (Bebee et al., 2015).

B. lanceolatum genome annotation. Dissection of several adult tissues and collection of
different embryonic stages from Branchiostoma lanceolatum species was performed
before RNA extraction of those biological samples. Obtained RNA-seq reads from each
condition were aligned to an unpublished assembly of the genomic sequence (sequenced
and assembled by Genoscope and Ferdinand Marletaz, respectively) using Tophat2. The
corresponding BAM outputs were merged into a single file and processed by Cufflinks to
produce gene structures. Independently, a de novo transcriptome assembly was performed

using Trinity software separately for each RNA-seq sample. Obtained transcripts were
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aligned to the genome using PASA. Both genome annotations were merged and filtered
to obtain non-redundant transcripts. Finally, trandecoder tool was employed to classify
those genes with a putative open reading frame, that were used in downstream analysis

as protein coding genes.

Differential gene expression analysis. Gene expression levels for zebrafish and sea
urchin were quantified from RNA-seq data using the cRPKM metrics (Labbé¢ et al., 2012),
which employs a single transcript per gene as reference and performs a length correction
to account for non-uniquely mapped positions. We used Ensembl version 80 as zebrafish
gene annotation (Zv10 assembly) and Spur-v3.1 for sea urchin, retrieved from

EchinoBase (previously SpBase; http://www.echinobase.org/). To identify differentially

expressed genes in Esrp loss-of-function embryos in each species, we first filtered out
genes that did not have: (i) a minimal expression of cRPKM>2 in both replicates in at
least one condition (control or loss-of-function); and (ii) at least 50 raw reads supporting
expression in at least one sample. For the remaining genes, we required a minimum fold
difference of 2 (for zebrafish) or 1.5 (for sea urchin) between the average expression
levels in the two conditions, and a fold difference of at least 1.5 (for zebrafish) or 1.2 (for

sea urchin) between all pairwise comparisons between each group’s replicates.

Identification of Esrp-dependent exons from RNA-seq data. To quantify all major
types of AS from RNA-seq data, we implemented vast-tools (Irimia et al., 2014)

(https://github.com/vastgroup/vast-tools) for zebrafish and sea urchin. This software uses

different modules to identify and quantify simple and complex exon skipping events,
intron retention and alternative 5” and 3’ splice site choices. It has been extensively used
to identify differentially spliced AS events in human, mouse, chicken and planarians,
providing high validation rates in RT-PCR assays (Braunschweig et al., 2014; Gueroussov
et al., 2015; Solana et al., 2016). Associated VASTDB files to run vast-fools gene
expression and AS analyses on zebrafish (species key “Dre”) and sea urchin (species key

“Spu”) can be downloaded at http://vastdb.crg.eu/libs/vastdb.dre.10.03.17.tar.gz (Dre)

and http://vastdb.crg.eu/libs/vastdb.spu.10.03.17.tar.gz (Spu). vast-tools was also used to

quantify AS from human and mouse RNA-seq samples. For each AS event and processed

sample in each species, vast-tools provided a table with the percent of alternative
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sequence inclusion (using the metric 'Percent Splice In', PSI) and a score related to the
number of reads supporting this PSI (Irimia et al., 2014) (N<VLOW<LOW<OK<SOK;
see https://github.com/vastgroup/vast-tools for further details).

Next, to identify differentially spliced exons in each organism, we performed the
following steps. For zebrafish, sea urchin and mouse we required that a given AS event
had sufficient read coverage (score VLOW or higher in the vast-fools output) in all
compared samples (two control and two loss-of-function replicates). Then, we required:
(1) a minimum absolute PSI change (APSI) between the averages of 15 (for zebrafish and
mouse) or 10 (for sea urchin); and (ii) a minimum APSI of 5 between all pairwise
comparisons of control and Esrp loss-of-function samples. For IR, we further required
that the binomial test for read imbalance (Braunschweig et al., 2014) was not significant
(p<0.05) in any of the samples. For human, since we used three different sources, we
produced a combined dataset consisting of AS events that were differentially spliced
(JAPSI| > 15 between the control and KD averages, and |APSI| > 5 for all pairwise replicate
comparisons in the same direction) in either of the following groupings: (i) the three
replicate pairs of the H358 KD experiment; (ii) the PNT2 KD single-replicate experiment
and a merged sample of the H358 KD replicates (i.e. pulling all the reads for the three
replicates together in each condition to increase read coverage); (iii) the PNT2 KD and
MB231 ESRPI overexpression single-replicate data (the APSI values should be in the
opposite direction); and (iv) the merged H358 KD dataset and the MB231 ESRPI
overexpression dataset (again with APSI values in the opposite direction). All these
comparisons were performed as implemented by the vast-fools module “compare”, using
the following parameters: --min_dPSI 15 --min_range 5 --p_IR. Finally, cassette exons in
a given species that had an homologous counterpart detected as Esrp-dependent in
another species but that did not pass the initial read coverage filters were re-evaluated and
were considered Esrp-dependent if: (i) the total number of reads supporting the PSI was
at least five in each sample, and (ii) their PSI values fulfilled the cut-offs described above

for the corresponding species.

Gene Ontology analysis. We used PANTHER statistical overrepresentation test (version

11.1 released 2016-10-24; http://www.pantherdb.org/) with default settings to investigate
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functional gene enrichment for all species. Sea urchin gene identifiers from v3.1 (starting
with WHL22) were converted to SPU identifiers using the conversion table provided by
EchinoBase. For differentially expressed genes, we used as background all genes that
passed the same initial quality filters (minimal expression of cRPKM>2 in both replicates
of at least one condition and a minimum of 50 raw reads in at least one sample),
corresponding to 10,666 genes for zebrafish and 13,574 for sea urchin. For differentially
spliced exons, we used raw p-values and employed as background all multiexonic genes
that fulfilled the same read coverage criteria described above. In total, this corresponded
to 11,140 genes in human, 8,501 in mouse, 14,939 in zebrafish and 10,370 in sea urchin.
Next, to compare enrichment of specific GO categories among all four species, we
selected those categories that were significantly over-represented in at least one species
(p-value < 0.05), and tested enrichment (ratio observed vs. expected) in the raw
PANTHER outputs. GO categories that had a ratio > 1.3 in all four species were selected
and plotted in Supplementary Fig. RS.

RT-PCR validations and quantitative fluorescent PCRs. Fluorescent PCRs were
performed using forward oligonucleotides marked with a HEX fluorophore reporter
(Sigma), with emission at 556 nm. Capillary electrophoresis was performed and analysis
and quantification of the amplicons was made with GeneScan software. S00Rox from

AppliedBiosystems (Life Technologies) was used as a standard size marker.

Building of homologous exon clusters. The clusters of homologous exons in coding
regions were assembled according to the following steps. First, clusters of homologous
human, mouse, zebrafish and sea urchin coding genes were built with information from
OMA (Altenhoff et al., 2013), Multiparanoid (Alexeyenko et al., 2006) and BlastP, using
the longest protein isoform for each protein-coding genes. For OMA and Multiparanoid,
a pair of genes was considered to be homologous if they belong to the same gene cluster.
For BlastP, genes were related if they were in the first three hits in a reciprocal manner
between pair of species. Gene clusters were built from orthologous gene pairs that were
supported at least by 2 out of the 3 aforementioned approaches, and employing a
subsequent guilt-by-association approach. In parallel, aminoacid sequences of all Esrp-

dependent exons were mapped to all protein isoforms of the harboring genes to obtain a
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non-redundant set of proteins for each species that contain all Esrp-dependent exons.
Then, those protein sequences were aligned in a pairwise manner to all isoforms of their
gene homologous counterparts using MAFFT. Exon-intron structure information was
introduced to the resulting alignment, by intercalating intron positions and their

corresponding phase.

For each Esrp-dependent exon in species A, conservation in species B was assessed based
on (i) local exon-intron structure, and (ii) exon sequence similarly. Conservation of
upstream and/or downstream flanking introns in the aligned region was considered
positive if there were two aligned intron positions in identical phase and a maximum
deviation of 3 positions. Exon sequence conservation was considered significant if the
pairwise similarity was higher than 20%. However, if an exon significantly aligned with
more than one exon in the other species, local realignment with those exon sequences was
performed, and the exon with the highest similarity was kept. With this information, a
pair of homologous exons was automatically assigned if the pairwise sequence alignment
of the alternative exon and at least one flanking constitutive exon was significant, and
both flanking intron positions were conserved. Cases were manually evaluated if: (i) the
sequence alignment of the alternative exon and at least one constitutive exon was
significant, but at least one of the flanking intron positions was not detected automatically
as conserved; or (ii) the upstream and downstream intron positions were conserved, but a
low similarity score was obtained for the alternative exon. After this classification, for
those exons in human, mouse and zebrafish with no detected homologous counterparts,
an additional homology search was performed wusing liftOver software
(http://genome.ucsc.edu/cgi-bin/hgLiftOver) followed by manual curation. Homologous
exon clusters of Esrp-dependent exons were assembled based on these individually

identified exon pairs using a guilt-by-association approach.

Amphioxus Fgfir AS minigenes and cell cultures. The full-length Esrp open reading
frame (ORF) from B. lanceolatum and esrpl ORF from D. rerio were amplified from
cDNA using iProof High Fidelity Polymerase (BioRad) and cloned into the pcDNA3.1
vector (Thermo Fisher Scientific). To generate the minigenes for the amphioxus Fgfrr AS

event, the B. lanceolatum genomic region spanning the AS event was amplified and
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cloned into pcDNA3.1; the deletion to generate BlaFgfr-Alllx was generated by PCR
using iProof polymerase with reversed oligos in the flanking intronic regions and the wild
type minigene as template. Human 293T cells were co-transfected with the minigenes
plus a vector encoding amphioxus Esrp, zebrafish esrpl or an empty vector, using
Lipofectamine 2000 (Invitrogen) according to manufacturer’s instructions. Total RNA
was extracted 24 hours after transfection using RNeasy Mini Kit (QIAGEN), cDNA was
prepared using SuperScript III (Invitrogen) according to manufacturer’s instructions. RT-
PCRs for the endogenous AS events and the minigenes were performed using oligos
annealing to the adjacent constitutive exons. Amphioxus Fgfi amplicons obtained from

RT-PCRs were sequenced for isoform identification.

Genome sources and gene annotation. To understand the origins and evolution of the
mutually exclusive exons IIIb and Illc found in the Fgfr paralogs of vertebrates, we
performed a comparative analysis in non-vertebrate species. First, we searched for Fgfr
loci and transcripts in phylogenetically key species that have available genomic and
transcriptomic information. Transcript isoforms were obtained by tblastn searches using
the human FGFR?2 transcripts as query against public transcriptomes or ESTs databases.
Genomic sequences were obtained from public genome databases for Nematostella
vectensis (nemVecl, JGI), Crassostrea gigas, (oyster v9, JGI), Drosophila melanogaster
(dmo, FlyBase), Tribolium castaneum (triCas2, BeetleBase), Apis mellifera (apiMel2,
Baylor College of Medicine), Saccoglossus kowalevskii (Skow 1.1, Baylor College of
Medicine), Strongylocentrotus purpuratus (Spur_v3.1, EchinoBase), Ciona intestinalis
(ci2, Aniseed) and Danio rerio (danRerl10, Ensembl). Sequencing of amplicons from
genomic DNA and tissue-specific ¢cDNA was also carried out for Branchiostoma

lanceolatum. With this information, Genewise software

(http://www.ebi.ac.uk/Tools/psa/genewise/) was employed to annotate gene structures for
each species. Finally, to compare intron/exon structures of the homologous regions to
vertebrate’s Fgfir Iglll domain, we performed interspecific multiple protein alignments
with MAFFT, which were manually curated using intron position information and

summarized in Fig. R16.
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Patrones macroevolutivos del splicing especifico de tejido en deuteréstomos

Recientemente, el desarrollo de las técnicas de secuenciacion masiva ha permitido
realizar las primeras aproximaciones globales a las dinamicas transcriptomicas en los
principales organismos modelo. Uno de los procesos moleculares que afecta a las
diferencias reguladoras entre distintos drganos, tejidos o tipos celulares es el splicing
alternativo. Sin embargo, la todavia abrumadora falta de datos o analisis transcriptémicos
para muchos linajes filogenéticos dificulta la compresion de los patrones macroevolutivos
de este mecanismo regulador. En la presente tesis se ha realizado un intento inicial de
comparar los paisajes post-transcripcionales de unos pocos deuteréstomos, incluyendo
organismos no vertebrados. La deteccion de eventos de splicing con regulacion especifica
de tejido esta condicionada por los parametros que definen dicha especificidad, al ser las
diferencias entre los niveles de inclusion en distintos drganos altamente cuantitativas en

general.

La utilizacién de un APSI mayor de 15 entre el valor de inclusién maximo o minimo de
una muestra respecto a todas las demds consigue clasificar casi dos tercios de los exones
alternativos totales como diferencialmente regulados en un érgano concreto en cuatro de
las cinco especies estudiadas. Sin embargo, un aumento del umbral de deteccion hasta un
APSI mayor de 25 reduce esta proporcion hasta un tercio en varios organismos.
Curiosamente, este descenso no es igual de marcado en pez cebra y anfioxo, apuntando a
una mayor abundancia de patrones especificos pronunciados en algunos organismos.
Resulta interesante destacar que un andlisis similar publicado en Drosophila revel6 hasta
un 63% de exones alternativos con inclusion/exclusion especifica de tejidos adultos
exhibiendo un APSI mayor de 50. (Gibilisco et al., 2016). En este diptero, la mitad de la
produccion de isoformas totales se concentra en tan solo 42 genes (James B. Brown et al.,
2014). Dichos genes, algunos con la capacidad potencial de generar cientos de transcritos
alternativos, presentan un patron de expresion sesgado hacia un solo tejido. Por tanto, las
diferencias entre especies en la proporcion de AS regulado diferencialmente en un 6rgano
concreto podrian ser debidas en parte a la distribucion génica de los eventos con

regulacion intra-tisular.

Aquellos exones no detectados como diferencialmente regulados en una muestra respecto
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al resto presentan por tanto patrones de inclusion y exclusion mas balanceados. Existen
diversos factores que pueden ser causa de este fendmeno. Los distintos transcriptomas de
un organismo emergen desde el nivel celular, con lo que érganos formados por diferentes
tipos celulares pueden enmascarar la regulacion especifica de exones en tejidos con
identidades celulares minoritarias o muy variadas. Ademas, se han descrito eventos con
inclusion variable dentro de un mismo tipo celular dependiendo de su estado fisiologico
concreto (Gu et al., 2012). Por otro lado, también hay érganos distintos que poseen tipos
celulares cercanos, ontogenética o funcionalmente, que pueden presentar programas de
splicing similares, anulando la especificidad a nivel de 6rgano. Podria ser el caso, por
ejemplo, de tejidos con abundancia de células epiteliales, que compartirian la inclusion o
exclusion diferencial de ciertos exones relacionados con propiedades como la adhesion
celular (Mallinjoud et al., 2014). Finalmente, también se han descrito casos donde tejidos
bioldgicos distintos co-regulan ciertos exones alternativos de manera muy similar. Por
estos motivos, un porcentaje probablemente elevado de eventos funcionales de splicing
alternativo no presenta especificidad reguladora de tipo celular o tejido cuando se realizan

aproximaciones transcriptomicas desde 6rganos enteros.

En la presente tesis se ha observado un mayor numero de exones diferencialmente
incluidos en el sistema nervioso respecto al resto de 6érganos seleccionados en nueve de
diez comparaciones (5 especies y 2 parametros de dPSI distintos). Sin embargo, la
distancia respecto a la cantidad detectada de exones “especificos” en otros érganos resulta
variable entre organismos. El mamifero Homo sapiens y el equinoideo Strongylocentrotus
purpuratus muestran niveles similares de inclusion diferencial entre algunos o la mayoria
de organos no neurales, respectivamente. Por un lado, estos datos apuntan a la hipdtesis
de que tejidos como el musculo y los testiculos aumentaron sustancialmente su
proporcion de exones diferencialmente incluidos dentro de un clado sarcopterigio
indeterminado que contiene el linaje de los primates. Por otro lado, las diferencias atn
menos sesgadas en erizo de mar abren la puerta a dos escenarios simplificados: (i) algunas
especies o linajes de deuterostomos podrian haber reducido notablemente su proporcion
de exones especificos neurales respecto al resto de tejidos; (i1) un aumento significativo
en los niveles de inclusion diferencial neural sucedié durante el origen de los cordados.

La determinacion de la probabilidad de estos escenarios estd ligada al éxito en la
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reconstruccion de las caracteristicas transcriptomicas del ancestro de los deuteréstomos.
Andlisis ampliados a otros grupos filogenéticos podrian contribuir tanto a discernir la
probabilidad de los escenarios mencionados, como a dibujar patrones y tendencias
macroevolutivas generales de la regulacion especifica de tejido mediante splicing

alternativo.

Las comparaciones entre las cantidades absolutas de exones alternativos en cada especie
son tentadoras. Sin embargo, la confrontacion directa de estos valores debe realizarse con
cautela debido a multiples sesgos inherentes en los analisis. Entre los factores que afectan
a la identificacion de exones alternativos estan el ensamblaje y la anotacion gendmica,
los niveles de polimorfismo, o la calidad y profundidad de cubrimiento (coverage) de las
muestras de RNA-seq. De este modo, organismos como la especie humana con una
anotacion gendmica muy cuidada presentan implicitamente una capacidad de deteccion
de eventos alternativos mas elevada que el resto de especies. No obstante, organismos
como pez cebra o anfioxo muestran un numero mayor de exones diferencialmente
incluidos en el sistema nervioso. Por tanto, dentro de los cordados, los elevados niveles
de inclusion exdnica especifica del sistema nervioso adulto parecen estar mas ligados a
la fisiologia de los circuitos y tipos neurales que a la elaboracion estructural del 6rgano

en el que se integran.

Los motivos funcionales de todo este splicing alternativo especifico de tejido en el sistema
nervioso constituyen una incognita. Actualmente no existe una explicacion clara y
contundente, puesto que una comprension profunda de la funcionalidad organismica de
estos eventos alternativos requiere un trabajo detallado de cada caso particular. Por el tipo
de genes que presentan splicing alternativo en mamiferos, una parte importante podria
estar asociada a procesos dindmicos propios de los circuitos neuronales, como la
plasticidad sinaptica o la excitabilidad neuronal. Resulta interesante mencionar que
diversos mecanismos de regulacion post-transcripcional parecen estar especialmente
activos en células neurales de distintos clados animales (Kiebler et al., 2013), como la
edicion de RNA en ganglios cerebrales de cefalopodos coloideos (Liscovitch-Brauer et

al., 2017).

Por otro lado, la especie humana es el tinico de los cinco organismos estudiados en este
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trabajo que presenta mas exones diferencialmente excluidos que incluidos en el conjunto
total de los 6rganos estudiados. Esta predominancia relativa de la exclusion exdnica en
ciertos linajes ha sido descrita en casos particulares como la familia Cerkl, cuyos
ortdlogos de humano y ratéon codifican para més de veinte y treinta isoformas,
mayoritariamente mediante la exclusion de exones conservados (Garanto et al., 2011).
Sin embargo, otros linajes de vertebrados producen entre dos y cinco transcritos a través
de promotores alternativos, inclusion de exones no conservados, y algin caso de skipping
(Riera et al.,, 2013) (articulo anexo 4). A nivel transcriptomico general, analisis
suplementarios en otras especies de vertebrados son necesarias para revelar tanto el origen
evolutivo de esta “transicion” en humanos a mayores niveles de exclusion diferencial
como su frecuencia filogenética en otros clados. Algunos andlisis han apuntado a los
primates como el linaje animal con mayores niveles de produccion de isoformas mediante
splicing alternativo (Barbosa-Morais et al., 2012), aunque la recoleccion de datos
gendmicos y transcriptomicos de alta calidad en un conjunto amplio de grupos

filogenéticos es necesaria para la confirmacion de este escenario.

Es importante tener en cuenta que no todos los elementos que forman parte del
transcriptoma son resultado de procesos de seleccion positiva o negativa. Es probable que
un porcentaje no negligible de isoformas generadas por AS en un contexto celular
concreto no presente una funcion especifica. Estos elementos pueden ser producidos tanto
por fallos en la maquinaria de splicing, o como un subproducto relativamente constante,
aunque sin proposito, del ambiente molecular. Dicho tipo de variaciones
transcripcionales, si bien pueden resultar muy abundantes en un organismo dado,
tenderian a presentar una trayectoria evolutiva breve si no son objeto de un proceso
selectivo en algun linaje. Por otro lado, resulta interesante especular sobre las
implicaciones de este tipo de ruido transcriptomico bajo la luz de la teoria jerarquica de
la seleccion de especies. En este sentido, aquellos linajes que a escala organismica puedan
soportar un ruido mas elevado dispondran también de un nimero mayor de elementos
transcriptomicos co-optables durante procesos macroevolutivos determinantes como la

especiacion.
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Evolucion de la expresion y funcion ontogénica de los factores RbFox 'y Nova

La expresion y/o funcion de un numero cada vez mas elevado de familias génicas que
codifican proteinas de union a RNA y tienen la capacidad de modular el splicing
alternativo de multiples eventos ha sido descrita en mamiferos o peces. Muchas de estas
familias presentan uno o mas de sus miembros expresados en cé€lulas neurales, hecho que
podria explicar los elevados niveles relativos de regulacion diferencial en este tejido.
Entre estos factores se encuentran las familias Nova y RbFox, con la mayoria de sus
paralogos fuertemente expresados en el sistema nervioso central de humano, raton y pez
cebra (Jensen et al., 2000; Underwood et al., 2005). Paralelamente, se han descrito roles
fisiologicos adicionales para ambos factores en algunas de esas especies, como en el
musculo esquelético y el corazén en caso de genes RbFox o en el tejido adiposo en caso

de Nova (Gallagher et al., 2011; Vernia et al., 2016).

Con el propoésito de comprender las trayectorias macroevolutivas de ambas familias
génicas, en la presente tesis se han caracterizado los niveles relativos de expresion de
dichos factores en varios tejidos adultos de distintos organismos bilaterales. Los
resultados obtenidos reflejan escenarios diferentes en cuanto al origen del patrén neural
descrito en vertebrados. Por un lado, los miembros de la familia Nova estan expresados
mayormente en el sistema nervioso de los vertebrados estudiados, anfioxo y D.
melanogaster, pero no en las especies estudiadas de erizo de mar, el pulpo o el ciempiés.
Por tanto, el escenario mas parsimonioso bajo estos datos seria el de una potenciacion de
los niveles de expresion neural tanto en la base de los cordados como en algin ancestro
de la mosca no compartido con el miriapodo Strigamia. Por otro lado, exceptuando algin
paralogo en vertebrados, los genes RbFox si presentan los niveles de transcripciéon mas
elevados en el 6érgano nervioso de todos los organismos analizados. Asi, resulta plausible
proponer un origen ancestral y una conservacion general de la actividad reguladora de

RbFox en el sistema nervioso de protdstomos y deuterdstomos.
En mamiferos, las dos familias parecen tener roles fisiologicos ligados a procesos

sindpticos propios del tejido neuronal. Por ejemplo, RbFox!/ esta implicado en la

regulacion del splicing de muchos componentes sindpticos excitatorios, mientras que el
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gen Nova? influye en el balance de isoformas de varios genes involucrados en conexiones
neuronales inhibidoras, presentando fenotipos acordes en los dos casos (Gehman et al.,
2011; Jensen et al., 2000). Interesantemente, estudios muy recientes han descrito que la
expresion neuronal de ambos genes potencia la memoria en Drosophila, en el caso de
RbFox a través del control de la excitacion neuronal (Guven-Ozkan et al., 2016). En
consecuencia, resulta tentador especular sobre la posibilidad de que los genes RbFox
presenten funciones relacionadas con excitacion neuronal en otros clados de animales
bilaterales. Si bien el programa post-transcripcional regulado por RbFox en neuronas de
la mosca de la fruta no ha sido investigado, Nova parece ejercer su funcion principalmente
a través de la regulacion de un evento de retencion intrénica en el gen Orb24 (Gill et al.,
2017). Aclarar el origen de esta conexidon reguladora podria proporcionar una mejor
comprension de los pasos evolutivos que facilitan ganancias de funcion a través de

eventos particulares de splicing alternativo.

Otros d6rganos aparte del sistema nervioso presentan patrones de expresion consistentes
dentro de algunos clados para miembros de ambas familias de factores. Es el caso de las
gbonadas masculinas de protéstomos en el caso de Nova, o de los niveles relativamente
elevados en el musculo esquelético de cordados para diferentes homodlogos RbFox.
Ademas, algunas especies exhiben niveles de expresion relativamente altos de manera
particular en varios 6rganos. Estas observaciones sugieren que ambas familias presentan
multiples funciones organismicas en distintos linajes evolutivos, apoyando una alta
frecuencia de co-opcion de estos reguladores post-transcripcionales en tejidos adultos a
diversas escalas evolutivas. En consecuencia, la nomenclatura clasica que se refiere a
estos factores como “especificos de tejido” puede resultar confusa o desfasada en muchos

casos, puesto que parecen tener roles relevantes en multiples 6rganos.

Un estudio anterior reveld los patrones de expresion de la familia Nova durante el
desarrollo embrionario de diversos metazoos (Irimia et al., 2011a) (articulo anexo 3).
Entre las conclusiones principales de dicho trabajo se encuentra la aparicion de una
expresion neural significativa en la base de los cordados. Este escenario resulta similar
respecto a la expresion relativa de los genes Nova caracterizada en los tejidos de diversos

organismos en estadio reproductivo en el presente trabajo. Sin embargo, el anélisis de los
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patrones de expresion de la familia RhFox en diversos deuterdstomos ha revelado un
escenario mas discordante entre las etapas embrionaria y adulta. De este modo, mientras
que todos los estadios embrionarios de los cordados y el equinodermo estudiados
presentan expresion en el linaje celular miogénico, tan solo se ha observado un patron
neural en algunos paralogos de organismos vertebrados. La interpretacion mas
parsimoniosa apunta a una funcidon embrionaria ancestral en el mesodermo muscular,
mientras que la actividad de la familia RhFox habria sido intercalada en el desarrollo del

sistema nervioso durante la evolucion de los vertebrados.

El andlisis de la funcion embrionaria de Nova en el erizo de mar ha desvelado su
implicacion en los movimientos de invaginacion que sufre el endodermo en el polo
vegetal al inicio de la gastrulacion. Este rol ontogénico dista mucho de aquellos descritos
para sus ortdlogos en otros organismos, como la migracion neuronal en el cortex de
mamiferos, la formacion del lumen vascular en pez cebra o la estructuracion y secrecion
apical de las glandulas salivares de Drosophila (Giampietro et al., 2015; Hamada et al.,
2016; Seshaiah et al., 2001). No obstante, es licito recalcar que las funciones descritas
durante el desarrollo en las especies estudiadas, incluyendo erizo, constituyen
mayormente procesos morfogenéticos. De hecho, se han detectado problemas de
polaridad celular colectiva tanto en fenotipos de vertebrados como en D. melanogaster.
A pesar de que estas similitudes a nivel celular deben tomarse con precaucion, constituyen
una propuesta sobre un posible rol de Nova compartido a esa escala por embriones de
distintos filos. Una investigacion sobre los mecanismos celulares que impiden la
gastrulacion en S. purpuratus podria aportar mas evidencia a favor o en contra de esa

hipotesis.

No existen muchos datos sobre la funcién embrionaria de los factores RbFox en el linaje
muscular exceptuando unos pocos estudios en pez cebra, donde se han descrito fenotipos
relacionados con la organizacién miofibrilar, incluyendo afectaciones ultraestructurales
en los sarcomeros (Gallagher et al., 2011). Los resultados obtenidos en erizo de mar
muestran que RbFox también es necesario para el desarrollo de la musculatura de origen
mesodérmico en este organismo. La formacion alrededor del es6fago de los anillos de

miosina del tipo II (MHC), proteina codificada por el gen de diferenciacion terminal
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MHCI18, se ve alterada cuando la expresion de todas las isoformas de RbFox esta
perturbada. No obstante, con los datos disponibles es complicado determinar si este fallo
se debe a problemas en la determinacién del destino celular o en el proceso de
diferenciacion donde suceden las transformaciones morfogenéticas propias de la
poblacion muscular. Entre estas ultimas, se encuentra la fusiéon de los mioblastos en la
fase pluteus para formar las bandas musculares (Andrikou et al., 2013). Resulta
interesante remarcar que el gen RhFox2 de ratdn estd implicado en la fusion celular que
acontece durante la miogénesis en cultivos de mioblastos (Singh et al., 2014). Por otro
lado, el receptor de senalizacion celular Fgfrrl esta relacionado con la especificacion
muscular en este organismo a través de la activacion de factores de transcripcion que
bloquean la determinacion celular y potencian la expresion de marcadores de
diferenciacion (Andrikou et al., 2015). La identificacion de Fgfr/ como una probable
diana directa de RbFox en el erizo de mar apunta a un posible rol de este factor de splicing

en la red de especificacion-diferenciacion.

El muasculo embrionario es una de las poblaciones celulares que expresan factores de la
familia RbFox en el nematodo C. elegans. Resulta interesante remarcar que la regulacion
por RbFox de varios eventos de splicing musculares en esta especie se lleva a cabo a
través de su co-operacion fisica con otra proteina, llamada sup-12 (Rbm24/38 en
vertebrados) (Mackereth, 2014). Este factor pertenece a una familia de reguladores
maestros del splicing alternativo del tejido muscular tanto en C. elegans como en
vertebrados, donde su actividad es necesaria para la diferenciacion miogénica y la
formacion de sarcomeros (Grifone et al., 2014; Kuroyanagi et al., 2007). Resulta
interesante recalcar que el patron de expresion embrionaria de los homologos de
Rbm24/38 en anfioxo y C. intestinalis también exhiben un patrén predominantemente
muscular (datos no mostrados). Ademas, la interaccidon protéica entre miembros de la
familia RbFox y Rbm24/38 ha sido descrita en humano en ensayos experimentales (Lim
et al., 2006). En definitiva, esta interaccion podria ser un mecanismo molecular
conservado entre deuterdéstomos y protéostomos que permitiria la regulacion especifica
diferencial de eventos de splicing mediante la co-operacion de RbFox 'y Rbm24/38 en el

tejido muscular.
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Ademas de su papel durante la miogénesis, S. purpuratus ha reclutado la actividad de
RbFox durante la ingresion en el blastocele del mesénquima primario, el tejido que acaba
formando el esqueleto larvario. A pesar de que tanto los euechinoideos, como los
cidaroideos y las ofiuras poseen un esqueleto larvario, tan s6lo los primeros presentan un
mesénquima primario derivado de micrémeros, convirtiendo a este ingreso celular en una
apomorfia morfogenética (Ettensohn, 2009). La funcidn necesaria de RbFox durante el
estadio de blastula en el desarrollo del esqueleto larvario revela otro caso de reclutamiento
de un factor regulador de splicing para un proceso ontogénico especifico de linaje. Por
otro lado, en vertebrados se han descrito multiples roles de la familia RhFox durante el
desarrollo del sistema nervioso, como la laminacion cortical o la migracion de neuronas
Purkinje en el cerebelo (Gallego-Paez et al., 2017). En resumen, los miembros de esta
familia de factores de splicing han sido co-optados independientemente para la

morfogénesis de distintas estructuras embrionarias en varios linajes de deuterostomos.

En la presente tesis, se han detectado multiples eventos de splicing diferencialmente
regulados en la fase de blastula del equinodermo S. purpuratus tras la inyeccion de
morpholinos noqueadores de la expresion de Nova y RbFox. Obviamente, estos conjuntos
de eventos contienen tanto dianas directas, con las que el factor interacciona fisicamente,
como dianas indirectas donde la alteracion del patron de splicing es debida al desbarajuste
transcriptomico derivado de los cambios en la regulacion directa. Por un lado, la cantidad
de exones diferencialmente regulados tras la manipulacion de la expresion de RbFox en
embriones ha sido cuantificada alrededor de los doscientos casos. Paralelamente, la
reduccion de la actividad de Nova ha identificado mas de mil setecientos. Esta diferencia
espectacular en el nimero de exones dependientes podria reflejar un alto nimero de casos
indirectos para Nova, la mayor parte de los cuales serian incluso constitutivos en
condiciones normales. Entre las explicaciones mas plausibles para este fenomeno se
encuentran: (i) uno o multiples eventos regulados directa o indirectamente por Nova que
afecten la funcion de alglin elemento de la maquinaria spliceosomal; (ii) la co-opcion de
Nova en el endodermo como un miembro spliceosomal auxiliar que asegura la inclusion
exonica en multiples casos; (ii1) un efecto no-especifico del morpholino inyectado que
provocaria una perturbacion de varios procesos constitutivos de splicing,

independientemente de la funcion de Nova.
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Reclutamiento de programas de splicing dependientes de los factores Esrp en

diversos procesos morfogenéticos de deuterdstomos

Los genes Esrpl y Esrp2 han sido descritos en mamiferos como factores de splicing
especificos de tipos celulares epiteliales (Claude C Warzecha et al., 2009). Su funcion ha
sido relacionada en este clado con la regulacion de propiedades celulares antagonicas
entre tejidos epiteliales y mesenquimales, como la adhesion o la motilidad celular
(Dittmar et al., 2012). En el presente trabajo, se ha observado una expresion muy
dindmica de esta familia génica en los embriones de todas las especies de deuterostomos
estudiadas. En pez cebra, el patron transcripcional de ambos genes resulta muy similar al
de raton en multiples estructuras epiteliales homologas, sugiriendo un grado de
conservacion generalmente elevado de las funciones de Esrp entre ambos linajes de
vertebrados (Revil and Jerome-Majewska, 2013). Sin embargo, parece haber diferencias
respecto a los requerimientos ontogenéticos de ambos paralogos en ratdon y pez cebra.
Mientras que los ratones mutantes para Esrpl presentan multiples defectos morfologicos
y mortalidad neonatal (Bebee et al., 2015), los peces KO para su ortdlogo en cebrita no
muestran ningtn fenotipo evidente. Por otro lado, los mutantes para Esrp2 de ratéon son
viables y reproductores, mientras que las hembras de los teledsteos noqueados son
aparentemente estériles. Asi, tan solo los mutantes dobles de pez cebra exhiben anomalias
morfogenéticas graves en su desarrollo. Este resultado refleja niveles de solapamiento
funcional diferentes entre ambos pardlogos en los dos organismos, que serian

notablemente mayores en pez cebra.

La expresion de genes Esrp también ha sido reclutada por algunas estructuras especificas
de linaje dentro de los vertebrados, como los foliculos pilosos y los esbozos mamarios en
mamiferos o la glandula de eclosion en teledsteos. Ademads, algunas estructuras
conservadas presentan expresion clara solamente de uno de los pardlogos, como el higado
post-natal de raton, donde Esrp2 estd involucrado en la diferenciacion terminal y la
competencia funcional de los hepatocitos (Bhate et al., 2015). También se ha observado
expresion de factores Esrp en la notocorda y corazon del cebrita, aunque no se ha podido
determinar si ésta se da en los componentes mesenquimales o epiteliales de esos 6rganos.

Resulta interesante destacar que se han empezado a describir patrones de expresion
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mesenquimales para miembros Esrp en organismos vertebrados, por ejemplo en las
c¢lulas indiferenciadas de la musculatura lisa gastrointestinal del pollo, tejido en el que
Esrpl promueve la proliferacion (Sagnol et al., 2016). Por tanto, parece adecuado asumir
una gama funcional en vertebrados mas alla del control de la adhesion celular y motilidad

en tejidos epiteliales.

El presente trabajo ha revelado una expresion ontogénica dindmica de la familia Esrp en
el ectodermo no neural de todos los deuteréstomos estudiados. Asi, los cordados exhiben
un claro incremento en la deteccion de transcritos en la epidermis justo al final de la
neurulacion. En comparacion, los embriones de erizo de mar presentan un patroén sesgado
hacia el ectodermo aboral tanto previa como paralelamente a la gastrulacion. A pesar de
las diferencias heterocronicas y de identidad celular, esto sugiere la posibilidad de un rol
primitivo en el ectodermo no neural del ancestro deuter6stomo. Sin embargo, merece la
pena ser precavidos respecto a esta afirmacion, puesto que los roles ontogénicos descritos
en estos tejidos en raton y erizo difieren enormemente y podrian ser consecuencia de

reclutamientos génicos independientes.

Por otro lado, la expresion y/o la funcion de factores Esrp ha sido detectada en estos
organismos en células mesenquimales involucradas en procesos morfogenéticos. En S.
purpuratus, células pigmentarias mesodérmicas que expresan Esrp se integran en el
ectodermo mediante una transicion mesénquima-a-epitelio, un proceso que se ve alterado
tras la perturbacion de dicho factor. Una funcion similar podria explicar la expresion de
Esrp en un presunto conjunto de precursores neuronales migradores que se incorporan al
ectodermo dorsal en anfioxo. De todos modos, la identificacion definitiva de esas células
estd pendiente de confirmacion experimental. En C. intestinalis, Esrp parece modular
propiedades relacionadas con la motilidad celular en poblaciones concretas del linaje
mesenquimal. En vertebrados, las células migradoras provenientes de la cresta neural que
se integran en la parte anteromedial del paladar estan ausentes en dicha estructura en los
dobles mutantes de raton y cebrita. Este fenotipo podria estar relacionado con un fallo en
el proceso de integracion de esas poblaciones celulares en el cartilago craneal. A favor de
esta hipotesis esta el hecho de que la familia Esrp ha sido frecuentemente relacionada con

cambios en la adhesion celular y transiciones epitelio-a-mesénquima en cultivos celulares
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humanos y cancer (Shapiro et al., 2011). Sin embargo, la confirmacién definitiva de que
estos factores regulan procesos de este tipo durante la embriogénesis de vertebrados

requerird de andlisis experimentales adicionales.

A pesar de este uso evolutivo recurrente de Esrp en procesos morfogenéticos relacionados
con propiedades o interfaces epitelio-mesenquimales, muchos de los exones cuya
inclusion depende de estos factores muestran una regulacion especifica de linaje. El
ejemplo mas extremo se da entre el erizo de mar y los organismos vertebrados, donde no
se han detectado exones alternativos regulados por Esrp conservados en ambos filos.
Estas observaciones son consistentes con una divergencia intercladal rapida respecto a la
regulacion de los eventos particulares de splicing alternativo (Barbosa-Morais et al.,
2012; Julien et al., 2016; Merkin et al., 2012). Aun asi, merece la pena tener en cuenta
que la cantidad de exones homologos regulados compartidos entre especies representa
una infraestimacion con toda seguridad. Los datos transcriptémicos utilizados provienen
de fuentes biologicas profundamente heterogéneas: monocultivos de tres tipos celulares
en humano, epidermis embrionaria de raton, larvas de cebrita y blastulas de erizo de mar.
La actividad de los factores de splicing depende frecuentemente del contexto celular en
el que se encuentran, por lo que es posible que exones que no son detectados como
diferencialmente regulados en una muestra determinada si lo sean en otra. Ademads, no
todos los eventos investigados presentan un cubrimiento (coverage) de reads suficiente
en todas las réplicas para determinar con seguridad su porcentaje de inclusion. Por otro
lado, los resultados obtenidos mediante secuenciacion de embriones enteros muy
probablemente contengan una proporcion significativamente incrementada de dianas
indirectas respecto aquellas muestran que provienen de un solo tejido celular. La
discriminacion entre exones regulados directa e indirectamente utilizando técnicas como
el CLIP-seq, aclararia las posibles diferencias entre los niveles de conservacion de ambos

conjuntos.

Dentro de vertebrados, los eventos dependientes de Esrp no compartidos entre especies
proceden mayoritariamente de exones pre-existentes, que serian usualmente alternativos
en los otros organismos analizados. Resulta interesante constatar que algunos linajes

presentan tasas mas elevadas de reclutamiento de exones huérfanos que otras, como
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evidencia el caso humano en comparacion con ratén. Por el contrario, s6lo una quinta
parte de los exones diferencialmente regulados en erizo presentan homologos en
vertebrados. Estos datos sugieren que el ensamblaje de los programas de splicing en los
clados de metazoos mas distantes procede frecuentemente mediante el reclutamiento de
exones especificos de linaje. De todos modos, si se ha detectado regulacion por Esrp en
multiples dianas homologas a nivel de gen entre todos los organismos. Si bien el escenario
evolutivo responsable de dicha situacion resulta incierto, esta observacion podria explicar

las semejanzas funcionales interfiléticas descritas a escala celular.

A pesar de la acumulacion de profundas diferencias estructurales entre actinopterigios y
sarcopterigios desde su separacion filogenética en el Silarico, algunos roles
morfogenéticos de Esrp se han revelado conservados entre estos clados. Dicha afirmacion
se fundamenta en la similitud apreciable de los fenotipos descritos en ratdon y pez cebra
para multiples caracteres homologos (Bebee et al., 2015). Esta situacion tiene un reflejo
a nivel molecular por un conjunto de al menos 22 exones homologos que presentan
niveles de inclusion diferencial dependientes de Esrp en las tres especies de vertebrados
analizadas. La lista incluye a miembros de la familia Fgf#;, que codifican para receptores
de la via de sefializacion celular FGF. De hecho, la mayoria de las estructuras afectadas
en los mutantes de Esrp en raton y cebrita expresan genes Fgfr, e incluso presentan
fenotipos similares a los descritos en mutantes condicionales para la isoforma epitelial de
Fgfr2 en el roedor (De Moerlooze et al., 2000). Esta relacién es consistente con el
descubrimiento de que, igual que sus ortdlogos de ratdn, los factores Esrp de pez cebra
son necesarios para la inclusion del exon epitelial I1Ib en tejidos embrionarios. Por lo
tanto, una de las principales causas moleculares de los fenotipos observados en los dobles
mutantes es probablemente la interrupcion de la sefializacion FGF cruzada entre epitelios
y mesénquima durante el desarrollo de los 6rganos afectados. De hecho, esta conexion
reguladora podria explicar el pronunciado sesgo de expresion en tejidos epiteliales de la
familia Esrp en vertebrados. Curiosamente, el raton mutante condicional para Fgfi-2b, que
no expresa ninguna de las dos isoformas en tejidos epiteliales, no desarrolla extremidades
en absoluto. Contrariamente, la mayoria de los dobles mutantes para los factores Esrp
exhiben aletas pectorales o extremidades anteriores con una desestructuracion acentuada

especialmente en la parte mas distal. Esta observacion sugiere que la regulacion del
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splicing alternativo del receptor Ffgr2 no es imprescindible para el crecimiento inicial de

la extremidad, pero si para su desarrollo posterior.

Finalmente, se ha podido determinar que la regulacion del splicing alternativo
dependiente de Esrp en los genes Fgfr se originod en el ancestro de los cordados tras la
duplicacion en tandem de un exdén pro-homodlogo de los exones IIIb y Illc. En
consecuencia, los cordados evolucionaron una manera unica de utilizar la via FGF a
través de la inclusion diferencial del exon IIIb en tejidos que expresan Esrp. Este sistema
ha sido explotado recurrentemente por los vertebrados en multiples procesos
morfogenéticos, que han reclutado la senalizacion FGF para regular las interacciones
moleculares entre epitelio y mesénquima requeridas durante el desarrollo de diversos
organos. Sorprendentemente, varios eventos de splicing alternativo han evolucionado
independientemente en ortélogos Fgfr en regiones homodlogas que codifican para
dominios immunoglobulina en otros filos. Parece licito especular con que muchos de
estos eventos podrian contribuir a modular la afinidad del receptor por distintos ligandos
Fgf. De todos modos, su rol organismico dependera de la ldgica reguladora del splicing
en cada linaje. Por ejemplo, de acuerdo a los resultados obtenidos en esta tesis, los
embriones de erizo de mar producirian diferentes isoformas de Fgfr/ en el mesodermo
muscular y el ectodermo neural mediante la expresion de RbFox en el primero. Por
ultimo, este caso ilustra como mutaciones en la estructura génica probablemente neutrales
en el momento de su aparicion pueden tener un impacto a largo plazo. En el ejemplo
estudiado, la ganancia de un intrén en medio de un exon codificante generd un hotspot

gendmico con un gran potencial macroevolutivo en los Bilateria.

Reflexion general sobre la evolucion de los programas de splicing alternativo

Como se ha descrito en esta tesis y en otros tantos trabajos anteriores, la regulacion
precisa de diferentes programas de AS resulta esencial durante el desarrollo embrionario
animal. Esta afirmacion se halla respaldada por los fallos morfologicos y fisioldgicos
descritos en mutantes para factores de splicing con expresion restringida a contextos o
procesos celulares concretos. De todos modos, parece sensato mostrar cautela a la hora

de atribuir toda la causalidad de los fenotipos observados a perturbaciones en eventos de
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AS. En el fondo, estos factores reguladores constituyen proteinas de union a RNA, y como
tales tienen la capacidad potencial de controlar multiples procesos post-transcripcionales
mas alld del splicing. En neuronas, por ejemplo, se han publicado diversos casos que
demuestran un papel relevante para varios de estos péptidos en el transporte de mRNAs
hacia las sinapsis. También se ha detectado un numero elevado de dianas génicas para
varios factores a través de la poliadenilacion alternativa o la estabilidad del transcrito

mediante union a las UTRs (Dittmar et al., 2012).

Resultaria interesante investigar la cantidad de eventos diana de AS cuya desregulacion
en los mutantes y knockdowns realmente provoca los fenotipos observados. Es imaginable
que la flexibilidad evolutiva asociada al AS pueda estar relacionada con un impacto
funcional variable de los diferentes eventos regulados en una especie dada. Dentro de esta
logica, es probable que cada programa de splicing contenga un nimero reducido de dianas
centrales, generalmente mas conservadas, que serian las responsables troncales de los
procesos afectados. Contrariamente, muchos de los eventos regulados tendrian una
participacion pequefia y no imprescindible que podria ser facilmente eliminada o
sustituida evolutivamente conforme a las necesidades organismicas circunstanciales. A
nivel molecular, estudios de la conexion entre el mapa genotipico y los valores de PSI de
eventos particulares han aportado luz sobre la enorme sensibilidad del splicing alternativo

a mutaciones puntuales (Julien et al., 2016).

Por otro lado, los reguladores de splicing alternativo son frecuentemente co-optados en
diferentes clados para contribuir en procesos ontogénicos diversos. Resulta interesante
especular acerca de las etapas a través de las que procede dicha exaptacion molecular.
Una de las posibilidades es que el regulador sea aprovechado para cambiar o fortalecer el
balance de isoformas de uno o unos pocos eventos particulares, aprovechando su
capacidad de union al transcrito inmaduro debido a su conexidn reguladora ancestral en
otro contexto celular. Otra opcidn es que la ganancia de funcion se ejecute mediante la
interaccion proteica con la maquinaria spliceosomal u algtin co-factor concreto del nuevo
ambiente en el que se ha inserido, como se ha descrito recientemente para un sub-conjunto
de eventos influenciados por RbFox (Damianov et al., 2016). En ambos casos, la

expansion de su actividad reguladora podria proceder a través de la ganancia progresiva
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de secuencias de unidn en la vecindad gendmica de exones alternativos, constitutivos o

cripticos cuyos niveles de inclusion sea conveniente modular o reforzar.

Ciertamente, la aparicién de elementos moleculares novedosos puede proporcionar un
impulso importante hacia la materializaciéon de nuevos caracteres o funciones. Sin
embargo, en multiples ocasiones simplemente constituyen una manera alternativa de
ejercer roles fisioldgicos o construir estructuras previamente existentes. De este modo,
muchos cambios moleculares en elementos funcionales pueden llegar a fijarse debido a
su capacidad de suplir a componentes primitivos. Por ejemplo, hay trabajos que sugieren
que las secuencias reguladoras de splicing podrian cambiar rapidamente entre especies a
pesar del mantenimiento de los niveles de inclusién (Julien et al., 2016). Por tanto, es
importante recalcar que no todas las sinapomorfias funcionales genomicas o
transcriptomicas de un linaje particular tienen por qué estar ligadas a novedades

evolutivas propias de ese grupo.
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Conclusiones

Conclusiones:

1)

2)

3)

4)

S)

6)

7)

8)

9)

La cuantificacion de casos de inclusion exonica diferencial en 6rganos adultos de
las especies investigadas muestran una mayor proporcion en general en el sistema
nervioso de cordados, mientras que el erizo de mar purpura presenta niveles mas
balanceados entre tejidos.

La especie humana exhibe una mayor cantidad de exones con exclusion
diferencial en el conjunto de eventos con regulacion especifica de tejido, en
comparacion con los casos de inclusidn, respecto al resto de especies estudiadas.
Los genes Nova presentan un paralelismo entre embriones y organismos adultos
respecto a la ganancia de expresion neural en el origen de los cordados.

El ortdlogo Nova de S. purpuratus estd involucrado en la ejecucion de los
movimientos celulares de invaginacion del endodermo durante la gastrulacion.
La actividad en el sistema nervioso adulto de la familia RbFox representa
probablemente una plesiomorfia de organismos bilaterales. Sin embargo, es
posible que la funcion embrionaria ancestral en deuterdstomos estuviese
relacionada con el desarrollo miogénico.

El ortélogo de RbFox de erizo de mar estd implicado en la formacion tanto del
esqueleto larvario como del tejido muscular mesodérmico. Esta ultima funcion
podria estar relacionada con la regulacion del splicing alternativo del gen Fgfr 1.
La funcion de la familia de factores de splicing Esrp ha sido co-optada por
multiples estructuras o tejidos celulares en los distintos linajes de deuterdstomos.
La familia Esrp presenta roles bioldgicos diversos en las especies estudiadas, pero
usualmente ligados a morfogénesis. A nivel celular, su actividad morfogenética
parece frecuentemente asociada a la regulacion de propiedades celulares como la
adhesion y la motilidad celular.

Esrpl y 2 coordinan en vertebrados la sefializacion molecular entre epitelio y
mesénquima en diversos procesos organogenéticos a través la regulacion de un

evento de splicing en genes Ffgr que se origind en un ancestro de los cordados.
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Abstract

Organisms show striking differences in genome structure; however, the functional implications and fundamental forces that
govern these differences remain obscure. The intron—exon organization of nuclear genes is involved in a particularly large
variety of structures and functional roles. We performed a 22-species study of Meis/hth genes, intron-rich homeodomain-
containing transcription factors involved in a wide range of developmental processes. Our study revealed three surprising results
that suggest important and very different functions for Meis intron—exon structures. First, we find unexpected conservation
across species of intron positions and lengths along most of the Meis locus. This contrasts with the high degree of structural
divergence found in genome-wide studies and may attest to conserved regulatory elements residing within these conserved
introns. Second, we find very different evolutionary histories for the 5’ and 3’ regions of the gene. The 5’-most 10 exons,
which encode the highly conserved Meis domain and homeodomain, show striking conservation. By contrast, the 3’ of the
gene, which encodes several domains implicated in transcriptional activation and response to cell signaling, shows a remarkably
active evolutionary history, with diverse isoforms and frequent creation and loss of new exons and splice sites. This region-
specific diversity suggests evolutionary “tinkering,” with alternative splicing allowing for more subtle regulation of protein
function. Third, we find a large number of cases of convergent evolution in the 3’ region, including 1) parallel losses of
ancestral coding sequence, 2) parallel gains of external and internal splice sites, and 3) recurrent truncation of C-terminal
coding regions. These results attest to the importance of locus-specific splicing functions in differences in structural evolution
across genes, as well as to commonalities of forces shaping the evolution of individual genes along different lineages.

Key words: intron—exon structures, alternative splicing, homeobox transcription factors, convergent evolution.

Introduction orders-of-magnitude differences in the rates of intron
creation and loss between species (Roy and Penny 2006).
At one extreme, orthologous genes from deeply diverged
species including vertebrates, the cnidarian Nematostella,
and the placozoan Trichoplax have nearly identical intro-
n—exon structures within conserved coding regions, indicat-

Intron—exon structures are highly variable both between and
within species. Within metazoans, some species such as hu-
mans have an average of ~9 introns per gene, whereas
others, such as flies, have nearly three times less (Roy and

Irimia 2009b). A large number of genome-wide interspecies ing a striking dearth of intron creation and loss changes
comparisons of intron—exon structures have revealed the across hundreds of millions of years (Roy et al. 2003;
history of change and stasis in intron—exon structures under- Coulombe-Huntington and Majewski 2007a; Putnam
lying these differences. Modern differences largely reflect et al. 2007; Srivastava et al. 2008). At the other extreme,
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intron positions in lineages such as urochordates and
Caenorhabditis nematodes only rarely correspond to intron
positions in other lineages, indicating wholesale intron loss
and gain (Seo et al. 2001; Rogozin et al. 2003; Edvardsen
et al. 2004; Coulombe-Huntington and Majewski 2007b;
Putnam et al. 2008).

While powerful for understanding general evolutionary
trends, such studies may overlook differences in evolution-
ary mode between different genes or different introns
within the same species. Intron—exon structures vary dra-
matically across genes: within humans, intron numbers
range from hundreds of intronless genes to the 363-exon
TITIN gene (Bang et al. 2001), and intron lengths span four
orders-of-magnitude (from ~100 bp to ~1 Mbp). It is
known that splicing encodes a large number of locus-
specific functions (production of specific alternative tran-
scripts, regulation of specific genes by production of sterile
transcripts by splicing, etc. [e.g., Schmucker et al. 2000;
Irimia et al. 2010]); as such, intron function and level of dis-
pensability is likely to vary considerably across genes and
introns within the same species. Systematic evolutionary dif-
ferences have also been observed, often related to transcript
position. For instance, in some species, the first (5'-most)
intron within a coding sequence tends to be longer, and
to exhibit more interspecific sequence conservation, consis-
tent with greater frequencies of functional elements
(Bergman and Kreitman 2001; Marais et al. 2005; Hughes
etal. 2008). Striking differences in the incidence and lengths
of introns are also observed between translated and un-
translated regions of genes (Hong et al. 2006; Scofield
et al. 2007; Hughes et al. 2008), also suggesting different
evolutionary dynamics in different classes of introns. How-
ever, genome-wide studies tend to average across introns of
different modes and levels of functionality, perhaps inaccu-
rately sketching a portrait of intron evolution as a largely
stochastic and random process.

Here, we employ an alternative approach, using
many-species studies of an individual gene family to try
to discern commonalities of evolution across species and dif-
ferences between introns within the same genome. We
studied myeloid ecotropic viral integration site homologue
(Meis) genes (Moskow et al. 1995, called homothorax
[hth] in Drosophila [Rieckhof et al. 1997]). In contrast to
most homeobox genes, which contain one or no introns,
Meis genes contain 10 or 11 introns in most metazoans.
Meis are deeply conserved homeodomain-containing tran-
scription factors of the TALE (three-amino acid loop exten-
sion) superclass, involved in a wide variety biological
processes, ranging from hematopoiesis (Hisa et al. 2004,
Azcoitia et al. 2005) to limb development and regeneration
(Mercader et al. 1999; Mercader et al. 2005). Meis1 and
Meis2 have overlapping but distinct dynamic expression do-
mains in the developing central nervous system, related to
patterning of the developing telencephalon (Toresson et al.

2000), pretectum (Ferran et al. 2007), and hindbrain (Dibner
et al. 2001; Choe et al. 2002; Wassef et al. 2008). In
Drosophila, hth has also been implicated in several biological
processes, some of them in common with vertebrates (Pai
et al. 1998; Mercader et al. 1999).

Most vertebrates contain three paralogs of Meis
(Nakamura et al. 1996; Sanchez-Guardado et al. 2011), dat-
ing to the two rounds of whole-genome duplication (WGD)
at the base of vertebrates (Dehal and Boore 2005; Putnam
et al. 2008). Adding to MEIS protein diversity, Meis genes
have been shown to be alternatively spliced. For instance,
exon “12a" of the vertebrate Meis1 gene is alternatively
spliced: the Meis1A isoform contains exon 12a (fig. 1A),
but the Meis1B isoform does not, leading to an alternative
C-terminus, encoded by the downstream exon 12b, and to
higher transcriptional activator capacities than both
Meis1A- and the Meis-related pknox1 gene, especially in re-
sponse to protein kinase A (PKA) and TrichostatinA (TSA)
(Maeda et al. 2001; Huang et al. 2005). Alternative splicing
(AS) of exons homologous to 12a, as well as other AS
events, have been reported for the Meis2 and Meis3 genes
in vertebrates (Oulad-Abdelghani et al. 1997; Yang et al.
2000; Williams et al. 2005; Shim et al. 2007; Hyman-Walsh
et al. 2010; Sanchez-Guardado et al. 2011).

Here we investigate the evolution of intron—exon struc-
tures and AS of Meis genes across metazoans. We find very
different evolutionary histories for the 5’ and 3’ regions of
the gene. Intron—exon structures of the 5’-most region, cor-
responding to the first ~1,000 nt of the coding sequence,
are highly similar across species, with the positions and rel-
ative sizes of the first 9 intron positions being highly
conserved across studied species. Unexpectedly, this conser-
vation extends to metazoan groups with intron—exon struc-
tures that are generally very divergent, such as flies,
nematodes and tunicates, suggesting functional constraints
opposing intron loss. On the other hand, the C-terminal
coding regions exhibit a complex and surprising history
marked by creation and loss of introns and exons, gain
and loss of AS of various gene regions, and a remarkable
variety of cases of parallel evolution at the levels of genome,
gene transcripts, and gene function. These differences in the
evolution of intron—exon structures and splicing across Meis
genes are likely to reflect, at least in part, qualitatively dif-
ferent protein and regulatory functions encoded by different
genic regions. These results underscore the utility of many-
species studies for understanding the functional genomics
of introns and splicing.

Materials and Methods

Genome Sources and Gene Annotation

We used the following genome sequence assemblies and
expression data (expressed sequence tags [ESTs]) from the
following sources: Trichoplax adhaerens Grell-BS-1999
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Fic. 1.—Evolution of the intron-exon structures of the C-termini of Meis/hth. (A) Schematic representation of the intron-exon structure of
a prototypical vertebrate Meis gene. The conserved long size of introns 6-9 are indicated by a double slash. Homologous coding regions (exons) in the
3’ are indicated by colors: 10 (dark blue), 10 (light blue), 11 (red), 12a (light green), and 12b (dark green). (B) Diversity of intron—exon structures of exons
10-12b in metazoans. The different genomic gains (+) and losses (—) of regions or splice sites (5" splice site (SS) or 3’ ss, colored according to the exon),
assuming parsimony, are indicated in the branches of the schematic tree on the left-hand side. Solid vertical bars between colors represent a conserved 5’ ss,
and GC 5’ ss are indicated above each line. Asterisks represent termination codons and gray blocks indicate UTR exons. Split gray/colored boxes

Genome Biol. Evol. 3:551-564. doi:10.1093/gbe/evr056 Advance Access publication June 16, 2011

553



Irimia et al.

GBE

v1.0 (Srivastava et al. 2008), N. vectensis v1.0 (Putnam et al.
2007), Branchiostoma floridae v1.0 (Putnam et al. 2008),
Ciona intestinalis v2.0 and v1.0 (Dehal et al. 2002), Takifugu
rubripes v4.0, Xenopus tropicalis v4.1 (Hellsten et al. 2010),
Daphnia pulex v1.0, Helobdella robusta v1.0, Lottia gigan-
tea v1.0 and Capitella teleta v1.0, at DOE Joint Genome In-
stitute (JGI) Web page (http://genome.jgi-psf.org/
euk_home.html), and of Strongylocentrotus purpuratus
Build 2.1 (Sea Urchin Genome Sequencing Consortium
et al. 2006), Apis mellifera Amel_4.0, Tribolium castaneum
Build 2.1 (Tribolium Genome Sequencing Consortium et al.
2008), Drosophila melanogaster Build Fb5.3 (Adams et al.
2000), Danio rerio Zv8, Gallus gallus v2.1 (Chicken Genome
Sequencing  Consortium  2004), Anolis  carolinensis
AnoCar1.0, Homo sapiens Build GRCh37 (Lander et al.
2001; Venter et al. 2001), Mus musculus Build 37.1
(Waterston et al. 2002), and Acyrtosiphon pisum Build
1.1, at the NCBI Web page (http://Awww.ncbi.nlm.nih.gov/
blast/Blast.cgi) and/or Ensembl Web page (http:/Avww.
ensembl.org), Trichinella spiralis at the NCBI Web page for un-
finished eukaryotic genomes (http://Avww.ncbi.nlm.nih.gov/
sutils/genom_table.cgi?organism=eukaryotes), Brugia malayi
BMAT1 (Ghedin et al. 2007) at TIGR Web page (http://blast.
jevi.org/er-blast/index.cgi?project=bmat),  Caenorhabdlitis
elegans WS213 (Caenorhabditis elegans  Sequencing
Consortium 1998) at WormBase (http./Avww.wormbase.org),
and Saccoglossus kowalevskii 09 December 2008 scaffolds
at HGSC Baylor College of Medicine Web page
(http://blast.hgsc.bcm.tmc.edu/blast.hgsc?organism=20).

Additional sequences from arthropods without available
genome resources (those included in supplementary fig. S1)
were retrieved through TBlastN searches against the nucleo-
tide collection database at the NCBI Web page. In more poorly
annotated genomes, Meis candidates were searched by
TBlastN and gene annotation was then performed by down-
loading the whole associated genomic region and identifying
each exon by mapping available expression data and/or by
similarity of sequence using ClustalW and Blast2seq. Available
automatic gene predictions were also used. Combining the
different sources of data, most exon boundaries could be
determined unambiguously (supplementary table S1). Introns
and exons were named following the vertebrate nomencla-
ture (exons 12 and 13 were named 12a and 12b [Sanchez-
Guardado et al. 2011] and insect-specific exons between an-
cestral exons 7 and 8 were not counted [supplementary
fig. S1]). Intron—exon structures of the 5" untranslated regions
(UTRs) are not described here due to the lack of expression
data for most species and difficulty to assess intron position

conservation in noncoding sequences over long phylogenetic
ranges.

Median, average and average excluding the top 5%
intron lengths and intergenic distances (supplementary ta-
ble S2) were calculated for each genome using custom Perl
scripts on GTF (Ensemble), GFF (JGI), or GBK (NCBI) files or
obtained from Irimia, Maeso, and Garcia-Fernandez (2008).

Phylogenetic Analyses

Meis/hth protein sequences from multiple species were
aligned using MAFFT (Katoh et al. 2002, 2005) as imple-
mented in Jalview 2.4 (Waterhouse et al. 2009), and the
alignments were manually curated by using information
on intron positions (Irimia and Roy 2008). Two different phy-
logenetic analyses were performed. First, to establish orthol-
ogy of all studied Meis/hth genes, we used an alignment
containing only the highly conserved Meis and Homeobox
domains and including several Meis-related pknox proteins
as outgroups (supplementary fig. S2A). Second, to allow
confident assignment of paralogy relationships within
vertebrates, the number of positions included in the align-
ment was increased using the whole protein sequence
(except exon 1 and the alternatively spliced 3’ regions
[exons 10’ to 12b]), and fast-evolving species were excluded
(supplementary fig. S2B). Phylogenetic trees were
generated by the Bayesian method with MrBayes 3.1.2
(Huelsenbeck and Ronquist 2001; Ronquist and
Huelsenbeck 2003) using two independent runs (each with
four chains). Model selection using ProtTest (Drummond
and Strimmer 2001; Guindon and Gascuel 2003; Abascal
et al. 2005), convergence determination, burn-in, and con-
sensus tree calculations were done as previously described
(D'Aniello et al. 2008).

cDNA Samples and Reverse Transcription-
Polymerase Chain Reaction of Alternative Splicing
Events

RNA from adult and/or embryonic vertebrate (D. rerio,
X. tropicalis, A. carolinensis, G. gallus, and M. musculus)
tissues and different amphioxus (B. lanceolatum) develop-
mental stages was extracted using RNeasy Mini Kit (Qiagen),
and retrotranscriptions were done using SuperScript Ill Re-
verse Transcriptase (Invitrogen), according to manufacturer.
One A. carolinensis adult animal was bought in a local pet
shop. All animals were sacrificed following standard and
ethically approved procedures by the European Union and
the Spanish government for laboratory animals.

«—

indicate regions that are either translated or 3" UTR depending on splice form. (C) Sequence alignment for some representative bilaterians and the two non-
bilaterians showing sequence conservation at each exon. Within the boxes, “1" indicates a phase 1 intron, and an asterisk represents absence of an intron at
that position. Highlighted positions correspond to 60% of similar amino acid types across studied genes, as generated by BioEdit.
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For reverse transcription—polymerase chain reaction
(RT-PCR) analyses, we designed two sets of primers for each
gene in each studied species (S. purpuratus, B. lanceolatum,
D. rerio, X. tropicalis, A. carolinensis, G. gallus, and M. mus-
culus). The first set spans exons 10, 10’, and 11 and the
second one exons 11, 12a (when present), and12b, to yield
all isoforms of the 3’ region present in the studied set of
tissues. All primer sequences are provided in supplementary
table S3. RT-PCR were done trying to minimize the number
of cycles and at least 3’ of elongation to diminish the
PCR bias for short isoforms (Rukov et al. 2007), except
for those probing exon 10’ inclusion (supplementary
fig. S3), for which we used 36 cycles in each of two rounds
of amplification.

Results

Meis Gene Complements in Metazoans

We studied 7 vertebrate and 15 invertebrate genomes,
spanning all major metazoan clades (deuterostomes, proto-
stomes, lophotrochozoans, and non-bilaterians). In most
studied invertebrates, we found only 1 Meis/hth ortholog,
including the basal branching non-bilaterians T. adhaerens
and N. vectensis. However, we found four Meis genes in the
lophotrochozoan H. robusta; in addition, two paralogs have
been described in two distantly related spiders (Prpic et al.
2003; Pechmann and Prpic 2009), Cupiennius salei and
Acanthoscurria geniculata, for which full genome sequen-
ces are not yet available. Among vertebrates, Meis
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Fic. 2.—Evolution of intron—exon structures and alternative splicing of the 3’ end of vertebrate Meis genes. Diversity of intron—exon structures of
exons 10-12b in vertebrates. The different genomic gains (+) and losses (—) of regions, assuming parsimony, are indicated in the branches of the
schematic tree on the left-hand side. Solid vertical bars between colors represent a conserved 5’ splice site (SS), and GC 5’ ss are indicated above each
line. Asterisks represent termination codons and gray blocks indicate UTR exons. Split gray/colored boxes indicate regions that are either translated or 3’
UTR depending on splice form. RT-PCR results for each event are shown on the right-hand side.
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Table 1
Length of Each Intron and Species Median, Average, and Average Excluding the Longest 5% Introns

Median Average Average — 5% Intron 1 Intron 2 Intron 3 Intron 4 Intron 5 Intron 6 Intron 7 Intron 8 Intron 9 Intron 10 Intron 11 Intron 12 Mean

H. sapiens Meis1 1,419 5,787 2,792 1,868 1,879 577 801 1,437 21,060 47,928 35,648 19,433 1,155 293 2,100 11,182
H. sapiens Meis2 1,255 1,536 674 986 796 9,695 46,811 86,413 53,637 1,366 338 2,257 17,147
H. sapiens Meis3 1,719 214 101 1,550 109 5,169 188 1,961 107 361 — 2,906 13,08
M. musculus Meis1 1,290 4738 2,260 1,861 1,741 567 771 1,394 22,862 46,463 35893 20,037 1,116 304 2,065 11,256
M. musculus Meis2 671 1,595 719 1,116 733 9,432 48,807 78382 52,868 1,411 364 2,292 16,533
M. musculus Meis3 1,824 135 92 733 155 2,940 167 1,322 170 538 729 539 779
G. gallus Meis1 806 2,616 1,332 ? ? ? ? >849 >6,084 25,232 25453 16,211 1,271 188 1,919 11,712
G. gallus Meis2 ? >967 222 1,734 791 10,760 34,904 59,559 54,586 1,439 422 3,103 16,752
T. rubripes Meis1.1 147 568 315 1,491 999 219 425 1,010 7,736 15,920 13,058 10,547 1,832 677 — 4,901
T. rubripes Meis1.2 1,061 388 243 78 70 114 1,051 1,388 1,016 373 145 — 539
T. rubripes Meis2 225 1,604 233 326 371 7,877 18,177 18491 14,252 912 368 3,260 5,508
T. rubripes Meis3 2,027 301 93 87 84 79 138 371 817 87 — 90 379
C. intestinalis 333 545 365 2,488 4,548 1,349 1,357 363 4,275 4,147 2,197 6,648 101 — 242 2,520
B. floridae 730 1,460 973 177 412 633 701 1,231 3,513 9,733 9,140 9,863 2,580 503 2,552 3,420
S. kowalevskii n.d. n.d. n.d. 274 453 697 1,289 1,943 5,390 9,712 6,089 11,058 1,815 — — 3,872
S. purpuratus 748 1,624 1,015 297 850 1,965 901 10,371 36,100 29,274 3,725 11,805 6,788 — — 10,208
D. melanogaster 74 1,123 394 7,616 2,154 9,190 2,091 5,480 23,710 40,688 6,727 2,450 221 — — 10,033
A. mellifera 120 1,177 334 14,086 8,857 8,878 20,587 9,010 69,950 13,9655 63,262 73,730 21,383 — — 42,940
T. castaneum 54 1,312 553 4,989 9,963 14,951 1,722 3,163 5,821 28,551 3,236 6,276 629 — — 7,930
D. pulex 294 491 333 2,689 1845 4,383 1394 1,334 10,586 26,222 1,323 14,569 618 — — 64,96
I. scapularis n.d. n.d. n.d. ? 18,062 8,679 2356 17,775 63,774 10,0420 31,473 46,591 3,458 — 2,754 29,534
C. elegans 65 302 204 1,411 318 47 — 558 1,122 1,128 312 3,973 — 643 100 961
T. spiralis n.d. n.d. n.d. 922 522 57 134 683 669 1,037 1,436 5,423 193 — 60 1,012
L. gigantea 552 965 662 129 536 1,608 931 804 17,612 17,709 10,687 18,634 1,330 - 182 6,378
C. teleta 299 553 386 1,502 169 505 533 2,883 5,995 13,235 2,197 5,760 124 - 3,361 3,297
N. vectensis 591 961 723 ? 304 183 249 381 1,062 3,494 2,409 4,920 — — — 16,25
T. adhaerens 278 419 320 ? ? ? 2,306 7,825 3,181 ? 267 904 — — — 2,897
Average bilaterians 495 1,662 851 2,373 2,651 2,520 1,944 2,742 14,340 26,633 16,421 16,843 2,208 434 1,695 8,620

Note.—"?" indicates that the size could not be determined, “>"minimum size, and “—" intron absence. For genome-wide data, “n.d.” indicates that statistics could not be determined due to lack of genome-wide annotation.

Introns 6-9 are shown in italics to highlight their consistently longer lengths across bilaterians.
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complement ranged from two paralogs in birds (Sanchez-
Guardado et al. 2011) to five in zebrafish (dating to the extra
round of WGD that occurred at the base of teleosts), with
three genes in most tetrapods. Phylogenetic analysis using
Bayesian inference strongly supports the orthology of all
identified genes (supplementary fig. S2).

High Level of Conservation of 5’ Intron-Exon
Structures of Meis across Metazoans

To compare intron-exon structures of Meis across animal lin-
eages, we mapped intron positions onto alignments of trans-
lated coding sequences. We found very different general
patterns for the 5’ and 3’ portions of the gene (fig. 1A). The
first 9 intron positions and phases were conserved in all stud-
ied metazoans, with the two exceptions of the loss of intron
4 in C. elegans and of intron 3 in a divergent paralog in the
leech H. robusta and intron gain events splitting exon 6 in-
dependently in B. malayi and another paralog of H. robusta.
This extreme conservation is in striking contrast to the gen-
eral patterns found in genome-wide studies, in which intron
positions in a variety of lineages, notably arthropods, nem-
atodes, and tunicates, show very little correspondence, at-
testing to large amounts of intron loss and gain (Logsdon
2004; Rogozin et al. 2003; Edvardsen et al. 2004; Putnam
et al. 2008). The finding of widespread intron position cor-
respondence in the 5’ regions of Meis genes thus suggests
that locus-specific forces opposing loss of ancestral introns
and gain of new ones are acting across a wide variety of
metazoan lineages.

In addition, we found that the relative sizes of introns are
widely conserved across species. In nearly all studied species,
introns 6-9 are the longest (P < 0.0001 in a Kolmogorov—
Smirnov comparison between introns 6 and 9 vs. the rest),
with sizes usually 10-30 times larger than the species aver-
age intron length, reaching ~100 times as long as the av-
erage in some extreme cases (table 1). This pattern is
observed both in vertebrates and invertebrates and in large
and compact genomes. For instance, out of only ~500 in-
trons longer than 10 Kb in the compact genome of the puf-
ferfish T. rubripes (Aparicio et al. 2002), 6 are found in
2 Meis paralogs. Long introns are often associated with reg-
ulatory signals contained within intronic sequences; a regu-
latory role for these long introns could explain the lack of
intron loss in diverse lineages (see below).

Interestingly, the only cases in which introns 6-9 are not
long relative to species average occur in vertebrates. This
could possibly reflect relaxed constraint on intronic regula-
tory functions following gene duplication. Consistent with
this notion, vertebrate paralogs with short introns show
more restricted developmental expression domains than
do other vertebrate Meis genes (e.g., Meis3 [Waskiewicz
et al. 2001; Ng et al. 2009]). Perhaps relatedly, these same
paralogs show reduced intergenic lengths. Whereas Meis

genes are often found in large genomic regions with ex-
tended intergenic regions across animal phylogeny (supple-
mentary table S2), paralogs with shortened introns also
show highly reduced intergenic distances relative to other
Meis genes. Together these results suggest general loss of
regulatory motifs in noncoding regions following gene
duplication.

Complex and Convergent Evolution of Meis
3’ Intron-Exon Structures

In contrast to widespread conservation of intron—exon struc-
tures in the 5’ region of the gene, the 3’ of metazoan Meis
genes showed a much more volatile evolutionary history
(fig. 1B); 3" intron—exon structures differ between bilaterian
and non-bilaterian genes: the entire region is encoded by
a single exon in both studied non-bilaterians, N. vectensis
and T. adhaerens, but is divided into multiple exons in all
studied bilaterians. The orthologous sequence in most bilat-
erians is divided into three exons: one exon which we call
exon 10 + 10’ (see below), exon 11, and exon 12b (often
called 13, fig. 1). The simplest explanation for this difference
is two intron gains at the base of bilaterians.

The region also shows remarkable diversity within bilat-
erians (fig. 1B). First, the 10th exon is alternatively spliced in
diverse bilaterian lineages, with usage of an alternative
splice site within the exon. (We refer to the upstream con-
stitutive region as exon 10 and the downstream alternatively
spliced region as 10’.) Interestingly, in many bilaterian line-
ages, the upstream 5’ splice site is a rare GC (accounting for
46% of splice boundaries at this position in studied genes;
indicated in Figures 1 and 2). Whereas exon 10 is present in
all transcripts, splicing of 10’ varies widely across groups,
with 4 observed patterns: 1) 10’ is included in all available
transcripts (nematodes), 2) a significant fraction of the tran-
scripts show 10’ inclusion (@amphioxus and hemichordates,
based on RT-PCR and/or EST count), 3) despite clear conser-
vation of exon sequence and coding meaning in the ge-
nome, inclusion of 10’ occurs at very low levels (some
vertebrate genes) or could not be observed at all in either
ESTs or RT-PCR experiments (sea urchin, supplementary
fig. S3), and 4) the sequence encoding 10’ have been lost
from the genome (some vertebrates, C. teleta, C. intestina-
lis, and arthropods). (Specifically, sequence clearly homolo-
gous to exon 10 is found, but the downstream sequence
shows no similarity to the 10’ region, indicating loss of cod-
ing potential.) Strikingly, the loss of 10" at the genomic level
(case 4, above) has independently occurred at least nine
times in the evolution of the studied genes (figs. 1 and 2).

Second, different Meis genes have undergone recurrent
truncation at the transcript and genomic level. In each case,
truncation has occurred by the introduction of a STOP codon
within a novel exonic region upstream of the exon contain-
ing the putative ancestral protein terminus (exon 12b; novel
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and ancestral STOPs are indicated by asterisks in figs. 1 and
2). 1) In some groups, the inferred ancestral situation has
been maintained, with the terminal exon constitutively en-
coding the STOP codon (C. intestinalis, lophotrochozoans,
some vertebrates, some ecdysozoans). 2) In chordates,
a new alternative STOP-containing exon has arisen by an un-
known mechanism (exon 12a, light green in figs. 1 and 2).
The new exon is alternatively spliced; its inclusion leads to
premature termination, leaving the ancestral exon 12b as
3’ untranslated region (3’ UTR, depicted as half grey). 3)
In Ambulacraria (sea urchin and hemichordates), a new
downstream splice site has evolved for exon 11, which is al-
ternatively spliced. Use of the new 5’ splice site introduces
“extra” downstream sequence (pink), which includes a new
STOP codon; as in the case of exon 12a the resulting MEIS
protein has a novel C-terminus, and all of exon 12b lies
downstream of the STOP codon as 3’ UTR. Interestingly,
in sea urchin, the ancestral exon 11 splice site has been lost,
implying constitutive use of the new STOP codon and pro-
tein truncation. RT-PCR analyses throughout the early devel-
opment of sea urchin confirmed that only the new terminal
isoform is expressed (supplementary fig. S3). 4) Finally, in
Pancrustacea (insects and crustaceans [D. pulex]), we found
a situation similar to sea urchin: the termination codon is
located in a downstream extension of exon 11, and no
12b coding meaning is recognized in the untranslated
downstream exon. Importantly, in the last three cases (2—
4), the protein sequence, structure, and function of C-ter-
minus of Meis, which harbors the capacities for transcrip-
tional activation and Hox interaction (Yang et al. 2000;
Huang et al. 2005; Williams et al. 2005; Hyman-Walsh
et al. 2010), are likely to be highly modified relative to
the ancestral protein.

Other specific molecular elaborations have also evolved in
several lineages (fig. 1B). For instance, the hemichordate
S. kowalevskii shows an additional alternative 5’ splice site
within the exon 10’ region (i.e., three alternative splice sites
for the same exon 10 + 10’), producing an exon with an
intermediate length (42 nucleotides less than the entire
10 + 10’ exon). On the other hand, exon 11 in chordates
hasevolved a5’ extension of different lengths across species
by emergence of an alternative upstream 3’ splice site,
resulting in an extended alternative coding sequence (pre-
viously described for mammalian Meis2 (Oulad-Abdelghani
et al. 1997)). Similarly, in the lophotrochozoan L. gigantea,
exon 12b has a constitutive (i.e., not alternative) 5’ exten-
sion of ~35 codons, consistent with loss of the ancestral 3’
splice site and use of a novel upstream site. Finally, nemat-
odes exhibit loss and gain of introns, with loss of the ances-
tral phase 1 intron between exons 11 and 12b, and gain of
a new phase 2 intron at a nearby site in a common ancestor
of Trichinella, Brugia, and Caenorhabditis, and subsequent
loss of the intron between exons 10’ and 11 in Caenorhab-
ditis (fig. 1B). In stark contrast to this 3’ diversity, only little

transcriptional variation was found in the 5’ of the gene. AS
in insects and vertebrates produce homeodomain-less pro-
teins (which are, indeed, C-terminal truncations) with dis-
tinct functions (Yang et al. 2000; Noro et al. 2006);
similarly, alternative acceptor site choice within exon 6 in
the vertebrate-derived paralog Meis3 results in a protein
without a meis domain (Hyman-Walsh et al. 2010). In addi-
tion, the annelid C. teleta has a mutually exclusive tandem
exon duplication of exon 9 which results in two proteins that
differ by only 5 aa substitutions (supplementary table S1),
and insects and arthropods harbor 1-3 lineage-specific
exons between the ancestral exons 7 and 8 (supplementary
fig. S1).

Evolution of Alternative Splicing in Chordate Meis
Genes

We next focused on chordates, studying the different AS
events of the 3’ regions of Meis genes within 17 genes
in 6 chordate species, both in silico and by RT-PCR (fig. 2)
and supplementary figs. S4-6. We designed two sets of pri-
mers, one spanning exons 10, 10’, and 11 and the other
spanning exons 11, (12a), and 12b (see Materials and Meth-
ods), and performed RT-PCRs for all Meis genes from six spe-
cies (amphioxus, zebrafish, X. tropicalis, the anole lizard A.
carolinensis, chicken, and mouse), a total of 34 AS events.

Forexon 10 + 107, we found that exon 10’ is included at
very low levels in Meis of different vertebrates, only detect-
able using 10’-specific primers and a high number of PCR
cycles for most species and tissues (supplementary fig. S4,
see Materials and Methods). This is consistent with observa-
tions in human patients (Xiong et al. 2009) and in available
ESTs (27/27 and 6/6 ESTs in humans and mouse shown ex-
clusion of exon 10’). Perhaps relatedly, exon 10’ coding
meaning has been lost at the genomic level at least 6 times
in vertebrate Meis genes, including all Meis3 genes, the
Meis2 genes of zebrafish, Xenopus, and mammals, the
Meis1 gene of lizard, the Meis1.2 gene of zebrafish; in ad-
dition, in-frame STOP codons interrupt this region in chicken
Meis2 (fig. 2), suggesting a process of ongoing loss of this
region from the gene.

For exon 11, we observed complex patterns for the 5’
extension (orange blocks). This extension with conserved
coding meaning (often 21 nt) is found in a wide variety
of vertebrate genes, suggesting emergence of an alternative
upstream splice site in chordate ancestors. As with exon 10,
the phylogenetic distribution of this alternative splice site is
highly punctate, with 4 parallel losses—in zebrafish
Meis1.1/.2, zebrafish Meis2.1, tetrapod Meis3 (fig. 2),
and C. intestinalis Meis. In addition, although the genomic
sequences of both Meis? and Meis2 genes contain the po-
tential splice site and conserved coding sequence, use of the
splice site was only observed in Meis2 genes (fig. 2). The fre-
guency of usage in Meis2 is conserved both across species
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and development (~50% in various vertebrates, and
throughout different tissues of several vertebrate species
[supplementary fig. S5 and Sanchez-Guardado et al.
2011], similar to the pattern in amphioxus [supplementary
fig. SBA)).

For exons 12a/12b, exon 12a shows very high levels of
inclusion in nearly all paralogs of all vertebrate species;
the only exceptions are Xenopus Meis3, which show more
moderate levels of inclusion, and zebrafish and human
Meis3, which have lost the exon entirely (fig. 2 and supple-
mentary fig. S5). Meis1 paralogs seem to have slightly lower
levels of inclusion of exon 12a than Meis2, although the in-
clusion level is still higher than 90% (fig. 2). The high exon
12a inclusion level was found in a wide range of different
tissues in several vertebrate species (supplementary fig.
S5), in accordance with previous reports (Azcoitia et al.
2005; Williams et al. 2005; Sanchez-Guardado et al.
2011). Nonetheless, the possibility that a specific cell type
in a particular developmental stage show a different splicing
pattern cannot be ruled out (e.g. (Oulad-Abdelghani et al.
1997)). However, despite the fact that frequent inclusion of
exon 12a may imply only infrequent translation of exon 12b,
the ancestral coding meaning of exon 12b has been highly
conserved in the vast majority of vertebrate Meis genes; the
only exceptions are anole lizard Meis3, which seems to have
lost the entire exon, and zebrafish Meis7.2, which has
a much shorter sequence. Interestingly, the basal inverte-
brate chordate amphioxus shows significantly lower levels
of exon 12a inclusion (i.e., higher levels of the ancestral
isoform [supplementary fig. S6B]).

Discussion

We report the broadest evolutionary comparison of splicing
diversity in a homeobox gene family to date. Three aspects
of our 22-species comparison of metazoan Meis genes are
of particular note: 1) conservation of intron positions and
relative sizes across bilaterians, 2) striking differences in di-
versity and evolutionary patterns between the 5’ and 3’ re-
gions of the gene, suggesting very different functions for
introns and splicing for the two regions, and 3) convergent
evolution of a variety of features of the alternative transcrip-
tome of the 3’ region, suggesting similar selective forces
acting on gene function across widely diverged species.
These results show the utility of many-species studies for re-
vealing modes of constraint and innovation acting at indi-
vidual intronic loci and suggest a general strategy for
comparative genomic analysis of splicing function.

Intron-Exon Structures and the Conservation-
Implies-Function Paradigm
Comparative genomics has contributed a tremendous

amount to our understanding of genome function. Argu-
ably, the most productive paradigm has been “conservation

A Activity as transcriptional activator
Meis1 (GAL-AD)’

Meis2 (whole)’

o 1 2 3 4 5 6 T 8
Relative activity of C-term isoforms (B vs. A)

Induced ectopic gene expression * . %
pigmented
N-CAM | N-tub | Twist |Krox20| GIi3 Zic3 embryos
XMeis1A | 25m + + 9
=] 5.0ng + + + o ++ 28
XMeis1B | 25m ++ ++ ++ +++ ++ + 87
[ | 5.0ng +++ +++ +++ +++ +++ ++ a7
B Responsiveness to cellular signalling
s Pknox1'
- Meis1A’
s Meis1B'
- Meis2A.2 *

o

5 10 15 20 25 30
Fold-increase in activity with TSA

Fig. 3.—Summary of previous studies showing the different
functional properties of C-terminal isoforms. (A) Differences in activity
as transcriptional activators between C-terminal isoforms within each
paralogous Meis gene in mammals. Top: histogram showing the ratio
for activity of B (excluding 12a) versus A (including 12a) isoforms. Data
for Meis1 correspond to a protein fusion of the activation domain (AD,
C-terminus) from each of the isoforms. Meis2 data correspond to
comparisons of full-length proteins and averaging the values for
isoforms derived of inclusion/exclusion of exon 11’. Bottom: table
summarizing the phenotypic results after injecting two different
concentrations of full-length Meis1A or Meis1B isoforms in Xenopus
embryos. Note that the intensity of the effect is not only isoform
dependent but also concentration dependent. (B) Different C-terminal
isoforms have different responses to TSA treatment. Histogram showing
the fold-increase in transcriptional activation after TSA treatment for
each MeisT isoform, Meis2A.2 (excluding 11’ but including 12a) and the
related pknox1 gene. References: (1) Huang et al. (2005), (2) Yang et al.
(2000), (3) Maeda et al. (2001), and (4) Shim et al. (2007).

implies function”: in the face of ongoing mutation, only
functional genomic features maintained by purifying selec-
tion will be retained over long evolutionary times (although
for exceptions to this paradigm and a contrasting discussion,
see Monroe 2009; Alexander et al. 2010). In the context of
base pair substitutions and other small-scale sequence
mutations, searches for conservation have utilized baseline
mutation rates estimated from rates of changes for various
classes of putatively neutral sites (e.g., synonymous or in-
tronic sites) in order to identify slow-evolving and thus pu-
tatively functional sequences. While formally applicable to
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intron—exon structures, this strategy has met with complica-
tions in practice. First, there is no clear subset of putatively
neutrally evolving introns; indeed, there is no consensus as
to whether introns are generally beneficial, neutral, or del-
eterious or how the impact of introns on fitness might vary
across lineages (Doolittle 1978; Lynch 2002). Second, the
relevant molecular mutational mechanisms—in particular,
those that lead to intron creation and loss from the ge-
nome—remain obscure and are known to be diverse
(Llopart et al. 2002; Roy and Gilbert 2005; Stajich and
Dietrich 2006; Irimia, Rukov, et al. 2008; Li et al. 2009;
Roy and Irimia 2009a; Worden et al. 2009). Third, the ge-
nome-wide near absence of intron loss and gain over many
millions of years in a variety of different groups of eukar-
yotes (e.g., vertebrates, and some genera of apicomplexans
and fungi) suggests the possibility that intron loss and/or
gain mutations simply do not occur in some lineages (Roy
and Hartl 2006; Roy et al. 2006), in which case evolutionary
conservation would not imply function.

The availability of many full genomes from diverse species
allows us to circumvent these obstacles, at least in part.
Here, we report the case of Meis homeobox genes. In con-
trast to the large amounts of intron loss and gain in some
animal species observed in genome-wide comparisons (Seo
etal. 2001; Rogozin et al. 2003; Edvardsen et al. 2004; Cou-
lombe-Huntington and Majewski 2007b; Putnam et al.
2008), Meis genes have experienced almost no intron loss
or gain in any studied species, particularly within the first ten
exons of the gene. Unexpected conservation extends to the
size of conserved introns: although intron size is thought to
be relatively labile and not to persist over long evolutionary
distances, Meis genes show clear conservation of relative in-
tron sizes across genomically diverse species. Interestingly,
long introns are known to show higher sequence conserva-
tion than short introns (Bergman and Kreitman 2001; Parsch
2003; Haddrill et al. 2005; Marais et al. 2005; Halligan and
Keightley 2006; Parsch et al. 2010). The negative correlation
between intron length and sequence divergence holds even
within the set of longest introns, suggesting that the density
of conserved sequence elements within introns may in-
crease with intron length (Halligan and Keightley 2006).
Thus, one possible explanation for the conserved long in-
trons in Meis/hth is that they contain regulatory elements
important for gene expression (Bergman and Kreitman
2001). Meis/hth genes are known to harbor the largest
(or one of the largest) sets of associated highly conserved
noncoding regions (HCNRs) in both vertebrates and in flies
(Sandelin et al. 2004; Woolfe et al. 2005; Engstrom et al.
2007), with nearly a hundred associated HCNRs, depending
on the study. Many of these HCNRs lie within these long in-
trons (Engstrom et al. 2007; Visel et al. 2007; Dong et al.
2009; Xiong et al. 2009) and, in some cases, show even
higher sequence conservation than the surrounding coding
exons (Engstrom et al. 2007). Importantly, some of these el-

ements have been shown to drive positive enhancer expres-
sion in reporter assays in mammals (Visel et al. 2007) or even
to be involved in posttranscriptional regulation in dipterans
(Glazov et al. 2005). Together, the conservation at the levels
of intron loss/gain and intron size suggests that the introns
in the 5’ region of Meis could encode conserved regulatory
functions, leading to their retention across metazoans. Inter-
estingly, the notion of Meis genes as hot spots for long-scale
regulatory landscapes could extend beyond the transcribed
regions: we also found that Meis genes are associated with
large intergenic regions devoid of other genes (i.e., gene de-
serts) upstream and/or downstream Meis/hth genes in all
studied metazoans (supplementary table S2), with the ex-
ceptions of some vertebrate Meis paralogs discussed above.
As with intron lengths, longer intergenic regions are known
to show less sequence divergence across species (Halligan
and Keightley 2006).

Very Different Evolutionary Histories for 5’ and 3’
Regions of Meis Genes: Functional Causes and
Consequences

In addition to general contrasts between Meis and genome-
wide gene structure evolution, we found contrasting evolu-
tionary histories for intron—exon structures of the 5" and 3’
regions of Meis family genes (fig. 1A). As discussed above,
the first 10 exons show remarkable conservation, with po-
sitions and relative sizes of the first 9 introns conserved
across metazoans; by contrast, the 3’ of the gene shows
a remarkable diversity of structures, evidencing intron
and exon creation and loss, and great flexibility in AS pat-
terns. These patterns echo findings in gene sequence evo-
lution, in which different regions of the same protein may
show opposed patterns of constraint or positive selection.

As with coding sequences, regional differences in protein
function provide insight into the organismal functions un-
dergoing potentially adaptive evolution. The conserved 5’
region encodes the highly conserved Pbx-interacting Meis
(hth) domain and DNA-binding homeobox (Berthelsen
et al. 1998; Mukherjee and Burglin 2007), and the interven-
ing introns may be implicated in developmental transcrip-
tional regulation. By contrast, the variable 3’ region
encodes interaction domains including the transcriptional
activation domain and regulatory modules that modify pro-
tein transcriptional activity and response to cell signaling
(Yang et al. 2000; Huang et al. 2005). For instance, regions
within exons 11, 12a, and 12b affect transcriptional activa-
tor activity of human Meis1 proteins by mediating respon-
siveness to PKA and TSA (Huang et al. 2005; Shim et al.
2007), and inclusion of exon 12a lowers transcriptional ac-
tivation in frogs and mammals (Yang et al. 2000; Maeda
et al. 2001; Huang et al. 2005); (fig. 3). Shifting combina-
tions of different isoforms and paralogs could thus allow
subtle  spatiotemporal control of Meis1 protein
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transcriptional activity (Huang et al. 2005; Heine et al. 2008;
Sanchez-Guardado et al. 2011). Such modulation would be
particularly powerful given MEIS proteins’ ability to enhance
cell proliferation by transcriptional activation of cell cycle
genes (Bessa et al. 2008; Heine et al. 2008): the quantitative
combination of isoforms and paralogs present in each cell
will likely affect the level of transcriptional activation of
the target genes, and thus the proliferation rates. The 3’ re-
gion would therefore be a rich substrate for the evolution of
different elaborations that could provide functional regula-
tory potential. Interestingly, this adaptation was likely aided
by the gain of two introns in early bilaterians, splitting a sin-
gle exon into three, allowing for a larger palette of poten-
tially adaptive splicing-related mutations.

Deeply Conserved Splicing Functions in Bilaterians

Notably, our results show that Meis/hth genes harbor several
cases of deeply conserved AS (Irimia et al. 2009). The AS of
exon 10’ is a bilaterian innovation and has been maintained
in some lineages since the very origin of bilaterians, repre-
senting one of the most ancestral AS events described to
date (e.g., Mistry et al. 2003; Kalyna et al. 2006; Damianov
and Black 2010). In addition, AS of exons 11 and 12a have
likely arisen within chordate ancestors and have been
conserved between amphioxus and vertebrates for some
600 My. This deep conservation of alternatively spliced
sequences differs from the general low conservation of
AS in different metazoan groups (reviewed in Irimia et al.
2009).

Frequent Gene Structural Convergence in Bilater-
ian Meis Evolution

Another striking result is the large number of cases of
convergent evolution by identical or very similar sequence
changes in different species in 3’ Meis regions. As with con-
vergent protein changes in multiple lineages, these parallel
changes suggest similar selective pressures acting in very dif-
ferent species; that these changes are restricted to the post-
transcriptional regulatory domains of MEIS proteins
suggests that evolution may have “used” and reused a finite
set of accessible mechanisms for modulation of Meis
function.

Recurrent Loss of Conserved Ancestral Sequence.
We find several cases of convergent loss of conserved
ancestral sequences. First, the sequence of 3’ end of exon
10 (which we call 10’) is highly conserved across a wide
variety of bilaterian and non-bilaterian genes (fig. 10), indi-
cating function; yet, this region has been independently lost
from genomic copies of Meis genes at least nine times and is
only very infrequently observed in transcripts of some genes
that do contain it, begging the question of this sequence
region’s mode of function. Similarly, the coding sequence
of exon 12b is conserved between studied non-bilaterians

and various bilaterians but has been lost by constitutive protein
truncations in three independent lineages (Pancrustacea, sea
urchin and Meis3 in Anolis). In a third case, an ancestral ver-
tebrate 5’ extension of exon 11 has been retained in many
vertebrate genes but lost in 4 genic lineages; and the ancestral
chordate AS exon 12a has been lost twice. Notably, these los-
ses of conserved ancestral sequence have affected both puta-
tively constitutively and alternatively spliced ancestral Meis
gene regions.

Recurrent Evolution of Truncated C-Termini in
Bilaterians.

One of the most striking observations concerns the regula-
tion of the novel alternative exon 12a in vertebrates. Exon
12a is nearly constitutive in most vertebrate Meis genes,
which is surprising because inclusion of this exon signifi-
cantly attenuates transcriptional activation in vertebrate
MEIS proteins, especially for Meis1 (Yang et al. 2000; Maeda
et al. 2007; Huang et al. 2005). The scarce use of the most
active, ancestral isoform may suggest that the emergence of
exon 12a in chordates could have been associated with in-
creasingly strict regulatory control of Meis target genes. This
observation fits with postulates of the cybernetic theory of
control in complex systems, which hold that the prevalence
of negative regulatory mechanisms over positive ones in-
creases system’s stability (Wiener 1948). Notably, Ambula-
craria and arthropods have independently achieved an
equivalent situation by a different mechanism: evolution
of constitutive 3" extensions of exon 11 including premature
stop codons. Insofar as these truncations also attenuate ac-
tivator activity, these convergent patterns hint at an evolu-
tionary trend towards more strictly requlated MEIS proteins
in bilaterians.

The Fitness Effects of Introns and the Origins of
Genome Complexity

Much discussion of spliceosomal introns has emphasized
perspectives in which introns are neutral or slightly delete-
rious elements, potentially leading to evolutionary histories
that are dominated by differences in mutation rates or ef-
fective population sizes (Lynch 2007). This study provides
potential examples of two types of exceptions to this para-
digm. First, widespread conservation of 5’ Meis intron—exon
structures suggests strong purifying selection acting against
intron loss in these regions. Second, the recurrent genera-
tion of very similar structures in the 3’ gene region suggests
that alteration of intron—exon structures has been a frequent
mechanism for adaptation. These findings join an increas-
ingly long list of intronic loci encoding important organismal
functions. Nonetheless, given the sheer number of introns in
many metazoan genomes—reaching 200,000 in human
and other vertebrate genomes—the proportion of introns
whose loss is opposed by selection remains very much an
open guestion, with answers ranging from a small minority
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to a clear majority still being well within the realm of pos-
sibility.

Concluding Remarks

The diversity of structures, functions, and mechanisms asso-
ciated with transcript splicing, and uncertainty about the
general fitness consequences of introns, complicate efforts
to understand the function of individual introns. The current
report details a case in which the evolution of one gene fam-
ily contrasts strikingly with genome-wide patterns, suggest-
ing purifying selection on intron-exon structures and
suggesting functional roles for splicing in these genes. These
results indicate the utility of many-species comparisons
between introns within a genome. Future research should
research toward explicit models for divergence in intron—
exon structures among large sets of metazoans, to allow
for systematic prediction of intron functionality across line-
ages and loci.

Supplementary Material

Supplementary figure S1-5S6 and tables S1-S3 are available
at Genome Biology and Evolution online (http://www.
oxfordjournals.org/our_journals/gbey/).
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Abstract

All vertebrate brains develop following a common Bauplan defined by anteroposterior (AP)
and dorsoventral (DV) subdivisions, characterized by largely conserved differential expres-
sion of gene markers. However, it is still unclear how this Bauplan originated during evolu-
tion. We studied the relative expression of 48 genes with key roles in vertebrate neural
patterning in a representative amphioxus embryonic stage. Unlike nonchordates, amphi-
oxus develops its central nervous system (CNS) from a neural plate that is homologous to
that of vertebrates, allowing direct topological comparisons. The resulting genoarchitectonic
model revealed that the amphioxus incipient neural tube is unexpectedly complex, consist-
ing of several AP and DV molecular partitions. Strikingly, comparison with vertebrates indi-
cates that the vertebrate thalamus, pretectum, and midbrain domains jointly correspond to a
single amphioxus region, which we termed Di-Mesencephalic primordium (DiMes). This
suggests that these domains have a common developmental and evolutionary origin, as
supported by functional experiments manipulating secondary organizers in zebrafish and
mice.

Author summary

According to textbooks, vertebrate brains develop from a neural tube that rapidly becomes
regionalized into the forebrain (which includes the secondary prosencephalon and
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diencephalon), midbrain, and hindbrain. These regions are then further subdivided; in
particular, the diencephalon gives rise to the prethalamus, thalamus, and pretectum. How-
ever, embryological manipulations of brain signaling centers showed that the prethalamus
behaves very differently than the thalamus and pretectum, which largely share their devel-
opmental potential with the midbrain. Therefore, this classic partition scheme might not
be fully consistent from a developmental perspective. To better understand the origin and
evolution of the regionalization of the vertebrate brain, we built a comprehensive molecu-
lar model of the incipient neural tube of amphioxus, an invertebrate chordate that shares
multiple features with its vertebrate relatives. This model shows that the amphioxus ner-
vous system is unexpectedly complex, sharing its basic blueprint with that of vertebrates.
However, a single undivided region in amphioxus, which we termed Di-Mesencephalic
primordium (DiMes), unambiguously corresponds to the region encompassing the thala-
mus, pretectum, and midbrain in vertebrates, indicating that these regions are also more
closely related evolutionarily. Therefore, the diencephalon as a neuroanatomical compart-
ment as well as the classic separation between forebrain and midbrain in vertebrates seem
inconsistent from both an evolutionary and developmental perspective.

Introduction

The vertebrate brain is arguably the most complex structure in nature. All vertebrates show a
highly conserved construction plan, or Bauplan, of their central nervous system (CNS), which
involves several major anatomical and genetic partitions and their subsequent subdivisions
[1]. Understanding how this Bauplan has originated during evolution has been a matter of
intense research and debate, but there is still no satisfactory answer. Do homologues to major
vertebrate brain partitions exist in invertebrate species? Have new vertebrate partitions origi-
nated by subdivision and specialization of preexisting structures? Did positional genetic pat-
terning mechanisms predate the origin of recognizable neuroanatomical regions, or did both
originate concomitantly?

These and related questions have been investigated mainly from an evolutionary develop-
mental (Evo-Devo) perspective, since early developing brains have not yet undergone complex
morphogenetic deformations and are thus more amenable to evolutionary comparisons
between distantly related species. In the case of vertebrates, the CNS arises very early in embry-
onic development via neural induction. The neuroectodermal plate represents the earliest CNS
primordium, which then folds into a closed tube during neurulation. Already at neural plate
stages, the CNS becomes regionalized molecularly into large anteroposterior (AP) regions.
According to the prosomeric model [2-4], this Bauplan includes the secondary prosencepha-
lon and diencephalon proper (forebrain), midbrain, hindbrain, and spinal cord (Fig 1A and
1B). These primary regions are further partitioned into smaller transverse AP units, identified
as brain segments or neuromeres (Fig 1B). Two lineal neuroepithelial signal sources known as
secondary organizers are crucial for this process: the zona limitans intrathalamica (ZLI or
mid-diencephalic organizer) and the isthmic organizer (IsO, located in the Midbrain-Hind-
brain Boundary, MHB; Fig 1B). These organizers are characterized by the release of diffused
morphogen signals (SHH and FGF8/WNT]1, respectively) and are involved in AP regionaliza-
tion and differential specification of the diencephalic, mesencephalic, and some rostral rhom-
bencephalic neuromeres [5-13].

Furthermore, along the neural tube, each neuromere is composed of four continuous dor-
soventral (DV) domains: roof, alar, basal, and floor plate regions (Fig 1A-1D). Importantly,

PLOS Biology | https://doi.org/10.1371/journal.pbio.2001573  April 19,2017

2/34


https://doi.org/10.1371/journal.pbio.2001573

o ®
@ : PLOS | BIOLOGY Genoarchitecture of the amphioxus developing nervous system

Fig 1. Bauplan of the vertebrate central nervous system (CNS). Schematic representation of the Bauplan of the
vertebrate CNS according to the updated prosomeric model (Puelles and Rubenstein, 2015) at neural plate and early
neural tube closure stages. (A) Schematic dorsal view of a representative neural plate of vertebrates depicting the
components that define the longitudinal axis: floor plate (fp, in green) and parallel basal (bp), alar (ap) and roof (rp, in
red) plates. Note that the fp does not reach the rostral boundary of the neural plate, whereas the bp, ap, and rp go
around the fp; a similar phenomena can be observed in the caudal end of the neural plate. This peculiarity defines a
rostral-most dorsoventral (DV) region termed acroterminal domain (ATD). From this domain, several anteroposterior
(AP) partitions can be defined molecularly from rostral to caudal: secondary prosencephalon (SP) and diencephalon
proper (D) (classic forebrain components), midbrain (MB), rhombencephalon (Rh), and spinal cord (SC) regions. (B)
Schematic lateral view of an early closed neural tube in a more advanced stage of regionalization. Longitudinal
components are indicated as fp (green), bp, ap, and rp (red). At this stage, the vertebrate neural tube is characterized
by several definitive neuromeric units (i.e., AP partitions with all the DV components). The forebrain is subdivided into
SP, with peduncular and terminal prosomeres (hp1 and hp2, respectively), which include the hypothalamic region,
telencephalon (Tel), and the optic vesicles, and D (with prosomeres 1, 2, and 3 [p1—p3], which are represented at the
ap level by pretectum [PT], thalamus [Th], and prethalamus [PTh], respectively). More caudally, MB, Rh, and SC
regions are identified (for simplicity, their respective neuromeric components are not depicted). The secondary
organizers zona limitans intrathalamica (ZLI) and the isthmic organizer (IsO) are located between the PTh and Th
regions, and the MB and Rh regions, respectively. (C) The transversal section throughout the open neural plate in (A),
showing the main longitudinal components (fp, bp, ap, and rp) arranged medio-laterally at this stage. (D) Cross section
through the closed neural tube, showing the DV relationships of the same longitudinal components highlighted in (C).

https://doi.org/10.1371/journal.pbio.2001573.g001

the prospective DV pattern is already observed at neural plate stages, corresponding to its
mediolateral dimension (Fig 1A, 1C and 1D): the future floor corresponds to the neural plate
midline, whereas the future roof lies at the border of the neural plate. The rostral end of the
neural plate is thus morphologically singular because the floor does not reach the anterior bor-
der of the plate but ends rostrally at the prospective mamillary hypothalamic region, in coinci-
dence with the underlying rostral tip of the notochord [14]; therefore, the roof, alar, and basal
plates concentrically cross the midline at the terminal wall (future acroterminal domain), curv-
ing around the rostral end of the floor plate (Fig 1A, [2,4,15]).

An important breakthrough in the study of comparative neuroanatomy and the evolution-
ary origin of CNSs has been the observation that each established AP and DV anatomical
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partition in a given species is characterized by the differential expression of specific gene mark-
ers early in development in a combinatorial code that we refer to as genoarchitecture [14].
These molecular codes create clear-cut molecular boundaries between the neuromeres, and
often correspond with visible external bulges due to the differential proliferation of the progen-
itors because of their distinct genoarchitectonic profiles [3,15]. Strikingly, the number of neu-
romeric units and their associated genoarchitecture is highly conserved in all vertebrate
groups, including the basal-branching agnathans [16-34]. This implies that a fundamentally
conserved anatomical CNS Bauplan and its corresponding genetic blueprint have existed at
least since the last common ancestor of vertebrates.

Therefore, a major approach to understanding the origins of this Bauplan has been to inves-
tigate the expression of orthologs of key gene markers in chordate and nonchordate inverte-
brate species. Remarkably, a subset of these markers show fixed relative AP positions,
suggesting that some of the regional genoarchitectonic codes of vertebrates were established
prior to the origin of the vertebrate brain Bauplan. For example, the transverse genetic bound-
aries defined by the abutting expression of Fezf/Irx and Otx/Gbx—which in vertebrates corre-
spond to the anatomical positions in which the ZLI and IsO secondary organizers will develop,
respectively—are observed in the CNSs of species as diverged as amphioxus and fruit flies [35-
37]; although, these sites lack the expression of the morphogens responsible for the organizer
activity in vertebrates [38-41]. Moreover, some markers expressed in the annelid Platynereis
durmeilii show remarkable topologic similarity with the mediolateral and AP molecular pat-
tern in vertebrates [42-44]. In one of the most striking cases of genetic patterning conservation
observed between vertebrates and invertebrates, the diffuse epidermal nervous system of hemi-
chordates displays multiple vertebrate-like AP genetic codes, including a ZLI-like domain with
equivalent relative expression of hh, six3, fng, otx, and wnt8 orthologs and an IsO-like region
coexpressing fgf8/17/18and wntl, suggesting conservation of the underlying genetic programs
despite the fact that they are patterning divergent structures in the two lineages [45-48].

Altogether, these studies thus suggest that multiple defining genetic programs that pattern
the vertebrate brain predate its evolutionary emergence. However, the major limitation of
these nonchordate model systems to investigate the origin of the vertebrate brain Bauplan is
the lack of an unambiguous anatomical and topological reference system. Even under the
assumption that the nervous systems of these invertebrate phyla are truly homologous to the
vertebrate CNS, each one has its own set of clade-specific characters and thus correspond to
different variational modalities of CNSs [49]. This impedes direct topological comparisons,
leaving similarities of gene expression patterns as the only support for any hypothesized
homology assignment. For this reason, the cephalochordate amphioxus has traditionally been
the most studied invertebrate species for comparative analyses with vertebrates. Unlike non-
chordates, amphioxus develops its tubular CNS from a neural plate in the same way that verte-
brates do, thus allowing direct topological comparisons of prospective brain regions.
Furthermore, unlike tunicates, cephalochordates have undergone slow evolutionary rates,
both genomically and morphologically [50,51]. Multiple studies on this organism have shown,
for instance, that the Otx/Gbx and Fez/Irx genetic boundaries [36,37,52] as well as part of its
neural Hox AP patterning [53-57] are conserved with vertebrates. Similarly, orthologs of
many other key vertebrate genes have been implicated in neural function and development in
amphioxus (see S1 Table for a list of previously described gene expression patterns in amphi-
oxus with relevance to CNS development that have been used in this study). These reports,
together with multiple comprehensive and integrating reviews [41,58-64], have provided
important insights on the presence of molecularly-defined partitions in the developing amphi-
oxus CNS. Nonetheless, these studies have been performed by different research groups, using
different amphioxus species, and usually focused on the expression of a single gene at multiple
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embryonic stages. This has made the systematic integration and accurate combinatorial analy-
ses of these expression patterns a complex task.

To address these difficulties, we mapped here 48 genes with well-known roles in vertebrate
CNS patterning on a single amphioxus developmental stage, the 7-somite mid-neurula, in
which a wide spectrum of orthologs of vertebrate neural gene markers is expressed. With these
data, we propose an integrative model of the molecular regionalization of the amphioxus
developing CNS that is consistent and comparable with the prosomeric model of the vertebrate
CNS Bauplan. Our results show that, at the mid-neurula stage, the amphioxus CNS primor-
dium has an unexpectedly complex genoarchitecture, with three major molecularly distin-
guishable AP divisions (and some secondary subdivisions) and a set of standard DV zones.
Strikingly, direct topological comparison between the molecular models of the two lineages, as
well as extensive novel and previously reported functional data, suggest that the vertebrate ter-
ritory comprising the diencephalic neuromeric units corresponding to thalamus and pretec-
tum (prosomeres p2, pl), but not the prethalamus (p3), share with the midbrain a common
ontogenetic and evolutionary origin, and, altogether, are homologous to a nonregionalized
Pax4/6-positive domain in amphioxus, which we termed Diencephalo-Mesencephalic primor-
dium (DiMes). Whether resulting from an increase in complexity in vertebrates or, alterna-
tively, a simplification in amphioxus compared to the last common ancestor of chordates,
these results suggest that the differences in AP Bauplan complexity between the two lineages
are likely linked to the secondary organizers of vertebrates (ZLI and IsO), which are absent in
amphioxus. Experimental abrogation and manipulation of these organizers in vertebrate spe-
cies generate phenotypic defects that are consistent with this hypothesis.

Results
Molecular markers define and regionalize the amphioxus floor plate

AP and DV subdivisions in developing chordate neural tubes are defined according to axial
references. Conventionally, such references are provided in vertebrates by the axial mesoderm
(the notochord), the floor plate, roof plate, and alar-basal boundary within the lateral walls of
the neural tube, all of which are topologically parallel to each other (Fig 1). Amphioxus has a
notochord, which extends singularly beyond the forebrain [65], and a floor plate [66-70]. As
previously reported for the Floridan amphioxus Branchiostoma floridae [71,72], we observed
in the European amphioxus B. lanceolatum that the gene FoxA2-1 is a selective marker of the
notochord (Fig 2A-2A"", 2E and 2F), while Nkx2.1 seems to be a general floor plate marker at
the 7-somite neurula stage (Fig 2B-2B""). As in vertebrates, in which its expression in the floor
plate is transient [73], Nkx2.1 expression is highly dynamic during amphioxus CNS develop-
ment (S1 Fig). Nkx2.1 is observed along the entire presumptive floor plate at early- and mid-
larval stages, but it subsequently becomes restricted rostralwards.

Since the whole neural tube of amphioxus sits on top of the notochord, it should be, in the-
ory, regarded as topographically epichordal. Thus, as the floor plate is induced vertically by the
notochord [74-76], we a priori expected the amphioxus floor plate to extend all along the acro-
terminal neural midline (up to the neuropore), in contrast to the vertebrate floor plate, which
stops at the mamillary pouch of the hypothalamus, coinciding with the approximate position
of the rostral tip of the notochord (Fig 1A and 1B; [2,4]). Instead, we observed that the floor
plate, defined by Nkx2.1 expression, does not reach the anterior neural border, but it ends in a
slightly expanded median patch that recalls the mamillary hypothalamic ending observed in
vertebrates (Fig 2B and 2B’ insets, K; see also [66]). Interestingly, Hedgehog (Hh), which is a
well-established floor plate marker in vertebrates [74,77,78], and Nkx6 are also expressed in
the amphioxus floor plate, but their anterior limit of expression is more caudal than that of
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Fig 2. Molecular regionalization of the amphioxus floor plate and axial mesoderm. (A-A’""’) FoxA2-1is expressed throughout the notochord, as shown by
whole-mount in situ hybridization in dorsal (A) and lateral (A") views and in situ hybridization in cryostat transversal sections (A”,A’”’). (B-B"’) Nk2.1 mRNA is
expressed throughout the entire floor plate, as observed in dorsal (B) and lateral (B') views, and in cryostat transversal sections (B',B""’). Insets in (B) and (B')
show the combined FoxA2-1and Nkx2. 1 expression patterns using pseudocolors, indicating that Nkx2.1 is expressed above the notochord but does not reach its
rostral boundary. (C-C""") Hh mRNA is detected in most of the floor plate, with exception of the rostral-most portion (hypothalamo-prethalamic primordium [HyPTh]
floor plate) as observed in dorsal (C) and lateral (C’) views, and in cryostat transversal sections (C’, C""’). (D-D’"") Gsc expression is observed in different rostro-
caudal patches in dorsal (D) and lateral (D) views and in cryostat transversal sections (D', D'’’). E-J) Detailed analysis of the rostral end of the notochord using
whole-mount data at 18 h post fertilization (hpf) and 21 hpf stages further supports that FoxA2-1 (E,F) is present throughout the entire length of the notochord; IrxB
(G) and Hh (H,l) are absent rostrally and expressed caudally, and Six3/6(l) is expressed only in the rostral tip. (K,L) The rostral molecular code (Six3/6 and
FoxA2-1 positive, but IrxBand Hh negative) is summarized in dorsal (K) and lateral (L) schematic representations. In cryostat sections, asterisks mark somites,
and arrowheads indicate neural expression; red and green dotted lines delineate the notochord and neural plate, respectively. Abbreviations: np, neural plate; ec,
ectoderm; en, endoderm; n, notochord; fp, floor plate; am, axial mesoderm. Scale bar: 50 pm.

https://doi.org/10.1371/journal.pbio.2001573.9002

Nkx2.1 (Figs 2C-2C"", 2K, 2L and 7D-7D"’; a similar expression for Hh has been reported in
B. floridae [69]). Goosecoid (Gsc) is also expressed in the floor plate (in contrast to previous
reports [79]) in a variable and patchy pattern that might reflect cyclic dynamic changes (Fig
2D-2D""). These markers differentiate two major floor plate AP regions: (i) a rostral-most
median floor domain characterized by only Nkx2.1 expression, which corresponds to the floor
plate of the forebrain region that we refer to as the amphioxus hypothalamo-prethalamic
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primordium (HyPTh; see below and Fig 2K and 2L); and (ii) the rest of the floor plate, defined
by Hh, Gsc, Nkx6, and Nkx2.1 expression.

Molecular heterogeneity of the amphioxus axial mesoderm: Notochord
and a possible prechordal primordium

We next examined the genoarchitecture of the amphioxus axial mesoderm to assess the exis-
tence of a putative prechordal plate homolog. According to the updated prosomeric model
[2,4], the latter tissue lies topologically rostral to the neural primordium and the notochord
(Fig 1B). As mentioned above, FoxA2-1 labels the whole amphioxus prospective notochord
(Fig 2A-2A""). On the other hand, the expression of both Hh and IrxB in the axial notochordal
tissue does not reach the rostral tip of the FoxA2-1-positive domain, stopping beneath the ros-
tral end of the Nkx2.1-positive HyPTh floor plate (Fig 2L, 2E-2]; it should be noted, however,
that IrxB expression seems to reach the anterior tip of the notochord in B. floridae [80]). More-
over, in the amphioxus axial mesoderm, Six3/6 expression was observed exclusively in the ros-
tral tip of the FoxA2-1-positive domain, beyond the Hh/IrxB-positive part of the notochord
(Fig 2K, 2L and 2J; see also [81]). Interestingly, this Six3/6 expression is maintained at later
stages, when the notochord is fully formed [81], indicating that its rostral tip has a distinct
molecular signature compared to the rest of the notochord. Remarkably, in vertebrates, Six3 is
expressed in the prechordal plate but not in the notochord at any level [24]; therefore, the ros-
tral notochordal tip of amphioxus might represent a possible prechordal plate homologue, pre-
viously unrecognized due to its histologic similarity to the notochord proper (see Discussion).

Finally, we found that Gbx expression appears restricted to a more caudal sector of the
notochord, whose rostral border is posterior to the caudal boundary of the HyPTh neural
domain (Figs 2K, 2L, 3F and 3L inset). Previous studies [37] and other observations described
below suggest that the Gbx-expressing domain of the notochord and overlying neural tissue
begins at the rostral end of the major region we term Rhombencephalo-Spinal primordium
(RhSp; Fig 2L). In summary, we observed that the amphioxus axial mesoderm is subdivided
molecularly into various regions, which have direct correspondence with major subdivisions
in the overlaying neural plate.

The incipient neural tube of amphioxus possesses distinct floor, basal,
and alar plates

Previous gene expression studies provided evidence for the presence of longitudinal zones
positioned parallel to the floor plate, implying DV patterning in the amphioxus CNS [69,82].
We thus investigated the extent of DV regionalization and its related boundaries by systemati-
cally searching for gene expression patterns with specific DV domains. We found that most of
the examined patterns could be classified into three groups (Figs 3-9): (i) peripheral genes,
with expression restricted to the periphery of the neural plate (future topologically dorsal or
alar zone; Six3/6, Lhx2/9b, Zic, Msx, Pax2/5/8, Pax3/7, Nova); (ii) internal genes, with expres-
sion domains respecting the former peripheral longitudinal zone (Pou3f, Sim, FoxD, Meis, Lef,
Lhx1/5, Hox3, Hox6, FoxB); and (iii) pan-DV genes, expressed across both aforementioned
domains (Otx, Gbx, Fezf, Irx, Pax4/6, Six3/6, Nkx2.2, Meis, Rx, Hox1, Wnt3, Wnt7, Nova, Ebf).
A few markers were ascribed to two of these categories since they have DV expression subdo-
mains that differ depending on the AP partition in which they are expressed (see below and
Fig 9). Altogether, these patterns suggest the existence of continuous basal and alar plate zones
that extend longitudinally throughout the amphioxus neural tube primordium. As in verte-
brates, the right and left moieties meet frontally around the rostral end of the floor plate (Fig
10A), as clearly exemplified by the alar expression of Lhx2/9b (Fig 6C’ and 6C").
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Fig 3. Three major molecular anteroposterior (AP) regions are observed in the incipient amphioxus neural tube. (A) Whole-mount in situ
hybridization of chicken Otx2 at Hamburger—Hamilton 5 (HH5) stage. (B,C) Expression of amphioxus Otx at 21 h post fertilization (hpf) in dorsal (B) and
lateral (C) views. (D) Whole-mount in situ hybridization of chicken Gbx2 at HH5 stage. (E,F) Expression of amphioxus Gbx at 21 hpf in dorsal (E) and lateral
(F) views. G) Whole-mount in situ hybridization of chicken Fezf2 at HH5 stage. (H,l) Expression of amphioxus Otx at 21 hpf in dorsal (H) and lateral (I)
views. (J) Schematic representation of HH5 chicken neural plate with the archencephalic prototagma (ARCH) and deuteroencephalic prototagma (DEU)
domains depicted. The boundary between ARCH and DEU correspond to the border between Otx2 and Gbx2 expression patterns (A,D). (K,L) Double
chromogenic in situ hybridization combining amphioxus Fezfand Gbx probes in dorsal (K) and lateral (L) views, showing two subdivisions in the amphioxus
ARCH territory: a rostral hypothalamo-prethalamic primordium (HyPTh) domain (Fezfand Otx positive) and a caudal Di-Mesencephalic primordium (DiMes)
domain (Fezf negative and Otx positive) (L'). (M) Schematic representation of the three major AP subdivisions in the amphioxus central nervous system
(CNS) at the 21 hpf stage and the relative expression of their key markers. (N,0) Single chromogenic in situ hybridization with an amphioxus /rxB probe in
dorsal (N) an lateral (O) views. Insets in B, E, H, K, and N depict the neural components of the corresponding gene expression patterns. Arrowheads mark
the ARCH-DEU boundary, and asterisks mark the corresponding limit at the notochord level, based on Gbx expression. Abbreviations: n, notochord. Scale
bar: 50 pm.

https://doi.org/10.1371/journal.pbio.2001573.9003
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Fig 4. Genoarchitectonic signature of the Di-Mesencephalic primordium (DiMes). (A-A”") Combined Fezf-Gbx expression
defines a gap of expression in the caudal archencephalic prototagma (ARCH), identified as the DiMes (as per Fig 3K and 3L, for
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reference). (B-E”’) Whole-mount chromogenic in situ hybridization of Pax4/6 (B-B"’) or Six3/6 (D-D'’) alone or each one combined with
Gbxin a double in situ hybridization (C-C” and E’-E”, respectively) reveal that both genes are expressed in the DiMes domain. The
two arrowheads in (D) indicate the expression of Six3/6in Rostral-hypothalamo—prethalamic primordium (Rostral-HyPTh). (F-F")
Poud3fis highly expressed in DiMes but with a decreased signal in the Rostral-HyPTh and Intermediate-HyPTh primordia and in some
areas of the deuteroencephalic prototagma (DEU). (G-G”’) Ebf mRNA was detected in the DiMes and DEU domains. (H-H'") Sim
neural expression was observed exclusively in the DiMes domain at the analyzed stage. Expression patterns correspond to lateral
(A-H) or dorsal views (A’-H’) at the 21 h post fertilization (hpf) embryonic stage and are represented in schematics dorsal views (A’'-
H""). Somites (dotted lines) were used as main landmarks to localize the position of the patterns analyzed in the late neural plate. Scale
bar: 50 ym.

https://doi.org/10.1371/journal.phio.2001573.9004

Conserved Otx and Gbx expression patterns define a primary AP
partition

In all vertebrates, dynamic antagonistic expression of Otx (rostral) and Gbx (caudal) in the
neural plate eventually reaches an equilibrium at the caudal end of the midbrain, defining the
MHB (Fig 3A and 3D; [5,83-88]). Clonal labeling studies performed in frogs at the 64 blasto-
mere stage showed that this is the earliest detectable brain transverse boundary [89]. A compa-
rable boundary is also present in amphioxus, aligned between the first and second somites
[37], which we further corroborated at the 7-somite neurula stage in B. lanceolatum (Fig 3B-
3F). Accordingly, it was suggested that the first intersomitic limit of amphioxus roughly marks
the genetic homolog of the MHB of vertebrates [37,52,53,58,90]. Thus, it can be postulated
that these early expression domains in both lineages define the boundary between a rostral
Otx-positive “archencephalic prototagma” (ARCH; Fig 3] and 3M) and a caudal Gbx-positive
“deuteroencephalic prototagma” (DEU; Fig 3] and 3M). In addition to Gbx, several other
amphioxus genes show specific expression within DEU at this stage, abutting rostrally the
ARCH-DEU boundary (Wnt3, Wnt7, FoxB, Pax2/5/8, and Msx; Figs 6G-6H" and 7E-7G").

The archencephalon is regionalized anteroposteriorly into the HyPTh
and DiMes regions

We previously showed that the ARCH domain can be subdivided anteroposteriorly based on
Fezf and Irx expression [36]. In both vertebrates and amphioxus, Fezf genes are expressed in
the rostral-most part of the CNS at early neural tube stages, creating an anterior subdomain
within the Otx-positive territory (Fig 3G-3I) and thus leaving a gap between the caudal end of
their expression and the start of that of Gbx in DEU (Fig 3K and 3L). On the other hand, Irx
genes are expressed within this gap, abutting rostrally with Fezf and extending posteriorly into
the Gbx-positive DEU tagma (Fig 3K-30). Studies in Xenopus, zebrafish, and mice, comparing
Fezf and Irx expression patterns with fate mapping data, have shown that the transverse Fezf-
Irx interface marks the prethalamo-thalamic boundary where the ZLI will develop [21,91-94].
Based on the expression patterns observed in the 7-somite amphioxus neurula, we accordingly
defined a rostral Fezf-positive HyPTh and a caudal Irx-positive DiMes intercalated between
the Fezf-positive and Gbx-positive domains (Fig 3K-30). Remarkably, several genes, including
Pax4/6, Six3/6, Pou3f, and Sim, are expressed specifically or most strongly within the DiMes
(Fig 4, see also Fig 8A-8C""), supporting the distinct identity of this region. Moreover, other
genes in addition to Fezf appear restricted to HyPTh (e.g., Rx throughout it, Fig 5B and 5B”,
and FoxD in its basal plate subdomain, Fig 5C and 5C"'; see also Figs 8D-8E” and 9) or have
distinct expression subdomains within HyPTh (e.g., Nova, S2C and S2”’ Fig). On the other
hand, other markers, such as Ebf, are expressed caudally to the Fezf/Irx limit, similarly to the
three Irx genes (IrxA-C)(Figs 3N, 30, 4G, 4G/, 6A and 6B”).

Triple fluorescent in situ hybridization and confocal 3-D reconstruction show that the Fezf-
positive HyPTh, the Pax4/6-positive DiMes and the Gbx-positive RhSp domains abut sharply
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Fig 5. Genoarchitectonic signatures of the hypothalamo-prethalamic primordium (HyPTh) (I). (A-A"") Combined Fezf-Gbx
expression defines a Fezf-positive rostral archencephalic prototagma (ARCH) territory identified as HyPTh (as per Fig 3K and 3L, for
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reference). (B-B"’) Rxis specifically expressed throughout the entire HyPTh primordium. (C-C"") Neural expression of FoxD was
detected only in the basal and floor plates of HyPTh. (D-E'') Nkx2.2is expressed in the Rostral-HyPTh and Interm-HyPTh domains
but not in Caudal-HyPTh (D-D"’), as observed by a large gap in a double in situ hybridization for Nkx2.2 and Gbx (E-E”'). (F-G"’)
Similarly, Meis mRNA is only detected in the basal plate of the Rostral and Intermediate domains of HyPTh (F-F"), leaving a gap of
expression when combined with IrxC (G-G”). Further expression of Meis is also detected in specific deuteroencephalic prototagma
(DEU) areas (F-F"). (H-H"') Lefis expressed in the basal plate of Rostral-HyPTh and Interm-HyPTh. Expression patterns correspond
to lateral (A-H) or dorsal views (A’-H’) at the 21 h post fertilization (hpf) embryonic stage and are represented in schematics dorsal
views (A”-H"’). Somites (dotted lines) were used as main landmarks to localize the position of the patterns analyzed in the late neural
plate. Scale bar: 50 pm.

https://doi.org/10.1371/journal.pbio.2001573.g005

one another. Interestingly, the intermediate domain, DiMes, is very small, consisting only of
two rows of cells along the AP dimension (Fig 8A-8B’"). Analogous fluorescent in situ hybrid-
ization comparison of Fezf, Six3/6, and Gbx patterns shows that Six3/6 is also strongly
expressed in the DiMes compartment (Fig 8C-8C"). The Fezf and Gbx markers are expressed
with similar mutual relationships also at the 4/5-somite (early neurula) stage (S3A-S3B’ Fig),
leaving an expression gap where weak Six3/6 signal can already be detected (S3E-S3F' Fig).
Therefore, both the ARCH/DEU limit and the HyPTh and DiMes subdivisions within ARCH
are established very early in amphioxus CNS development.

The HyPTh is divided into three AP domains

We next sought to identify further AP molecular partitions within the HyPTh and DiMes fore-
brain domains of the 7-somite neurula. Unlike the DiMes, for which we could not identify any
molecular subdivision, eight examined markers showed restricted expression domains within
HyPTh, sometimes limited to either alar or basal regions. Their combined pattern is consistent
with the existence of three AP subdivisions within the HyPTh, which we termed Rostral
HyPTh, Intermediate HyPTh and Caudal HyPTh (Rostral-HyPTh, Interm-HyPTh, Caudal-
HyPTh; Fig 10A; see Discussion for possible homology relationships with partitions in the ver-
tebrate forebrain). For instance, the expression of six rostral markers (Nkx2.2, Nova, Meis,
Pou3f, Lef, Lhx2/9b) appears across Rostral-HyPTh and Interm-HyPTh, but seems to respect a
transverse double row of cells that lie anterior to the Irx-expressing DiMes; topologically, this
caudal negative domain of HyPTh (Caudal-HyPTh) would correspond in vertebrates to the
primordium of the prethalamic region (Fig 10A). This partition can be visualized as a gap of
negative labeling, e.g., by double in situ hybridization for Meis and IrxC or for Nkx2.2 and IrxB
(Figs 5G-5G’ and 8F-8F", respectively).

While Nkx2.2 and Nova signals are present at both alar and basal levels of Rostral-HyPTh
and Interm-HyPTh (but not in the corresponding part of the floor plate; Fig 5D-5D" and
S3C-S3C" Fig; see schematic details of expression in Fig 9), Pou3f, Meis, and Lef expression is
restricted to the local basal region (also respecting the floor plate; Figs 4F-4F", 5F-5F" and
5H-5H", respectively), and Lhx2/9b expression appears selectively in the peripheral alar region
(Fig 6C-6C""). Six3/6 is the only studied marker restricted to the Rostral-HyPTh, specifically in
the alar plate (Figs 2], 4D-4D" and 8C-8C"; similar expression of Six3/6 in the anterior-most
part of the neural plate was also reported in B. floridae [81]). On the other hand, Zic, which is a
well-known marker of the alar and roof plates in the CNS of vertebrates [95], is expressed
throughout the presumptive alar plate of the HyPTh, but its expression is significantly stronger
at the Caudal-HyPTh, showing decreasing signal towards the rostral alar parts of the HyPTh
complex (S2G-S2G" Fig). In contrast to the major HyPTh and DiMes partitions, the three
HyPTh molecular subdivisions are not fully established at the 4/5-somite stage (S3 Fig).
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Fig 6. Genoarchitectonic signatures of the hypothalamo-prethalamic primordium (HyPTh) (ll). (A-A"’) IrxA mRNA expression is
observed from the HyPTh/Di-Mesencephalic primordium (DiMes) boundary extending caudally to the rostral portion of the Rhomben-
cephalo-Spinal primordium (RhSp) domain. (B-B'') IrxC mRNA expression is observed from the HyPTh/DiMes boundary, extending
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caudally to the rostral portion of the RhSp domain. (C-D’’) Lhx2/9b marks the alar plate in the Rostral-HyPTh and Intermediate-HyPTh
domains (C-C"), as shown by a gap of expression in a double in situ hybridization between Lhx2/9b and IrxC (D-D”’). The lateral view of
Six3/6 expression (inset in C) is provided for comparison with Lhx2/9b and highlights the restricted expression of Six3/6to the Rostral-
HyPTh (compare the region between the arrow and the single arrowhead, which corresponds to the Rostral-HyPTh and Intermediate-
HyPTh domains, with the region between the arrow and double arrowhead, which includes only the Rostral-HyPTh domain (C,C’)). On the
other hand, a dorsal view of Fezf (inset in C) shows expression across both the alar and basal plates of the HyPTh. (E,E”") Lhx1/5 mRNA
expression is observed only in the basal plate of the HyPTh and DiMes primordia and in some RhSp subdivisions (see insetin C’ for
comparison). (F-F"’) Otpis a key hypothalamic marker in vertebrates but was only found in amphioxus in one domain at the RhSp region.
(G-H"") Wnt3and Wnt7 mRNAs were detected from the DiMes/RhSp border, extending caudally in the entire RhSp region. Expression
patterns correspond to lateral (A-G) or dorsal views (A’-G’) at the 21 h post fertilization (hpf) embryonic stage and are represented in
schematics dorsal views (A"”’-G'"). Somites (dotted lines) were used as main landmarks to localize the position of the patterns analyzed in
the late neural plate. Scale bar: 50 pm.

https://doi.org/10.1371/journal.pbio.2001573.9006

Anteroposterior regionalization of the amphioxus DEU domain

Numerous amphioxus genes have been previously reported to show iterative expression
domains within the DEU, suggesting the existence of characteristic subdivisions within this
partition ([96-99], and see S1 Table). Consistent with these studies, we identified several
molecular AP partitions within the rostral-most subdomain of DEU, referred to here as the
RhSp, which roughly ends caudal to the fifth somite at the 7-somite neurula stage (Figs 9C and
10A). Gbx, Wnt3, Wnt7, and FoxB appear selectively expressed throughout the RhSp; all of
them abut rostrally the DiMes/RhSp boundary, and their expression domains end at different
caudal levels, either coinciding with the end of somite five or extending further caudalwards
(Figs 3E, 3F, 6G-6G", 6H-6H" and 7E-7E"). Gbx, Wnt3, and Wnt7 occupy both alar and
basal regions (but not the floor plate), as previously described [37,100,101], while FoxB is
restricted to basal areas (Fig 7E; see also [102]). Hox1, Hox3, and Hox6 genes are also expressed
along alar and basal parts of the RhSp, with rostral expression borders that correspond with
the intersomitic limits S3/S4, $4/S5, and S5/S6, respectively (Fig 7A-7C"; see also [53-57]). As
mentioned above, these molecular partitions are complemented by patterns of iterated spots
with negative intervals, which can be aligned with the center (Lhx1/5 and Pou3f, Figs 6E-6E"
and 4F-4F") or posterior half of the somites (Nova, S2C-S2C" Fig) or the inter-somitic
boundaries (Pax3/7, S2E-S2E" Fig). In the case of Pax2/5/8, patches are less well defined, par-
ticularly caudally, where they become nearly continuous (Fig 7F-7F"). Finally, some genes
show isolated spots of expression located at different positions within the RhSp AP subdivi-
sions: Msx (Fig 7G-7G""), Meis (Fig 5F-5F"), Zic (S2G-S2G"' Fig), Nkx6 (Fig 7D-7D"), and
Otp (Fig 6F-6F"), sometimes correlating with the prospective position of the future pigmented
photoreceptor spot.

Experimental suppression of the ZLI and IsO organizers in vertebrates
alters di-mesencephalic patterning and generates a remnant that
resembles the amphioxus DiMes

A major implication of our comparison of the overall CNS genoarchitecture between amphi-
oxus and vertebrates is that the small amphioxus Pax4/6-positive DiMes corresponds topologi-
cally to the large vertebrate region comprising the thalamus, pretectum, and midbrain (Fig
10A-10B", see Discussion). Patterning of this territory in vertebrates occurs under the dual
control of the secondary brain organizers (ZLI and IsO, see Introduction), which induce the
molecular subdivision and differential growth of an initially Pax6-positive primordium.
Among other effects, these organizers inhibit the expression of Pax6 at the two ends of the ter-
ritory so that Pax6 signal becomes restricted to the caudal pretectum (pl) and the epithalamus
(dorsal-most part of p2)(Fig 11C’). Accordingly, we hypothesized that the small size and the
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Fig 7. Genoarchitectonic signatures of the Rhombencephalo-Spinal primordium (RhSp). (A-C”). Hox1, Hox3, and Hox6
were expressed in the alar and basal plates of some caudal domains of the RhSp region in a sequential rostro-caudal order. (D-D"’)
Nkx6 was detected at different degrees of expression mainly at the floor plate of the Di-Mesencephalic primordium (DiMes) and
RhSp domains and a localized bilateral spot at the equivalent position of the fifth somite. (E-E”") FoxB mRNA was observed
extending caudally from the DiMes/RhSp border into the basal plate of the entire RhSp region. (F-G™") Pax2/5/8 and Msx mRNAs
were detected in some patches in the alar plate of the RhSp region. Expression patterns correspond to lateral (A-G) or dorsal views
(A’-G’) at the 21 h post fertilization (hpf) embryonic stage, and are represented in schematics dorsal views (A"’-G"’). Somites (dotted
lines) were used as main landmarks to localize the position of the patterns analyzed in the late neural plate. Scale bar: 50 ym.

https://doi.org/10.1371/journal.pbio.2001573.g007
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Fig 8. Precise genetic boundaries define three major anteroposterior (AP) partitions. (A-B"’) Triple
fluorescent in situ hybridization combining Fezf-Pax4/6-Gbxin lateral (A) and dorsal views (A’) reveals clear-
cut boundaries between the hypothalamo—prethalamic primordium (HyPTh) Fezf+, the Di-Mesencephalic
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primordium (DiMes) Pax4/6+, and the Rhombencephalo-Spinal primordium (RhSp) Gbx+ regions; details are
summarized in a 3-D reconstruction (B,B’). A magnified view of Pax4/6 expression combined with DAPI showed
that the DiMes domain consists of two rows of cells along the AP axis (asterisks)(A”’,B"’). (C-C’) Triple fluorescent
in situ hybridization combining Fezf-Six3/6-Gbx probes in lateral (C) and dorsal views (C’) confirms a rostral Fezf
+domain (HyPTh), a caudal Gbx+ domain (RhSp), and a double-negative domain in between characterized by
Six3/6 expression (DiMes). A magnified view (C'’) helps to visualize a rostral domain with Six3/6 and Fezf coex-
pression (yellow staining, arrow) that we identified as the Rostral-HyPTh domain. (D-D’') Double fluorescent in situ
hybridization combining Rx and /rxB probes in lateral (D) and dorsal views (D) show that Rxis expressed in the
entire HyPTh territory, stopping caudally at the HyPTh/DiMes boundary; details can be observed in the magnified
view (D"’). (E-E'") Double fluorescent in situ hybridization combining FoxD and Pax4/6 probes in lateral (E), dorsal
(E’), and magnified dorsal (E"’) views shows that the small territory expressing FoxD corresponds to the basal
plate of the entire HyPTh primordium, stopping caudally at the DiMes border. (F-F'’) Double fluorescent in situ
hybridization combining Nk2.2 and IrxB probes in lateral (F), dorsal (F'), and magnified dorsal (F'') views deter-
mines that Nk2.2is expressed only in the alar and basal plate of the Rostral-HyPTh and Intermediate-HyPTh
domains, leaving a negative gap corresponding to the Caudal-HyPTh domain. (G-G’) Double fluorescent in situ
hybridization combining Pax3/7 and Gbx probes identifies patches of Pax3/7 expression in the Caudal-HyPTh
domain. (H,H’) Double fluorescent in situ hybridization combining Nkx2. 1 and IrxB probes shows that Nk2.1
expression in the floor plate extends rostrally beyond the HyPTh/DiMes boundary. Scale bar in A-H': 50 ym
except A’ and B”, scale bar: 5 ym.

https://doi.org/10.1371/journal.pbio.2001573.9008

lack of internal regionalization of the DiMes, particularly with respect to Pax4/6 expression,
may be, at least in part, related to the absence of ZLI-like and IsO-like effects in amphioxus.

To gather support for this hypothesis, we turned first to loss-of-function transgenic mouse
lines in which either the ZLI or the IsO are absent. Double Fezf1” Fezf2”~ mutants [103] lack
the ZLI organizer and largely lose the molecular identity of the alar thalamic field, displaying
expanded expression of the pretectal markers Pax6" and Ebf1™ (Fig 11B and 11B'-11B"""); the
midbrain was not altered in these mice. We also studied En1“"”*; Fgf8"*//** mice (see Materi-
als and Methods) in which the IsO is deleted across the MHB [104]. The resulting phenotype
showed a reduction of the AP dimension of the pretecto-mesencephalic region down to one-
third of its normal size and an abnormal caudal expansion of PAX6 immunoreaction (as well
as of the posterior commissure), suggesting a lack of differential specification of the midbrain
versus the pretectum (Fig 11C and 11C'-11C""); in this case, the thalamus seemed normal.

Next, we tried to eliminate both the ZLI and the IsO together in zebrafish, using quadruple
morpholino (4MO) treatment against otxla, otx2, eng2a, and eng2b. Although effects in neural
progenitors of other areas cannot be ruled out, double morpholinos against otxla and otx2
were successfully used previously to specifically abolish the ZLI [105], while double morpho-
lino treatment against eng2a and eng2b caused the loss of the IsO [106], and expression of
pax6a throughout the midbrain remnant [107]. Strikingly, the normal pax6a-negative gaps
corresponding to the alar plate of the midbrain and diencephalic thalamus were abolished or
severely reduced in nearly all (84%) 4MO specimens tested (Fig 11F; n =75, p=3.84 x 107",
one-sided Fisher Exact test), often resulting in a continuous expression of pax6a between the
rostral conserved part of the forebrain and the hindbrain (Fig 11G, 11H, 11K and 11L and sagit-
tal sections in insets in Fig 11H and 11L). Supporting the effective suppression of the two orga-
nizers in this experiment, we observed disappearance of the dorsal ZLI spike expression of shha
and of the MHB-related transverse band of wntI expression (Fig 11D, 11E, 11H, 111, 11L and
11M). In addition, all 4MO embryos showed a significant reduction of the zebrafish DiMes-like
remnant at 28 h post fertilization (hpf) compared to the controls (Fig 11G" and 11K’).

Discussion

Previous studies using gene markers have shown that the developing amphioxus CNS displays
marked spatial molecular heterogeneity at different developmental stages ([61,97,102,108—
112] and see S1 Table). However, most of these studies focused on individual genes across
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https://doi.org/10.1371/journal.pbio.2001573.9009

diverse developmental time points, making it difficult to precisely compare the relative posi-

tions of their expression patterns and to elaborate a unified map. In this study, we built a com-
prehensive genoarchitectonic model of the amphioxus developing CNS by mapping many
gene markers at a single developmental stage, allowing homochronic comparisons of gene

expression patterns. We used 48 gene markers whose orthologs have known expression pat-
terns in the developing vertebrate CNS and a well-established morphological interpretation
within an explicit Bauplan (the updated prosomeric model [2,4]). We focused primarily on the
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of the zona limitans intrathalamica (ZLI) (B) or isthmic organizers (IsO) (C). (B’-B"""") Drawings adapted from the results of Hirata et al. 2006 upon
ZLI| abrogation during mouse development. (C’-C’") Immunohistochemical detection of aPax6. (C'”’-C"""’) In situ hybridizations for Otx. (C’) and
(C'"") are WT expression domains of Pax6 and Otx, whereas (C'’) and (C""") are conditional En2-Fgf8 knockout (KO) mice. (D,E) Schematic
representation of pax6a gene expression (solid grey) in zebrafish embryos in WT (D) or quadruple morpholino knockdown (4MO) of otx1a, otx2,
eng2a, and eng2b (E) conditions. (F) Quantification of the phenotypes observed upon 4MO treatment. All treated embryos showed a reduction in
the size of the gap, even those scored as normal (indicated by an asterisk). Embryos with “reduced pax6a gap” showed only a very small
expression gap, often with weak pax6a expression in it. Embryos with “no pax6a gap” had a continuous expression of the gene. (G-N) Expression
patterns of key genes in WT (G-J) or 4MO (K-N) embryos. Insets in H and L showed sagittal sections of a different representative embryo.
Sections of the indicated embryos. Abbreviations: Cer, cerebellum; D, diencephalon; Rh, rhombencephalon; pc, posterior commissure; pTh,
prethalamus; Th, thalamus; PT, pretectum; MB, midbrain; MHB, midbrain—hindbrain boundary; T, telencephalon. Anterior is to the left. Scale
bar=100 ym.

https://doi.org/10.1371/journal.pbio.2001573.g011

7-somite neurula stage, in which the majority (43/48, 89.6%) of the examined gene markers
were expressed in the incipient neural tube. By the combination of these gene markers, we pro-
pose a genoarchitectonic model that, although simpler than that of vertebrates, reveals an
unexpected complexity of molecularly defined regions in the developing amphioxus CNS,
comprising at least nine AP and three distinct DV partitions (Fig 10). This model provides a
base for future exploration of the development of the amphioxus CNS at earlier and later
developmental stages and should help in elucidating the ontogenetic origins of larval and adult
brain structures. Furthermore, it allows direct topological comparisons with equivalent gen-
oarchitectonic models in vertebrates, since both lineages develop their CNS through homolo-
gous neural plates, providing more solid evidence for homology assignments between
topologically equivalent regions than mere similarities of relative gene expression patterns.

Integrative genoarchitectonic model of the amphioxus incipient neural
tube

Consistent with previous results [37,59,64], our data show that the incipient amphioxus neural
tube is molecularly divided anteroposteriorly into a rostral archencephalic (ARCH) and a cau-
dal deuterencephalic (DEU) portions from very early stages, similarly to vertebrates (Fig 10A
and 10B). Traditionally, three main AP divisions are defined in the vertebrate ARCH (Fig 1):
the secondary prosencephalon (encompassing hypothalamus plus telencephalon), the dien-
cephalon, and the midbrain. On the contrary, the ARCH of amphioxus shows only two main
divisions, which we termed DiMes and HyPTh (Fig 10B). DiMes is a small caudal region con-
sisting of two rows of cells that occupies the topological position corresponding in vertebrates
to the midbrain and the two diencephalic segments that lie caudal to the ZLI organizer; no
internal subdivisions were detected within DiMes. In contrast, the HyPTh encompasses three
molecularly distinct segments: a relatively large, bipartite, putative hypothalamus-homolog
region (where neither telencephalic nor optic vesicles are present [113]) plus a caudal region
that occupies the topological position corresponding to the vertebrate prethalamus. In the case
of the DEU, its rostral portion, referred to here as RhSp primordium, may represent a field-
homolog of the vertebrate hindbrain, and shows a number of gene expression patterns that
configure periodic segment-like territories (Fig 9C).

Notably, these major AP partitions of the developing CNS are mirrored by molecularly
defined subdivisions in the underlying axial mesoderm. Indeed, we provide evidence that the
distinct molecular entity at the rostral tip of the amphioxus notochord may be homologous to
the vertebrate prechordal plate, being thus essentially different from the notochord proper that
underlies the brain floor plate (Fig 2). This potentially prechordal region lies topologically ros-
tral to the HyPTh (not under it), as occurs with the prechordal plate in vertebrates [2,4], and is
characterized by the absence of Hh and Nkx6 and the specific expression of Six3/6, which is
also characteristic of the vertebrate prechordal plate [24]. Therefore, it is possible that this
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special notochord-looking region—which also shows unusual proliferation and rostralward
growth [70,114]—may correspond to a variant prechordal plate homolog and/or plays partly
equivalent signaling functions to this structure in amphioxus, despite the absence of some key
vertebrate prechordal markers (Gsc, noggin, and chordin [79,115]).

Finally, regarding DV patterning, multiple markers provide extensive evidence for continu-
ous molecularly distinct floor, basal, and alar zones throughout the length of the incipient neu-
ral tube (Figs 9 and 10). Although we did not find selective markers for the roof plate, it is
possible that these may exist at later stages, upon neural tube closure. Consistent with the idea
that the alar plate and roof plate are not differentially specified in amphioxus at these stages,
orthologs of several vertebrate neural plate border makers (e.g., Pax3/7, Msx, and Zic) were
found to be expressed broadly in the alar plate (Fig 9; observed also in B. floridae [116]).

Possible homology relationships between HyPTh partitions and
vertebrate forebrain neuromeres

According to the updated prosomeric model [4], the nontelencephalic part of the vertebrate
secondary prosencephalon can be subdivided into two main neuromeres: terminal (THy, hp2)
and peduncular (PHy, hpl) hypothalamic prosomeres. In addition, THy includes a specialized
rostral-most median part extending dorsoventrally, the acroterminal area [2,4,117](Fig 10C").
This molecularly distinct domain produces a number of specialized formations along the DV
axis, including the alar preoptic lamina terminalis, the optic chiasma, the eye vesicles, the basal
median eminence, and the neurohypophysis.

In amphioxus, HyPTh represents a relatively large, molecularly distinct forebrain region
lying rostral to the DiMes. This domain has specific expression of Fezf throughout (Fig 9),
which is also absent caudal to the ZLI limit in vertebrates [93,103,118]. Our analysis suggests
that there are three molecularly distinct AP subdivisions within the amphioxus HyPTh, which
we termed Rostral-HyPTh, Interm-HyPTh, and Caudal-HyPTh. By direct topological ascrip-
tion, these might correspond, respectively, to the transverse THy (including a rostromedian
acroterminal region) and PHy hypothalamic segments and a prethalamus-like segment next to
the DiMes.

Six3/6 was the only studied marker that selectively labeled Rostral-HyPTh. Remarkably, in
mice, Six3 is expressed extensively dorsoventrally across the alar and basal zones of THy
(including the acroterminal area), whereas Six6 signal is restricted to a ventral suprachiasmatic
part of the THy acroterminal alar plate, but none of them are expressed at PHy [2,117]. These
data support a genetic equivalence between the Rostral-HyPTh and THy, in addition to their
topological correspondence. Moreover, amphioxus develops in its acroterminal region (orange
domain in Fig 10C and 10C’) a median primordial eye patch and, ventral to it, a median group
of “infundibular cells” [90], which are located above the most anterior floor plate cells (gray
cells in Fig 10C) and might represent a homologue of the vertebrate neurohypophysis. As men-
tioned above, in vertebrates, both the eyes and the neurohypophysis develop from the acro-
terminal area [2], further supporting the homology of vertebrate and amphioxus acroterminal
domains and thus of Rostral-HyPTh and THy (Fig 10C-10C").

In the case of the Caudal-HyPTh primordium, its topological position, lying directly rostral
to the Fezf-Irx boundary, provides grounds to suggest field homology with the vertebrate pre-
thalamus. Importantly, previous studies indicate that Fezf genes are essential to specify the pre-
thalamic domain in vertebrates; however, unlike regions within the vertebrate DiMes
counterpart (see below), this specification is independent of the ZLI organizing activity and
occurs prior to its formation [93,103] and is thus compatible with the amphioxus scenario at
the examined stage. Nonetheless, it should be noted that, although more weakly expressed, the
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presence of Rx expression in Caudal-HyPTh (absent in the prethalamus of vertebrates [118]),
suggests the alternative possibility that this partition may represent a primordium homolog to
both the peduncular hypothalamus and prethalamic region.

Close developmental and evolutionary relationship of thalamus,
pretectum, and midbrain

One of the most striking implications of our results is that the small, Pax4/6-positive DiMes of
amphioxus corresponds topologically to the region comprising the vertebrate thalamus, pre-
tectum, and midbrain (Fig 10). While this area is not subdivided in amphioxus and consists
only of two cell rows at the neurula stage, the equivalent vertebrate region shows three major
partitions and extensive cell proliferation. These partitions in vertebrates originate during
development as a consequence of the action of the secondary brain organizers on a Pax6-posi-
tive primordium. In particular, Shh signaling from the ZLI is crucial for the specification of the
thalamus [6-8,119], and Fgf8and Wht1 expression from the IsO are necessary for proper mid-
brain specification and differential caudal growth [5,10,12,13,120-123]. Moreover, due to the
action of these organizers, the expression of Pax6 in this primordium is mainly restricted to
the pretectum and the epithalamus and becomes absent in the ventricular zone of the thalamus
and midbrain (Fig 11) [124,125].

Therefore, altogether, these data suggest that the vertebrate thalamus, pretectum, and mid-
brain share a common origin, both ontogenetically (from an early and transient Pax6-positive
area found between the prospective ZLI and IsO levels) and phylogenetically (homologous to
the amphioxus DiMes region). This hypothesis has two major implications for our under-
standing of the vertebrate brain Bauplan and its evolutionary origins. First, it implies that two
of the diencephalic prosomeres—pretectum (p1) and thalamus (p2)—are more evolutionarily
related to the midbrain than they are to the third diencephalic prosomere—the prethalamus
(p3)—which would, in turn, be more related with the secondary prosencephalon (see previous
section). That is, the diencephalon proper would be neither an evolutionarily nor an ontoge-
netically primordial subdivision of the vertebrate brain. This striking implication is further
supported by the differential responses of these regions to experimental manipulation of the
organizers and their associated signaling molecules. Chicken-quail heterotopic grafts of the
ZLI, as well as focalized ectopic expression of SHH using beads in chicken embryos, show that
only pretectum and midbrain, but not the prethalamus, are competent to be re-patterned to a
thalamic fate [6,7,119]. Similarly, quail-chick, rat-chick, or mouse-chick heterotopic grafts of
the IsO generate an ectopic midbrain in pretectal and thalamic regions, but never in the pre-
thalamus and secondary prosencephalon [126-129]. That is, thalamus, pretectum, and mid-
brain have similar developmental potentials that are not shared by the prethalamus. In fact,
our hypothesis provides a plausible ontogenetic explanation that has long been missing for
these intriguing observations, underscoring its explanatory power.

A second major related implication of our hypothesis is that the vertebrate thalamus, pre-
tectum, and midbrain jointly share altogether a common ancestor with the amphioxus DiMes.
Since neither Hh nor Fgf8and Wnt1, the key morphogens involved in ZLI and IsO activity,
respectively, are expressed at the corresponding topological positions in amphioxus
[40,69,130-132], it is plausible to speculate that vertebrate thalamus, pretectum, and midbrain
partitions may have emerged evolutionarily from an ancestral Pax4/6-positive DiMes-like
region concomitantly to the evolution of the ZLI and IsO brain organizers as orthogonal sig-
naling centers. Alternatively, the undivided, small amphioxus DiMes may represent an evolu-
tionary simplification upon the loss of the organizers [47,48], if they were already patterning
the neural plate-derived CNS of the last common ancestor of chordates. Irrespectively, a major
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prediction of both evolutionary hypotheses is that suppression of the organizers during verte-
brate development should result in a (relatively) homogeneous, smaller, undivided, and fully
Pax6-positive region lying between recognizable prethalamus and hindbrain, as we observed
in mouse and zebrafish embryos with suppressed ZLI and/or IsO (Fig 11, and see also
[103,107,133-136]). Although the converse experiment—the induction of ectopic organizers
in amphioxus—is still not technically possible, future methodological developments could
allow assessing if and how the DiMes may respond to these morphogens.

Finally, an independent line of evidence supporting the functional homology between the
amphioxus DiMes and the corresponding vertebrate regions comes from the retinal projec-
tions in the two lineages. In vertebrates, primary eye projections target mainly the midbrain
(optic tectum/superior colliculus), while secondary eye projections target mainly the pretec-
tum and thalamus and, to a lesser extent, prethalamus and hypothalamus [137]. In amphioxus,
projections from the single frontal eye have recently been mapped to a Pax4/6-positive region
in the four gill slit larval stage [138], which likely corresponds to a DiMes derivative based on
its topological position and Pax4/6 expression.

Concluding remarks

Our comprehensive genoarchitectonic model of the developing amphioxus CNS at mid-neu-
rula stage sheds new light onto the origins of the vertebrate brain. First, it shows that the basic
blueprint of the vertebrate brain Bauplan was already present in the last common ancestor of
chordates. The major AP and DV partitions identified in amphioxus have direct topological
correspondence with vertebrate counterparts, even though these may be further elaborated in
vertebrates. Such is the case of the eye vesicles and the telencephalon developing as alar expan-
sions of a HyPTh-like region or the growth and regionalization of a DiMes-like region into
thalamus, pretectum, and mesencephalon. Secondly, it highlights the importance of the evolu-
tion of secondary organizers in the gain or loss of brain partitions. Thirdly, it allowed us to
propose novel homologies between amphioxus and vertebrate structures, such as the acro-
terminal hypothalamic area and the prechordal plate. Finally, it casts doubts on the relevance
of the classic separation between forebrain and midbrain in vertebrates from an evolutionary
and developmental perspective, suggesting that a redefinition of the main AP regions into
which the vertebrate brain is classically divided (forebrain, midbrain, and hindbrain) could
provide a better conceptual framework to understand the origins of the vertebrate brain.

Materials and methods
Ethics statement

All animal work in this study has been conducted following the Spanish and European legisla-
tion. Adult fish were only used to obtain eggs through natural mating (ethical committee
approval number: 635/2014). All mouse experiments were performed according to protocols
approved by the Universidad Miguel Hernandez OEP committee (UMH.IN.EP.01.13) and
Conselleria Generalitat Valenciana (2014/VSC/PEA/00055). Chicken experiments were per-
formed according to protocols approved by the ethical committee from the University of Mur-
cia (137/2015).

Gene annotation and cloning

For all the previously annotated genes in the B. floridae genome, primer pairs were designed to
span the full-length coding sequence when possible. A liquid cDNA library from different
developmental stages of the European amphioxus (B. lanceolatum) was screened by PCR using
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B. floridae specific primers. For previously unannotated genes, we performed tBLASTN
searches in the B. floridae JGI v1.0 genome, using the aminoacidic sequences of the vertebrate
orthologs. The corresponding genomic sequences were retrieved and a gene model was pre-
dicted by GeneWise2 and GeneScan, as previously described [139]. Cloned B. lanceolatum
mRNAs used for in situ hybridization are available in S2 Table.

Amphioxus embryo collection, whole-mount in situ hybridization, and
histology

Ripe adult amphioxus specimens were collected in Argelés-sur-mer, France. Spawning was
induced as previously described [140] in a dry laboratory in Barcelona, Spain. After in vitro
fertilization, embryos were cultured at 18 °C for 15 h or 21 h (4/5 somite and 7 somite stages,
respectively) and fixed with 4% PFA in MOPS buffer overnight at 4°C.

Chromogenic whole-mount in situ hybridization was performed as previously described
[36] using Nitrobluetetrazolium/bromochloroindolyl phosphate (NBT/BCIP) or BMP purple
(Roche) as chromogenic substrate for the final alkaline phosphatase. Following whole-mount
in situ hybridization, selected embryos were embedded in a 0.1 M PBS solution with 15% gela-
tine and 20% sucrose, frozen in isopentane, and sectioned with a cryostat at 12-14 pm-thick.
Double-fluorescent in situ hybridizations were performed essentially as nonfluorescent in situ
hybridizations, as described in [141] with two extra steps of incubation in 5% NAC and (50
mM DTT, 1% NP40, 0.5% SDS) in PBS1X before the hybridization step.

Dinitrophenol (DNP)-labeled antisense riboprobes were synthesized using DNP-11-UTP
labeling reagent (PerkinElmer), and DIG-labeled antisense riboprobes were synthesized using
DIG RNA labeling mix (Roche). Labeled riboprobes were detected using anti-DNP-POD (Per-
kin Elmer) and anti-DIG-POD (Roche) antibodies, and green and red fluorescent signals
amplified with TSA -Plus -Fluorescein and Tetrarhodamine systems (Perkin Elmer),
respectively.

Images were acquired using a Leica TCS-SPII confocal microscope or a Zeiss Axiophot.
Confocal datasets were deconvolved with Huygens Professional version 16.05 (Scientific Vol-
ume Imaging, The Netherlands, http://svi.nl), analyzed, and assembled with Image]; for panels
B and B’ in Fig 8, images were further processed with Imaris (7.2.3, Bitplane AG, software
available at http://bitplane.com).

Fish husbandry, morpholino treatments, and in situ hybridization in
zebrafish embryos

Breeding zebrafish (Danio rerio) were maintained at 28°C on a 14 h light/10 h dark cycle as
described in [142]. To disrupt the ZLI and IsO secondary organizers together, we performed a
quadruple transient knockdown using four morpholino-antisense oligomers (MOs) that had
been previously described to abolish each of the organizers individually: otx1a and otx2 MO’s
for the ZLI [105], and eng2a and eng2b for the IsO [106]. As injection controls, we used a com-
bination of the two nontargeting MOs that were used in the original articles (a morpholino-
sense oligomer against twhh (Contl) [105] and a standard control MO (Cont2) [106]). The
combination of experiment or control MOs was injected at the one-cell stage into the yolk at
the following concentrations (based on the original sources): otxla (0.25 mM), otx2 (0.25
mM), eng2a (0.5 mM), eng2b (0.5 mM), Contl (0.5 mM), Cont2 (1 mM). Each embryo was
injected with 1.5 nl of the MO mix (injection of 1.0 nl produced similar, yet milder, pheno-
types, whereas injection of 2.0 nl resulted in full mortality). Four independent experiments
were performed (in different days), injecting approximately 100 eggs per condition and
experiment.
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Injected embryos were fixed in 4% PFA overnight at 4 °C and used for whole-mount in situ
hybridization as previously described [143]. A subset of stained embryos was cryosectioned,
and both sections and whole embryos were mounted in 80% glycerol-PBS and photographed
in a Zeiss Axiophot microscope. The full list of probe sequences is available in S3 Table.

Analysis of gene knockouts in mice

The Fgf8 conditional mutant was generated by the Gail R. Martin laboratory [120], and the
transgenic mouse line expressing cre under the Enl promoter was generated in the Dr. Wolf-
gang Wurst laboratory [144]. Mutant embryos were generated by crossing double heterozy-
gous males (En1“"*; Fgf8"*’*) with homozygous Fgf8"*"/* conditional females.
Immunohistochemistry (PAX-6) and in situ hybridization (Otx2) in paraffin sections were
performed as previously described [145]. The primary PAX-6 rabbit polyclonal IgG antibody
was diluted in PBTG (1:500; PRB-278P/Covance). The Otx2 probe was synthesized as in [86].

In situ hybridization in chicken embryos

All the procedures involving extraction of brain samples and further tissue processing were
done as previously described [146]. Fertilized chicken (Gallus gallus domesticus) eggs were
bought from a national farm (Granja Santa Isabel; Cordoba, Spain) and incubated at 38 °C and
65% controlled humidity in a forced draft incubator until the Hamburger-Hamilton stage five
(HH5) [147]. Embryos were fixed by immersion in 4% paraformaldehyde in 0.1M phosphate
buffered saline (PBS, pH 7.4) during 16 h at 4 °C. Whole-mount in situ hybridization was
done as previously described [146] using probes for Otx2 and Gbx2 reported in [24]. Fezf2
probe was cloned using the following primers: F, GCTACAAACCCTTCGTCTGC and R,
GCTCAGGGTCACTTGCTACC.

Supporting information

S1 Fig. Temporal expression of Nk2.1 during amphioxus development. Lateral views (A-F,
F’), dorsal views (A’-E’), and schematic drawings (A”-F”) of the neural component of Nk2.1
gene expression pattern from 15 to 36 hours post-fertilization. Anterior is to the left except in
F. Somites are indicated using red dotted lines. Scale bar = 50um.

(TIF)

S2 Fig. Additional gene markers used in this study. Other markers with neural expression
used in this study in lateral (A-G) or dorsal views (A’-G’), and drawings of the neural compo-
nent of each gene expression pattern with the relative position of somites (A”-G’). Markers
with no expression in the amphioxus developing CNS at this stage are showed in lateral (H-N)
and dorsal views (H’-N’). Anterior is to the left. Scale bar = 50um.

(TIF)

S3 Fig. Expression of key gene markers at early neural stage.
(TIF)

S1 Table. Information on the neural expression of genes used in this study.
(XLSX)

S2 Table. Probes of amphioxus used for in situ hybridization.
(XLSX)

§3 Table. Probes of zebrafish used for in situ hybridization.
(XLSX)
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Novel organismal structures in metazoans are often undergirded by
complex gene regulatory networks; as such, understanding the
emergence of new structures through evolution requires reconstruct-
ing the series of evolutionary steps leading to these underlying
networks. Here, we reconstruct the step-by-step assembly of the ver-
tebrate splicing network regulated by Nova, a splicing factor that
modulates alternative splicing in the vertebrate central nervous sys-
tem by binding to clusters of YCAY motifs on pre-RNA transcripts.
Transfection of human HEK293T cells with Nova orthologs indicated
vertebrate-like splicing regulatory activity in bilaterian invertebrates,
thus Nova acquired the ability to bind YCAY clusters and perform
vertebrate-like splicing modulation at least before the last common
ancestor of bilaterians. In situ hybridization studies in several species
showed that Nova expression became restricted to CNS later on,
during chordate evolution. Finally, comparative genomics studies
revealed a diverse history for Nova-regulated exons, with target
exons arising through both de novo exon creation and acquisition
of YCAY motifs by preexisting exons throughout chordate and ver-
tebrate history. In addition, we find that tissue-specific Nova expres-
sion patterns emerged independently in other lineages, suggesting
independent assembly of tissue-specific regulatory networks.

evo-devo | pasilla | amphioxus

M etazoans exhibit tremendous diversity in body plan pat-
terning but widespread conservation of regulatory genes.
This is consistent with new organismal structures arising largely by
modification and reuse of preexisting molecular products. Novel
metazoan body plan structures are often accomplished by gene
regulatory networks, thus understanding the emergence of novel
structures requires reconstructing the step-by-step assembly of the
underlying networks.

The vertebrate brain is a particularly striking example. In addi-
tion to expressing a large fraction of tissue-specific genes, CNS
genes show the highest level of alternative splicing (AS) (1). This
transcript complexity is regulated by several CNS-specific AS fac-
tors, which regulate networks of CNS genes (2-5). We used a
multidisciplinary approach to reconstruct the step-by-step origin of
one of these networks, the Nova-regulated splicing network (6, 7).
The two Nova genes in mammals are expressed exclusively in the
CNS (8-10), enabling tissue-specific regulation of ~700 AS events
(11). Nova regulates specific exons by binding to clusters of tetra-
nucleotide [CU]JCA[CU] (YCAY) motifs in exons or near splice
sites in pre-mRNAs; depending on the position of Nova-binding
sites relative to splice sites, Nova can either enhance or inhibit the
inclusion of a particular exon in transcripts (12, 13). Computa-
tional and HITS-CLIP studies have allowed genome-wide identi-
fication of functional Nova-binding motifs and a predictive RNA
map of AS regulation based on the specific location of YCAY
clusters (Fig. 14) (12, 13). These studies have shown that genes
with functional YCAY clusters are coregulated in the presence of
Nova in neurons; notably, most of these genes are involved in axon
guidance and synaptic function (4). This regulatory system is very
well conserved across vertebrates: Nova expression is also restricted

www.pnas.org/cgi/doi/10.1073/pnas.1012333108

to brain in chicken and zebrafish, and conserved YCAY clusters
in orthologous positions accurately predict tissue-specific regu-
lation of exon inclusion levels between brain and liver (14). In
total, nearly half of Nova-regulated alternatively spliced exons
and most of their associated YCAY clusters are conserved from
mouse to fish (14).

As with any regulatory network, the Nova vertebrate network
minimally requires (i) ability of regulatory molecules to affect
expression of target genes (in this case, Nova affecting target
splicing by binding YCAY clusters); (if) specific temporal and
spatial expression of regulatory molecules (CNS-restricted Nova
expression); (iii) presence of regulatory targets (the genes and
exons regulated by Nova); and (iv) sensitivity of targets to regu-
latory molecules (YCAY clusters associated with target exons).
Because all four elements are minimally required for a network to
function, their evolutionary order of emergence—that is, the se-
ries of steps leading to assembly of the network—is obscure. For
instance, CNS expression of Nova could have predated or post-
dated its binding function or its regulation of specific exons, reg-
ulated exons could be ancient and have been recruited for the
network, or could be recently created, and so forth. To reconstruct
the assembly of the vertebrate Nova network, we studied Nova
protein expression and function, as well as the presence/absence
of Nova target exons, across a variety of invertebrates.

Results

Vertebrate-like Nova Regulatory Activity Evolved Before the Last
Common Ancestor of Chordates. We first asked whether in-
vertebrate Nova proteins are capable of regulating AS in a similar
manner to their vertebrate counterparts. We identified putative
orthologs of Nova in the genome sequences of 23 metazoans and
confirmed their orthology by phylogenetic analysis (Fig. S1 and
Dataset S1). To study Nova protein function, we transfected hu-
man embryonic kidney cells (HEK293T), which do not naturally
express Nova, with constructs expressing the Nova orthologs from
either the cnidarian Nematostella vectensis (NvNova), isoform F
of Drosophila melanogaster [DmNova, previously described as
pasilla (ps) (15); isoforms are following FlyBase terminology: Fly-
base.org], the basal chordate amphioxus (Branchiostoma floridae;
BfNova), or the mouse Noval (MmNoval, as a positive control).
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Fig. 1. Transfection of Novas from different species into human HEK293T
cells. (A) Schematic representation of “internal” splicing reporter constructs
and predicted Nova RNA-binding sites (modified from ref. 13). We studied
previously described Nova-regulated alternatively spliced exons from genes
endogenously expressed in HEK293T cells (BRD9, APLP2, NEO1, and MAP4K4).
The effect of Nova regulation depends on the locations of Nova binding
site within the exon or flanking intron, either enhancing (red) or silencing/
inhibiting (blue) inclusion of the neighboring exon in mRNA transcripts. (B)
Confocal images showing general colocalization between DAPI (blue, stain-
ing nuclei) and Alexa 488 (green, labeling Nova) for human HEK293T cells
transfected with Novas from mouse (Nova7), amphioxus, Drosophila (isoform
F), or Nematostella. Right: Percentages of nuclear localization of the Nova
protein. (C) Level of exon inclusion within transcripts for internal reporters
for cells transfected with the control (empty pcDNA3.1-HA vector) and for
Nova constructs from each species. In all cases, mouse Noval and amphioxus
Nova produced highly significant changes in exon inclusion levels in the
predicted direction, compared with the control. Positive/negative values in
the y-axes denote increase/decrease in exon inclusion. */**Statistical signifi-
cance at the P < 0.05/0.01 level as assessed by ANOVA.

Transfected Nova proteins were detected using antibodies against
an N-terminal tag. As expected for a functional splicing factor,
Nova proteins were found in the nucleus (Fig. 1B). In addition, we
tested isoforms C and D from DmNova, which contain a different
N terminus. These isoforms were found predominantly in the cy-
tosol of transfected cells (Fig. S2). This is likely in part due to
nuclear exportation, because treatment with leptomycin B signifi-
cantly increased nuclear location for both isoforms (P = 0.004 and
P = 0.02, respectively; Fig. S2).

To assess the ability of invertebrate Novas to interpret vertebrate-
like splicing signals, we studied splicing of four genes whose

5320 | www.pnas.org/cgi/doi/10.1073/pnas.1012333108

splicing is regulated by Nova (“target genes”), used as internal (or
endogenous) reporters. We used two criteria to select the four
target genes. First, all four are endogenously expressed in non-
transformed HEK293T cells and show a Nova-negative AS pat-
tern due to the lack of Nova expression in these cells. Second,
together, the four targets represent the major types of Nova cis-
regulatory elements: splicing enhancers (Nova promotes exon
inclusion: NISE1, Brd9; NISE2, Aplp2) and silencers (Nova in-
hibits exon inclusion: NESS1, Neol; NESS2, Map4k4) (Fig. 14).

For each Nova target exon, we used semiquantitative RT-PCR
to compare levels of exon inclusion in transcripts from transfected
and control cells. The effects on splicing patterns varied consid-
erably among species. Both mouse and amphioxus Novas pro-
duced significant changes in splicing for all four exons (Fig. 1C; P <
0.01 for each exon). For all four exons, the changes in inclusion
levels were similar for the two species and in the direction pre-
dicted by the position of their YCAY cluster (Fig. 14) (14), sug-
gesting conserved Nova binding function across chordates/
deuterostomes (16). The results observed for D. melanogaster and
the cnidarian N. vectensis were less clear. Although changes in
exon inclusion levels were observed in the expected direction, the
effects were smaller and often not statistically significant, espe-
cially in the case of NvNova (Fig. 1C). Given the evolutionary
divergence, these results could reflect differences in target binding
or differences in Nova recruitment and protein interaction be-
tween the invertebrate and mammalian spliceosomes. Consistent
with the latter, a recent study (17) has shown that the DmNova
regulatory map is conserved to that of mammals, suggesting that
the biochemical properties of Nova protein are conserved at least
across bilaterians.

Restriction of Nova Expression to CNS Is Specific to Vertebrates and
Tunicates. We next studied Nova gene expression. We compared in
situ hybridization (ISH) of Nova genes during development in eight
species, spanning all major Eumetazoan groups (Deuterostomes,
Ecdysozoans, Lophotrochozoans, and nonbilaterians). We found
great variation in expression patterns. Within chordates, similarity
of expression to mammalian patterns reflected degree of relate-
dness. As expected, expression patterns were well conserved within
vertebrates: both members of the zebrafish Nova family (two
“Nova?2” genes; Fig. S1) were expressed only in CNS (at stages 36
and 48 hpf; Fig. 2 4-D). CNS-specific expression extended to the
closest living relatives of vertebrates, tunicates, represented by
Ciona intestinalis: CiNova expression was found only in the de-
veloping CNS, from neurulation to larval stages (Fig. 2 E-H).
However, the basal chordate amphioxus showed a substantially
different expression pattern, albeit with some similarities to ver-
tebrates. In contrast to vertebrates, expression was most pro-
nounced in mesoderm at early stages: BfNova was first detected in
the presumptive endomesoderm of gastrulae and later in pre-
somitic mesoderm of early neurulae (Fig. 2 I-K), with strong me-
sodermal staining extending through the mid-late neural stage (Fig.
2L and M). However, discrete expression was detected in repetitive
neural precursors in the neural plate during mid-late neural stages
(Fig. 2 L and M), reminiscent of motoneuron markers (18, 19) and
consistent with vertebrate expression patterns (8). Larval expres-
sion is also much broader than in vertebrates: we detected Nova in
derivatives of all germ layers, including the cerebral vesicle but also
others such as mouth—pharynx-associated structures and hindgut
(Fig. 2 N and O). Finally, real-time quantitative PCR analysis of
adult amphioxus tissues (see below) underscored the clear but
partial similarity between amphioxus and vertebrate expression:
Nova expression was highest in the neural tube but was also ob-
served in muscle and gill tissues (Fig. S3).

Perhaps surprisingly, beyond chordates, expression patterns
were very different from vertebrates. Even the hemichordate
Saccoglossus kowalevskii, representing the closest living relatives
of chordates (Ambulacraria), showed very different expression.
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The single Nova gene showed sharply restricted expression to
postpharyngeal endoderm throughout development (Fig. 2 P-S);
this is consistent with the expression for two other Ambulacraria
species, the sea urchins Strongylocentrotus purpuratus and Para-
centrotus lividus (Fig. 2 T-W and ref. 20, respectively). Expres-
sion in even more distantly related animals was also very
different from vertebrates. As previously described, the fly
ortholog pasilla is expressed in salivary glands (ectodermal de-
rivative), gut (endoderm) and, posteriorly, the fat bodies (me-
sodermal) (Fig. 2 X and Y) (15); however, no expression was
detected in CNS at any developmental stage (15). In the
Lophotrochozoan planarian Schmidtea polychroa, SpolNoval is
first detected in scattered cells at St5 and, later, in cerebral
ganglia and mesenchyme at St7 (Fig. 2 Z and AA). Finally, ex-
pression of NvNova in the nonbilaterian N. vectensis was detec-
ted in scattered cells around the pharynx from 4 d after
fertilization (most likely endodermal cells from the pharynx, al-
though neuronal expression cannot be ruled out) and in single
ectodermal cells, possibly neurons, of the tentacles after 6 d after
fertilization (Fig. 2 AB-AE).

These results suggest that CNS-specific expression of Nova arose
relatively recently within chordates (Fig. S4), most likely within
the common ancestor of urochordates and vertebrates and after
the divergence from cephalochordates. From a broader perspec-
tive, the diversity of expression patterns across metazoans indicates
great flexibility of Nova expression and organismic function and
strongly suggests that Nova has independently acquired distinct
tissue-specific expression in different metazoan lineages.
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Fig.2. Developmental expression of Nova genesin Eumetazoans.
(A-D) The zebrafish Danio rerio. The NovaZ2a (A and B) and Nova2b
(Cand D) genes are widely expressed in the developing CNS. Forty-
eight-hour embryos are shownin lateral (A and C) and dorsal (Band
D) views. Expression is similar for other developmental stages. (E-
H) The urochordate C. intestinalis. CiNova is expressed uniquely in
developing neural plate in late neurula (E, lateral view; F, dorsal)
and in tadpole larvae (G, lateral view; H, dorsal). (/-O) The cepha-
lochordate amphioxus (B. lanceolatum). BINova shows complex
expression during development. BINova is expressed early in the
gastrula endomesoderm (/) and later in the posterior mesoderm of
early- and midneurula (J, lateral view; K, dorsal). At late-neurula
stages the expression continues in the mesoderm but starts also in
the CNS, in some discrete cells, likely motoneuron precursors (pmn)
(L, lateral view; M, dorsal). In later stages, expression continues in
CNS and mesoderm and begins strongly in ectodermal and endo-
dermal structures in the mouth and pharynx regions (N and O).
r’ (P-S) The hemichordate S. kowalevskii. Expression of SkNova is
restricted to postpharyngeal endoderm during development: early
gastrula (P), late gastrula (Q), early neurula embryo (R), and late
neurula (S). (T-W) The sea urchin S. purpuratus. As in the hemi-
chordates, SpNova expression is restricted to posterior endomeso-
derm at 16- to 30-h blastula (7), 30- to 38-h gastrulae (Uand V), and
38- to 50-h gastrula (W) [pictures obtained from the Whole mount
In Situ Hybridization (WISH) database; expression pattern is similiar
to that of P. lividus (20)]. (X and Y) The fruitfly D. melanogaster.
Developmental expression of the Nova ortholog Dmps is more
complex. Expression is detected in salivary glands and digestive
tube [pictures obtained from BDGP (38) and described by ref. 15].
(Z-AA) The planarian S. polychroa. Developmental expression of
SpolNovaT is observed in scattered cells in the germ band at stage 5
(Z) and is subsequently restricted to cerebral ganglia and mesen-
chyme at stage 7 (AA); signal in the pharynx is due to probe trap-
ping. (AB-AE) The cnidarian N. vectensis. NvNova is ubiquitously
expressed at a very low level, with some cells showing a slight up-
regulation of the expression in gastrula (26 h after fertilization)
(AB). In 4-d planula (AC) the expression is in the prepharyngeal
endoderm, and in 6d primary polyps (AD and AE) the expression
also extends to some single cells in the ectoderm of the tentacles.
Anterior/oral is to the left in all cases, except P, which is a view from
the blastopore. (Scale bars, 50 pm in T-Wand AB-AE; 100 pm in E-S,
= X, and Y; 250 pm in A-D, Z, and AA.)

Nova-Regulated AS Network Was Primarily Assembled Within
Vertebrates. Finally, we studied evolutionary conservation of
known mouse Nova-regulated exons that are conserved from
mammals to fish [34 exons in 28 genes (14); Materials and Meth-
ods]. For each invertebrate chordate, we studied each exon at four
levels of conservation (21) (Fig. 3A): (i) presence of an ortholo-
gous gene in the genome (G), (ii ) presence of an orthologous exon
in the orthologous gene (E), (iii) AS of the exon (A), and (iv)
putative regulatory conservation (i.e., presence of YCAY clusters
in similar/equivalent positions) (R).

We found that all studied genes had putative orthologs in am-
phioxus (G-level), thus vertebrate/tunicate CNS Nova-regulated
targets arose within preexisting genes. By contrast, most of the
specific Nova-regulated exons (66.7%, E-level) were not found in
amphioxus (either in silico or by RT-PCR; Materials and Methods).
Lack of conservation is particularly striking for single exons (that
is, “simple” exons: those that are not part of mutually exclusive
exon sets or more complex AS patterns) for which inclusion is
increased by Nova. Among these exons, 17 of 19 (89.5%) are
absent in amphioxus [vs. 5 of 10 (50%) of Nova-silenced exons;
P = 0.030 by a Fisher exact test] (Fig. 3B, Inset). Similarly, simple
minor and major exons [defined as being supported by less and
more than 50% of ESTs, respectively (14)] show significant dif-
ferences, with half (7 of 14) of major exons being conserved
compared with no (0 of 15) minor ones (P = 0.002 by Fisher’s
exact test). This minor-major difference echoes general patterns
of evolutionary conservation of alternatively spliced exons in
metazoans (22, 23).
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Fig. 3. Conservation of the Nova-regulated AS network in chordates. (A)
Illustrations of four different levels of evolutionary conservation of AS
events between vertebrates and studied invertebrates (21): presence of
a putatively orthologous gene in the genome (G, white); presence of a pu-
tatively orthologous exon in the genome (E, light gray); whether the exon is
also alternatively spliced (A, dark gray); and whether specific regulation of
AS is conserved, in this case assessed by the presence of equivalent YCAY
clusters (R, black). (B) Percentage of exons with each of four levels of con-
servation in amphioxus. All Nova-regulated genes are conserved in amphi-
oxus, but less than 40% of specific Nova-regulated exons are, and only 2 of
29 events (6.9%) show mouse-like Nova regulation. (C) Evolutionary con-
servation of Nova-regulated exons (E level, gray) and presence of equivalent
YCAY clusters (R level, black) between mouse and the inferred vertebrate
ancestor and the two invertebrate chordates. Vertebrate data from ref. 14.
For amphioxus and Ciona, tetrapod- or mammalian-specific exons are as-
sumed to be not conserved.

We next studied splicing and regulation of conserved exons.
Of the 11 conserved exons, 7 are alternatively spliced in amphi-
oxus (A-level), of which only two genes showed YCAY clusters
(R-level) in positions corresponding to mouse YCAY clusters
(TPM and JNK) and another (ITGA) showed a putatively func-
tionally equivalent cluster. To further analyze these three am-
phioxus AS events, we generated minigenes for each case and
tested Nova regulation of their splicing by cotransfection with
mouse Noval in HEK293T cells (Materials and Methods). In each
case, presence of Noval resulted in significantly altered exon
inclusion levels in the direction predicted by the positions of
putative Nova binding motifs (relative to the negative control, the
empty pcDNA3 vector; Fig. 4). For JNK and ITGA, the direction
of the effect of Nova was conserved between mouse and am-
phioxus orthologs, consistent with conservation of regulatory
pattern and structure.

The case of the TPM gene is more complex, however. For the
mutually exclusive exons 6A/6B, amphioxus has a single YCAY
signal (NISE2) near exon 6A, which is conserved with mouse.
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Consistent with the prediction, inclusion of amphioxus exon 6A
is enhanced by Nova (Fig. 4C). The mouse case is more com-
plicated: in addition to NISE, the mouse TPM3 gene contains
a second YCAY signal (NISS2), with an opposite predicted ef-
fect (inclusion of exon 6B). Although the predicted net result of
these two opposed signals is not immediately obvious, consistent
with previous results (4), we found that the net effect of Nova is
an increase in exon 6B inclusion (i.e., NISS2 seems to dominate),
opposite the finding in amphioxus.

Next, to assess the tissue-specific role of Nova in the regulation of
the conserved exons in amphioxus in vivo, we dissected gut, neural
tube, gills, and muscle tissues from an adult individual (Fig. S3).
Quantification of Nova expression by quantitative PCR showed
that expression varied across tissues, with the highest expression in
neural tube and moderate and weak expression observed in muscle
and gills, respectively. No expression was detected in the gut. These
results were consistent when either of two different control
housekeeping genes were used for normalization (GAPDH and
cytosolic actin) and across three independent replicates (Table S1).
We then compared isoform levels of the three conserved amphi-
oxus AS events (TPM, ITGA, and JNK) across tissues. Consistent
with in vivo regulation, Nova-enhanced isoforms for each gene
were higher in neural tube than in gut alternative (splicing in gills
and muscle were generally intermediate) (Fig. S3).

We also studied conservation of Nova-regulated exons in
C. intestinalis. We found a similar picture to amphioxus (Fig. 3C
and Fig. S5): most vertebrate Nova-regulated exons were not
found in C. intestinalis, and only one conserved exon had a puta-
tively conserved YCAY cluster, suggesting significant exon crea-
tion and YCAY recruitment after the vertebrate—urochordate
divergence (Fig. 3C). Among exons whose inclusion is increased
by Nova, 15 of 17 of the exons absent in amphioxus were also
absent in C. intestinalis (Dataset S2), suggesting little exon crea-
tion within vertebrate—urochordate ancestors. Overall, levels of
conservation of both exons and YCAY clusters drops dramatically
in invertebrates (Fig. 3C).

Discussion

The case of Nova yields insights into the ordered sequence of evo-
lutionary events leading to the construction of regulatory networks.
In this case, the regulator first acquired the regulatory function:
Nova evolved the ability to bind YCAY clusters and perform
vertebrate-like splicing modulation at least by the last common
ancestor of chordates, and, likely, of bilaterians (17). Second, the
regulator acquired the requisite expression patterns: Nova expres-
sion became restricted to CNS in chordates, likely in vertebrate—
tunicate ancestors. Finally, the regulatory targets arose: in the case
of Nova, a combination of de novo emergence of new Nova-targeted
exons and acquisition of Nova regulation by preexisting exons led
to the modern wealth of Nova targets.

Evolution of Nova Targets. Our results attest to a variety of dif-
ferent evolutionary histories of Nova-regulated vertebrate exons.
First, some exons are ancestral (shared with amphioxus) and thus
predate the assembly of the CNS-specific Nova regulatory net-
work. Most ancestral exons lack Nova binding motifs and/or
evidence for AS in amphioxus, suggesting that they were ances-
trally constitutive exons that were coopted for Nova regulation
well after their origin. Other exons seem to have arisen within
urochordate-vertebrate or vertebrate ancestors or during verte-
brate evolution and thus postdate the evolution of CNS-specific
Nova expression. As with the ancestral exons, some of these lack
evidence for Nova binding motifs and/or AS in urochordates and/
or vertebrates distantly related to mammals, again suggesting
that the exon first arose and only later was coopted by the Nova
network (14). Finally, some seem to be Nova-created exons: exon
presence is closely associated with Nova binding motifs. As pre-
viously suggested (14), creation of these exons could be directly
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Fig. 4. Experimental validation of predicted Nova-regulated events in amphioxus. For each exon [from ITGA3 (A), JNK2 (B), and TPM3 (C)], schematic
representations of the local gene structures for amphioxus and vertebrate are shown at the top, with representative RT-PCR results and estimated percentage
of exon inclusion for each studied minigene. Blue/red dots indicate YCAY clusters predicted to function as Nova enhancer/silencers. Blue/red bars indicate
Nova silenced/enhanced exon inclusion. NISS, Nova intronic splicing silencer; NISE, Nova intronic splicing enhancer. Asterisks indicate in-frame STOP codons.

attributable to new Nova-binding motifs: the emergence of
YCAY enhancer motifs could have led to the use of nearby
cryptic splice sites, leading to creation of a new exon.

Evolution of Nova Expression. In addition, our gene expression
results indicate a complex history for the biological role of Nova
through metazoan history. First, we find that CNS-restricted ex-
pression is a relatively recent occurrence within the chordate
lineage, with more complex or more promiscuous expression
patterns in various invertebrates. This raises the question of the
function of Nova in these species as well as in early metazoans.
The reconstruction of Nova-regulated networks in other phyla
may provide insights into this question. Equally intriguing, we find
that Nova has independently acquired tissue-specific expression
patterns in very different tissues in different metazoans lineages.
The expression pattern is especially striking in Ambulacraria, in
which Nova is largely restricted to the gut. This raises the exciting
possibility of lineage-specific assembly of tissue-specific Nova-
regulated AS networks in other lineages. Nova may have served as
a powerful and multipurpose tool for the construction of complex
regulatory networks, having been put to use for very different
functions in different lineages. Regulators with such flexible po-
tential functions could be centrally important in the emergence of
complex but different structures in related lineages.

Materials and Methods

In Silico ldentification of Nova Orthologs and Phylogenetic Analysis. Using
mouse Nova genes as queries, we performed tBLASTN searches against 17
genomes (S/ Materials and Methods). We then downloaded each corre-
sponding genomic region and built gene models using existing automatic
gene model predictions, ESTs, ClustalW alignments of individual exons, and/
or GeneWise2 software if necessary. For phylogenetic analysis, described
sequences for ingroups and outgroups were downloaded from GenBank.
Full-length amino acid sequences were aligned using ClustalW (24). Phylo-
genetic trees were then generated by the Bayesian method with MrBayes
3.1.2 (25, 26), with the Dayhoff+Gamma model, as recommended by Prot-
Test 1.4 (27-29) as previously described (30) (further details in S/ Materials
and Methods).
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Nova Constructs, Internal Reporters, and Minigenes. Full-length Nova cDNA
sequences from mouse (Nova7), B. floridae, D. melanogaster (ps, isoforms C, D,
and F), and N. vectensis were obtained by high-fidelity PCR. Each Nova cDNA
sequence was cloned into a pcDNA.3.1 expression vector that contained an in-
frame HA epitope at the 5’end to facilitate protein immunodetection. For
Drosophila isoforms, subcellular location was also investigated after 2, 4, and
6 h of inhibition of nuclear exportation with 40 nM of leptomycin B (Fig. S2).

Candidate endogenous reporters for AS, namely APLP2, BRD9, MAP4K4,
and NEO1, were selected from previously described Nova-regulated events
(14) so as to include all major types of Nova cis regulators. Primers in the
upstream and downstream constitutive exons were designed for each event
to test the inclusion level of each alternatively spliced exon.

Minigenes for the AS events from mouse TPM3 and amphioxus ITGA and
JNK were generated using primers to amplify the upstream and downstream
constitutive exons from genomic DNA and cloned into the expression vector
pcDNA.3.1. For BfTPM, only the region containing exons 6A and 6B was
cloned, using several primer sets for sequential cloning. To check the AS
pattern of each minigene, specific primers in the upstream and downstream
exons were designed. For Bf/NK exons A and B were quantified separately
using different specific primer sets.

Cell Culture, Transfection, RNA Isolation, and RT-PCR. HEK293T cells were tran-
siently cotransfected with either pcDNA.3.1-HA empty vector (negative
control) or one of the pcDNA.3.1-HA-Nova constructs. Forty-eight hours after
transfection, cells were immunodetected according to standard protocols
with anti-HA and AlexaFluor 488-conjugated anti-mouse IgG antibodies.
Nuclei were counterstained with DAPI. To test the minigenes, each construct
was cotransfected with either pcDNA.3.1-HA empty vector or pcDNA.3.1-HA-
MmNoval. Total RNA was isolated from cells 40 h after transfection, and
cDNA was prepared. AS patterns were quantified by measuring RT-PCR
products performed under specific conditions to avoid PCR bias toward small
fragments (31) (details in S/ Materials and Methods). At least three biological
replicates were analyzed for each set of experiments.

Cloning of Different Nova Orthologs and in Situ Hybridization. Primers were
designed to span nearly the full length of the Nova transcript for zebrafish
(Nova2a and Nova2b), Branchiostoma lanceolatum, C. intestinalis, S. kowa-
levskii, S. polychroa, and N. vectensis. For key species, 3' UTR (B. lanceolatum
and S. kowalevskii) and/or KH-free probes (B. lanceolatum and S. polychroa)
were also used (Fig. S6). Standard ISH protocols (32-37) were used for each
species at higher hybridization temperatures (5-10 °C higher) to avoid po-
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tential cross-hybridization (details in S/ Materials and Methods). Pictures of
D. melanogaster and S. purpuratus ISHs were obtained with permission from
the Berkeley Drosophila Genome Project (BDGP) gene expression project
(http:/finsitu.fruitfly.org) (38) and the WISH database (http:/goblet.molgen.
mpg.de/eugene/cgi/eugene.pl) (39), respectively.

Analysis of the Vertebrate Nova-Regulated Network in B. floridae and C.
intestinalis. Presence of Nova-regulated exons conserved from mammals to
fish (14) (Dataset S2) were individually assessed in silico and by RT-PCR in
amphioxus and C. intestinalis (details in SI Materials and Methods). All
sequences were uploaded to GenBank (accession nos. JF314355-JF314403).
All primer sequences are available upon request. TACC2 could not be studied
in amphioxus and Ciona; TPM data were obtained from ref. 40.

For studied exons that were present in any invertebrate genome, we
assessed AS by RT-PCR using cDNAs from mixed stages. For exons that showed
AS, we searched in the genome for Nova-binding motifs (YCAY clusters)
corresponding to binding motifs described in mouse: either in orthologous
positions or in other positions with generally equivalent effects (14). We
used a permissive definition for YCAY clusters, based on ref. 14: at least
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three YCAY motifs within 50 bp, with a maximum inter-YCAY distance of 24
bp. Predicted amphioxus motifs were then validated using minigenes.
RT-PCRs of conserved Nova exons in amphioxus (Fig. S3) were performed on
tissues from an adult amphioxus individual. Gut, neural tube, gills, and muscle
were carefully dissected and RNA extracted and cDNA prepared using standard
protocols. For real-time PCR quantification of Nova expression, GAPDH and cy-
tosolic actin were used as controls for normalization, both yielding similar results.
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S| Materials and Methods

In Silico ldentification of Nova Orthologs and Phylogenetic Analysis.
Using mouse Noval and Nova2 genes as queries, we performed
tBLASTN searches against 17 genomes: Xenopus tropicalis JGI v4.1
(1), Takifugu rubripes JGI v4.0, Branchiostoma floridae JGI v1.0 (2),
Trichoplax adhaerens Grell-BS-1999 v1.0 (3), Nematostella vectensis
JGI V1.0 (4), Ciona intestinalis JGI v2.0 (5), Daphnia pulex JGI v1.0,
Lottia gigantea JGI v1.0, and Capitella teleta JGI v1.0 at the
Joint Genome Institute (JGI) Web page (http:/genome.jgi-psf.org/
euk_home.html); Strongylocentrotus purpuratus Build 2.1 (6), Danio
rerio Build Zv8, Tribolium castaneum Build 2.1 (7), and Anopheles
gambiae str. PEST (8) at the National Center for Biotechnology In-
formation Web page (http:/www.ncbi.nlm.nih.gov/blast/Blast.cgi);
Apnolis carolinensis AnoCar1.0 at the Ensembl Web page (http://www.
ensembl.org); Hydra magnipapillata (9) at the Metazome Web page
(http://hydrazome.metazome.net/cgi-bin/gbrowse/hydra/); Schmidtea
mediterranea at SmedGD (10); and Saccoglossus kowalevskii 2008-
Dec-09 linear scaffolds at the Human Genome Sequencing Center
Baylor College of Medicine Blast Web page (http://blast.hgsc.bcm.
tmc.edu/blast.hgsc?organism=20). We then downloaded each cor-
responding genomic region and built gene models using existing au-
tomatic gene model predictions, ESTs, ClustalW alignments of
individual exons, and/or GeneWise2 software (11) if necessary. An-
notation and comparison of intron positions and phases to improve
the alignments were performed as previously described (12). For
phylogenetic analysis, sequences for ingroups (Noval and Nova2
from Mus musculus and Gallus gallus and ps_K from Drosophila
melanogaster) and outgroups (Trichoplax adhaerens PCBP, and the
paralogs M. musculus PCBPI and PCBP2 and D. melanogaster mub)
were downloaded from GenBank. Full-length amino acid sequences
were aligned using ClustalW (13). Phylogenetic trees were then
generated by the Bayesian method with MrBayes 3.1.2 (14, 15), with
the Dayhoff+Gamma model, as recommended by ProtTest 1.4 (16—
18) under the Akaike information and the Bayesian information
criteria. Two independent runs were performed, each with four
chains. By convention, convergence was reached when the value for
the SD of split frequencies stayed below 0.01. Burn-in was determined
by plotting parameters across all runs for a given analysis: all trees
before stationarity and convergence were discarded, and consensus
trees were calculated for the remaining trees (2,500,000 generations).

Nova Constructs, Internal Reporters, and Minigenes. Full-length
Nova cDNA sequences from mouse (Noval), B. floridae, Dro-
sophila psD, and Nematostella were obtained by PCR from purified
RNA, using iProof High-Fidelity DNA Polymerase (BioRad).
Each Nova cDNA sequence was cloned into a pcDNA.3.1 ex-
pression vector that contained an in-frame HA epitope at the 5’
end to facilitate protein immunodetection. All final constructs
were verified by sequencing.

Candidate endogenous reporters for alternative splicing, namely
APLP2, BRD9, MAP4K4, and NEOI, were selected from pre-
viously described Nova-regulated events (19) as to include all
major types of Nova cis regulators. Primers in the upstream and
downstream constitutive exons were designed for each event to test
the inclusion level of each alternatively spliced exon.

Minigenes for the alternative splicing (AS) events from mouse
TPM3 and amphioxus /ITGA andJNK were generated using primers
to amplify the upstream and downstream constitutive exons from
genomic DNA and cloned into the expression vector pcDNA.3.1.
For BfTPM, only the region containing exons 6A and 6B was
cloned, using several primer sets for sequential cloning. To check
the AS pattern of each minigene, specific primers in the upstream
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and downstream exons were designed. For Bf/NK exons A and B
were quantified separately using different specific primer sets. For
BfTPM one primer spanning each alternatively spliced exon and
yielding different final sizes were used in the same PCR. Although
the AS pattern of this minigene was complex, the expected bands
for each exon could be easily quantified. Primer sequences are
available upon request.

Cell Culture, Transfection, RNA Isolation, and RT-PCR. HEK293T cells
were transiently cotransfected with either pcDNA.3.1-HA empty
vector or each of the pcDNA.3.1-HA-Nova constructs using Lip-
ofectamine 2000 (Invitrogen). Forty-eight hours after transfection,
cells were immunodetected according to standard protocols with
anti-HA (Santa Cruz Biotechnology, 1:300) and AlexaFluor 488-
conjugated anti-mouse IgG (Molecular Probes, 1:250) antibodies.
Nuclei were counterstained with DAPI (Roche, 1:5,000). When
testing the minigenes, each construct was cotransfected with either
pcDNA.3.1-HA empty vector (negative control) or pcDNA.3.1-
HA-MmNoval.

Total RNA was isolated from cells 40 h after transfection using the
High Pure RNA Isolation Kit (Roche). RT-PCRs were performed
using the Transcriptor High Fidelity cDNA Synthesis Kit (Roche).
GAPDH was used as a control. The RT-PCRs to test the AS patterns
were performed at 32 cycles for internal reporters and 27 cycles for
minigenes, using long elongation times (4 min) to avoid PCR bias
toward small fragments (20). The RT-PCR reactions were quantified
by Multi Gauge v3.0 software (Fujifilm) after capturing the electro-
phoresis image with LAS-4000 MINI (Fujifilm). At least three bi-
ological replicates were analyzed for each set of experiments. The
statistical significance was assessed by ANOVA.

Nuclear Location and Transport of Drosophila Nova Isoforms.
Experiments regarding the inhibition of the nuclear transport
were carried out starting with the transient transfection of the
different constructs in pcDNA3.1-HA bearing the D. mela-
nogaster Nova isoforms C, D, and F. Briefly, HEK293T cells were
seeded on 24-well plates (2.5 x 10° cells/mL). After 12 h, cells
were transiently transfected using Lipofectamine 2000 (In-
vitrogen), according to the manufacturer’s instructions. After 48 h
of expression, cells were treated with 40 nM leptomycin B
(Alomone Labs) for 0 h, 2 h, 4 h, or 6 h and immediately pro-
ceeding with two washes in PBS and immunolocalization assays,
performed as described above with anti-HA (Santa Cruz Bio-
technology, 1:300) and AlexaFluor 488-conjugated anti-mouse
IgG (Molecular Probes, 1:250) antibodies. Nuclei were coun-
terstained with DAPI (Roche, 1:5,000).

Cloning of Different Nova Orthologs and in Situ Hybridization. Pri-
mers were designed to span nearly the full length of the Nova
transcript for zebrafish (Nova2a and Nova2b), Branchiostoma
lanceolatum, C. intestinalis, S. kowalevskii, Schmidtea polychroa,
and N. vectensis. For key species, 3’ UTR (B. lanceolatum and S.
kowalevskii) and/or KH-free probes (B. lanceolatum and S. pol-
ychroa) were also used (Fig. S6). PCR fragments were cloned
into pCRII/TOPO (Invitrogen), and RNA probes were gener-
ated using T7 or SP6 RNA polymerases (Roche) using standard
procedures.

Zebrafish embryos were raised at 28 °C in standard E3 medium
and fixed at 48-h stages in 4% paraformaldehyde overnight at 4 °C.
In situ hybridizations (ISH) were carried out as previously de-
scribed (21). B. lanceolatum and C. intestinalis embryos were fixed
and hybridized as previously described (22, 23); for C. intestinalis,

10f7


http://genome.jgi-psf.org/euk_home.html
http://genome.jgi-psf.org/euk_home.html
http://www.ncbi.nlm.nih.gov/blast/Blast.cgi
http://www.ensembl.org
http://www.ensembl.org
http://hydrazome.metazome.net/cgi-bin/gbrowse/hydra/
http://blast.hgsc.bcm.tmc.edu/blast.hgsc?organism%3D20
http://blast.hgsc.bcm.tmc.edu/blast.hgsc?organism%3D20
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012333108/-/DCSupplemental/pnas.201012333SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/content/short/1012333108

we used 15° of PK treatment. S. kowalevskii embryos were kindly
provided by Chris Lowe, and ISH was performed as previously
described (24). S. polychroa embryos were dissected, fixed, and
hybridized as previously described (25), using 64 °C as hybridiza-
tion temperature. ISH for Nematostella was carried out according
to ref. 26. Highly stringent conditions were used for all studied
species to avoid cross-hybridization with related mRNAs. In ad-
dition, for amphioxus an alternative probe was designed spanning
the nonconserved sequence between the second and third KH
domains, to minimize potential cross-hybridization; the same pat-
tern was observed. Pictures of D. melanogaster and S. purpuratus
ISHs were obtained with permission from the Berkeley Drosophila
Genome Project gene expression project (http://insitu.fruitfly.org)
(27) and WISH database (http://goblet.molgen.mpg.de/eugene/cgi/
eugene.pl) (28), respectively.

Analysis of the Vertebrate Nova-Regulated Network of Alternatively
Spliced Exons in B. floridae and C. intestinalis. Conservation of
Nova-regulated exons conserved from mammals to fish, as pre-
viously reported (19) (Dataset S2), were assessed in silico and by
RT-PCR in the amphioxus B. floridae and the ascidian C. in-
testinalis. For each studied gene, tBLASTN were performed on
each invertebrate genome at the JGI Web page. Each genomic
region was then downloaded, and the constitutive upstream and
downstream exons were identified and annotated using available
ESTs, sequence similarity comparisons using CLUSTALW, and/
or intron position alignments. If the upstream and/or down-
stream exons could not be confidently detected, we searched for
the next upstream/downstream exons until we could confidently
identify a constitutive exon on each side of the expected alter-
natively spliced regions. Then we followed two strategies: first
the alternatively spliced exons were searched for within the in-
tronic sequence by sequence similarity or EST mapping (if the
region could be properly annotated). Second, if the alternatively
spliced exon could not be confidently identified, we designed
primers in the constitutive adjoining exons for each species and
performed RT-PCRs (39 cycles) using a cDNA library from
mixed developmental stages. We cloned and sequenced the PCR
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products. If the directly upstream and/or downstream exons had
not been identified in the first screening but were after PCR
sequencing, new primers spanning only those exons were de-
signed, and a new PCR was performed to assess the presence of
different isoforms. All sequences were uploaded to GeneBank
(accession nos. JF314355-JF314403). All primer sequences are
available upon request. TACC2 could not be studied in amphi-
oxus and Ciona; TPM data were obtained from ref. 29.

For the alternatively spliced exons that were present at any
invertebrate genome, we assessed AS by RT-PCR using cDNAs
from mixed stages. For the positive cases at the AS level, we
searched in the genome for Nova-binding motifs (YCAY clusters)
at orthologous positions or in other locations with generally
equivalent effects to the Nova-binding sites described in mouse
(19). We used a permissive definition for YCAY clusters, based on
ref. 19: at least three YCAY clusters within 50 bp, with a maximum
inter-YCAY distance of 24 bp, which were then validated using
minigenes for the case of amphioxus.

Putative Nova-regulated AS events in the vertebrate ancestor
(Fig. 3C, main text) were inferred from the exons conserved from
mammals to fish (19), using YCAY cluster scores from ref. 19, if
available, or studying conservation of each mouse YCAY cluster
in the orthologs and ohnologs (paralogs resulting from the two
rounds of whole-genome duplication) from available fish ge-
nomes (7. rubripes, Tetraodon nigroviridis, Oryzas latipes, D. rerio,
and Gasterosteus aculeatus).

RT-PCRs of conserved Nova exons in amphioxus (Fig. S3)
were performed on tissues from an adult amphioxus individual.
Gut, neural tube, gills, and muscle were carefully dissected and
RNA extracted and cDNA prepared using standard protocols.
For real-time PCR quantification of Nova expression, GAPDH
and cytosolic actin were used as controls for normalization, both
yielding similar results. Real-time PCRs were performed using
SYBR GREEN PCR Master Mix (Applied Biosystems) with
standard conditions and 7 ng of cDNA for each sample. Three
replicated were performed for each sample and set of primers.
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Fig. S1. Bayesian phylogenetic reconstruction of the Nova orthologs identified in different metazoan genomes. Phylogenetic trees were by the Bayesian
method with MrBayes 3.1.2, with the Dayhoff+Gamma model, as recommended by ProtTest 1.4 under the Akaike information and the Bayesian information
criteria. Two independent runs were performed, each with four chains. By convention, convergence was reached when the value for the SD of split frequencies
stayed below 0.01. Burn-in was determined by plotting parameters across all runs for a given analysis: all trees before stationarity and convergence were
discarded, and consensus trees were calculated for the remaining trees (2,500,000 generations). Lopho., Lophotrochozoans; Ecdys., Ecdysozoans; N.B., Non
Bilaterians; Xtr, Xenopus tropicalis; Aca, Anolis carolinensis; Gg, Gallus gallus; Mm, Mus musculus; Tru, Takifugu rubripes; Dr, Danio rerio; Ci, Ciona intestinalis;
Bf, Branchiostoma floridae; Bl, Branchiostoma lanceolatum; Sp, Strongylocentrotus purpuratus; Sk, Saccoglossus kowalevskii; Ct, Capitella teleta; Lg, Lottia
gigantea; Hr, Helobdella robusta; Spol, Schmidtea polychroa; Tc, Tribolium castaneum; Dm, Drosophila melanogaster; Ag, Anopheles gambiae; Nv, Nem-
atostella vectensis; Hm, Hydra magnipapillata; Ta, Trichoplax adhaerens.
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or cytosolic location for each isoform. (B) Percentage of nuclear location of Drosophila Nova isoforms C, D, and F. (C) Percentage of nuclear location of
Drosophila Nova isoforms C (black) and D (white) after 0, 2, 4, and 6 h of 40 nM leptomycin B.
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controls (GAPDH and cytosolic actin; raw data are shown in Table S1). RT-PCRs showing exon inclusion levels for each of the five alternative splicing events
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orthologous exon; R, presence of equivalent YCAY clusters. Inset: E level for Nova enhanced/silenced exons (red, NE; blue, NS).
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Fig. S6. Developmental expression using alternative Nova probes. BINova is expressed early in the gastrula endomesoderm (A) and later in the posterior
mesoderm of early- and midneurula (B, lateral view). At late-neurula and premouth stages (C, lateral view), expression continues in CNS and mesoderm and
begins strongly in ectodermal and endodermal structures in the mouth and pharynx regions of larvae (D, lateral view). (E-G) The hemichordate S. kowalevskii.
Expression of 3’ UTR probes for SkNova is restricted to postpharyngeal endoderm during development: early gastrula (E), late gastrula (F), and late neurula (G).
(H) The planarian S. polychroa. The developmental expression of KH-free probe of Spo/Noval is restricted to cerebral ganglia and mesenchyme at stage 7;
signal in the pharynx is due to probe trapping. Anterior/oral is to the left in all cases except E, which is a view from the blastopore. (Scale bars, 100 pm in A-G;
250 um in H.)
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Table S1. Raw data for each individual replicate of the real-time PCR quantification of Nova expression across four amphioxus tissues

Tissue Replicate 1 Replicate 2 Replicate 3 Average By GAPDH By actin

Gut
Nova Undet Undet Undet — — 0.0000 — 0.0000
GAPDH 30.8163 29.8814 31.1233 30.6070 0.0000 1.0000 7.5544  0.0053
Actin 23.0574 23.0084 23.0921 23.0526 —7.5544 187.9708 0.0000 1.0000

Neural tube
Nova 24.2645 23.4707 23.4811 23.7388 —0.6020 1.5178 0.1023  0.9315
GAPDH 24.9280 23.9706 24.1238 24.3408 0.0000 1.0000 0.7043  0.6137
Actin 23.7510 23.7537 23.4047 23.6365 —0.7043 1.6294 0.0000 1.0000

Gill
Nova 39.3817 38.2141 37.1005 38.2321 9.9866 0.0010 18.3794  0.0000
GAPDH 28.6784 27.9685 28.0896 28.2455 0.0000 1.0000 8.3928  0.0030
Actin 19.8390 19.7713 19.9479 19.8527 —8.3928 336.1103 0.0000 1.0000

Muscle
Nova 23.1215 22.5727 22.9292 22.8745 2.4169 0.1873 3.1156  0.1154
GAPDH 20.5341 20.5182 20.3202 20.4575 0.0000 1.0000 0.6987 0.6161
Actin 19.8985 19.4357 19.9422 19.7588 —0.6987 1.6231 0.0000 1.0000

Relative to GAPDH  Fraction of NT expr  Relative to actin  Fraction of NT expr ~ Average

Gut 0.0000 0.0000 0.0000 0.0000 0.0000

Neural tube 1.5178 1.0000 0.9315 1.0000 1.0000

Gill 0.0010 0.0006 0.0000 0.0000 0.0003

Muscle 0.1873 0.1234 0.1154 0.1239 0.1236

expr, expression; Undet, undetermined.

Dataset S1. Amino acid sequence, protein length, and chromosome/scaffold location for each of the studied Nova proteins

Dataset S1 (XLS)

Dataset S2. Features of studied Nova-regulated exons

Dataset S2 (XLS)

Length (green heading) and sequence conservation (pink) for different vertebrates was obtained from Jelen et al. (1). Other data: %EST (major/minor, >50%/
<50% of available ESTs), REG (exon enhanced (E) or silenced (S) by Nova or mutually exclusive exon skipping event (ME), FS/Stop (whether the exon inclusion/
exclusion generates a frame shift and/or introduces a STOP codon). Summary results for amphioxus (yellow) and Ciona (orange) comparisons: length (in
nucleotides), % cons (percentage of conservation in nucleotides), Ex [exon presence, Yes (Y)/No (N)], AS (exon is alternatively spliced in the species), Reg
(YCAY presence)

1. Jelen N, Ule J, Zivin M, Darnell RB (2007) Evolution of Nova-dependent splicing regulation in the brain. PLoS Genet 3:1838-1847.
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Abstract

The human CERKL gene is responsible for common and severe forms of retinal dystrophies. Despite intense in vitro studies
at the molecular and cellular level and in vivo analyses of the retina of murine knockout models, CERKL function remains
unknown. In this study, we aimed to approach the developmental and functional features of cerkl in Danio rerio within an
Evo-Devo framework. We show that gene expression increases from early developmental stages until the formation of the
retina in the optic cup. Unlike the high mRNA-CERKL isoform multiplicity shown in mammals, the moderate transcriptional
complexity in fish facilitates phenotypic studies derived from gene silencing. Moreover, of relevance to pathogenicity,
teleost CERKL shares the two main human protein isoforms. Morpholino injection has been used to generate a cerk/
knockdown zebrafish model. The morphant phenotype results in abnormal eye development with lamination defects,
failure to develop photoreceptor outer segments, increased apoptosis of retinal cells and small eyes. Our data support that
zebrafish Cerkl does not interfere with proliferation and neural differentiation during early developmental stages but is
relevant for survival and protection of the retinal tissue. Overall, we propose that this zebrafish model is a powerful tool to
unveil CERKL contribution to human retinal degeneration.
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Introduction

Retinal dystrophies (RD), the major cause of incurable familial
blindness in the Western world, are monogenic disorders
characterized by progressive dysfunction of photoreceptor and
retinal pigment epithelium (RPE) cells [1]. RD is a group of
extremely heterogeneous diseases that show substantial clinical
and genetic overlap. Moreover, mutations in a single gene appear
to be associated to distinct clinical entities [2], as is the case for
CERKL, that was initially characterized as an autosomal recessive
Retinitis Pigmentosa (RP) gene [3], [4], [5], [6], [7], [8], and later
shown to promote Cone-Rod Dystrophy (CRD), a RD disorder
associated to a more severe phenotype [9], [10].

Highthroughput technologies have greatly improved our
knowledge of the genetic basis of RD. Indeed, more than 180
RD genes have already been reported and this number is
constantly increasing (Retnet, https://sph.uth.tmc.edu/retnet/).
However, although RD genes are known to be involved in a
variety of cellular and molecular processes in the retina, we are still
far from understanding the contribution of most of them to the
disease. CERKL ranks in this class, as all previous attempts have
failed to provide valuable clues to explain its involvement in
photoreceptor degeneration.

Human CERKL was initially identified as a 13 exon-gene, which
encoded a polypeptide of 532 amino acids. This protein shared an
mtegral diacylglycerol kinase (DAGK) signature [3] with Cer-
amide Kinase (CERK), an ubiquitously expressed paralog with
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ceramide kinase activity involved in cell survival and proliferation
[11]. In CERKL, all the i vivo and in vitro assays with reported
CERK substrates and a variety of lipid mixtures have failed to
show any kinase activity [12], [13], [14], [15], [16]. Concerning
cell survival, overexpression of CERKL in cultured cells showed
protection against apoptosis induced by oxidative stress [14].
Moreover, studies with transfected cell lines have shown a
dynamic subcellular localization of CERKL, shifting from the
cytoplasm, where the protein is mainly associated to the
endoplasmic reticulum and Golgi membranes, to the nucleus
[14]. CERKL intracellular traffic regulation seems to be directed
by two nuclear localization signals (NLSs) and two nuclear export
signals (NESs) [6], [12], [13]. Concerning CERKL localization in
the retina, immunohistochemistry on mouse cryosections revealed
strong localization in cones, faint in rods, and moderate at the
ganglion cell (GCL) and inner nuclear layers (INL) [17], [18], [19].

CERKL performance in the retina has been also approached
through an accurate assessment of its transcriptional products in
several tissues. Interestingly, in the retina, human and mouse
CERKL revealed an unexpected high repertoire of mRINA isoforms
(>20 isoforms in human and >30 in mouse were validated), which
emerged from alternative splicing and additional promoters,
among them that of NEURODI gene [17], [18]. The high
heterogeneity presumed at the protein level, together with its
dynamic subcellular localization probably accounts for the multi-
functional character of CERKL.
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Animal models, whether natural or transgenic, provide
invaluable tools for studies of disease pathogenesis and the
identification of therapeutic targets [20]. To date, two mouse
models of CERKL have been constructed. The first was
obtained by deletion of the alternatively spliced exon 5, where
the most prevalent mutation (R257X) is found [21]. The second
was generated in our group by the deletion of the proximal
promoter and exon 1. Both mouse models were viable and
fertile, and did not show gross morphological alterations in the
retina. Our targeted Cerkl deletion resulted in a knockdown
rather than a knockout model, as gene transcription was attained
from two previously unreported alternative promoters [19].
Moderate dysfunction was observed in the ganglion and/or
amacrine cells, supported by aberrant electroretinographic
recordings and increased retinal apoptosis and gliosis, whereas
photoreceptor cells showed WT features [19]. The failure to
reproduce the human phenotype in the mouse, not unusual in
other hereditary retinal disorders, prompted us to explore
zebrafish as an alternative model. In this context, Danio rerio
seems to be an excellent tool to understand the mechanisms of
human visual disorders, because human and zebrafish share the
main cell types and general structure of the eye. Moreover,
zebrafish biology allows ready access to all developmental stages,
and the optical transparency of embryos and larvae allow real-
time imaging of developing pathologies [22]. The ontogeny of
the zebrafish eye begins as an evagination from the developing
forebrain around 12 hours postfertilization (hpf), and ocular
development is largely completed by 72 hpf, at which time the
first visual responses can be detected [23], [24], [25], [26]. In
this study we have identified the zebrafish cerkl ortholog, studied
its expression during development and in the adult tissues, and
drawn comparisons with vertebrate species. Besides, we have
generated cerkl zebrafish knockdowns by morpholino injection
and characterized a range of developmental abnormalities in the
morphant phenotype, including retinal degeneration and apop-
tosis-like cell death. Finally, our analyses highlight our model as
a simple and amenable tool to analyse CERKL contribution to
RD pathogenesis.

Materials and Methods

Ethics statement

All procedures were performed according to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research, as well as the regulations of the Animal Care facilities at
the University of Barcelona. The study was approved by the Ethics
Committee for Animal Experimentation (CEEA) of the University
of Barcelona. When needed, animals were sacrificed with excess of
anaesthetic MS222, following the approved protocols.

Animal handling, tissue dissection and preparation of the
samples

Zebrafish (Danio rerio) were maintained at 28.5°C on a 14-hour
light/10-hour dark cycle. The transgenic strain athd:GFP was a
kind gift from Carolina Minguillén. Fertilized eggs were obtained
and grown in incubators, and embryos were staged as described
[27], [28]. Specific tissues and organs were dissected from adult
zebrafish and immediately frozen in liquid nitrogen.

Identification of CERKL orthologs

The human CERKL isoform 1 (NM_201548.4) amino acid
sequence was used as a query for a BLASTp search (http://www.
ncbinlm.nih.gov). Protein sequences from several species were
compared running a CLUSTALW?2 alignment (www.ebi.ac.uk).

PLOS ONE | www.plosone.org

ZFcerkl Knockdown Model

Conservation of CERKL across different species was evaluated
with the Jalview program (version 2.7).

RNA-seq expression analysis

Available RNA-seq data on zebrafish developmental stages and
adult tissues was used to quantify cerkl expression according to the
previously defined cRPKM value [29]. The reported RNA-seq
data used in this study are shown in Table S1.

RNA extraction and RT-PCR

RNAs from a pool of zebrafish, frog and chicken embryos at
different stages of development or from different tissues of adult
specimens were extracted using the RNeasy Mini or Micro Kit
(Qiagen, Valencia, CA), following the manufacter’s instructions.
RT-PCR assays were carried out with the Transcriptor High
Fidelity ¢cDNA Synthesis Kit (Roche Diagnostics, Indianapolis,
IN), using 200 ng of total RNA. For semi-quantitative analysis, the
cDNA was amplified according to standard protocols using
GoTaq polymerase (Promega, Madison, WI). The level of
expression and characterization of different isoforms was per-
formed using a forward primer located in the 5'UTR and a
reverse primer in the 3'"UTR (Table S2). B-actin, ODC and Gapdh
were used for normalization in zebrafish, frog and gallus samples,
respectively (see primer sequences in Table S2). All PCR products
were resolved on agarose gel electrophoresis and sequenced.

Cloning and overexpression of zebrafish CERKL in
cultured cells

The full-length zebrafish cerkl transcript was amplified from
adult retina oligo-dT ¢cDNA using specific primers carrying BamHI
and Xhol restriction enzyme sites (see primer sequences, Table S2).
The ¢cDNA was inserted into a modified version of the pcDNA3.1
vector (Clontech Laboratories, Inc., Mountain View, CA) that
adds a C-terminal hemagglutinin (HA) tag.

For protein expression, COS-7 cells were seeded and transfect-
ed using Lipofectamine 2000 reagent (Invitrogen Life Technolo-
gies, Carlsbad, CA), according to the manufacturer’s protocol.
After 48 h, immunolocalization was performed as previously
described [14] incubating the cells with 1:275 anti-HA mouse
monoclonal antibody (Covance, Princeton, NJ) followed by 1:300
AlexaFluor 488-conjugated anti-mouse secondary antibody (In-
vitrogen Life Technologies). Slides were counter-stained with
1:5000 DAPI (Roche Diagnostics, Indianapolis, IN) nuclear blue
dye in PBS for 15 min. All preparations were mounted in
Flouprep medium (BioMérieux, Craponne, France) and analyzed
by confocal microscopy (SP2, Leica Microsystems, Wetzlar,
Germany).

Histology and in situ hybridization

Embryos and adult zebrafish eyecups were fixed in 4%
paraformaldehyde (PFA). For cryosections, embryos and adult
eyecups were rinsed in sucrose at 4°C (successive incubations at
20% for 30 min, 30% for 30 min and 40% sucrose for 12 h) and
then were embedded in O.C.T (Tissue-Tek, Sakura Finetech,
Torrance, CA) and sectioned at —17°C. In situ hybridization on
whole-mounts and cryosections were performed as previously
described [30], [31] using digoxigenin (DIG)-labelled RNA sense
and antisense probes (see primer sequences in Table S2). The BM
Purple AP Substrate (Roche Diagnostics, Indianapolis, IN) reagent
was used. Sections were cover-slipped with Fluoprep (Biomérieux,
Craponne, France) and photographed using a Leica DFC Camera
connected to a Leica DM IL optic microscope (Leica Micro-
systems).
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A NLS1 NLS2 ATPbs NES1 NES2
PH hCERKL
1 4 100 111160164 2317234 293 303313 503 514 532
58% 100%, 65% 82% 42%
zfCERKL
3 130 41 259 262 323 333 342 541 552 577
DAPI CERKL MERGE

B

Figure 1. Human and zebrafish CERKL protein domains. (A) The reported hCERKL (NP_963842) protein domains described by either sequence
homology (PH, pleckstrin homology; DAGK, diacylglycerol kinase and ATPbs, ATP binding site domains) or by functional analysis (NLS, nuclear
localization signals; NES, nuclear export signals) and their conservation in zebrafish is shown in percentage of identity. (B-D) ZFCerkl-HA shares with
human CERKL the dynamic subcellular localization in COS-7 transfected cells, shifting from the cytoplasm to the nucleus. Nuclei were stained with
DAPI. Images correspond to individual optical sections. Photographs were atx63 magnification. (B) In most cells, ZFCerkl shows a uniform
distribution in the cytosol and is absent from the nucleus. (C) Some cells per field showed localization of Cerkl in both, the cytosol and the nucleus,

with clear exclusion from the nucleoli (white arrow). (D) Rarely, Cerkl contributes to cytosolic aggregates.

doi:10.1371/journal.pone.0064048.g001

Morpholino and mRNA injection

To knockdown ZFcerkl, we used two morpholino antisense
oligonucleotides (MOs) targeting the acceptor splice site at the
boundary of intron 3 and exon 4 (acMO, 5'-TCTCAGT-
GACTGTGGAAAAGAAAGA-3") and the donor splice site at
the boundary of exon 9 and intron 9 (doMO, 5'-TAACCA-
TACTCACAAATGTCTCCTC-3"). A standard control MO
(coMO, 5'-CCTCTTACCTCAGTTACAATTTATA-3') was al-
so used. All the MOs were designed and synthesized by GeneTools
(Philomath, OR). Eight nanograms of each MO were air pressured
injected into 1 to 4-cell embryos. For the phenotypic rescue,
human cDNA was cloned into the pCS2 vector. In witro
transcription of synthetic capped mRNA was performed using a
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capped RNA transcription kit (SP6 mMESSAGE mMACHINE;
Ambion, Austin, TX) following the manufacturer’s instruction.
Two nanoliters of MO or mixed MO/mRNA was injected into
each 1 to 4 cell-stage embryo. The final concentrations of MO and
mRNA were 200 pM and 400 ng/ pl, respectively.

Haematoxylin and eosin staining and
immunohistochemistry

Retina cryosections of 72 hpf embryos were haematoxylin and
eosin stained under standard conditions. For immunohistochem-
istry, 14 um sections were recovered on poly-lysine covered slides,
dried for 1 h, washed in PBS (3 x 10 min), and blocked in blocking
solution (PBS containing 3% sheep serum, 1% BSA and 0.3%
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Figure 2. Expression of cerk/ transcripts during embryonic development and adult tissues. (A) Temporal and spatial expression of
zebrafish (Dre) cerkl assessed by RT-PCR (top) and RNA-seq data retrieved from databases (bottom) at different developmental stages and adult
tissues. (B and C) Expression of cerkl in developmental stages and tissues of frog (Xtr) and chicken (Gga). hpf, hours post-fertilisation; dpf, days post-

fertilization; st, stage.
doi:10.1371/journal.pone.0064048.g002

Triton X-100) for 60 min at room temperature (RT). Incubation
with peanut agglutinin (PNA) conjugated to Alexa Fluor 647
(40 mg/ml; Invitrogen Life Technologies) and the primary
antibody mouse anti-rhodopsin (1:500, Abcam, Cambridge, MA)
was performed overnight at RT in blocking solution. Sections were
rinsed three times in PBS again, followed by incubation with
Alexa-Iluor568 goat anti-rabbit as secondary antibody (1:300,
Invitrogen Life Technologies). Nuclei were stained with DAPI
(Roche Diagnostics), sections were mounted in Fluoprep medium
(Biomérieux) and analyzed by confocal microscope (SP5, Leica
Microsystems). For eye measurements, 14 pm thick cryosections
were examined under the microscope and imaged. Eye size was
taken from the anterior to the posterior edge using the Fiji
software. Significant differences between groups were analyzed by
the Student’s itest.
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Apoptotic cells in the retina cryosections of 72 hpf morphants
were detected by immunofluorescence using anti-active Caspase-3
as primary antibody (1:200, BD Pharmingen, San Jose, CA) and
Alexa-Fluor568 goat anti-rabbit as secondary antibody (1:300,
Invitrogen Life Technologies) following the protocols already
described. For apoptosis quantification, nuclei were counted using
the Fiji software.

Results

Homology search and cloning of the zebrafish cerk/

To identify zebrafish cerkl (ZFcerkl), a BLAST search of the
Ensembl zebrafish database was performed using the human
CERKL protein isoform 1 sequence (NP_963842). A single copy
of the zebrafish cerkl gene was detected, encompassing 195 kb on

May 2013 | Volume 8 | Issue 5 | 64048



CRX CERKL

Sense

Figure 3. Cerkl in situ hybridization on embryo and adult
zebrafish. (A and B) Whole-mount RNA in situ hybridization analysis
showing cerkl expression in the retina and brain of embryos at 24 and
50 hpf. R, retina; L, lens. (C and D) In situ hybridization on zebrafish
retina cryosections of 72 hpf embryos and adult tissue. Cerkl expression
is detected in the three nuclear layers of the embryo retina, whereas
adult expression appears in the inner segment of the photoreceptors
and some cells located at the basal layer of the INL. Positive control
(antisense CRX), strongly labels the inner photoreceptor segment and
inner nuclear layer. The negative control was performed with sense
cerkl. RPE, retinal pigment epithelium; PR, photoreceptor; ONL, outer
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion cell layer.
doi:10.1371/journal.pone.0064048.g003

chromosome 9. The genomic region of ZFcerkl shows conserved
synteny over more than 1,8 Mb with the human CERRL locus on
chromosome 2, and both largely share the same gene order and
transcriptional orientation, with the only exception of a chromo-
somal inversion encompassing 4 genes (dnaje, frzb, nckapl, duspl9)
located 5" upstream of cerkl (Fig. S1).

The predicted zebrafish transcript encompasses 13 exons, spans
approximately 2 kb and encodes a protein of 577 amino acids, the
latter showing 59% identity and 82% similarity with the human
counterpart. CERKL alignments between zebrafish and human
revealed 65% identity between the DAGK domains (Fig. 1A). The
ATP binding site (ATPbs) GGDG motif contained in this domain,
already described in CERK, was fully conserved not only in
zebrafish but also in 5 vertebrate species (Fig. S2). Concerning the
nuclear localization and export signals (NLS and NES, respec-
tively), the human NLS1 sequence (MPWRRRRNRVSA) was not
conserved in zebrafish, neither in the rest of the species analysed,
whereas NLS2 (SVKLKRRCSVKQ) showed 58% identity, with
preservation of all but one (L) of the five key residues (underlined).
The NES1 (LHIIMGHVQL) and NES2 (LMEVASEVHIRL)
domains of human and zebrafish CERKL displayed 82% and
42% 1identities, respectively. The wm silico predicted pleckstrin
homology (PH) domain, essential for CERK localization, translo-
cation, and enzymatic activity in human, encoded in exons 1 and 2
[32], showed very low conservation among vertebrate species.
Remarkably, the multi-species comparison of CERKL protein
sequences revealed two previously unidentified highly conserved
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regions, one in exon 7 (hCERKL, 318-352 aa), and the other
encompassing exons 10 and 11 (hCERKL, 400448 aa), with
unassigned function so far (Fig. S2).

On the basis of these predictions, specific primers were designed
(Table S2) to clone zebrafish cerkl cDNA by RT-PCR into a
modified version of the pcDNA 3.1 vector that adds a C-terminal
hemagglutinin (HA) tag. The construct was transfected into COS-
7 cells, and an anti-HA immunodetection was performed. The
ZFCerkl protein shared with hCERKL the dynamic subcellular
localization, shifting from the cytoplasm (where is found with a
uniform pattern or in aggregates) to the nucleus. Remarkably, in
contrast with the human homolog, ZFCerkl showed clear
exclusion from the nucleoli (Fig. 1B-D).

Regulated expression of vertebrate cerk/ orthologs

during embryogenesis and in adult tissues

The temporal and spatial expression pattern of ZFcerkl during
embryogenesis was examined by semi-quantitative RT-PCR
(Fig. 2A, see Table S2 for primer sequences). Expression was
faint at early developmental stages, from 75%-epiboly (8 hpf) up to
the 8-somite stage (13 hpf) embryos, followed by two marked
increases in gene expression around the 22-somite (20 hpf) and
30 hpf stages, just when the optic cup starts forming the neural
retina [33]. Moreover, the expression persisted during develop-
ment up to 6 days post fecundation (dpf), reaching a maximum at
4 dpf. Adult tissue expression was examined in total RNA from
eye, brain, gill, fin, heart, liver, muscle and stomach. Expression
was highest in eye, moderate in brain, heart and kidney, and low
in gills. Our RT-PCR semiquantitative analysis was supported by
available zebrafish RNA-seq data (Fig. 2A) [34], [35], [36], [37],
[38].

We then aimed to assess whether cerk{ tissue-specific regulation
and developmental expression was evolutionary conserved among
other vertebrate species: Gallus gallus and Xenopus tropicalis. In
agreement with mammals, cerkl expression in both species was
mainly detected in eye and brain (Fig. 2B and C) [17], [18], which
suggested a conserved role in the eye and the anterior central
nervous system (CNS). Interestingly, high levels of transcription
were also detected in the lung of Gallus. Further work should clarify
if this is a case of cerkl co-option in the avian lineage.

Tissue specific expression in zebrafish was also assessed in whole
embryos and in embryonic and adult retinas by # situ hybridiza-
tion (ISH) (Fig. 3). Crx antisense and cerkl sense riboprobes were
used as positive and negative controls, respectively. Faint Cerkl
expression was already detected at 24 hpf by whole-mount ISH
(Fig. 3A). Fifty hpf embryos showed cerkl expression restricted to
the anterior region and, particularly, in the eye and brain (Fig. 3B).
To further characterize the retinal expression pattern, ISH on
cryosections was performed. Our data revealed strong hybridiza-
tion signal at 72 hpf embryos in the three nuclear layers (Fig. 3C),
whereas adult expression concentrated in the inner segment of
photoreceptors and staining was not homogeneous along the inner
nuclear and ganglion cell layers (Fig. 3D).

Alternative splicing and the NeuroD1 promoter among
vertebrates

To assess and compare the diversity of cerkl mRNA isoforms in
vertebrate, 43-cycle PCR reactions were performed using primers
located in exons 1 and 13 of cerkl of Danio rerio, Gallus gallus and
Xenopus tropicalis (Fig. 4A). Keeping in mind that some AS events
and additional alternative promoters could have escaped our
experimental approach, 3 cerkl mRNA variants were identified in
zebrafish, 2 in Xenopus tropicalis and 3 in Gallus gallus. In zebrafish,
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Figure 4. Alternatively spliced cerk/isoforms in vertebrates. (A) Scheme of the cerkl mRNA transcripts identified in zebrafish (Dre), frog (Xtr)
and chicken (Gga). Exons are boxed and the coding sequence (CDS) for each isoform, considering the largest ORF, is shown in black. Grey boxes
represent alternative ORFs. Protein length (in aa) is indicated (right column). (B) Schematic view of CERKL gene structure as well as the translational
impact of all alternative exons (AEs) detected in Danio rerio (Dre), Xenopus tropicalis (Xtr), Gallus gallus (Gga), Mus musculus (Mmu) and Homo sapiens
(Hsa). Exons preserved in all protein isoforms are shown by empty boxes. AEs are colored: light green, if when skipped, the ORF is not altered; dark
green for those that maintain the ORF when skipped together; red, if they contain an in-frame stop codon and thus, when preserved, produce a
truncated C-terminus protein. In blue, exonic sequences that, when skipped, the ORF generates a premature stop codon; black underlined flattened
boxes indicate partial/complete intron retention associated to truncated peptides, purple depicts the regions preserved when NEURODT promotes
transcription. The latter isoforms lead to whole exon 1 depletion and subsequent loss of the conventional initiator methionine. In the canonical
human and zebrafish CERKL first exon two donor splice sites are contained, one at the 3’end of the exon, and the other in the middle (the boundary
shown in orange). When this second splice site is used, protein translation begins in exon 5. Asterisks show initiator methionines validated in human
only but conserved among vertebrates. A methionine in exon 2 of Gallus gallus that could be used to initiate translation when exon 1 is skipped is
depicted by a triangle. The number of CERKL isoforms in each species is indicated (right column). PTC: premature termination codon; TIS: translation
initiation site.

doi:10.1371/journal.pone.0064048.g004

variant 1 was the major isoform and encompassed all the exons; specific, was generated from a novel splice donor site within exon
variant 2 skipped exon 10 and encoded a C-terminus truncated 1. In the later form, protein synthesis would start at a conserved
protein without the NES2 domain; and variant 3, adult eye- methionine in exon 3, as already described in human [18], and
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Figure 5. Effects of ZF cerk/ silencing in eye development. (A) Two morpholinos targeting an acceptor (acMO) and donor splice site (doMO) of
ZFcerkl were used. The morpholino targeting site is depicted by a discontinuous line. To assess the knockdown effect, a RT-PCR analysis of control
and ZFcerkl morphants injected with 8 ng of MO was performed (primers used are depicted with arrows). Silencing with acMO was almost complete,
when compared with cerkl expression in 72 hpf control MO-injected embryos (coMO), whereas in doMO animals the WT spliced isoform was
decreased by 35%. B-Actin was used for normalization. (B) acMO-injected embryos displayed either small eye phenotype (named mild phenotype) or
very small eye, small head, and body and curved tail (named severe phenotype). White double-head arrows denote diameter of the eyes. * denotes
small and curved head in severe-phenotype morphants. (C) Phenotype frequency of morphants. The cerkl-knockdown phenotype was rescued when
human CERKL mRNA was co-injected with acMO. n, number of individuals. (D) Eye size (in diameter) was measured in at least ten independent
embryos from each group. Data were analyzed by t-test and are presented as mean = SEM. ** P<<0.001. Mean eye size was 253.4 um for control,

172.7 um for acMO and 239 um for doMO morphants.
doi:10.1371/journal.pone.0064048.g005

truncation would affect the full NLS2 and ATP binding site
signatures, and a fraction of the DAGK domain. In Xenopus
tropicalis: variant 1 was the main isoform with all the canonical
exons, and variant 2, eye-specific, incorporate an alternative exon
(3b), between exons 3 and 4, containing an in-frame stop codon. In
Gallus gallus: variant 1, the main isoform, comprised all the
annotated exons; variant 2 included a stop-containing exon (5b,
between exons 5 and 6) and encoded a C-terminal truncated
protein; and variant 3, skipped exon 6 and generated an in-frame
shortened peptide.

We also aimed to characterize CERKL expression in the three
analysed species from the upstream transcriptional start site (T'SS)
of NEURODI [18], [19], a transcriptional factor involved in
photoreceptor development [39]. RT-PCR eye cDNA assays with
specific primers spanning the newroDI 5'UTR and exon 2 or 13 of
cerkl showed that NeuroD1 promoted cerkl expression in chicken,
but not in zebrafish or frog. The use of the alternative promoter
generated a novel 5'UTR exon, between neuroD1 and cerkl Gallus
genes, and generated two new isoforms (named 4 and 5) (Fig. 4A).
If translated, the peptides would show truncations at the N-
terminus, as the canonical methionine in exon 1 was skipped and
translation could be initiated from a species-specific methionine in
exon 2. A general picture of the alternative exons and their impact
on the predicted ORF in human, mouse, chicken, frog and
zebrafish CERKL is shown in Fig. 4B.
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Validation of cerkl morpholinos

To evaluate whether the knockdown of ZFcerkl caused a retinal
defect, two antisense morpholinos (MOs) that targeted all mRNA
isoforms were used, acMo and doMO (see the Material and
Methods section), and a standard negative control (coMO). In
order to assess splicing blockage by ZFcerkl MOs, we performed
RT-PCR analyses from a pool of 10-12 embryos at different
stages (24, 30, 52 and 72 hpf) using specific primers flanking the
target region (Fig. 5A, black arrows). In the case of acMO, almost
complete depletion (85%) of cerk transcripts was attained, whereas
doMO blockage was less intense, only reaching the 35%. The poor
blocking ability of doMO was taken to mimic the heterozygous
condition of human carriers.

To further investigate the putative Zlcerkl aberrant splice
products produced by acMO and doMO blocking, semi-quanti-
tative RT-PCR assays were devised. Nor exon skipping neither
intron retention could be identified using specific primers located
at the flanking exons or introns of each MO targets. Assuming that
transcripts from the targeted alleles would have skipped exon 4 or
exon 9, or retained intron 3 or intron 9, in acMO and doMo,
respectively, a premature translation-termination codon (PTC)
would appear in all cases. To verify if the PTC-containing
mRNAs-ZFCerkl were degraded via the nonsense-mediated
mRNA decay (NMD) surveillance mechanism, another RT-PCR
assay was carried out with two pairs of primers located in exons far
away from the original morpholino targets (see Table S2 for
primer sequences). Expression levels were in accordance with
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Figure 6. Eye histology in control and ZF cerk/ morpholino-injected embryos at 72 hpf. (A) Zebrafish eye sections were stained with H&E.
Control morphants (coMO) showed normal retinal lamination with three cell layers (GCL, INL, and ONL). In “mild” acMO-injected embryos, lamination
did not occur and the three layers were not visible. The retinal pigment epithelium (RPE) developed normally in control and ZFcerkl morphants. (B)
Immunostaining with anti-rhodopsin and (C) anti-PNA identified rod and cone outer segments, respectively, in control and doMO morphants. Outer
segments were absent in acMO morphants. Nuclei were stained with DAPI. Some nonspecific staining was seen in the lens when stained with PNA.

Photographs were atx40 magnification.
doi:10.1371/journal.pone.0064048.9006

those reported for the first pair of primers in each case, thus
supporting NMD transcript depletion (Fig. S3). Indeed, this is in
agreement with late reports showing that NMD effectors are
deeply involved in zebrafish embryonic development and survival

[40].

ZFcerkl suppression in retinopathy

In accordance with our previous observations showing greater
blocking ability for the acMO, microinjection of 8 ng MO into 1
to 4 cell-stage embryos resulted in morphogenesis defects in 73%
of the animals, whereas no mutant phenotypes were observed
neither with doMO-, nor with coMO- ijected embryos, from
stage 24 hpf to 5 dpf. First evidences of distortions in the visual
system were detected at 48 hpf. The main traits were eye size
reduction with overall structure preservation and clear boundaries
between the lens and the neural retina in acMO embryos. By
72 hpf, around 70% of the acMO morphants showed the small
eye phenotype (“mild” form), and some (23%) also exhibited small
heads, markedly curved body axes and short tails (“severe” form)
(Fig. 5B). Phenotypic rescue was attained after co-injection of the
acMO and the mRNA encoding human wild type CERKL
(Fig. 5C). Analyses of the diameter length of the eye on histological
sections indicated a 29% reduction of the acMO treated embryos
compared with coMO animals (Fig. 5D).

To investigate the effect of cerkl knockdown on retinal
development, histological and immunological analysis of 72 hpf
retinas of ZFcerkl-deficient morphants and controls were carried
out. By this stage, the outer segment of photoreceptors is normally
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formed. In our case, the acMO-injected morphants showed
defective lamination as the three retina cell layers (GCL, INL and
outer nuclear layer, ONL) were absent, whereas wild type
lamination was observed in doMO and control embryos
(Fig. 6A). Moreover, the outer segments of rod and cone
photoreceptors (detected with anti-rhodopsin and anti-PNA,
respectively) were absent in acMO embryos (Fig. 6B, C). The
development of the retinal pigmented epithelium (RPE) was
unaffected. Another relevant trait of the acMO morphants was the
abnormal lens morphology, possibly related to the retardation of
ocular development because of cerkl knockdown.

Knockdown of ZFcerkl leads to cell death

The aberrant eye phenotype could be due to increased cell
death or reduced proliferation. Immunodetection of Caspase-3 (a
marker of the first stages of apoptosis [41]) was used to assess cell
death in single optical sections (Fig. 7A). Positive cells were scored
in 4 independent embryos from each group. Our results revealed a
16-fold increase of cell death in acMO embryos (Fig. 7B) and
supported increased apoptosis of retinal cells.

Cerkl does not contribute to retinal cell proliferation and
early differentiation

To assess if the acMO phenotype in zebrafish was due to
defective cell proliferation or differentiation during early retinal
development or a secondary degeneration process, whole-mount
ISH assays with early retinal markers pax6a and otx2 were
performed (Fig. 8A and B). Pax6a contributes to the control of cell

May 2013 | Volume 8 | Issue 5 | 64048



2,5 A

1,5 -

% of apoptotic cells

0,5
0 35

ZFcerkl Knockdown Model

doMO

x

coMO acMO

doMO

Figure 7. Increased cell death in ZF cerk/ morpholino (acMO)-injected embryos. (A) Imnmunodetection of apoptosis by anti-active Caspase-3
in retina cryosections of 72 hpf control (coMO) and ZFcerkl morpholino-injected embryos (acMO and doMO). Caspase-3-positive cells (shown in red)
increased in acMO morphants. Nuclei were stained with DAPI. (B) The percentage of apoptotic cells in each retina within a single cell layer was
quantified in four independent embryos from each group, plotted and analysed by t-test. Data are presented as mean * SEM. * P = 0.005.

doi:10.1371/journal.pone.0064048.g007

proliferation, maintenance of the retinogenic potential of the
retina progenitor cells, and amacrine cell fate specification [42],
whereas ofx2 is a key regulatory gene for retinal photoreceptor
determination [43]. Our results indicated that at early stages, 22
and 24 hpf, when in the optic vesicle all cells are still proliferating,
the expression pattern of both, pax6a and otx2, was unaffected in
the acMO morphants. As expected, pax6a was detected in the
developing forebrain, hindbrain, spinal cord, and eye, and o/x2 in
the eye and midbrain. At 48 and even more evident at 72 hpf,
when all cells are postmitotic, the acMO embryos exhibited a
considerable decrease in hybridization intensity compared to the
controls, treated and stained under the same conditions. The
distribution of differentiation markers in the acMO morphants was
further analyzed using the ath5:GFP transgenic strain. At is a
transcription factor expressed in a wave-like pattern that prefigures
the wave of the retinal ganglion cell (RGC) genesis, the first cell
type to differentiate in the vertebrate retina, which has been
previously reported as affected in our mouse model Cerkl ’~. The
wave of athd expression and RGC differentiation in zebrafish
occurred during the second day post-fertilization, starting in the
ventronasal patch and spreading from there to the rest of the nasal
and central retina [28]. By 48 hpf, the RGC wave filled the central
and peripheral retina in control embryos, whereas it was delayed
in acMO morphants (Fig. 8C). Hence, our results suggested that
cerkl was not essential for driving the RGC differentiation wave, as
the ventronasal patch was formed and the wave started spreading.
However, in agreement with the above results in cell death, the
delay and disorganization in RGC neurogenesis supported Cerkl
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contribution to cell survival, and suggested that the small eye
phenotype and the defective retina lamination were a consequence
of a secondary degeneration process.

Discussion

After intense studies, the role in photoreceptor degeneration of
CERKL, a gene causing autosomal recessive RP and CRD [3], has
remained elusive up to now. We have gathered data showing that
CERKL protects cells form oxidative stress [14] and, lately, in our
Cerkl”’~ murine model, in favor of a consistent and notable
decrease of the retinal sphingolipid content particularly, the
glucosyl/galactosylceramide species [16]. Although these results
could be suggestive of CERKL and glucosylceramide involvement
against oxidative stress, we still are far from understanding
CERKL role in pathogenesis. In this work, we have aimed to gain
new insights into CERKL retinal function generating a zebrafish
knockdown model.

Transfection of ZFCerkl in cultured COS-7 cells supported the
dynamic nuclear-cytoplasmic localization (Fig. 1) and the NLS2
major role in directing nuclear trafficking as previously described
in human [13]. The role of CERKL in the nucleus is still unclear
and does not seem to be related to the transcriptional regulation of
sphingolipid-related genes [16]. However, the physiological
relevance of NLS2 is stressed by its structural conservation across
species and R106S, a mutation-causing RP, precisely located in
this domain [6].

We have shown that high transcriptional complexity of CERKL
in mammals (namely human and mouse) arise from the
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Figure 8. Expression of retina cell markers in acMO-injected embryos at early developmental stages. (A and B) At 22 and 24 hpf, the
spatiotemporal pattern of pax6a (A) and otx2 (B) in acMO-injected animals was similar to that of controls: pax6a was detected in the forebrain,
hindbrain, spinal cord and eye, and otx2 in the eye and midbrain. By 48 and becoming more evident at 72 hpf, acMO embryos exhibited a marked
reduction in the expression of both markers. (C) The expression of the ath5 transcription factor was assessed in vivo in acMO-injected embryos of the
transgenic ath5:GFP strain. At 48 hpf, the wave of ath5 expression, which prefigures the wave of retinal ganglion cell genesis, filled the central and
peripheral retina of control embryos, whereas the pattern appeared delayed and disorganized in the acMO morphants, although RGC genesis was
not fully abolished. * denotes the ventronasal patch of RGC genesis.

doi:10.1371/journal.pone.0064048.g008

combination of tissue-specific promoters (among them NEURODI) and human. Our data showed that the full length (13 exons)
and alternative splicing [17], [18], [19]. Although the regulatory coding region was the only isoform shared, and that AS events

meaning of AS is largely unknown, even sometimes considered as were seldom conserved in CERKL. In terms of exon cassettes,
background spliceosomal noise [44], [45], [46], it could also be exons 3, 4 and 5 were alternatively spliced only in human and
related to the fine-tuning of key biological processes. Interestingly, mouse, which supported an evolutionary novelty acquired at some
recent work has revealed that adaptive novelties have arisen point in the mammalian lineage. Concerning the identification in
through changes in AS regulation, as ganglion-specific splicing of mouse and chicken of alternative exons between exon 5 and 6 (5b),
TRPV1 underlies infrared sensation in vampire bats [47]. Thus, we both bearing a premature stop codon, the convergent inclusion of
aimed to assess cerkl transcript diversity in zebrafish, as well as in introns seems the most probably scenario, although an homolo-
frog and gallus, and compare them with those reported for mouse gous origin could not be fully discarded. Our data are in
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agreement with the low level of conservation of AS events between
vertebrate groups, especially those involving reading frame
disruption [48], [49]. Interestingly, the use of NEURODI as an
alternative promoter for CERKL expression appears to be
restricted to the amniote species analysed (Fig. 4). Concerning
translation, the shorter N-terminal Cerkl protein isoform of
zebrafish is the truncated species that mostly resembles the
corresponding size variant of mammals.

Cerkl morpholino knockdown treatment in wild-type zebrafish
embryos clearly affected eye size (Fig. 5) and retinal morphology.
At 72 hpf, morphant retinas were defective in lamination and the
photoreceptors lacked the outer segments, normally present at this
stage (Fig. 6). The number of apoptotic retinal cells was
significantly increased in Cerkl-deficient embryos. Cell death did
not appear to affect other ocular structures, as cornea and RPE,
which highlighted that cerkl knockdown effects were restricted to
the retina. Similar defects have also been observed for genes
encoding transcription factors (e.g., math5, NR2E3) [50], [51], cell
cycle regulators (e.g., Cdknlb/c, cdkb) [52], and photoreceptor
ciliary proteins (e.g., RPGR, RP2, TOPORS, BBS9) [53], [54],
[55], [56]. Whether the shared phenotype reveals functional
overlaps or secondary effects of retinal neurodegeneration,
remains to be elucidated. The analysis of different early retinal
development markers in acMO morphants suggested that Cerkl
might contribute to cell survival but not to cell proliferation or
differentiation during early retina development (Fig. 8), in
agreement with the reported anti-apoptotic effects reported in
cell cultures and animal models [14], [19], [57].

CERKL mutations causing RP and CRD disorders are inherited
as an autosomal recessive trait. Unlike the phenotype observed in
zebrafish cerkl-knockdown embryos, patients do not exhibit
developmental abnormalities, and neurodegeneration begins at
the second-third decade of life. In addition to a dose-dependent
effect, another plausible explanation for the lack of developmental
defects in humans may be an increased level of complexity,
redundancy or robustness in the retinal gene network of mammals
that allows for compensation during embryonic development, but
fails to maintain a proper function in adulthood.

In conclusion, we propose that although human, mouse and
zebrafish CERKL phenotype features could be partially dose-
dependent, further experiments are needed to identify the
functional relevance of each isoform and their individual
contribution to the pathogenic threshold. Moreover, the species-
specific differences observed deserve further analysis at the
temporal and cell-specific level. Interestingly, the availability of a
zebrafish model is a powerful tool to elucidate how cerk{ depletion
results in the occurrence of apoptotic cell death after defective
retinal lamination and photoreceptor outer segment formation,
and provides new scenarios to understand human retinal
degeneration.

Supporting Information

Figure S1 Syntenic organization of the CERKL genomic
region. Schematic view of the structure and gene organization of
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