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Introduccion

Esta es una historia que, en cierta manera, se ha escrito empezando por el final. El
dogma central de la biologia molecular establece que la informacién génica contenida
en el DNA se transcribe a RNA y de este se traduce en forma de proteina (Crick,
1970). En nuestro caso recorreremos el camino en sentido inverso: de las proteinas
a los genes.

Un sistema biolégico debe explicarse en términos de actividad, regulacién y mo-
dificaciéon de sus proteinas, los principales efectores en ultimo término de cualquier
fenotipo observado. El conjunto de las proteinas expresadas en cada momento de-
pendiendo del tipo celular y de los estimulos recibidos se conoce como proteoma
y constituye el objeto de estudio de la protedmica. El primero de los dos grandes
proyectos que se tratardn en esta tesis aborda la caracterizacién del proteoma de los
neoblastos, las células madre de la planaria, un invertebrado del filo de los platel-
mintos (literalmente “gusanos planos”) con unas particularidades que lo hacen un
modelo de gran valor para el estudio in vivo de las células madre.

Sin embargo, las técnicas que brinda la protedmica en la actualidad, si bien han
demostrado su utilidad y su potencial, no son ain lo bastante resolutivas como para
dar respuesta a muchas de las preguntas que nos plantea la compleja biologia del
neoblasto. Este término engloba a una poblacién de células que se esta revelando
mucho mas heterogénea de lo que se habia presumido hasta hace pocos afios. Por
ello, ha sido necesario descender al nivel inmediatamente anterior a la traduccién
en la cadena de eventos moleculares y sacar partido de la ventaja tecnoldgica que
proporciona actualmente el estudio del RNA con la nueva generacién de plataformas
secuenciadoras para intentar dilucidar los misterios de la biologia de estas células
madre.

El estudio de cualquier poblacién celular requiere identificarla no solo a través
de una descripcion morfolégica y funcional de las células que la componen sino
que es imprescindible encontrar marcadores que permitan aislarla y, llegado el caso,
subdividirla en grupos de células con caracteristicas alin mas concretas. Este es
el caso de la poblacién de neoblastos, dada la heterogeneidad celular por la que
necesariamente estd compuesta.

Para poder llevar a cabo estos anélisis high-throughput ha sido necesario desarro-
llar técnicas experimentales y computacionales. A nivel experimental cabe destacar la
puesta a punto del protocolo de cell sorting para el aislamiento de los neoblastos. En
el campo computacional, se han desarrollado pipelines de ensamblado transcriptémi-
co y mapeado sobre las secuencias de referencia, y se han implementado los métodos
estadisticos necesarios para determinar aquellos genes diferencialmente expresados
en neoblastos. Estos genes han sido validados en el laboratorio para corroborar su



Introduccién

expresion en neoblastos y observar el fenotipo tras su inhibicién. Algunos, ademas,

han sido caracterizados con mayor detalle (Smed-SmB, Smed-meis-like, Smed-nf-

YA/YB-2/YC), lo que ha servido para profundizar en el conocimiento de la biologia
de los neoblastos.



1 Células madre: regeneracion,
cancer y envejecimiento

This brief condescension to evil
finally destroyed the balance of my soul.

“Strange Case of Dr Jekyll and Mr Hyde" (1886)
Robert Louis Stevenson

Regeneracion y cancer pueden considerarse las dos caras de una misma moneda. La
hiperproliferacion celular es util para llevar a cabo la reparacién de lesiones en muchos
animales y, en algunos, incluso la regeneracion de partes perdidas. Sin embargo,
esta hiperproliferacion celular es al mismo tiempo la principal condicién patoldgica
responsable del cdncer en humanos. Estudios recientes atribuyen un papel de ciertas
proteinas generalmente asociadas a cancer también en la regeneracién (Oviedo et al.,
2008; Pearson & Alvarado, 2009). Descubrir porqué a pesar de poseer un mismo
acervo génico, organimos como planarias, Drosophila, nematodos y muchas otras
especies, parecen no presentar la misma frecuencia o evidencia de cancer (Pearson &
Séanchez Alvarado, 2008), es de gran importancia para entender las causas, origenes
y mecanismos de esta enfermedad.

1.1. Regeneracion en metazoos

La regeneracién en el reino animal es un fendmeno mas extendido de lo que puede
parecer. Comprender la diversidad de los mecanismos regenerativos en la extensa
filogenia de los metazoos representa uno de los retos fundamentales en biologia.
Descifrar las diferentes estrategias de regeneracién supone un desafio a la vez que
representa una oportunidad para la todavia joven biomedicina.
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1.1.1. Origen evolutivo de la regeneracion

Desde un punto de vista evolutivo, la capacidad de regenerar es adaptable y man-
tenida por seleccion, lo cual implica que si el dafio o la pérdida de tejido en una
cierta especie es un evento frecuente, y ecolégicamente relevante, esa especie es mas
propensa a regenerar. Aln asi, no hay que asumir la regeneracién como necesaria-
mente adaptativa puesto que no hay evidencia de su relevancia ecolégica en muchas
especies altamente regenerativas y la pérdida de esta capacidad ha sido frecuente
en la filogenia del reino animal (Bely & Nyberg, 2010). Ademas, la capacidad de re-
generar entre diferentes tejidos de un mismo organismo puede variar drasticamente.
Mientras que algunos animales como cnidarios, platelmintos o equinodermos pueden
regenerar un nuevo individuo a partir de tan solo un pequeio fragmento de su cuer-
po, muchas otras especies (inicamente pueden regenerar partes de tejidos especificos
y fallan a la hora de regenerar érganos vitales, como en el caso del sistema nervioso
central en mamiferos (Franco et al., 2013).

1.1.2. Tipos de regeneracion

Hay diferentes variantes del proceso de regeneracion, aunque no existe todavia
consenso sobre si todas ellas pueden ser consideradas como tal (Franco et al., 2013):

= Regeneracion fisiolégica
Se refiere a la sustitucidon natural de partes corporales desechadas o desgasta-
das, como glébulos rojos, la mucosa intestinal de mamiferos o la cornamenta
en los cérvidos.

= Hipertrofia
Se conoce como la capacidad que poseen algunos érganos internos para in-
crementar su masa ante una pérdida de tejido y el aumento de la demanda
funcional. No se produce, sin embargo, una recuperacién de la anatomia ori-
ginal del érgano. Un ejemplo de esto es el higado, en el cual las células mi-
téticamente activas no se encuentran cerca de la superficie de la herida sino
repartidas por el tejido restante.

= Regeneracion reparativa
Implica el reemplazo de una parte dafiada o perdida del organismo, que puede
ir desde una Unica célula hasta partes completas del cuerpo, como en la rege-
neracion de las extremidades en tritones, o la reconstruccion de un organismo
entero en planaria a partir de un fragmento centesimal de la masa original.

= Reproducciéon asexual
Se caracteriza por la subdivisién natural de un Unico organismo en una o mas
partes y la reorganizacién de cada una de las partes en un individuo nuevo y
completo.
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1.1.3. Mecanismos de regeneracion

Tradicionalmente se han distinguido dos mecanismos alternativos por las cuales
puede llevarse a cabo la regeneracion: la morfalaxis, que se basa en una reutilizacién
y redistribucion de células ya existentes sin necesidad de proliferacién celular activa,
y la epimorfosis, que si requiere proliferacion y la formacién de un blastema tipico
(Tanaka & Reddien, 2011).

= Epimorfosis
El concepto de regeneracion epimérfica fue introducido por Thomas Hunt
Morgan en 1901 (Morgan, 1901). Se caracteriza por la formacién de un blas-
tema a partir de la multiplicaciéon de una masa de células indiferenciadas que
surge a raiz de la interaccion entre el epitelio y el mesénquima, que contiene
y expresa informacién morfogenética intrinseca

= Morfalaxis
Al contrario de lo que ocurre en la epimorfosis, en la morfalaxis no hay un
grupo local definido de células indiferenciadas que proliferan. En lugar de eso,
los tejidos perdidos surgen a partir de una extensiva reorganizaciéon de las
células preexistentes, que en la fase inicial ocurre sin proliferacién detectable,
donde las células entran en transdiferenciacion

Sin embargo, como se vera, estas dos estrategias no tienen por qué ser excluyentes.

1.1.4. Origenes celulares durante la regeneracién

La perspectiva desde la que observamos la regeneracién estd cambiando al rit-
mo que marcan los nuevos hallazgos sobre la plasticidad de las células madre y la
capacidad de desdiferenciacién de células que hasta ahora se presumian comprome-
tidas de forma irreversible. Las estrategias regenerativas incluyen el reordenamiento
de tejidos preexistentes, el uso de células madre somaticas adultas y la desdiferen-
ciacion. Esta dltima implica el proceso por el cual células diferenciadas pierden su
identidad tisular, volviéndose indiferenciadas, pudiendo asi rediferenciarse en células
de su mismo tipo original, o bien, rediferenciarse en células de un linaje diferente,
proceso conocido como transdiferenciacion.

Los precursores celulares de los tejidos regenerantes son también objeto de una
intensa investigacion y pueden incluir (Franco et al., 2013):

1. Desdiferenciacién de células maduras/adultas que participaran en el proceso
de regeneracion. En algunos casos estas células pueden dar lugar a células de
fenotipo diferente a aquel al cual pertenecian (transdiferenciacién).

2. Proliferacion del resto de células parenquimaticas sin diferenciacion.

3. Proliferacién de células madre (progenitoras) presentes en el tejido lesionado.
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4. Influjo de células provenientes de fuera del tejido dafiado.

El origen de las células que participan en el proceso de regeneracién ha sido siempre
una de las cuestiones mas esquivas en el estudio de la regeneracién. Por ejemplo, las
células del blastema responsables de la regeneracién de las extremidades en anfibios
tienen un origen local cercano al plano de amputacién. En planaria, en cambio, las
células migradoras que participan en el blastema pueden tener un origen mas distan-
te. Durante la regeneracién de la cabeza en Hydra no hay blastema como centro de
proliferacion celular. En su lugar, la regeneracion deriva de la reorganizacion directa
de células preexistentes en un proceso morfalactico tipico (Franco et al., 2013).

Division celular, activacién de células madre, desdiferenciacion y transdiferencia-
cién son procesos que contribuyen a la regeneraciéon en diferentes contextos. La
extensa variedad regenerativa en los metazoos no puede explicarse a través de una
Unica estrategia. Con el arbol filogenético del reino Metazoa en mente, parece légico
pensar que la facultad de regenerar es un atributo ancestral que se ha ido perdiendo
a lo largo del curso de la evolucién, a medida que los organismos aumentaban en
complejidad. Asimismo, el paralelismo existente entre regeneracién y desarrollo, es-
pecialmente postembrionario, sugiere que la primera es probablemente un producto
derivado del segundo.

1.1.5. Organismos modelo en el estudio de la regeneracion

Ciertos invertebrados como algunas planarias (filo Platyhelminthes o Plathelmint-
hes), Hydra (filo Cnidaria) o esponjas (filo Porifera) son capaces de regenerar un
individuo completo a partir de un pequeno fragmento de su cuerpo. Esos organis-
mos, junto con algdin modelo de vertebrado como el pez cebra (Danio rerio), estan
aportando una masa critica de conocimiento acerca de los fundamentos celulares y
moleculares que subyacen en los diferentes tipos de regeneracion. En general, todas
las especies poseen, en mayor o menor medida, la capacidad necesaria de regenerar
tejidos u 6rganos dafiados. Sin embargo, los métodos empleados para ello son va-
riados entre especies o incluso entre tejidos. El descubrimiento de los mecanismos
de reparacién en estos organismos promete ayudar a revelar también esos mismos
secretos en mamiferos, abriendo asi las puertas a la medicina regenerativa (Li et al,,
2015).

Modelos invertebrados

Metazoos basales como las esponjas regeneran utilizando células madre pluripo-
tentes, llamadas arqueocitos. Hydra, en cambio, cuenta con tres tipos diferentes de
células madre restringidas a linajes concretos para regenerar todos los tejidos: las
células epiteliales endodérmicas y ectodérmicas son células unipotentes que se renue-
van continuamente, mientras que las células intersticiales, situadas entre las células
epiteliales del ectodermo, son células madre multipotentes capaces de diferenciarse
en neuronas, células glandulares, nematocistos y gametos. El tipo de regeneracién
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que presenta Hydra es de tipo morfalatico, es decir, por morfogénesis tisular a partir
de células preexistentes sin necesidad de proliferacion celular. Por ejemplo, tras la
amputacién de la regiéon anterior, las células de la columna gastrica entran en deter-
minacion y diferenciacién para reemplazar la parte perdida. Aunque la regeneracion
Hydra puede ocurrir sin una divisién celular significativa, si que se producen nuevas
células de manera continua para el mantenimiento del pélipo (Tanaka & Reddien,
2011). También se ha descrito que Hydra puede regenerar mediante epimorfosis, tras
la induccién de apoptosis en la estructura dafiada, dependiendo de las condiciones
(Chera et al., 2009).

Modelos vertebrados

El pez cebra constituye uno de los principales organismos modelo en los estudios
de regeneracién en vertebrados. Si bien sus capacidades regenerativas no son tan
amplias como las de los modelos invertebrados, son capaces de regenerar aletas,
corazén y sistema nervioso central. La formacién del blastema tras la amputacién de
parte de la aleta caudal o del corazén implica el reclutamiento de células progenitoras
por desdiferenciacién y proliferacion de células préximas a la regién lesionada, que se
convierten en células progenitoras de su propio linaje, aunque no pueden descartarse
fendmenos de transdiferenciacién.

Otros vertebrados como los anfibios urodelos (tritones, salamandras y axolotes)
pueden regenerar extremidades, cola, mandibula inferior, cerebro, médula espinal y el
ventriculo del corazén. El blastema formado en la regeneracién de sus extremidades
esta compuesto por una masa de células mesenquimaticas indiferenciadas cuyo origen
no esta claro pero parece que tanto células multinucleadas desdiferenciadas que dan
lugar a una progenie mononucleada, como células progenitoras locales, participan en
la regeneracién del miembro perdido. La cuestién sobre si las células del blastema
son pluripotentes, multipotentes o restringidas a un linaje contintia abierta. Lo que
si parece mas o menos claro es que no se da una transdiferenciacién entre tipos
celulares y cada célula permanece fiel a su identidad durante todo el proceso de
regeneracién. Por contra, en la regeneracién de la lente ocular en ciertos anfibios
si es bien conocido que se produce una transdiferenciacion de células epiteliales
pigmentarias, que se desdiferencian en células precursoras para posteriormente dar
lugar a los linajes necesarios para restaurar la lente. La desdiferenciacién parece ser
un requisito crucial en el proceso de transdiferenciacién (Tsonis et al., 2004).

Aparentemente, el blastema en vertebrados es un mosaico de células de plasticidad
restringida con origen en diferentes tejidos, cada uno de los cuales aporta un conjunto
distinto de progenitores celulares. Muchos vertebrados cuentan con una coleccién
de progenitores restringidos a un linaje en diferentes tejidos. De este modo, no es
necesario que las células reviertan a un estado pluripotente sino que retienen una
memoria de su origen tisular (Li et al., 2015).

Los mamiferos conservamos solo una cierta capacidad para renovar tejidos (como
la sangre y muchos epitelios) y 6rganos que presentan en mayor o menor medida un
recambio celular continuo, posible gracias a células multipotentes localizadas en el
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propio tejido. En el caso del higado, se da una regeneraciéon compensatoria después
de una amputacién que parece involucrar una desdiferenciacién y una proliferacién
limitadas de las células remanentes (Miyaoka & Miyajima, 2013). En el pancreas
ocurre una expansion de las células [3en respuesta a una mayor demanda de insu-
lina, durante la gestacion, por ejemplo. Su capacidad regenerativa tras una lesién
parece darse fundamentalmente por replicacion de las propias células Baunque expe-
rimentos recientes no permiten descartar una diferenciacién a partir de progenitores
pancreaticos (Pan et al, 2013). En humanos, se calcula que el 45% de los car-
diomiocitos se renuevan a un ritmo lento, mientras que el 55 % restante perduran
toda la vida (Bergmann et al., 2009). Un estudio reciente revelé que la fuente de
los nuevos cardiomiocitos en mamiferos son los ya preexistentes (Ali et al., 2014,
Senyo et al., 2012). Durante la recuperacién tras un infarto de miocardio su tasa
de renovacién de aproximadamente el 0,76 % anual se incrementa cinco veces. Los
cardiomiocitos adultos retienen una cierta capacidad para reentrar en el ciclo celular
mientras que las células progenitoras cardiacas juegan un papel muy limitado tanto
en homeostasis como tras una lesién.

Por tanto, los platelmintos no son (nicos en poseer células madre somaticas plu-
ripotentes, ni son los tnicos que llevan a cabo un recambio continuo. Los sistemas
de células madre a lo largo del reino animal forman un continuo en el que algunas
especies de planarias representan el extremo dindmico. Hydra se sitla cerca, mos-
trando un renovacién continua del cuerpo, llevada a cabo por linajes celulares uni
y multipotentes independientes. Los vertebrados, con un recambio celular extrema-
damente especifico de tejido se sitlan en el medio, mientras que C. elegans carece
completamente de células madre somaticas adultas y recambio somatico, ocupando
el extremo estatico del segmento.

Basandose en estas observaciones se ha propuesto que las células madre somaticas
pluripotentes son el estado ancestral de los sistemas de células madre animales
(Agata et al., 2006; Blackstone & Jasker, 2003; Extavour, 2007). Las células madre
somaticas especificas de tejido podrian representar una adaptacién secundaria al
incremento de tamano y la especializacién funcional de las partes del organismo.
Esta vision predeciria que los componentes moleculares de la pluripotencia fueron
compartidos inicialmente entre las células somaticas pluripotentes y la linea germinal,
antes de restringirse mas y mas a la linea germinal. La expresién de piwi y otros
genes de la linea germinal en células madre pluri y multipotentes de invertebrados
pero generalmente no en las células madre de vertebrados restringidas a un linaje,
encajaria con esta concepcion.

1.1.6. Presente y futuro en el estudio de la regeneracién

Las aproximaciones “émicas” (gendémica, transcriptémica, proteémica) son de una
importancia vital en el estudio de cualquier fendmeno biolégico, como la regenera-
cion, debido a que permite una bisqueda global de potenciales biomoléculas y las
vias en las que participan. A pesar del extenso conocimiento ya disponible sobre
los procesos fisiolégicos y celulares relacionados con la regeneraciéon, a nivel mo-
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lecular persisten grandes lagunas, que no son subsanables mediante los estudios
experimentales clasicos dirigidos a una sola o unas pocas moléculas. Habitualmente,
estos dependen del uso de anticuerpos especificos, concretamente para ensayos de
Western blot, inmunofluorescencia o ELISA. Es mas, teniendo en cuenta el conoci-
miento presente, es predecible que un nimero significativo de eventos moleculares
sean postranscripcionales (como eventos proteoliticos y un amplio rango de modi-
ficaciones postranscripcionales) y, consecuentemente, solo puedan ser detectados y
potencialmente caracterizados utilizando herramientas protedmicas de elevada re-
solucién, con una identificacién precisa de aminoacidos. Desafortunadamente, en la
actualidad, la cantidad de datos gendémicos en la mayoria de las especies con mas
capacidades regenerativas son muy limitados, conduciendo a una falta de herra-
mientas para la identificaciéon de biomoléculas, concretamente proteinas, detectadas
experimentalmente. Por tanto, es necesario un esfuerzo urgente para superar esta
limitacién (Franco et al., 2013).

1.2. Cancer

Como se ha visto, los metazoos basales mantienen tipicamente un gran nimero de
células madre pluripotentes que son capaces de diferenciarse en todos los tipos de
células del organismo. Esto probablemente no es posible en animales mas complejos
debido al peligro de desarrollar cancer (Pearson & Sanchez Alvarado, 2008).

Una solucién consiste en restringir la proliferacién usando un tipo de desarrollo
mas regulado, como por ejemplo, un sistema de teldémeros que desactive la célula
tras un nimero limitado de divisiones. El mismo mecanismo que conduce al enveje-
cimiento celular (Lépez-Otin et al., 2013). Sin embargo, las estrategias para regular
el desarrollo tisular y celular con el fin de prevenir la formacién de tumores no se
limitan a los metazoos superiores; incluso las planarias pueden desarrollar tumores vy,
por tanto, han desarrollado mecanismos para evitarlo (Oviedo et al., 2008; Pearson
& Séanchez Alvarado, 2008).

La proliferacion celular necesita ser regulada para asegurar la supervivencia de
los organimos multicelulares y, por tanto, los mecanismos para regular la supresion
tumoral es probable que tengan un origen evolutivo ancestral. S. mediterranea tiene
un unico homélogo de p53 denominado Smed-p53, cuya expresion esta restringida
a la progenie de las células madre (Pearson & Alvarado, 2009). RNAi de p53 re-
sulta en un incremento en el nimero de células madre y la proliferaciéon a expensas
de la diferenciacién celular, de acuerdo con una funcién de supresién tumoral de
Smed-p53 en planarias. Ademas, a medida que el fenotipo de pérdida de funcién
de Smed-p53 progresa se observa una reduccién en la poblacién de células madre,
lo que sugiere que esta molécula puede también actuar de forma similar a p63 en
vertebrados. Smed-p53 es el primer miembro de la familia p53 que ha mostrado
tener un papel en el control de la proliferacién de células madre y especificacion de
linaje. Conjuntamente, estos estudios respaldan la conclusién de que un miembro
ancestral de la familia p53 ya funcionaba en el control de la proliferaciéon y en la
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biologia de las células madre y que, por tanto, estas funciones no aparecieron por
primera vez en los vertebrados.

PTEN es uno de los genes cominmente mutados en cancer humano. El uso de
RNAI para inhibir este supresor tumoral evolutivamente conservado en S. medite-
rranea, Smed-PTEN (Oviedo et al., 2008), conduce a una proliferacién anormal de
neoblastos, una desorganizacién del tejido, alteracidon de las interacciones epitelio-
mesénquima y la presencia de células anormales que invaden tejidos distantes para
formar sobrecrecimientos (outgrowths) agresivos y eventualmente letales a través
de la sobreactivacién de la via de sefializacion de TOR (Gonzélez-Estévez et al.,
2012b; Peiris et al., 2012). Este fenotipo es consistente con los neoblastomas in-
ducidos quimicamente en planarias (Best & Morita, 1982). La regeneracién puede
verse inhibida en animales Smed-PTEN(RNAI), indicando que bajo ciertas condicio-
nes PTEN también se requiere para la regeneracién. Un hallazgo importante es que
la funciéon de supresor tumoral de PTEN es similar en mamiferos pero esta ausente
en otros invertebrados (Pearson & Sanchez Alvarado, 2008).

Es interesante hacer notar que P53 en planarias y otras proteinas supresoras de
tumores en vertebrados como PTEN (Oviedo et al., 2008) estan involucradas en la
habilidad de estos organismos para permitir hiperproliferar de manera temporal a sus
células madre después de una lesién. Esto sugiere la posibilidad de que este fuera
el papel ancestral de estos genes y que se hayan seleccionado evolutivamente en
vertebrados como genes supresores de tumores por su control sobre la proliferacién
celular.

Dos estudios investigando la funcién del homélogo en planaria del supresor tumo-
ral p53 y el componente remodelador de la cromatina CHD4 ya han mostrado la
utilidad de los marcadores de la progenie de neoblastos (Pearson & Alvarado, 2009;
Scimone et al., 2010). EI RNAi de estos genes mostré que eran necesarios en los
neoblastos para facilitar la regeneracién y la homeostasis de los tejidos. Ademas,
observando la dindmica de los neoblastos en proliferaciéon y su descendencia por
separado mostré que se producia una menor progenie seguida de una desaparicion
posterior de neoblastos. Asi, estos genes podrian ser asignados con funciones es-
pecificas en la produccién correcta de la progenie de los neoblastos (diferenciacién
temprana) con un efecto tardio en el mantenimiento de los neoblastos.

Entender cémo se controlan la interaccién y el balance entre mantenimiento de
las células madre y diferenciacién y cémo puede ser manipulado es un area de in-
vestigacion clave en biologia de la regeneracién y las planarias proporcionan un
sistema ideal en el cual estudiarlo. Marcadores que identifiquen los precursores de
linajes especificos son necesarios para entender como los neoblastos reemplazan los
diferentes tipos celulares especializados presentes en planarias. Por ejemplo, Smed-
nanos marca células madre de la linea germinal en planarias y se requiere para la
formacién de la linea germinal (Wang et al., 2007). Establecer relaciones concluyen-
tes entre la progenie de neoblastos y linajes diferenciados especificos requerira de
técnicas de marcado in vivo y probablemente dependera del desarrollo de una ténica
de transgénesis robusta.

A medida que se acumulan mas datos sobre la genédmica del cancer, las funciones
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de los genes implicados en otras especies menos estudiadas pueden proporcionar
informacién no solo acerca de cémo estos genes han evolucionado sino también
arrojar luz sobre los fundamentos de la enfermedad misma.

1.3. Envejecimiento

En la evolucién de los bilaterados superiores, los animales mas longevos se cuentan
también entre aquellos mas simples, los llamados metazoos basales, un grupo que
incluye a esponjas, corales, medusas, hydras y anémonas marinas. La clave de la
longevidad de estos animales es su gran nimero de células madre, que no solo les
confieren sus remarcables capacidades regenerativas y una gran versatilidad para
crecer, decrecer segln sea necesario (Pearson & Séanchez Alvarado, 2008; Rando,
2006; Rink, 2012; Solana, 2013; Tanaka & Reddien, 2011) sino que, ademas, les
permite rejuvenecer su propio organismo e incluso ser potencialmente inmortales en
algunos casos (Rando, 2006).

Durante la evolucién hacia formas de vida mas complejas, estas habilidades se han
ido reduciendo o perdiendo, aparentemente en un compromiso por producir estruc-
turas mas sofisticadas y de estrategias que protejan su ciclo celular del desarrollo de
tumores (Pearson & Sanchez Alvarado, 2008; Rando, 2006). Sin embargo, no hay
una relacion directa entre un incremento en la complejidad corporal y una reduccion
en la longevidad. Por ejemplo, entre los bilaterados, algunos vertebrados como las
tortugas pueden vivir mas de 200 afos, mientras que el nematodo Caenorhabditis
elegans, con un disefio poco mas complejo que el de una planaria, carece de células
madre somaticas y vive solo dos semanas.

Una caracteristica asociada al envejecimiento en la evolucion es que este va acom-
pafiado de una reduccién gradual en la abundancia de células madre pluripotentes.
Puesto que estas células mantienen el potencial de dar lugar a cualquier tipo celular
del organismo, su reduccién o ausencia en animales mas complejos significa que la
mayoria de sus células diferenciadas envejeceran y moriran llevando, a la postre, a
la muerte del animal, impidiendo asi cualquier posibilidad de inmortalidad.

El envejecimiento en planarias es un fenémeno todavia no bien comprendido. En el
laboratorio, su longevidad has sido variable, probablemente debido a las diferencias
entre especies y en las condiciones de cultivo. Individuos de Dugesia tigrina o Sch-
midtea polycrhoa siguen produciendo huevos aios después de haber sido recogidos
de su medio natural sin mostrar signos de envejecimiento (Mouton et al., 2011).
Cepas asexuadas de Schmidtea mediterranea o Dugesia japonica, incluso lineas clo-
nales, han sido mantenidas en el laboratorio durante décadas, hasta el punto de ser
consideradas inmortales (Bagufia & Romero, 1981; Ishizuka et al., 2007; Newmark
& Séanchez Alvarado, 2002; Rink, 2012; Salé, 2006; Tan et al., 2012).

Asi, las planarias pueden emplear tres mecanismos para evitar el envejecimien-
to: reproduccién asexual por fisién, decrecimiento controlado durante el ayuno y
regeneracion a partir de fragmentos de su cuerpo. Todos parecen conllevar un re-
juvenecimiento del animal. Por ello, las cepas asexuadas parecen estar exentas de
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envejecimiento fisiolégico con poblaciones de neoblastos con los telémeros siempre
largos (Mouton et al., 2011; Pearson & Sénchez Alvarado, 2008; Tan et al., 2012).
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2 La planaria como organismo
modelo para el estudio de las
células madre

Man fears time,
but time fears the pyramids.

Arab proverb

Haciendo una analogia similar a la del proverbio arabe podriamos decir que, ade-
mas de a las piramides, el tiempo deberia temer también a las planarias, pues estas
son inmortales o, al menos, guardan el secreto de la eterna juventud.

El fin evolutivo de cualquier especie es, presumiblemente, la perpetuacion de la
misma. Esto puede conseguirse alargando la vida de cada organismo individualmen-
te, o bien, maximizando el niimero de generaciones. La primera estrategia consistié
en alargar la vida del organismo manteniendo una poblacién de células madre que
pudieran reemplazar todos los tipos celulares para regenerar y rejuvenecer al indi-
viduo. A medida que avanzamos en la evolucién hacia organismos mas complejos,
incluidos los humanos, se produce una reduccién la longevidad en beneficio de la
segunda estrategia y la reproduccién sexual (Petralia et al., 2014).

2.1. Filogenia y morfologia de la planaria

“Planaria” es un término coloquial que generalmente se refiere a miembros de vida
libre del orden Tricladida. Se conocen cientos de especies de planarias, marinas, de
agua dulce e incluso terrestres. Las planarias son protéstomos miembros del filo de los
platelmintos (Fig. 2.1). Como todos los Bilateria son animales triploblasticos, cuyo
embrién cuenta con endodermo, mesodermo y ectodermo y simetria bilateral basica.
De entre ellos, los platelmintos, junto con los acelomorfos, son los mas simples y
probablemente los Bilateria mas primitivos; todos presentan simetria bilateral pero,
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a diferencia de muchos de los bilaterados superiores, no cuentan con una cavidad
corporal (acelomados). También son los primeros animales en haber evolucionado
un auténtico cerebro. Cnidarios y ctendforos representan un estadio intermedio de
complejidad corporal entre poriferos y placozoos, y los Bilateria, que comprenden a
la mayor parte del resto de filos del reino animal. Los platelmintos, ademas, incluyen
a los clanes de parasitos Cestoda, Trematoda y Monogenea.

Las planarias presentan un conjunto
Vercbrues o de 6rganos similar al de otros anima-
Copcorc % : les trlplob_lastlcos: un cerebro que com-
S = prende.dlferentes .s\lstemas de neuro-
Hc;‘hm /‘"’W transmisores (Cebria, 2007, 2008; .Fra—
arm worms o~ guas et al., 2014, 2012), una cavidad

last common Echi ‘ ~ H

ancestor o ichinoderms gastrovascular muy ramificada que se

bilaterian . .z

phyla \ Athropods ;@ encarga tanto de la digestién como de
insects, crustaceans
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et al., 2011; Scimone et al., 2011), un
sistema excretor de protonefridios con
priaputds QB similitudes evolutivas al rifidn de ver-
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(Newmark et al., 2008).
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Figura 2.1 Posicion filogenética de las Una sola clase de célula madre’ el
planarias en el reino animal. neoblasto, da lugar a todos los tipos

Los lofotrocozoos (Lophotrochozoa) son
uno de los grupos de animales protostoma-
dos. Los platelmintos forman un clado deno-
minado platizoos (Platyzoa), estrechamente
relacionado con los lofotrocozoos y a veces
se incluyen en ellos.

celulares que forman los tejidos y or-
ganos de la planaria. Estas células son
la clave que confiere a estos anima-
les su increible habilidad para regene-
rar (Peter et al., 2003; Reddien & San-
chez Alvarado, 2004; Rink, 2012; Shi-
bata et al, 2010; Tanaka & Reddien, 2011). En condiciones de homeostasis, los
neoblastos se diferencian para reemplazar las células senescentes de todos los te-
jidos del animal vy, si es necesario, contribuir a su crecimiento (Fig. 2.2), a la vez
que se dividen para mantener su poblacidén constante. Ante una herida, responden
aumentando su tasa de divisiéon para producir células que reemplacen el tejido perdi-
do. Recientemente, gracias a las técnicas moleculares, se esta pudiendo comprobar
que la poblacién de células colectivamente identificadas como neoblastos es mas
heterogénea de lo que originalmente se pensaba. Si bien muchas de las células que
que la componen son células madre pluripotentes, esta poblacién también parece
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comprender células ya comprometidas con un linaje.

Figura 2.2 Crecimiento y de-
crecimiento en la planaria S.
mediterranea.

Las planarias son capaces de
aumentar o disminuir su tama-
fio manteniendo las proporcio-
nes corporales llegando a una va-
riacién de hasta 40 veces, entre
0,5mm y 2cm, en el caso de S.
mediterranea, en funcién de la
disponibilidad de alimento (Ba-
gufia & Romero, 1981; Newmark
& Sanchez Alvarado, 2002; Salé,
2006). Barra de escala: 0,5cm.
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Se ha observado, ademas, que la regeneracién depende del sistema nervioso (Ku-
mar & Brockes, 2012) e incluye la expresién de numerosas metaloproteinasas de
matriz (Isolani et al., 2013), las cuales son responsables de degradar y reestructurar
la matriz extracelular, especialmente relevante durante los procesos de cicatrizacion
y reparacién de la herida.

2.3. La planaria como organismo modelo

La principal caracteristica que hace interesantes desde un punto de vista biolégico
a estos animales es su ilimitada capacidad de regeneracion. Su potencial regenerativo
varia entre las diferentes especies y, de entre ellas, destaca la especie S. mediterranea,
capaz de regenerar un individuo completo a partir de un pequeno fragmento de casi
cualquier parte de su cuerpo (Fig. 2.3).

Como organismo modelo, las planarias se han usado para el estudio de la rege-
neracién durante mas de cien afios (Bagufia, 2012; Morgan, 1898, 1901). Las dos
especies mas utilizadas actualmente en laboratorio son S. mediterranea y Dugesia
Jjaponica, de las cuales se utilizan lineas clonales creadas a partir de un Gnico animal
para disminuir la variabilidad en los experimentos. Ambas poseen excelentes capaci-
dades regenerativas y el uso de una u otra se debe principalmente a razones histéricas
y geograficas. La diferencia entre las cepas sexuada y asexuada de S. mediterranea
se atribuye genéticamente a la presencia en la segunda de una translocacién en uno
de sus cromosomas, si bien nunca se ha demostrado que esta sea la causa real.
Los individuos asexuados se reproducen (nicamente por fisién asimétrica mientras
que los sexuados lo hacen como hermafroditas (Bagufia et al., 1999; Salé, 2006;
Séanchez Alvarado et al., 2002; Zayas et al., 2005).

Entre las herramientas experimentales disponibles para trabajar con este mode-
lo destacan la inhibicién de la expresién génica mediante RNA interferente (RNA
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Figura 2.3 Diferentes estadios
del proceso de regeneracion de
la planaria S. mediterranea.

En poco méas de dos semanas, la
planaria S. mediterranea es capaz
de regenerar un individuo comple-
to y con las proporciones correctas
a partir de una parte amputada co-
mo cabeza, tronco o cola, o incluso
fragmentos mucho menores. La li-
nea discontinua indica las secciones
de corte; la linea de puntos delimita
el blastema de regeneracién. Barra
de escala: 0,5cm.

interference, RNAi) (Reddien et al., 2005a; Sanchez Alvarado & Newmark, 1999),
el marcaje con bromodesoxiuridina (BrdU) (Newmark & Sanchez Alvarado, 2000),
hibridacién in situ (whole mount in situ hybridization, WISH) (King & Newmark,
2013) y més recientemente el aislamiento de células mediante fluorescence activated
cell sorting (FACS) (Hayashi & Agata, 2012; Hayashi et al., 2006). Otro instrumen-
to simple pero importante en el estudio de la biologia de la planaria ha sido el uso
de radiaci6n ionizante (gamma o X) para eliminar los neoblastos puesto que, como
se vera en el siguiente capitulo, son las Gnicas células que se dividen. Por desgracia,
hay que mencionar dos técnicas largamente anheladas de las que todavia carece
este modelo pese a los esfuerzos por desarrollarlas: la posibilidad de crear animales
transgénicos y mantener cultivos celulares in vitro.

La definicién practica de los neoblastos como las tnicas células que se dividen y
la rapida eliminacién de las mismas por medio de irradiaciéon ha sido tomada para
realizar comparaciones entre animales irradiados y no irradiados que han aportado
ribosondas para la localizacién de los neoblastos (Reddien et al., 2005b; Salvetti
et al., 2000; Shibata et al., 1999), un criterio para aislar poblaciones de neoblastos
mediante FACS (Hayashi et al., 2006) y estudios a gran escala de expresién de genes
sensibles a irradiacién (Blythe et al., 2010; Eisenhoffer et al., 2008; Friedlander et al.,
2009; Rossi et al., 2007; Solana et al., 2012; Wagner et al., 2012).

La pérdida de las células madre en planaria causa defectos severos en la regenera-
cién. En animales intactos, la eliminacion de células madre tras una irradiacién letal,
por ejemplo, conduce a la regresién de la cabeza, replegamiento ventral y finalmente
lisis (Bardeen & Baetjer, 1904; Reddien et al., 2005a). Este se ha convertido también
en el fenotipo estereotipico de eliminacidén de neoblastos mediante RNAi (Reddien
et al., 2005a,b). Recientemente, la eliminacién de neoblastos mediante RNAi contra
una histona especifica de neoblasto, la histona H2B, se ha propuesto como una
alternativa mas especifica a la irradiacién, que evitaria la respuesta transcripcional
al dafio en el DNA a nivel de todo el organismo (Solana et al., 2012).

La investigaciéon en células madre estd huérfana de un organismo modelo para
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el estudio de células madre in vivo. Por tanto, las planarias representan una opor-
tunidad dnica de abordar un gran espectro de problemas en la investigacion con
células madre, incluyendo la conservacién evolutiva de la pluripotencia, la organiza-
cién dinamica de los linajes de diferenciacién y los mecanismos subyacentes de la
homeostasis de las células madre. Constituyen un sistema de células madre que es
el paradigma de uno de los principios de disefio universal de los sistemas biolégicos:
el estado dindmico estable. El trabajo en organismos con grandes capacidades rege-
nerativas, como las planarias, puede complementar los estudios in vitro, aportando
informacién sobre la regeneracion a nivel organico y tisular in vivo, ademas de la
interaccion entre diferentes tipos celulares, todo ello no factible mediante cultivos
celulares. Ademas, la poblacion de neoblastos debe estar sujeta a una regulacién
estricta que impida la proliferacién descontrolada de estas células pluripotentes. Los
mecanismos de control implicados pueden ser de un interés muy relevante en el
estudio de la tumorogénesis y el cancer.

2.4. Regeneracion en planaria

La acumulacién de neoblastos en la regeneracion de heridas y su rapida pérdida
después de una dosis de radiacion que impedia la regeneracién relacioné a los neo-
blastos con la regeneracién (Wolff & Dubois, 1948). En planarias, fue descrito por
Morgan ya en 1898 (Morgan, 1898) que los dos procesos de regeneracion se dan
conjuntamente teniendo lugar una remodelacién de los tejidos preexistentes (mor-
falaxis) a la vez que se da la formacién de un blastema (epimorfosis), que deriva
de las ya mencionadas células madre somaticas, los neoblastos. Las planarias ase-
xuadas utilizan esta habilidad regenerativa como su Gnica forma de reproduccién,
fisionandose transversalmente a lo largo del eje antero-posterior.

2.4.1. Cicatrizacion de la herida

Durante el inicio del proceso de regeneracién, el principal objetivo es reducir la
superficie de la herida, asi que la primera respuesta implica la contraccion de la
musculatura adyacente a la regién de la amputacién. Ademas, la herida es recubierta
de una capa de mucopolisacarido protectora. A continuacion, las células epidérmicas
pierden su morfologia caracteristica y se extienden tanto dorsal como ventralmente
para facilitar el cierre de la herida. Este proceso tarda solamente 30 minutos. La
extension de las células implica un contacto de las epidermis ventral y dorsal con
el parénquima que podria ser uno de los factores desencadenantes de la formacién
en la regién de la herida del tejido despigmentado donde se diferencian los nuevos
tejidos y estructuras denominado blastema (Fig. 2.3) (Chandebois, 1980; Sal6 &
Bagufia, 1984).
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2.4.2. Formacion del blastema

Durante la formacién del blastema a consecuencia de una herida es indispensable
el papel que juegan los neoblastos. Ante una pérdida de tejido, estas células madre
se activan por mecanismos poco conocidos y se acumulan en la herida, donde su des-
cendencia forma el blastema de regeneracién (Eisenhoffer et al., 2008; Wenemoser &
Reddien, 2010). Los neoblastos proliferan de una manera espacial y temporal carac-
teristica. Primero hay una respuesta generalizada a la herida; a continuacion se da
una proliferacion espacialmente mas localizada para reemplazar los tejidos perdidos
(Salé & Bagufia, 1984; Wenemoser & Reddien, 2010). Después de la cicatrizacion
se produce un pico de actividad mitética detectado principalmente en una estrecha
region del tejido antiguo que estd justo por debajo del blastema y que se denomina
por ello posblastema. Las células que van a formar los nuevos tejidos que sustituiran
a los perdidos se generan en el posblastema por divisién de los neoblastos, migran
al blastema y, una vez alli, dejan de dividirse (Salé & Bagufia, 1984), se diferencian
e integran, remplazando el tejido distal perdido mientras el tejido existente se remo-
dela. En este proceso las células en apoptosis también juegan un papel importante,
de manera que la tasa de muerte celular aumenta de forma importante (Pellettieri
et al., 2010; Wenemoser & Reddien, 2010).

2.4.3. Identidad posicional y especificacion de los ejes
corporales

Las planarias son organismos bilaterales que muestran una polaridad bien definida
(Fig. 2.4). Este patrén corporal debe ser adoptado correctamente por los nuevos
tejidos para formar las nuevas estructuras correctamente dependiendo de su posi-
cion, anterior o posterior y ventral o dorsal. ;Cémo son reestablecidas durante la
regeneracién las senales que dirigen la identidad posicional del plan corporal de la
planaria? Estas senales dirigen la progenie de los neoblastos para reemplazar tejidos
perdidos distantes y remodelar los tejidos existentes para asegurar la restauracién y
la integracién de todos los sistemas del organismo. Un entendimiento detallado de
estos procesos proporciona un paradigma simple de como esto podria conseguirse en
contextos donde tejidos enfermos, dafiados o envejecidos podrian, potencialmente,
ser reparados por terapias basadas en células madre.

Vias de desarrollo conservadas estan implicadas en controlar la polaridad regenera-
tiva y el control del correcto posicionamiento de la diferenciacion de los neoblastos.
Por ejemplo, la via de BMP esta claramente implicada en establecer correctamente
el eje dorsoventral durante la regeneracién, de manera analoga a su funcién en la
embriogénesis en otros animales (Molina et al., 2007; Orii & Watanabe, 2007; Red-
dien et al., 2007). El patrén del eje mediolateral y la simetria bilateral del sistema
nervioso central también requiere los homdlogos de planaria de moléculas conocidas
por estar implicadas en estos procesos durante el desarrollo embrionario de otros
animales, como slit (Cebria et al., 2007), robo (Cebria & Newmark, 2007), netrin
(Cebria, 2005) y Wnt-5 (Adell et al., 2009b; Gurley et al., 2010).
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Figura 2.4 Morfologia de una planaria.

A lo largo del eje anteroposterior se encuentran distribuidos asimétricamente diversos
organos corporales, como el digestivo, con una (nica rama intestinal en la regién anterior
del animal y dos en la regidon posterior, con la faringe situada en la regién central del
cuerpo; los cordones nerviosos ventrales forman el sistema nervioso central y sensorial,
con los ganglios cefalicos y los ojos en la region anterior del animal. De la misma manera,
diversos 6rganos corporales se encuentran también distribuidos asimétricamente a loa largo
del eje dorsoventral del organismo. En la regién anterior, por ejemplo, desde una posicién
mas dorsal hacia una mas ventral encontramos los ojos, el cerebro y los cordones nerviosos.
Asimismo, a lo largo de toda la longitud anteroposterior, el sistema digestivo se localiza
en una posicién dorsal en relacién al sistema nervioso central. Adaptado de McGraw-Hill,
Trends in Evolution.

Conocemos mucho sobre la formacién del eje antero-posterior en planaria (Adell
et al., 2009a). La via de sefializacién Wnt, requerida por todos los metazoos para
formar el patrén A/P durante la embriogénesis (Petersen & Reddien, 2009), juega un
papel central tanto durante la regeneracién como la homeostasis y se requiere para
la regeneracion posterior y la identidad posterior (Adell et al., 2009a; De Robertis,
2010; Forsthoefel & Newmark, 2009). La sefializacién a través de Hedgehog (Hh)
también es necesaria para el correcto establecimiento de la identidad posterior pro-
moviendo la actividad de Wnt en el blastema posterior (Oviedo et al., 2010; Yazawa
et al., 2009). Un posible factor HOX de la clase TALE, Smed-Prep, ha sido descrito
actuando en la via de sefializacién Wnt (Felix & Aboobaker, 2010), proporcionando
una conexiéon mecanistica entre la progenie celular de los neoblastos y las seiales
de polaridad. La proteina Smed-Prep es normalmente suprimida postranscripcional-
mente en el blastema posterior por Wnt. Smed-prep(RNAi) resulta en la pérdida de
identidad anterior pero sin la adopcién de identidad posterior.
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Omnis cellula e cellula.

“Cellular Pathology” (1858)
Rudolf Virchow

Como se ha visto en el capitulo anterior, las planarias son platelmintos de vida libre
de una extraordinaria plasticidad. De entre ellas destaca la especie S. mediterranea
que se ha convertido en el organismo modelo de eleccién. Su extraordinaria capacidad
de regenerar depende de la presencia de un gran nimero de células madre adultas
somaticas conocidas como neoblastos.

3.1. Citologia del neoblasto

El término “neoblasto” empezd a
usarse para describir unas pequenas y
abundantes células redondeadas distri-
buidas por todo el mesénquima de la
planaria, excepto en el area anterior a
los fotorreceptores y en la faringe (que
son las (nicas areas incapaces de re-
Seccién confocal en la que se observan las %t\anerar por si sc.)las) (Fi/g. 3.1) (Bagu-
células en proliferaciéon (neoblastos) marca- fia, 2012; Reddien & Sanchez Alvara-
das con BrdU (verde). Adaptado de New- do, 2004). Constituyen alrededor una

mark & Sanchez Alvarado (2000). cuarta parte de todas las células de la
planaria (Bagufia & Romero, 1981).

En imagenes de microscopia electré-
nica (Fig. 3.2), los neoblastos aparecen como células de 5 a 10um de didmetro con
poco citoplasma, muchos ribosomas libres, unos cuantas organulos distinguibles,
cuerpos cromatoides prominentes y un gran nicleo con poca heterocromatina que
ocupa la mayor parte del volumen celular.

Figura 3.1 Distribucion de los neoblastos
en la planaria S. mediterranea.
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3 El neoblasto

La division celular nunca ocurre en
los confines del tejido diferenciado. Ni
siquiera en tejidos con elevado recam-
bio como el intestino o la epidermis
contienen células en divisién (Bagufia,
1976; Forsthoefel et al., 2011; New-
mark & Sanchez Alvarado, 2000). Las
divisiones celulares en planaria se limi-
tan estrictamente al poco organizado
mesénquima que rodea todos los érga-
nos y, mas concretamente, a las célu-

Figura 3.2 Imagen de un neoblasto en el las que cumplen la definicién morfol6-
miscroscopio electrénico de transmisiéon.  gica antes detalladas. Asi, los neoblas-
Las flechas sefialan los cuerpos cromatoides tos son las Unicas células que se divi-
en el citoplasma de la célula. Barra de escala: den en las planarias (Morita & Best,
1um. Cortesia del Dr. Luca Gentile. ]_984) y, por tanto, las (nicas capaces

de proliferar. El flujo de progenitores
resultante reemplaza continuamente las células diferenciadas senescentes y esta ele-
vada tasa de recambio celular conduce a una rapida renovacién de todas las células
del animal en cuestién de semanas (Rink, 2012), permitiendo a las planarias crecer y
decrecer en respuesta a condiciones cambiantes de nutrientes, manteniendo las pro-
porciones de tejidos y células constantes (Oviedo et al., 2003; Sal6, 2006; Takeda
et al., 2009).

3.2. El neoblasto como célula madre

Una célula madre se define como una célula indiferenciada que puede diferenciarse
en tipos celulares especializados a la vez que puede dividirse por mitosis para producir
mas células madre, bien por un nimero limitado de divisiones o, potencialmente,
como un clon celular inmortal. En funcién de la cantidad potencial de tipos celulares
a los cuales pueden dar lugar, las células madre se han clasificado en varias categorias
(Petralia et al., 2014):

= Células madre unipotentes/oligopotentes
Células madre que solo pueden diferenciarse en uno o unos pocos tipos celu-
lares.

= Células madre multipotentes
Células madre que pueden diferenciarse en muchos tipos celulares.

= Células madre somaticas pluripotentes

Células madre que pueden diferenciarse en todos los tipos conocidos de células
somaticas de un animal.
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3.2 El neoblasto como célula madre

= Células germinales primordiales
Células iniciales del desarrollo de una linea germinal, que son solo capaces de
formar células germinales (gametogénesis).

= Células madre totipotentes
Células madre pluripotentes que también son capaces realizar la gametogéne-

SIS.

Un ejemplo de células madres unipotentes son las células satélite musculares de
vertebrados, que Unicamente producen mioblastos que se transforman en células
musculares. Las células intersticiales de Hydra comentadas en el primer capitulo
son un caso de células madre multipotentes. El cigoto de mamifero y el embridn
temprano estan formados por células madre totipotentes. Los neoblastos de planaria
(asi como los coanocitos y los arqueocitos de esponjas) podrian ser totipotentes o
pluripotentes, dependiendo de las definiciones y descripciones de varios autores.

Se han realizado varios estudios con el propdsito de arrojar luz sobre esta cuestion.
Revisando un experimento clasico de Bagufia et al. (1989) en el que una planaria
sexuada irradiada letalmente se transformaba en asexuada después de ser trasplanta-
da con neoblastos aislados de un individuo asexuado y viceversa (Fig. 3.3), Wagner
et al. (2011) mostraron que el transplante de un Gnico neoblasto en una planaria
irradiada letalmente (sin células madre) rescataba al receptor y daba lugar a un
animal sano con el mismo genotipo que el donante. Por tanto, un solo neoblasto
es capaz de diferenciarse en cualquier tipo de célula postmitética (célula somatica)
conocida. Este experimento demostré de forma concluyente y elegante que al me-
nos ciertos neoblastos son pluripotentes. Probablemente son incluso totipotentes,
pero el uso neoblastos de un donante asexuado en el experimento anterior impide la
reconstruccion de la reproducciéon sexual y la demostracion formal de totipotencia.
Por ello, nos referiremos a los neoblastos sensu stricto como células madre pluripo-
tentes. Estos experimentos, sin embargo, no pueden esclarecer si algunos neoblastos
no son pluripotentes puesto que el fallo de algunos neoblastos trasplantados para
generar colonias podria deberse a razones técnicas.

Entender las bases mecanisticas de la pluripotencia de los neoblastos ha sido y
continla siendo uno de los mayores focos de la investigacién en planaria.
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Figura 3.3 Experimento clasico de transplante de neoblastos.

Procedimiento de inyeccidon de una fraccién celular enriquecida en neoblastos en una
planaria receptora cuyos neoblastos han sido eliminados mediante radiacién X. Tras recu-
perarse, la planaria receptora se convierte en un clon genético del donante. Adaptado de
Bagufia et al. (1989).

3.3. Los neoblastos y la linea germinal

Ademas de los neoblastos somaticos pluripotentes, las planarias también poseen
una linia germinal como parte de su sistema reproductor hermafrodita (Newmark
et al., 2008). Tanto la linea germinal como las génadas somaticas pueden regene-
rar de novo, probablemente gracias a una poblacién de células madre (neoblastos)
germinales putativa. Estas células son muy similares a los neoblastos en términos de
morfologia y sensibilidad a la radiacién, aunque podrian ciclar a un ritmo mas lento
(Handberg-Thorsager & Sald, 2007; Sato et al., 2006; Wang et al., 2007).

El factor que distingue a los neoblastos somaticos de los neoblastos de la linea
germinal es la expresién de nanos, asociado al desarrollo de las génadas y las célu-
las germinales y, hasta ahora, el Gnico determinante de la linea germinal altamente
conservado que no se expresa constitutivamente en todos los neoblastos (Handberg-
Thorsager & Sal6, 2007; Rink, 2012; Sato et al., 2006; Wang et al., 2007). Tanto las
cepas sexuada como asexuada tienen células germinales que expresan nanos, de ma-
nera que la inhibicién de los érganos reproductores maduros en las cepas asexuadas
debe ocurrir mas alld de la funcién de nanos. De acuerdo con esto, nanos(RNAi) no
afecta al mantenimiento de los neoblastos pero impide la regeneracién de las géna-
das (Wang et al., 2007). Los neoblastos se posicionan, por tanto, entre la linia que
separa a las células somaticas de la linia germinal y solo necesitan de la expresién de
nanos para transicionar hacia la linia germinal. Las similitudes entre los neoblastos y
la linia germinal puede que tan solo estén reflejando una peculiaridad de la biologia
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de la planaria. Aldn asi, la pluripotencia de los neoblastos proporciona un enlace
conceptual entre los dos tipos celulares. Aunque las células germinales solo dan lu-
gar a los gametos, la fusién de estos durante la fertilizacién inicia el desarrollo del
organismo completo, necesitando, por tanto, de pluripotencia en la linea germinal.

En general, |a viabilidad de las poblaciones de las células madre de la linea germinal
en metazoos se mantiene a través de divisiones celulares que superan los problemas
de la replicacién terminal de los cromosomas gracias a la elongacion de los telé-
meros, lo cual ocurre durante la embriogénesis pero j cOmo mantienen las planarias
asexuadas la viabilidad de sus neoblastos somaticos? Estas células pueden producir
elevados niveles de telomerasa (que alarga los telémeros) a través de splicing al-
ternativo de la telomerasa activa, de manera que la longitud de sus telémeros se
mantiene durante la replicacién celular que se da durante la fisién o la regeneracién
(Tan et al., 2012). Esto podria explicar cémo las planarias asexuadas consiguen su
potencial inmortalidad. Estos neoblastos también expresan numerosos homélogos
del gen Piwi (Palakodeti et al., 2008; Reddien et al., 2005b), tipicamente asociado
a células de la linia germinal. Estos homdlogos ayudan a mantener la integridad
del genoma del neoblasto (Rink, 2012). Ademas, los neoblastos presentan cuerpos
cromatoides, asociados también a la funcidn de las células germinales. Muy proba-
blemente, tanto las células germinales como los neoblastos pluripotentes somaticos
derivan de neoblastos totipotentes capaces de autorenovarse (Bely & Sikes, 2010;
Solana, 2013).

Estudios funcionales han revelado que muchos genes con un papel en células madre
y células germinales en otros animales tienen funciones en neoblastos y su progenie
temprana (Conte et al., 2009; Ewen-Campen et al., 2009; Fernandez-Taboada et al.,
2010; Guo et al., 2006; Palakodeti et al., 2008; Reddien et al., 2005b; Rossi et al.,
2006; Rouhana et al., 2010; Salvetti, 2005; Shibata et al., 2010; Solana et al., 2009;
Wang et al., 2010; Yoshida-Kashikawa et al., 2007). Muchos de estos genes estan
asociados con la unién al RNA y el metabolismo y estan localizados en los cuerpos
cromatoides de los neoblastos o del plasma germinal en otros animales.

Hace tres décadas que los trabajos publicados por Gremigni (1988), muy poco
comentados en la bibliografia actual, demostraban de forma elegante la existencia
de transdeterminacién de células progenitoras de la linea germinal a neoblastos de
la linea somatica. Mucho mas recientemente, un estudio ha profundizado en el
papel que determinadas hormonas peptidicas juegan en el desarrollo de la linea
germinal (Collins et al., 2010) y un anélisis funcional de expresién por microarray
utilizando el fenotipo Smed-nanos(RNAI) ha identificado los genes necesarios para
la diferenciacién de las células madre de esta linea (Wang et al., 2010). Aln asi,
se conoce poco sobre los procesos celulares auténomos requeridos para iniciar la
diferenciacion de los neoblastos para formar y mantener los tejidos somaticos de la
planaria.

El desarrollo de herramientas de marcaje para el anélisis de linajes serd una im-
portante direccién futura para caracterizar los linajes ya conocidos y otros nuevos.
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3 El neoblasto

3.3.1. Cuerpos cromatoides

Los cuerpos cromatoides son estructuras perinucleares caracteristicas, densas al
microscopio electrénico (Fig. 3.2), que se asemejan a los granulos germinales asocia-
dos con los linajes de la linea germinal en embriones de animales, con los que com-
parten constituyentes moleculares conservados (Eddy, 1975; Ewen-Campen et al.,
2009; Parvinen, 2005; Saffman & Lasko, 1999; Strome & Lehmann, 2007). Estas
estructuras son ricas en complejos proteicos de unién al RNA y son lugares pro-
minentes del metabolismo citoplasmatico del RNA. Los cuerpos cromatoides de la
planaria desaparecen mayoritariamente durante su diferenciacion, excepto en los li-
najes de la linea germinal en las cepas sexuadas, donde parece que se mantienen, y
los linajes neuronales, donde presumiblemente reaparecen después de la diferencia-
cién (Hay & Coward, 1975; Solana et al.,, 2009; Yoshida-Kashikawa et al., 2007).
Las crecientes evidencias en planarias sugieren que los cuerpos cromatoides tienen
un papel central en la regulacién de la biologia del neoblasto.

Miembros de la familia de piwi se expresan en los cuerpos cromatoides de la
linea germinal en mamiferos (Kotaja, 2006; Wang et al., 2009). Tres ortélogos en
planaria, llamados smedwi-1, -2 y -3, se expresan en los neoblastos (Palakodeti
et al., 2008; Reddien et al., 2005b). La localizacién subcelular de los transcritos de
smedwi-2 muestra una posicién perinuclear reminiscente de los cuerpos cromatoides
(Gonzélez-Estévez et al., 2009a). Tanto smedwi-2 como -3 se requieren para la
regeneracion y la homeostasis, causando su inhibicion mediante RNAi la pérdida de
los neoblastos.

Aunque no se ha demostrado que los homélogos de piwi en planaria estén presentes
en los cuerpos cromatoides, otras proteinas requeridas para el mantenimiento de los
neoblastos si lo estan, incluyendo Smed-SmB, un miembro de la superfamilia LSm
de proteinas de unién al RNA (Fernandez-Taboada et al., 2010). Smed-SmB(RNAI)
conduce a una disminucién en el niimero de cuerpos cromatoides antes de la pérdida
de la proliferacion de los neoblastos y la pérdida de sus marcadores de expresion.
Esto sugiere que componentes en el cuerpo cromatoide actian en el mantenimiento
de los neoblastos y su renovacién. En concordancia con esto, Spoltud-1, una proteina
de unién al RNA homdéloga de tudor en Schmidtea polychroa, también se expresa
en los cuerpos cromatoides y es necesaria para el mantenimiento de los neoblastos
(Solana et al., 2009).

En resumen, los cuerpos cromatoides de los neoblastos contienen muchas proteinas
de unién al RNA asociadas con la formacién de la linea germinal en otros animales.
En conjunto, estos datos sugieren que, aunque los neoblastos son células madre
somaticas adultas y no células germinales, presentan un gran paralelismo con las
células madre de la linea germinal.

Futuros trabajos sobre los cuerpos cromatoides de planaria podrian arrojar luz
acerca de cémo el mantenimiento de las células madre y la pluripotencia pueden ser
controlados en el contexto de las terapias regenerativas. Sin embargo, mantener la
capacidad de autorenovacién y la pluripotencia de las células madre es solo la mitad
de la historia en la regeneracién una planaria. Los neoblastos también deben producir
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una progenie capaz de diferenciarse en los tipos celulares correctos y posicionarse
adecuadamente a lo largo del eje corporal.

3.4. Dinamica de los neoblastos

El mantenimiento del nimero apropiado de células es un punto clave en todos los
sistemas de células madre. Excesivas divisiones pueden derivar en cancer; por con-
tra, la pérdida de células, al detenimiento del recambio tisular y a un envejecimiento
prematuro. La homeostasis de las células madre ha de conseguir un balance entre
estos dos fundamentos: la autorenovacién (por divisidn celular) y la diferenciacién
en una progenie multiple para conseguir que el nimero de células madre se man-
tenga constante (Weissman, 2000). Cada divisién de una célula madre desafia esta
homeostasis: divisiones simétricas resultantes en dos células madre incrementan el
nimero de células madre. Divisiones simétricas resultantes en dos células diferencia-
das significan un pérdida neta de una célula madre. Solo las divisiones asimétricas
(esto es, la produccién de una célula madre y una diferenciada) mantienen el statu
quo.

3.4.1. Respuesta proliferativa de los neoblastos

En condiciones estables, los neoblastos se dividen a un ritmo basal. Durante pe-
riodos prolongados de ayuno las divisiones de los neoblastos contintian, aunque la
planaria reduzca su tamafo continuamente debido a un decrecimiento en el nimero
de sus células (Bagufia & Romero, 1981; Gonzélez-Estévez et al., 2012a; Oviedo
et al., 2003; Takeda et al., 2009). El catabolismo de las células que mueren pro-
bablemente alimenta las divisiones durante el ayuno, manteniendo asi el recambio
tisular a costa de una progresiva pérdida de células (Bagufia & Romero, 1981; Bagu-
fa et al., 1990). La alimentacién provoca un incremento en la fraccién de neoblastos
en fase M, con un méaximo ocho horas después que tarda varios dias en recuperar
su estado basal (Bagufia, 1974; Kang & Alvarado, 2009). Este incremento transi-
torio en las divisiones de los neoblastos desplaza el estado de equilibrio hacia un
incremento neto en el nimero de células, conduciendo a un crecimiento del animal.

Una herida tiene un efecto similar en la actividad mitética de los neoblastos,
causando un pico de neoblastos en fase M entre seis y ocho horas después de la
lesién y un segundo pico mas sostenido y localizado en la cercania de la herida entre
dos y tres dias después (Bagufia, 1976; Wenemoser & Reddien, 2010). Se cree que
los progenitores generados durante la lesién migran localmente hacia la herida y dan
lugar al blastema de regeneracion (Aboobaker, 2011; Bagufia, 2012; Forsthoefel &
Newmark, 2009).

iQué constituye la capacidad de reserva de los neoblastos? jUna subpoblacién
de neoblastos que no cicla dedicada especificamente para su activacién durante el
crecimiento o la regeneracion? ;O una aceleracién de la dindmica celular dentro
de una poblacién que cicla continuamente? El primer maximo mitético que tiene
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3 El neoblasto

lugar después de haberse producido la lesién o la alimentacion se ha interpretado a
favor de una subpoblacién detenida en G2 (Bagufia, 1974; Sal6é & Bagufia, 1984).
La introduccién de pulsos de marcaje con BrdU cuestioné esta idea (Newmark &
Sénchez Alvarado, 2000), llevando a la conclusién de que todos los neoblastos se di-
viden de forma continua. Sin embargo la validez de estos ensayos quedd en suspenso
después de comprobarse que la pequena herida provocada durante la microinyeccién
de BrdU ya activa a los neoblastos (Wagner et al., 2011; Wenemoser & Reddien,
2010). Esto deja abierta la posibilidad de que en condiciones sin estimulacién algunos
neoblastos permanezcan dias sin dividirse o incluso no lo hagan nunca.

El hecho de que el sistema de neoblastos pueda cambiar dramaticamente su pro-
genie enfatiza la importancia del control de las sefales de proliferacion. La red de
control de la division de los neoblastos puede comprender seiales locales de auto-
renovacion, sefnales globales liberadas en respuesta a una herida o cambios en el
estado metabdlico, asi como bucles de feedback negativo que medien el retorno al
ritmo basal de divisién. Estos bucles de disminucién de la respuesta de los neoblastos
pueden incluir a SMED-EGFR-1, un receptor de EGF que se expresa en el intestino
de la planaria (Fraguas et al., 2011).

Por tanto, los mecanismos celulares por los cuales el sistema de células madre de la
planaria ajusta la formacién de la progenie a las necesidades fisiolégicas cambiantes
no esta claro. La importancia de la cuestién también en términos de heterogeneidad
de la poblacién y la disponibilidad de mas y mas versatiles marcadores de neoblasto
abalan el retorno experimental a estas cuestiones.

Ademas, las planarias no solo regulan la proliferacién de los neoblastos, sino tam-
bién el ritmo de eliminacion de las células diferenciadas, probablemente de forma
especifica en cada tejido (Gonzélez-Estévez et al., 2012a).

3.5. La poblacién de neoblastos es heterogénea

El término “neoblasto” a menudo se emplea implicando una homogeneidad fun-
cional aiin en ausencia de una evidencia sdlida. Asignar una etiqueta (“neoblasto”)
a esta poblacion es (til para referirse a células con muchas caracteristicas comunes
pero es potencialmente problematico por la uniformidad implicita de la poblacién
celular.

Los neoblastos se definen como las tnicas células que proliferan en el organismo.
La divisién celular es cominmente utilizada como una caracteristica definitoria de
neoblasto: todas las células adultas que se dividen son neoblastos. Consecuente-
mente, marcadores genéricos de divisién celular son cominmente utilizados como
marcadores de neoblasto. Las células en fase S o mitosis (neoblastos por definicién)
pueden ser facilmente marcados experimentalmente y, por lo tanto, visualizados,
mediante la incorporacién de pulsos de BrdU, con un anticuerpo contra una modifi-
cacién de histona especifica de mitosis (fosfo-Histona H3-Ser10, H3P), o mediante
sondas de RNA de genes que se transcriben durante la fase S, como h2b, pcna o
MCM2 (Newmark & Sanchez Alvarado, 2000; Shibata et al., 2010). Sin embargo,
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3.5 La poblacién de neoblastos es heterogénea

se desconoce si todas los neoblastos identificados con estos marcadores son realmen-
te células madre o si las planarias albergan también tipos celulares de amplificacién
transitorios que, consecuentemente, contribuirian a la poblacion de células positivas.

Las células en GO/G1 que se dividirdan de nuevo (y que pueden ser consideradas,
por tanto, neoblastos) son mas dificiles de marcar experimentalmente. La presencia
de abundante RNA mensajero (mRNA) del gen smedwi-1 es, tal vez, el mas co-
munmente usado para marcar una célula como neoblasto en la actualidad (Reddien
et al., 2005b). Todas las células en fase S son smedwi-1", aunque no todas las
células smedwi-17 estan en fase S (Wagner et al., 2011). Adn asi, todas las células
smedwi-1" son eliminadas 24 horas después de la irradiacién, lo cual es consistente
con la posibilidad de que el mMRNA de smedwi-1I marque todas las células que se
dividien o que se dividiran, y no otras células (Eisenhoffer et al., 2008; Reddien et al.,
2005b).

Debido a que las células que se dividen son sensibles a la radiacion, la sensibilidad
a la irradiacion aguda puede utilizarse también como una caracteristica, quizads mas
inclusiva, de los neoblastos (Hayashi et al., 2006; Reddien et al., 2005a).

Ni un criterio morfolégico ni los actuales marcadores moleculares pueden dibujar
un limite entre células que se dividen y una progenie temprana ya comprometida. Es
importante, por tanto, enfatizar en que el término “neoblasto” debe ser entendido
como una referencia general al sistema de células madre de la planaria, incluyendo
células madre pluripotentes, progenie postmitética temprana y cualquier tipo de
estadio intermedio. La causa de esta ambigliedad no es el uso de un término histérico,
sino la actual falta de conocimiento en relacién al sistema de células madre de
planaria.

iSon los neoblastos una minoria entre una mayoria de progenitores en amplifica-
cién transitorios? Hay evidencia de la heterogeneidad en términos de ultraestructura
y expresion génica de las poblaciones celulares sensibles a la radiacién aisladas por
FACS (Hayashi et al., 2010; Higuchi et al., 2007; Shibata et al., 2012). Cambios
dindmicos en el patron de expresion durante la recuperacién de una irradiacién no
letal se han interpretado a favor de una subpoblacién de neoblastos mas resisten-
te asociada con los cordones nerviosos ventrales (Salvetti et al., 2009). De todas
formas, una diferenciacion concluyente entre los neoblastos como células madre y
células de amplificacién transitorias requiere discernir linajes celulares. La posible
existencia de poblaciones de amplificacion transitorias o restringidas a un linaje per-
manece desconocida. Responder estas cuestiones requerird una nueva generacién de
experimentos que relacionen marcadores moleculares con ensayos del potencial de
diferenciacién. Una de las colaboraciones en el marco de esta tesis ha consistido
en el subfraccionamiento de neoblastos vivos con marcadores de superficie, lo que
representa un paso mas en esta direccién (Moritz et al., 2012, Articulo 1).

Se hace necesaria la identificacion de marcadores molecualares especificos de cada
tipo celular para poder caracterizarla y entender el proceso de diferenciacién asi como
revelar los genes implicados en él. El descubrimiento de factores de transcripcién
que controlan las decisiones sobre el destino celular en los neoblastos en fase de
diferenciacién constituye un primer paso.
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3 El neoblasto

Aunque los experimentos clasicos habian identificado hasta hace poco a estas
células como pluripotentes, la expresion génica en esta poblacién es heterogénea.
Esto implica que el término “neoblasto” se refiere a una coleccién de diferentes
tipos celulares en proliferacién (Hayashi et al., 2010). Asi, se ha abierto el debate
sobre si los neoblastos constan de un Gnico un tipo celular pluripotente, o bien, de
progenitores distintos para cada linaje. La pregunta que subyace es simple: cémo los
neoblastos son capaces de distinguir el destino celular correcto (Roberts-Galbraith
& Newmark, 2015).
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3.5 La poblacién de neoblastos es heterogénea

Tabla 3.1 Algunos genes propios de neoblasto.
Varios de estos genes son habitualmente usados como marcadores de neoblasto.

Gen

Patrén de expresion

Fenotipo RNAi
(regeneracion)

Funcién en células
madre de planaria

Referencias

Familia Argonaute/Piwi

Djpiwi-1 Linea media dorsal Sin determinar Desconocido Rossi et al. (2006)

Smedwi-1 Mesénquima Sin fenotipo Desconocido Reddien et al. (2005b)

Smedwi-2 Mesénquima Formacién de blastema, expresién de piRNA, Reddien et al. (2005b)
regresion, diferenciacién de Palakodeti et al. (2008)
muerte en 2-3 semanas celulas madre

Smedwi-3 Mesénquima Blastema reducido, expresion de piRNA, Palakodeti et al. (2008)

regresion,
muerte en 3 semanas

diferenciacién de
células madre

Otras proteinas de unién al RNA

DjVigA Células germinales, Sin determinar Regulacién Shibata et al. (1999)
mesénquima, blastema postranscripcional
DjPum Mesénquima, Blastema reducido, Regulacién Salvetti (2005)
linea dorsal posterior, muerte en 3-4 semanas postranscripcional
cerebro
Smed-Bruli Mesénquima, Blastema reducido, Autorenovacién Guo et al. (2006)
cerebro regresion, de células madre
muerte en 3 semanas
Djnos Células germinales No regeneracién de Proteina de unién Sato et al. (2006)
Smednos primordiales, gbnadas ni aparato al RNA, Handberg-Thorsager & Sal6 (2007)
espermatagonia, copulador especificacién de Wang et al. (2007)
oogonia, células la linea germinal
precursoras del ojo
Spoltud-1 Mesénquima, Defectos en la regeneracion, Componente del Solana et al. (2009)
organos reproductores,  pérdida de células madre cuerpo cromatoide,
sistema nervioso central autorenovacién de
células madre
Djcbc-1 Mesénquima, cerebro, Sin fenotipo Componente del Yoshida-Kashikawa et al. (2007)
células madre de la cuerpo cromatoide
linea germinal
Smed-SmB Mesénquima, Sin blastema, Componente del Fernandez-Taboada et al. (2010)
cerebro pérdida de células madre, cuerpo cromatoide,

muerte en 2 semanas

autorenovacién de
células madre

Replicacion del DNA

Djmcm?2 Mesénquima, Sin determinar Replicacién del DNA Salvetti et al. (2000)
linea media dorsal
DjPCNA Mesénquima, Sin determinar Replicaciéon del DNA Orii et al. (2005)

linea media dorsal,
lineas bilaterales
the bilateral lines)

Remodelacion de la cromatina

Smed-CHD4 Mesénquima, Respuesta proliferativa reducida, Helicasa dependiente de ATP, Scimone et al. (2010)
sistema nervioso central disminucién de la progenie diferenciacién de
celular de los neoblastos, células madre
muerte en 3-4 semanas
DjRbAp48 Mesénquima, Blastema reducido, Proteina de unién a histona,  Bonuccelli et al. (2010)

blastema

replegamiento ventral,
motilidad reducida,
muerte en 6 semanas

remodelacién del nucleosoma

Otras funciones

Smedinx-11 Mesénquima, faringe, Sin blastema, Uniones gap (inexina) Oviedo & Levin (2007)
regién alrededor inversion del gradiente
del cerebro, de neoblasto,
regién anterior a muerte en 5 semanas
los fotorreceptores
Genes de las Blastema temprano, Sin determinar Diferenciacién de la Eisenhoffer et al. (2008)

categorias 2 'y 3

Mesénquima externo
en animales intactos

progenie temprana de
las células madre

Smed-PTEN-1 ~ Mesénquima Sin blastema, Mantenimiento de la Oviedo et al. (2008)
Smed-PTEN-2 regeneracién inhibida, regulacién de las
sobrecrecimimentos anormales, células madre
hiperproliferacién de neoblastos,
falta de diferenciacién celular,
muerte en 2 semanas
Smed-p53 Mesénquima, Disminucién de la progenie Diferenciacion de la Pearson & Alvarado (2009)
progenie de las celular de los neoblastos progenie temprana de
células madre las células madre
Djmot Mesénquima, Blastema reducido, Chaperona, Conte et al. (2009)

linea media dorsal,
blastema,

regeneracion reducida,
muerte en 5-7 semanas

secuestro de p53

piRNA: Piwi-interacting RNA.
Adaptado de Gentile et al. (2010).
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3 El neoblasto

3.6. Diferenciacion de los neoblastos

Un factor critico en el mantenimiento del statu quo entre las células madre y
las células diferenciadas es la apropiada regulacion de la diferenciacion de la proge-
nie de las células madre. La complejidad de esta tarea aumenta con el nimero de
posibilidades disponibles. Las células madre adultas de vertebrados son especificas
de tejido y sus destinos de diferenciacién son, por tanto, limitados. Los neoblastos
pluripotentes, que dan lugar a todos los tipos celulares de la planaria presentan un
caso mas complejo en términos de eleccién de destino. Esto arroja una serie de
preguntas importantes: jesta la eleccion del destino del neoblasto intrinsecamente
programada o, por el contrario, estd bajo el control de senales externas segtn las
necesidades momentaneas del tejido de manera que tipos celulares particulares pue-
den diferenciarse a demanda?, jen qué punto de la diferenciacién de los neoblastos
se determina su destino?, o jcémo la eleccion de ese destino esta coordinada con la
organizacién global del plan corporal de la planaria? Se han propuesto dos posibles
modelos que podrian responder a estas preguntas. Los veremos a continuacion.

3.6.1. Los modelos de neoblasto nativo y especializado en
la regeneracion

Los neoblastos responden a una herida dividiéndose y migrando hacia las proxi-
midades de la zona lesionada (Bagufia, 1976; Salé & Bagufia, 1984; Wenemoser
& Reddien, 2010). La produccién local de una progenie de neoblastos que no se
dividen cerca de la herida resulta en la formacién del blastema de regeneracién. En
condiciones normales, la proliferacién del posblastema es suficiente para generar el
blastema. Ahora bien, si la planaria es irradiada parcialmente puede haber una mi-
gracién neoblastos desde una distancia mayor, produciéndose asi una regeneracion
normal pero retardada en el tiempo.

Si los neoblastos comprenden una poblaciéon uniforme de células durante la rege-
neracién (esto es, todas son indeterminadas y pluripotentes), entonces la especia-
lizacién de nuevos tipos celulares debe ocurrir en células multipotentes que no se
dividen de la progenie de los neoblastos. Sin embargo, datos recientes indican que
algunos neoblastos expresan factores de transcripciéon especificos de linaje durante
la regeneracién y en animales intactos. Estas observaciones apuntan la posibilidad
de que uno de los primeros pasos claves en la regeneracién de planarias seria la
especializacién de los neoblastos para producir células del blastema especializadas
en lugar de indeterminadas.

El modelo de neoblastos nativos

Aunque la posibilidad de heterogeneidad entre los neoblastos parece cada vez
mas clara (Bagufia, 2012; Reddien & Sanchez Alvarado, 2004), la capacidad de los
fragmentos de cualquier regién de la planaria que contiene neoblastos para regenerar
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3.6 Diferenciacién de los neoblastos

sugiere que el atributo de pluripotencia est4, si no en todos los neoblastos, al menos
si extendido en esta poblacion.

Seglin este modelo, los neoblastos producen en el blastema células multipotentes
que ya no se dividen. Las células en la poblacién de neoblastos serian basicamente to-
das iguales, respondiendo todas a las lesiones simplemente migrando y dividiéndose,
dando lugar a las células del blastema. Estas células posmitéticas nativas y multipo-
tentes adoptarian las identidades apropiadas basandose en las sefales externas que
recibieran, por ejemplo, como consecuencia de su posicién en el blastema.

El modelo de neoblastos especializados

A pesar de su apariencia similar, podrian existir diferentes subtipos de células en
la poblacién de neoblastos. La poblacion de células adultas de planaria sensibles a
irradiacion incluye también a las células germinales, por tanto, esta poblacién se
sabe que ya contiene al menos dos tipos celulares (Handberg-Thorsager & Salo,
2007; Sato et al., 2006; Wang et al., 2007). En principio, podrian existir otros tipos
celulares de neoblasto. Una pregunta recurrente durante mucho tiempo ha sido si
existe un tipo celular pluripotente en la poblacién de neoblastos, o bien si la rege-
neracién se lleva a cabo mediante la accién colectiva de multiples tipos celulares de
linaje restringido. Dos aproximaciones han demostrado que algunos neoblastos son,
efectivamente, pluripotentes (Wagner et al.,, 2011). Primero, mediante irradiacién
se eliminaron la mayoria pero no todos los neoblastos. Los neoblastos supervivien-
tes, esparcidos, produjeron clones o colonias de células descendientes. Estas colonias
produjeron neuronas y células intestinales, asi como muchos otros tipos de células
descendientes. Segundo, el trasplante de neoblastos individuales revelé que algunos
podian producir colonias de neoblastos y restaurar el recambio tisular y la capacidad
regenerativa de animales irradiados con una dosis letal de radiacién. Estos datos
indican que al menos algunos neoblastos son pluripotentes.

En este modelo, los neoblastos implicados en la regeneracién tendrian diferentes
destinos. Estos neoblastos especializados producen en el blastema diversas células
especificas de cada linaje que no se dividen. Qué células diferenciadas se produ-
cen finalmente por los diferentes neoblastos esta, por tanto, predeterminado. La
especializacion de los neoblastos puede ocurrir antes o después de la lesion.

Los llamados marcadores de categorias (Eisenhoffer et al., 2008) proporcionaron
informacién sobre la orquestacién espacio-temporal de la diferenciacién de la pro-
genie de los neoblastos. Basandose en la cinética de inhibicién diferencial de los
genes sensibles a la irradiacién y en el marcaje con pulsos de BrdU, se definieron
dos categorias de genes expresadas, probablemente, de forma secuencial en la pro-
genie posmitdtica en diferenciacién de los neoblastos (progenie temprana y progenie
tardia). Los distintos lugares de expresién de los marcadores de categoria sugieren
que la progenie de los neoblastos nace dentro del mesénquima y experimenta una
migracién hacia la periferia durante el curso de su diferenciacién. La expresién en
neuronas se ha descrito para la mayoria de genes de células madre de planaria; sin
embargo, su funcién en estas células es desconocida (Rouhana et al., 2010).
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Un dnico punto de control parece improbable a la luz de la multitud de tipos
celulares existentes en planaria. La eleccién del destino celular durante el desarrollo
embrionario es el resultado de la restriccién gradual del potencial de diferenciacion.
Una organizacién jerarquica de la diferenciacion de los neoblastos parece mas proba-
ble (Bagufia et al., 1990). Seguramente incorporando restricciones mas generales de
linaje al principio (como ectodermo, endodermo, mesodermo o mdsculo, neurona,
intestino) y una especificacién gradual del destino final en fases posteriores de la
diferenciacion.

Pueden aislarse las células de planaria en divisién con un contenido de DNA supe-
rior a 2N mediante marcaje y citometria de flujo. La células aisladas de esta manera
se denominan X1 (Hayashi et al., 2010; Shibata et al., 2012). Se ha observado hete-
rogeneidad en la expresion de genes que codifican proteinas de unién al RNA (como
vigA) y la cadena pesada de la miosina. p53 también se expresa en una minoria de
las células que se dividen (Pearson & Alvarado, 2009) y estudios recientes han iden-
tificado neoblastos especializados en la regeneracion del ojo in vivo, con factores de
transcripcion especificos (Lapan & Reddien, 2011) asi como en el sistema excretor
de protonefridios (Scimone et al., 2011). Todas esas evidencias respaldan el modelo
de que la poblacién de neoblastos es heterogénea y que miltiples linajes siguen un
modelos de neoblastos especializados durante la regeneracion, probablemente siendo
la lesion la que promueve su especializacion y el contexto tisular el que determina la
especializacién que cada neoblasto debe adoptar. La expresion de varios factores de
transcripcién en subconjuntos de neoblastos durante la regeneracién y el recambio
tisular apuntan hacia la hipétesis de los neoblastos especializados. Esto implica que
los destinos de las células del blastema que no se dividen estan codificados en sus
progenitores, al menos para algunos linajes. Esto implicaria que no existe una pobla-
cion blastémica multipotente sino que el blastema estaria formado por un mosaico
de células comprometidas con un linaje. Aunque también podria tratarse de neoblas-
tos especializados que pueden transdeterminarse, dependiendo de las circunstancias
de regeneracion. Hay que volver a recordar aqui los trabajos del grupo del profesor
Gremigni en los afios 80 (Gremigni, 1988), donde demostrd la existencia de transde-
terminacién de células de la linea germinal a neoblastos de la linea somatica. Todo
ello abre una serie de nuevas cuestiones:

= jLos neoblastos especializados involucrados en la regeneracion provienen de
neoblastos especializados existentes antes de la lesion, o son neoblastos nativos
inducidos a expresar factores de transcripcion especificos en el lugar de la
lesion?

= ;Estén los neoblastos especializados y/o las células del blastema de su progenie
posmitética determinadas de forma irreversible?

= ;i Qué grado de jerarquia existe en los linajes de la poblacién de neoblastos?

= jHay diversos grados de especialziacién y la determinacién es progresiva o un
neoblasto puede especializarse directamente?
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= jLos neoblastos especializados se dividen y renuevan durante la recomposicién
de los tejidos perdidos en la regeneracion y en el recambio tisular o, por contra,
los neoblastos especializados representan sencillamente un estado transitorio
entre las células pluripotentes que se dividen y las células diferenciadas?

En cualquier caso, ambos modelos no tienen porqué ser mutuamente excluyen-
tes. Es posible que unos linajes sigan un modelo y otros otro. Asi, las jerarquias
de diferenciaciéon pueden incorporar mecanismos de eleccion del destino tanto in-
trinsecos a la célula como mediados por sefales externas en diferentes puntos de
control, combinando estabilidad con flexibilidad, y es posible que una combinacién
de neoblastos especializados y neoblastos nativos produzca las células del blastema
que conjuntamente reemplacen las células perdidas (Fig. 3.4).

‘ neoblast H amplifying populations Hdifferentiating cells‘

‘ stem cell H progressively committed progenitors H differentiated cells

proliferative cells H non-mitotic cells ‘

Figura 3.4 Modelo de diferenciacién en distintos linajes celulares.

Esquema en el que se combinan los dos posibles modelos de diferenciacién (nativo y
especializado) que podrian seguir los neoblastos. La posibilidad de desdiferenciacién y
transdeterminacién se indica con un signo de interrogacién.
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4 Protedmica

The shift in thinking from genomics to proteomics
comes with an appreciation of the difficulty of the task:
Proteins are much more complicated than nucleic acids.

Science, 291(5507):1221, 2001
Stanley Fields

Las proteinas son los principales catalizadores, elementos estructurales, mensaje-
ros y maquinaria molecular de la biologia. El proteoma esta formado por el conjunto
total de proteinas expresadas en una célula o tejido (Kumar & Mann, 2009). El ana-
lisis protedmico, definido como el andlisis del complemento proteico expresado por
un genoma, constituye una aproximacion a la descripcién cuantitativa de un sistema
bioldgico a través del analisis de los perfiles de expresion proteica. El anélisis proted-
mico es conceptualmente atractivo por su potencial para determinar propiedades de
sistemas biolégicos que no son evidentes a través del analisis de las secuencias de
DNA o mRNA a solas. Estas propiedades incluyen la cantidad de expresién proteica,
la localizacién subcelular, el estado de modificacién, la asociacién con ligandos, asf
como el cambio de estas propiedades con el tiempo.

La protedmica persigue diversos objetivos, principalmente:

= |dentificacion de proteinas.

Determinacién de patrones especificos o diferenciales de expresion proteica.

Determinacién de modificaciones postraduccionales.

Determinacién de funciones proteicas y el patrén de las mismas.

= Determinacién de interacciones proteicas.

La estrategia de los estudios proteémicos se basa en las técnicas para la separacion
de extractos proteicos a partir de lisados celulares bien por electroforesis bidimen-
sional en gel de poliacrilamida, o bien por cromatografia liquida multidimensional,
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ambas técnicas, unidas al desarrollo de las potentes herramientas de espectrometria
de masas, permiten llevar a cabo con éxito la identificacién de las proteinas y sus
modificaciones postraduccionales.

La aplicacién a gran escala de la protedmica no habria sido posible sin el avance en
las técnicas de espectrometria de masas, que son el punto final de la mayoria de sus
protocolos. Esta tecnologia que permite la identificacién de las proteinas que han
sido antes seleccionadas por diferentes medios, basdndose en la determinacién de
la proporcién masa/carga de los fragmentos peptidicos ionizados de una proteina.
Mediante espectrometria de masas pueden resolverse los péptidos que componen
cada proteina y llevarse a cabo la identificaciéon de esta. Para ello, determina la
relaciéon entre la masa y la carga de los fragmentos peptidicos ionizados de cada
proteina separada, lo que genera una huella que, contrastada con un base de datos
que contiene los patrones de la digestion in silico de las proteinas de la muestra,
permite su identificacién.

El objetivo Gltimo suele ser la comparacion de los patrones de expresidn proteica de
diferentes muestras para obtener aquellas expresadas diferencialmente, candidatas
a ser responsables de ese fenotipo particular. Asi, se obtiene por un lado una visién
global del proteoma que define un estado particular y puede pasarse, si se cree
necesario, a analizar pormenorizadamente cada proteina particular con las técnicas
que sean mas convenientes.

El proceso que se realiza en un estudio proteémico tipico consta de diferentes
fases (Fig. 4.1):

1. Proceso de separacion

Mediante electroforesis bidimensional se separan las proteinas en dos fases
aprovechando las caracteristicas biofisicas de las mismas. La primera fase se-
para las proteinas segiin su punto isoeléctrico (pl), punto en el que la carga
total de la proteina es neutra. Para ello se hace pasar un campo eléctrico
por una matriz que presenta diferente pH a lo largo del recorrido por el que
transitaran las proteinas. Asi, las proteinas migran movidas por el campo has-
ta alcanzar el pH que coincide con su pl. Es lo que se denomina proceso de
isoelectroenfoque. Uno de los grandes avances de la técnica fue la descripcién
del protocolo para la electroforesis con gradientes de pH inmovilizados en tiras
(Gorg et al., 2000), lo que facilité de manera considerable el proceso.

La segunda parte, una vez definido el isoelectroenfoque, consiste en separar
los grupos por peso molecular, haciendo una electroforesis clasica en gel de
poliacrilamida (Gorg et al., 2004).

2. Deteccion y comparacion
Una vez finalizada la electroforesis se marcan las proteinas con alguna tincién
genérica de proteinas dependiendo del grado de sensibilidad deseado como, por
ejemplo, azul de bromofenol o tincién con plata. A continuacién, mediante un
software especifico, se comparan los geles para detectar los puntos o spots
que contienen las proteinas diferencialmente expresadas entre las condiciones
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experimentales. En la practica, a menudo es dificil correlacionar los puntos de
los diferentes geles dada la ineludible variabilidad técnica que existe entre ellos,
por mucho cuidado que se ponga en realizar el protocolo siempre de manera
idéntica. Este problema se ha superado gracias a una técnica mediante la cual
se pueden marcar dos muestras con fluorocromos diferentes, conocida como
Difference Gel Electrophoresis (DIGE) (Unlu et al., 1997). Con este método
pueden analizarse ambas muestras de proteinas en el mismo gel, eliminando
la variabilidad técnica entre geles y, por lo tanto, haciendo mucho mas facil y
fiable la comparacion.

3. Escision, digestion y analisis experimental

Los puntos seleccionados se recortan mecanicamente del gel de acrilamida.
Mediante protocolos adecuados para eliminar la acrilamida y otros restos, se
extraen las proteinas. Estas son sometidas a una digestién con endoproteasas
especificas (como la tripsina) para generar una serie de péptidos que seran
analizados con el espectfrometro de masas. Este instrumento determina la
relacién masa/carga de los péptidos convirtiendo los péptidos en iones en fase
gaseosa y haciéndolos pasar por un campo electromagnético. El tiempo de
vuelo de los iones y una serie de sensores permiten determinar la masa/carga,
que es proporcional a la composicién de los atomos constituyentes y su carga
i6nica.

4. Analisis computacional

El espectrémetro de masas ofrece los valores referidos a la relacién masa/carga
del grupo de péptidos resultantes de la digestion la proteina presente en cada
spot. La identificacidn de las proteinas se realiza gracias a programas disefiados
especificamente para este fin, como MASCOT (Pappin et al., 2013). A partir
de una base de datos de proteinas, sus algoritmos realizan una digestion in
silico de las mismas considerando el mismo enzima de restriccion que el que
se usé para fragmentar las proteinas experimentalmente y calculan los valores
de la relacién masa/carga tedricos de los péptidos resultantes. Comparando
la informacién espectrométrica obtenida experimentalmente con los valores in
silico pueden dilucidarse las proteinas presentes en cada spot.
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Figura 4.1 Esquema de la aproximacion protedmica empleada en este proyecto.
Tras obtener el tejido de cada condicidn experimental, A y B, se solubilizan las proteinas y
estas se separan en una primera dimensién basandose en su pl. A continuacién, se cargan
en un gel SDS-PAGE donde las proteinas se desnaturalizan y se separan de acuerdo a su
tamafio. Los geles se fijan y las proteinas se visualizan por tincién (azul de Coomassie,
tincién de plata o fluorescencia). Después de la tincidn, los spots resultantes se comparan
con la ayuda de programas especificos y se escinden aquellos que se consideran de inte-
rés, generalmente los expresados diferencialmente entre condiciones. En el caso de utilizar
fluorescencia con el sistema DIGE, la comparaciéon es directa sobre un mismo gel. Los
spots extraidos se someten finalmente a anélisis mediante espectrometria de masas para
identificar las proteinas que contienen. Asi, este sistema de andlisis de la expresién diferen-
cial de proteinas permite la comparacién de las proteinas presentes entre dos condiciones
o muestras. Adaptado de Pandey & Mann (2000).

4.1. Separacion de las proteinas de la muestra

4.1.1. 2D SDS-PAGE

La metodologia 2D SDS-PAGE (two-dimensional sodium dodecyl sulfate-polyacrylamide

gel electrophoresis) se basa en una separacién mediante electroforsesis bidimensio-
nal en gel de poliacrilamida por gradiente de pH y punto isoeléctrico. Obtener geles
reproducibles mediante electroforesis en dos dimensiones es técnicamente complejo
y a menudo complica la comparacién entre geles de diferentes muestras, incluso
preparados en las mismas condiciones. Proteinas muy basicas o muy acidas, muy
grandes o muy pequeiias, asi como aquellas poco abundantes, son habitualmente
dificiles o imposibles de analizar mediante 2D SDS-PAGE (Miller et al., 2006; Patton
& Beechem, 2002).
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La implementacién mas comun de analisis protedmico es la combinacion de elec-
troforesis en gel de dos dimensiones (2DE) (isoelectric focusing-sodium dodecyl
sulfate [SDS]-polyacrylamide gel electrophoresis) para la separacién y la cuantifi-
cacion de proteinas con métodos analiticos para su identificaciéon. 2DE permite la
separacion, visualizaciéon y cuantificacién de miles de proteinas en un Unico gel de
manera reproducible. Por si mismo, 2DE es estrictamente una técnica descriptiva.
La combinacién de 2DE con técnicas de analisis proteico afiade la posibilidad de
establecer la identidad de cada proteina por separado y, asi, en combinacién con el
analisis cuantitativo del mRNA, correlacionar también las medidas cuantitativas de
proteina y expresién del mRNA.

Determinar los niveles de expresidn relativos de una proteina mediante 2DE con-
vencional requiere un enfoque isoeléctrico, electroforesis en gel de SDS-poliacrilamida,
tincion, fijacion, densiometria y un cuidadoso emparejamiento de los mismos spots
en dos o mas geles. Los spots diferencialmente expresados se escinden, se digieren
enzimaticamente y los péptidos resultantes se identifican usando espectrometria de
masas. Se requiere una gran pericia para obtener geles reproducibles y 2DE esta limi-
tada generalmente a proteinas que no son ni demasiado acidas, ni demasiado basicas,
ni demasiado hidrofébicas, y con un tamiio de entre 10 y 200kDa, de manera que
puedan ser separadas de manera fiable en el gel. Por otro lado, esta aproximacion
detecta solo aquellas proteinas que se expresan a un nivel relativamente alto y que
tienen una vida media larga. Dadas todas estas limitaciones, la tecnologia de 2DE
convencional tiene un potencial limitado para analisis protedmicos a gran escala.

Existen diferentes técnicas de visualizacion para las proteinas separadas por SDS-
PAGE. Los métodos de tincién clasicos no son lo bastante sensibles (azul de Co-
omassie) o no permiten cuantificar en un amplio rango de intensidades (tincién de
plata) como para inferir directamente los niveles de abundancia de los spots (Maier
et al., 2009). La tincién de plata es menos cuantitativa que el azul de Coomassie
pero es mas sensitiva y compatible con el andlisis por espectrometria de masas.

Los estudios clasicos sobre protedmica todavia utilizan esta aproximacion de se-
paracién de las proteinas mediante electroforesis de dos dimensiones seguida de un
analisis del gel para detectar los puntos diferencialmente expresados e identificacién
proteica por espectrometria de masas. Sin embargo, esta estrategia presenta ciertos
inconvenientes, el mas importante de los cuales se refiere a la reproducibilidad de
la separacion de proteinas, lo cual dificulta la deteccién de las proteinas expresadas
diferencialmente.

4.1.2. Difference gel electrophoresis

Los métodos de tincion fluorescentes resuelven estos y otros problemas. EI méto-
do Difference gel electrophoresis (DIGE) utiliza tinciones fluorescentes de espectros
diferentes (como Cy3 y Cy5) para marcar dos muestras de proteinas in vitro antes
de la electroforesis bidimensional. Su principal ventaja respecto 2DE convencional
es que tanto la muestra control como la problema corren en un tnico gel de po-
liacrilamida. Las muestras son detectadas por separado pero pueden superponerse
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perfectamente sin ninguna deformacién de los geles. Gracias a que varias muestras
pueden ser separadas en un mismo gel, la comparacién directa entre diferentes mues-
tras es mucho mas sencilla. Esto aumenta considerablemente la fiabilidad con la que
los cambios entre muestras pueden ser detectados y cuantificados. En consecuencia,
es mas sensible y permite el analisis cuantitativo de las proteinas en geles de dos
dimensiones en un rango mas amplio (Larbi & Jefferies, 2009; Timms & Cramer,
2008). En spots grandes pueden detectarse cambios en el nivel de expresién relativo
de una proteina de hasta 1,2 veces. Debido a que la deteccién se basa en la fluo-
rescencia, DIGE tiene un rango dinamico de 10.000, lo que permite el andlisis de la
expresiéon diferencial de proteinas que estan presentes a una baja concentracién. El
limite de deteccion de DIGE para la cuantificacién de la expresidon de proteinas esta
entre 0,25 y 0,95ng de proteina, que es similar al de la tincién de plata.

Al igual que ocurre con la aproximacién original, la cuantificacién de los spots
requiere de la espectrometria de masas para asignar informacién cuantitativa a cada
proteina individualmente.

4.2. Espectrometria de masas

Las técnicas de espectrometria de masas para la identificacién y la cuantifica-
cién de proteinas han experimentado grandes avances (Aebersold & Mann, 2003;
Coombs, 2011; Ong & Mann, 2005). La complejidad de la muestra se reduce al se-
parar la mezcla de las proteinas digeridas por cromatografia liquida antes del analisis
mediante espectrometria de masas de los péptidos aislados. Existen varios disenos
de espectrometros de masas, cada uno con ventajas especificas en cuanto a precision
de masas, rango dindmico, poder de resolucién y sensibilidad (Domon & Aebersold,
2006).

La introduccién de las técnicas de analisis proteico de espectrometria de masas
han mejorado la cantidad y la sensibilidad de las proteinas identificadas a un ni-
vel que permite el andlisis a gran escala de proteinas separadas por electroforesis
bidimensional. Las técnicas han alcanzado un nivel de sensibilidad que permite la
identificacion de practicamente cualquier proteina que sea detectable en un gel me-
diante una tincién convencional. La tecnologia actual de andlisis de proteinas se basa
en la generacion por espectrometria de masas de patrones de fragmentos peptidicos
que son idiotipicos para la secuencia de una proteina. La identidad de la proteina se
establece correlacionando dichos patrones con las bases de datos de secuencias con
la ayuda de programas que se encargan de identificar las proteinas sin intervencion
humana.

La espectrometria de masas en muestras de proteinas no es intrinsecamente cuan-
titativa, aunque se han desarrollado varios métodos para solventar este problema.
Basicamente se clasifican en dos grupos, dependiendo de si utilizan marcaje con
isétopos estables o no. El marcaje con isétopos estables se puede conseguir bien via
marcaje metabdlico de las proteinas in vivo o en cultivo celular (stable isotope labe-
ling by amino acids in cell culture, SILAC; Ong et al., 2002), o bien mediante marcaje
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quimico de los péptidos después de la digestion con tripsina (ICAT o iTRAQ; Gygi
et al., 1999b; Wiese et al., 2007). Se ha utilizado SILAC para cuantificar muestras
muy complejas, como el proteoma de levadura (de Godoy et al., 2008) o células
madre de ratén (Graumann et al., 2007).

La cuantificacién de proteinas sin marcaje se basa en la informaciéon obtenida
directamente de las lecturas del espectrémetro de masas. Un método simple impli-
ca contar y comparar el nimero de fragmentos del espectro iénico de un péptido
concreto. Este método se fundamenta en que el ratio MS/MS para un péptido en
particular estd directamente relacionado con la abundancia de su precursor i6nico
en la muestra. Una aproximacién ligerametne diferente es el indice de abundancia
proteica (PAIl), en el que el nimero de péptidos identificados en un experimento
MS/MS esta en relacion con el nimero de péptidos observables tedricos para ca-
da proteina. Las proteinas también pueden cuantificarse midiendo y comparando
la intensidad de la senal idénica de los precursores peptidicos integrada a lo largo
de su tiempo de retenciéon. Este Gltimo método se basa en el alineamiento de los
cromatogramas y a menudo requiere de un software muy especifico. En contraste
con los isétopos estables, la cuantificacion sin marcaje depende en mayor medida de
réplicas técnicas. La informacién aportada por la identificacién de los péptidos puede
servir como una indicacién aproximada de la cantidad de proteina en la muestra. La
idea basica es que la abundancia de cada proteina escala con el nimero de péptidos
identificados.

4.3. Andlisis computacional

La obtencién de las proteinas de una muestra suele incluir un paso de digestion
enzimatica, generandose péptidos como resultado de la proteolisis que, ademas, pue-
den incluir modificaciones postraduccionales (fosforilaciones, etc...). Los péptidos
no son entidades bioldgicas funcionales. Pueden ser mapeados en las posiciones del
genoma que los codifican. De esta manera los péptidos proporcionan evidencia de
que el gen realmente se expresa y no se trata, por ejemplo, de un pseudogén. Esto
es de vital importancia ya que una gran parte de los genes predichos en muchos
genomas de eucaridticos todavia no cuentan con ninguna informacién experimental
proteica asociada.

El andlisis bioinformatico tipicamente incluye la integracién de los datos protedémi-
cos con bases de datos de anotaciones como Gene Ontology (Ashburner et al., 2000),
de dominios proteicos como InterPro (Mitchell et al., 2014) y PFAM (Finn et al.,
2013), asi como de rutas metabdlicas (KEGG) (Kanehisa et al., 2013). Una vez que
se ha asignado una funcién a una proteina, pueden inferirse funciones relacionadas
para otras proteinas cuya secuencia de aminoacidos es similar a la proteina original.
Este método de busqueda por homologia (mediante el uso de BLAST (Camacho
et al., 2009), por ejemplo) se utiliza para extender las anotaciones funcionales de
una proteina a otras parecidas que, presumiblemente, descienden de la misma pro-
teina ancestral comin. Usando esta metodologia pueden asignarse funciones a entre
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el 40 y el 70 % de de las nuevas secuencias genémicas. Adn asi, es dificil predecir la
funcién de una proteina partiendo Unicamente de su estructura tridimensional y el
abuso de la prediccién basada en la homologia puede provocar una onda expansiva
de errores en la anotacién (Jones et al., 2007). Por esto, se hace necesario en dltimo
término un andlisis funcional mas fino de las proteinas halladas, usando técnicas mas
complejas que permiten modelar dominios como los modelos de Markov en los que
se basa PFAM, por ejemplo.

4.4. Aproximacion protedomica

La mayoria de lo que se conoce de la biologia de los neoblastos proviene de los
datos moleculares a partir de cDNA vy analisis gendmicos. De hecho, existe un bo-
rrador de genoma ensamblado (NCBI Genome Database: Schmidtea mediterranea,
2014; Robb et al., 2015; Sanchez Alvarado et al., 2002; The Schmidtea medite-
rranea Genome Sequencing Project, 2014) y varios estudios transcriptémicos en la
planaria S. mediterranea (Abril et al., 2010; Adamidi et al., 2011; Blythe et al.,
2010; Kao et al., 2013; Labbé et al., 2012; Resch et al., 2012; Rouhana et al., 2012;
Sandmann et al., 2011). Sin embargo, el genoma estd muy fragmentado todavia y
las anotaciones existentes estan basadas mayormente en predicciones computacio-
nales generadas por MAKER (Cantarel et al., 2007), dificultando tanto los anélisis
gendmicos y transcriptémicos como los proteémicos.

Las aproximaciones proteémicas son reconocidas como extremadamente (tiles pa-
ra el estudio de la regeneracién ya que hay una contribucion relevante de procesos
que frecuentemente implican un amplio rango de modificaciones postranscripciona-
les. La complejidad aumenta al considerar que las proteinas también pueden verse
sometidas a cambios postraduccionales y que diferentes proteinas pueden interac-
cionar entre ellas para dar lugar a complejos proteicos, formando una estructura
cuaternaria.

La eleccién de esta estrategia se debié a diferentes razones. La primera es la falta
de un estudio en profundidad de las proteinas de nuestro organismo modelo. En el
momento de plantear este proyecto existia un vacio de casi dos décadas en lo que a
estudios proteémicos en planaria se refiere. Desde los trabajos de Collet y Baguna
(Collet & Bagufia, 1987, 1993) no se habia vuelto a abordar ningiin estudio desde
una vertiente protedmica. Las mejoras tecnoldgicas, especialmente en espectrometria
de masas, asi como la posibilidad de disponer de secuencias genémicas en nuestra
especie de referencia, S. mediterranea, permitian, o casi exigian, retomar con una
visién actualizada esos trabajos, en este caso, centrada en el proteoma del neoblasto.

Otra razén es la de complementar las técnicas genémicas que no son capaces de
capturar la complejidad del conjunto de proteinas que estan actuando en una situa-
cién concreta, dado que durante el trayecto de gen a proteina tienen lugar pasos de
control y regulacién muy importantes que escapan a las técnicas genémicas, como
las muchas modificaciones postranscripcionales y postraduccionales, la movilizacién
entre compartimentos celulares, la dindmica de protedlisis y una gran lista de proce-
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sos que hacen que las caracteristicas de un sistema biolégico no estén completamente
relacionadas con el estado de la expresién génica. Todo ello no implica ni mucho
menos que los datos aportados por los estudios genéticos no sean validos, sino al
contrario, que pueden ser mejor interpretados a la luz de los datos aportados por
las técnicas protedmicas. Ademas, es interesante realizar este tipo de estudios ahora
que el genoma de planaria esta siendo ensamblado, dado que las nuevas secuencias
pueden utilizarse para comprobar la validez del ensamblado de los fragmentos, asf
como para evaluar las anotaciones de los genes predichos computacionalmente para
este genoma.

Como ya se ha mencionado, una de las aplicaciones de la proteémica es la determi-
nacion de proteinas especificas a través del analisis de la expresién diferencial entre
muestras. Este proceso permite comparar la composicién proteica de dos muestras
diferentes, en nuestro caso con presencia y ausencia de neoblastos.

Por Gltimo, hasta hace poco la investigacion biomédica ha estado centrada en
los genes, fallando a menudo en capturar caracteristicas y funciones especificas de
las proteinas, las cuales surgen de la mayor diversidad de proteinas respecto a los
genes. La relevancia de las técnicas de protedmica no se limita Gnicamente pues a
modelos de interés para la investigacién basica. Dos extensas revisiones remarcan
la importancia de la proteémica en los estudios con células madre embrionarias
humanas (Hughes et al., 2011) y en con células madre cardiacas (Stastna et al.,
2009).
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5 Secuenciacion de RNA y analisis
de la expresion génica

A big computer, a complex algorithm and a long time
does not equal science.

Robert Gentleman

Como se comenté en la introduccién, el dogma central de la biologia sugiere que
hay una relacién directa entre los niveles de mRNA y de proteina. Esta presuncion es
la base de los estudios transcriptémicos de expresién, a menudo con el objetivo de
identificar genes inhibidos o sobreexpresados entre varias condiciones. La asuncién
subyacente es que las diferencias en los niveles de mRNA se manifiestan en diferentes
fenotipos como resultado de diferencias en los niveles de proteina (Gry et al., 2009).
Mas adelante se discutird que esto no siempre es necesariamente asi.

5.1. Microarrays

Hasta hace pocos afios, Gnicamente podia analizarse la expresion de un nime-
ro significativo de genes simultdneamente mediante la tecnologia de microarrays
(Hoheisel, 2006). Esta se utiliz en dos especies diferentes de planarias para com-
parar la expresion de diferentes transcritos entre animales normales e irradiados,
obteniendo asi un catalogo de genes potencialmente involucrados en la biologia del
neoblasto (Eisenhoffer et al., 2008; Rossi et al., 2007). No es sorprendente que el
conjunto de genes definido por estos estudios esté enriquecido con aquellos que in-
tervienen en el ciclo celular (los neoblastos son las tnicas células que proliferan) pero
también con genes conocidos por regular mecanismos del desarrollo en otros anima-
les. Estos ultimos podrian estar implicados en el mantenimiento de la pluripotencia
y la diferenciacion de los neoblastos. Sin embargo, sin marcadores que permitan
distinguir a los neoblastos de su descendencia es dificil asignar a estos genes una
funcién u otra. El segundo de estos estudios (Eisenhoffer et al., 2008), combiné el
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andlisis de la expresion en microarrays durante un time course de irradiacion con
un marcaje doble de las células con BrdU (Newmark & Séanchez Alvarado, 2000)
y potenciales marcadores de la progenie de los neoblastos. Esta estrategia permi-
tié la identificacion de los primeros marcadores diferenciales de los neoblastos y su
descendencia.

Sin embargo, los microarrays (Leung & Cavalieri, 2003) constituyen una tecnolo-
gia limitada. En primer lugar, por la necesidad de un conocimiento previo de aquellas
secuencias cuya expresién desea analizarse para la sintesis de sondas con las cua-
les debe hibridar el RNA de cada transcrito; lo que, ademas de los problemas de
hibridacién cruzada, solo permite explorar un niimero de genes relativamente bajo.
Por otro lado, la cuantificaciéon de la expresion se realiza midiendo la intensidad de
la fluorescencia emitida, que serd mayor cuanto mayor sea la expresién del gen v,
por tanto, mas moléculas de RNA hayan hibridado con su sonda correspondiente.
Esta forma de medicién es analdgica y conlleva una serie de problemas intrinsecos
asociados, como la dificultad para calcular con precisién la intensidad fluorescente,
especialmente para genes cuya expresion es baja o, en el caso contrario, la saturacién
de la sefal para genes con elevada expresion.

La secuenciacién directa de los transcritos para determinar la expresion de los
genes ha sobrepasado y reemplazado en la mayoria de andlisis a los microarrays.
Aunque estos siguen utilizandose rutinariamente en diagnéstico clinico, las nuevas
tecnologias de secuenciacién son mas fiables y precisas en la cuantificacién (Yu et al.,
2015). Ademas, con esta técnica, los transcritos se caracterizan por su secuencia, de
manera que se pueden identificar practicamente todos los transcritos presentes en
una muestra, conocidos o no y, dado el enorme niimero de muestras que pueden ser
analizadas simultaneamente, las técnicas basadas en secuenciacién permiten detectar
RNAs poco abundantes, small RNAs, etc. Otra ventaja es que, gracias a que la
cuantificacién es proporcional a las secuencias de la muestra, no hay posibilidad
de saturacion a niveles de expresién elevados. Aln asi, esto puede represenatar un
problema para la deteccién de transcritos muy poco expresados.

5.2. Next-generation sequencing

Una nueva generacién de secuenciadores de alto rendimiento ofrecen la posibilidad
de analizar y cuantificar transcriptomas de miles de transcritos en un solo experi-
mento, proporcionando cada vez mas cantidad de informacién y con mayor rapidez
(Mortazavi et al., 2008). La secuenciacién se lleva a cabo de forma masiva gracias
a la paralelizacion de la reaccién de la replicacion del DNA utilizando diferentes
técnicas (Kukurba & Montgomery, 2015). Las secuencias asi obtenidas se alinean
contra el genoma o el transcriptoma de referencia de la especie y se cuantifican los
transcritos. Dada la enorme cantidad de secuencias que pueden obtenerse, es posible
detectar incluso RNAs muy poco abundantes. Con esta técnica, los transcritos se
caracterizan por su secuencia, sin necesidad de conocerla previamente como ocurre
con los microarrays. Los avances en esta tecnologia estan reduciendo el coste por
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base secuenciada, mucho mas barato que el de los microarrays (Maier et al., 2009).
Esta nueva generacién de tecnologias de secuenciacién de alto rendimiento se co-
noce en inglés como Next-generation high-throughput sequencing o sencillamente
Next-generation sequencing (NGS) y estd considerada la segunda generacién por
suceder a la secuenciacién Sanger.

La técnica original de Serial analisys of gene expression (SAGE) (Velculescu et al.,
1995) demostrd el gran potencial que esta tecnologia presentaba pero requeria la
dificil ligacién de un gran nimero de fragmentos cortos de DNA, su clonacién y su
posterior secuenciacién por el método tradicional Sanger. Aplicando la tecnologia
de NGS al concepto de la metodologia SAGE, se hizo posible el anélisis masivo
de transcritos de RNA en muestras biolégicas, obteniendo directamente de cada
transcrito secuencias cortas (tags) de 20-35 pares de bases de longitud (Mortazavi
et al., 2008).

La tecnologia de NGS proporciona mayor velocidad y rendimiento, de manera que
proyectos de secuenciacidon gendémica que tardaban anos con la técnica Sanger se
pueden completar ahora en cuestién de semanas. El coste por base es, ademas, muy
inferior comparado con la secuenciacién Sanger y desde su inicio se ha ido reduciendo
a la par que aumentaba la cantidad de reads capaz de obtenerse en un solo run'y
se reducia el tiempo de secuenciacién. Sin embargo, la fidelidad es un factor a
tener en cuenta en el que todavia no se ha igualado a la secuencaciéon Sanger.
Otra limitacién en algunas aplicaciones son los reads excesivamente cortos, una
asignacién de bases (base calling) no uniforme en la secuencia (coverage parcial),
de peor calidad (particularmente en el extremo 3" en tecnologias de reads de longitud
corta) y de baja precisién en general en segmentos de homopolimeros. El enorme
volumen de datos generados por estos sistemas (por encima de una gigabase por
run) en forma de reads cortos representa otro desafio a los desarrolladores de los
algoritmos necesarios para filtrarlos, procesarlos y mapearlos o ensamblarlos.

Este proyecto se planted con el nacimiento de estas nuevas tecnologias de secuen-
ciacion, a fin de complementar el estudio proteémico previo y encontrar respuesta
a preguntas que la protedmica parece no poder responder en su actual estado de
desarrollo. En el momento de iniciar el mismo eran tres las tecnologias disponibles,
representada cada una por un sistema diferente de secuenciacién. La principal ven-
taja de la tecnologia de RNA-Seq, que estas primeras plataformas ya presentaban en
comun, es la capacidad para determinar la secuencia a partir de la amplificacién de
fragmentos tnicos de DNA; evitando la necesidad de clonarlos como ocurria en el
protocolo de SAGE original (Velculescu et al., 1995). EI RNA es amplificado después
de convertirlo a cDNA.

A continuacién repasaremos sus fundamentos y particularidades, deteniéndonos

con mas detalle en las dos primeras, que fueron las elegidas para llevar a cabo este
proyecto por los motivos que se expondran.
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5.2.1. 454 GenomeSequencer FLX instrument (Roche
Applied Science)

Esta tecnologia de secuenciacién se basa en el principio de deteccién mediante
pirofosfato. EI GenomeSequencer (GS) se introdujo en 2005, desarrollado por 454
Life Sciences, como el primer sistema de NGS en el mercado. En este sistema, los
fragmentos de DNA se ligan con adaptadores especificos que provocan la unién del
fragmento a una microesfera o bead (Fig. 5.1). Se carga una emulsién de PCR para
amplificar el fragmento, con una microgota de agua que contiene un bead vy los
reactivos de PCR embebidos en aceite. La amplificaciéon es necesaria para obtener
una intensidad de senal luminosa suficiente que permita una deteccién fiable en los
pasos de la reaccién de secuenciaciéon por sintesis. Cuando los ciclos de PCR se
completan y después de la desnaturalizacién, cada bead con su propio fragmento
amplificado se coloca al final del extremo de la fibra éptica de un chip compuesto
por fibras de vidrio. Cada fibra de vidrio conduce la luz hasta el extremo que termina
en una camara CCD (charge-coupled device), que posibilita la deteccién de la luz
emitida por medio de una reaccién enzimatica acoplada a la luciferasa. Asi, cada
bead se sitla en una posicién trazable en el chip, que contiene varios cientos de
miles de fibras unidas a un bead. En el siguiente paso se anaden a los beads la
enzima polimerasa y un primer (cebador), asi como un nucleétido sin marcar a la
mezcla de reaccién a todos los beads del chip, de manera que la sintesis de la
cadena complementaria pueda comenzar. La incorporacién de la siguiente base por
parte de la polimerasa en la cadena creciente libera un grupo pirofosfato, que se
puede detectar como luz emitida. Conociendo la identidad del nucleétido aportado
en cada paso, una sefal luminosa indica la siguiente base incorporada en la cadena
de DNA que se esta alargando.

En su primera version esta plataforma era capaz de generar secuencias de hasta
400-500 bases, en forma de single-end reads. Posteriormente se llegd a 800-1.000bp.
Sus principales inconvenientes son el coste relativamente elevado y una precision baja
en las regiones de més de 4 o 5 bases consecutivas idénticas (homopolimeros).

5.2.2. lllumina (Solexa) Genome Analyzer

La plataforma de secuenciacién Solexa fue comercializada en 2006, adquiriéndola
[llumina a principios de 2007. Su principio se fundamenta en la quimica de secuencia-
cén por sintesis, con nucleétidos de terminadores reversibles para las cuatro bases,
cada uno con un marcador fluorescente distinto, y una polimerasa de DNA capaz
de incorporarlos. Los fragmentos de ADN se ligan a ambos extremos a adaptadores
y, después de su desnaturalizacién, son inmobilizados por un extremo a un soporte
sélido (flowcell) (Fig. 5.2). La superficie del soporte estd densamente recubierta
con los adaptadores y sus adaptadores complemetarios. Cada fragmento de cadena
Unica, inmobilizado por un extremo en la superficie, crea una estructura de puente
hibridando su extremo libre con el adaptador complementario en la superficie del
soporte. En la mezcla que contiene los reactivos de amplificaciéon de PCR, los adap-
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Figura 5.1 Pirosecuenciacion en 454 GS FLX.

Durante la construccién de la libreria se ligan adaptadores especificos a los fragmentos
de DNA y se unen los beads de amplificaciéon con el DNA en una emulsién de PCR
para amplificar los fragmentos antes de secuenciarlos. Los beads se cargan en una placa
(picotiter plate, PTP). El panel inferior ilustra la reaccién de pirosecuenciacién que tiene
lugar durante la incorporacién de los nucleétidos, que reporta la secuencia por sintesis.
Adaptado de www.454.com.

tadores en la superficie actian como primers para la siguiente amplificacion de PCR.
Nuevamente, una amplificaciéon es necesaria para obtener suficiente intensidad de
senal luminosa que permita una deteccién fiable de las bases anadidas. Después de
muchos ciclos de PCR se forman clusters aleatorios de alrededor de 1.000 copias de
fragmentos de cadena (nica de DNA en la superficie. Los reactivos para la secuen-
ciacién y la sintesis del DNA se proporcionan en la superficie y comprenden primers,
cuatro nucledtidos de terminador reversible, cada uno con un marcador fluorescente
distinto, y la polimerasa de DNA. Después de su incorporacién en la cadena de DNA,
el nucledtido terminal, asi como su posicidn en la superficie del soporte, se detectan
e identifican a través de su color fluorescente mediante una camara CCD. El grupo
terminal del extremo 3’ de la base y el marcador fluorescente se eliminan de la base
y se repite el ciclo de sintesis. La longitud de read conseguida mediante reacciones
repetidas era de unos 35 nucleétidos. En la actualidad se puede llegar hasta unos
150bp y variaciones de la técnica permiten obtener reads de hasta 300bp (MiSeq).
Se pueden detectar al menos 40 millones de clusters en paralelo, lo que resulta en
un rendimiento de varias gigabases por soporte.
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Figura 5.2 Secuenciacion en lllumina Genome Analyzer.

Durante la preparacién de la libreria la muestra se fragmenta y a cada fragmento se
ligan adaptadores en sus extremos. La libreria se aplica entonces a la superficie de la
flow cell y, una vez unidos, los fragmentos de DNA forman puentes moleculares que son
amplificados repetidamente a través de un proceso de amplificacién isotérmica, lo que
conduce a la formacién de clusters de fragmentos idénticos. Finalmente, las moléculas de
DNA amplificadas se desnaturalizan para permitir la unién del primer de secuenciacién
y se ven sometidas a una secuenciacién por sintesis, utilizando nucleétidos marcados en
3" con un fluorocromo distinto cada uno. La sefial luminosa de cada nucleétido afiadido
es recogida por una camara, a partir de la cual se produce la secuencia de la cadena
amplificada. Adaptado de www.illumina.com.

5.2.3. Applied Biosystems ABI SOLiID system

El sistema de secuenciaciéon ABI SOLID fue introducido en otofio de 2007. Es una
plataforma que se sirve también de la quimica basada en la ligacién.

Los fragmentos de DNA se ligan a adaptadores y estos se unen a beads. Una
microgota de agua en emulsién de aceite contiene los reactivos de amplificacién
y un Unico fragmento unido por bead; los fragmentos de DNA en los beads son
amplificados por la emulsiéon de PCR. Después de la desnaturalizacién del DNA, los
beads se depositan en un soporte con superficie de vidrio. En un primer paso, un
primer hibrida con el adaptador. A continuacién, una mezcla de oligonucleétdios
octaméricos hibrida también con los fragmentos de DNA y se anade la mezcla de
ligacién. En estos octameros, el doblete de la cuarta y quinta base se caracteriza por
una de cuatro etiquetas fluorescentes al final del octamero. Después de la deteccién
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de la fluorescencia de la etiqueta, se determinan las bases 4 y 5 de la secuencia.
El octamero ligado se corta después de la quinta base, eliminando el marcaje fluo-
rescente. Los ciclos de hibridacién y ligacién se repiten, esta vez determinando las
bases 9 y 10 de la secuencia; en el siguiente ciclo las bases 14 y 15, etc. El proceso
de secuenciacén puede continuarse de la misma manera con otro primer, con una
base menos que el anterior, permitiendo determinar en los sucesivos ciclos, las bases
3y4,8y9, 13y 14. La longitud del read asi obtenido es de 35 bases. Puesto que
cada base se determina con una marca fluorescente diferente, el ratio de error se
reduce. Las secuencias se pueden determinar en paralelo para mas de 50 millones de
clusters de beads, resultando en un gran rendimiento, del orden de gigabases por
run.

5.2.4. Estado actual

Observando este escenario en retrospectiva, Illumina se ha convertido en la pla-
taforma mas utilizada, siendo actualmente los modelos de secuenciadores HiSeq y
MiSeq, en sus diferentes series, casi un estandar de secuenciacién mundial. ABI SO-
LiD perdi6 la carrera en gran parte debido al formato de salida de sus datos, ya
que en lugar de generar ficheros de secuencia en el estandar FASTQ), utilizaba un
formato propio codificado en lo que se denominé color space, para el cual ni existian
ni se desarrollaron a tiempo los programas de andlisis necesarios, mientras que si
existian numerosas herramientas bioinformaticas para procesar los archivos FASTQ.
454 de Roche, aln siendo la tecnologia que proporcionaba una mayor longitud de
secuencia, también resultaba la mas cara y fue desplazada a medida que los frag-
mentos secuenciados por lllumina aumentaban de tamano. La secuenciacion lllumina
permitia ademas, en comparacién con la 454, cuantificar facilmente las copias de
los RNAs de las muestras.

Se ha abierto pues el camino al estudio de los perfiles de expresién génica a gran
escala, mas alld de la secuenciaciéon gendmica, objetivo original de su desarrollo y
aplicacién. La gran capacidad de secuenciacion de las tecnologias NGS ha hecho po-
sible el andlisis de muestras complejas que contienen una mezcla de un gran ndimero
de transcritos. Pero su aplicabilidad no se reduce Gnicamente a la cuantificacién de
la expresidn. Sus aplicaciones son miltiples: sirven como herramienta para la identi-
ficacién y el andlisis de regiones del DNA que interactiian con proteinas reguladoras
de la expresion génica y regiones de union a factores de transcripcion, el estudio de
la estructura de la cromatina, los patrones de metilacién del DNA vy son vitales en
microbiologia y metagendémica (Ansorge, 2009).

5.3. Digital Gene Expression en planaria
El objetivo de este proyecto consistia en la cuantificacion y el andlisis diferencial de

expresion de los transcritos caracteristicos de los neoblastos. Para ello era necesario
utilizar una técnica cuantitativa lo bastante precisa que permitiera identificar incluso
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aquellos genes menos expresados. Illumina (Solexa) era la tecnologia més eficaz en
este aspecto, mediante una técnica que producia un tnico read de 21 pares de bases
a partir del extremo 3’ de los transcritos de mRNA seleccionados por su cola de
poli-A (Fig. 5.3). Esta estrategia, conocida como Digital Gene Expression (DGE),
permitia una cuantificaciéon precisa evitando secuenciar transcritos completos, lo
cual proporciona el maximo rendimiendo con una minima cobertura. Ademas, el
DGE evita el sesgo generado por la desventaja que sufren los transcritos mas cortos
frente a aquellos mas largos al competir por ser secuenciados.

Sin embargo, 21 pares de bases no son suficientes para caracterizar un transcrito.
Se hacia necesario, por tanto, contar con secuencias de referencia contra las que
mapear esos reads cortos lo bastante largas que permitieran identificar transcritos
completos. Ante la falta de un genoma de referencia debidamente anotado para S.
mediterranea a partir del cual construir su transcriptoma, el primer reto consisti6 en
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la generacién de un transcriptoma de referencia para esta especie. En este caso se
opt6 por la tecnologia 454 de Roche, ya que era la que proporcionaba las mayores
longitudes de secuencia. La secuenciacién y posterior ensamblado del transcriptoma
asi como su andlisis fueron publicados en el primer articulo de esta tesis (Abril et al.,
2010) y ha sido utilizado como transcriptoma de referencia tanto en este proyecto
(Rodriguez-Esteban et al., 2015), como en otros (Articulo 5; Fraguas et al., 2014;
Sandmann et al., 2011). Este transcriptoma de referencia fue incluido posteriormente
en un hibrido lllumina + 454 (Sandmann et al., 2011).

Dada la facilidad de mapear los reads cortos de DGE sobre las secuencias de un
transcriptoma, se opt6 por mapearlos sobre todos los conjuntos plblicamente dispo-
nibles. El anélisis comparativo esta disponible en la web planarian.bio.ub.edu/DGE.
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Objetivos

El objetivo general perseguido con esta tesis ha sido el de profundizar en el estudio
de la biologia del neoblasto y, en un sentido mas amplio, aportar nuevos datos que
puedan ser (tiles a la comunidad cientifica en la investigacién con células madre.

Este objetivo se concreta en la caracterizaciéon protedmica y transcriptomica de
los neoblastos, que incluye:

= Generar anticuerpos monoclonales contra proteinas de membrana de neoblas-
tos para discriminar distintas subpoblaciones.

= |dentificacion de proteinas caracteristicas de neoblasto a través de una apro-
ximacién protedmica y validacién funcional de las mismas.

= Construccién del transcriptoma de S. mediterranea que sirva, ademas, como
referencia para nuevos estudios.

= |dentificacion mediante Digital Gene Expression de genes especificos de neo-
blasto, a partir de neoblastos aislados mediante la implementacion de un pro-
tocolo de cell sorting, y caracterizacion funcional de los mismos.

= Desarrollo de las pipelines computacionales necesarias para el procesamiento y
el andlisis de los datos generados por los experimentos proteémicos y transcrip-
tomicos anteriores y creacidon de herramientas que permitan a la comunidad
cientifica acceder de forma sencilla y (til a los datos generados.
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Informe de los directores sobre la
participacion del doctorando y el
indice de impacto de las
publicaciones

La memoria de la tesis doctoral presentada por Gustavo Rodriguez Esteban, titu-
lada “Caracterizacion del neoblasto como modelo de célula madre”, de la que somos
codirectores, incluye siete articulos, cuatro de ellos en el apartado de resultados y
los tres restantes, incluyendo una revisién, en el de anexos. Todos los articulos han
sido publicados en revistas internacionales que constan en la base de datos Pub-
Med, la mas importante en lo que a ciencias biomédicas se refiere, y con un indice
de impacto (ISI) catalogado en la "Thomson Reuters Web of Science". Todos los
articulos han sido evaluados por revisores anénimos designados por los editores de
cada publicacién. A continuacién, se detalla la participaciéon del doctorando en ca-
da uno de los articulos, asi como su indice de impacto y su posicién en el listado
ordenado de la especialidad correspondiente (segiin la "Thomson Reuters Web of
Science", edici6n 2014).
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Resultados

Articulo 1

Soéren Moritz, Franziska Stockle, Claudia Ortmeier, Henning Schmitz, Gustavo
Rodriguez-Esteban, Goran Key And Luca Gentile. Heterogeneity of planarian stem
cells in the S/G2/M phase. International Journal of Developmental Biology
(2012) 56:117-125

El trabajo presentado en este manuscrito se realizé6 en una colaboracién con el
laboratorio del Dr. Luca Gentile en el Instituto Max Planck de Biomedicina Molecu-
lar en Miinster (Alemania). GRE ha contribuido al anlisis de los anticuerpos contra
neoblasto participando en los protocolos de disociacién celular y cell sorting, qPCR,
inmunohistoquimica y western blotting.

Factor de impacto Ao

Afo anterior a la publicacién 2011 2,823
Ano de publicacién 2012 2,614
Actual 2014 1,903
Ultimos 5 afios 2014 2,536

Posicion en el area
Developmental Biology 2014 35/41 Q4

Articulo 2

Enrique Fernandez-Taboada®, Gustavo Rodriguez-Esteban”, Emili Salé and Jo-
sep F Abril. A proteomics approach to decipher the molecular nature of planarian
stem cells. BMC Genomics (2011) 12:133

*Ambos autores han contribuido por igual.

EFT, ES y JFA concibieron el proyecto inicial presentado en este manuscrito. El
trabajo experimental ha sido llevado a cabo por EFT y GRE. El andlisis de los datos
ha sido realizado por GRE y JFA. Todos los autores han participado en la redaccion
del articulo. Esta publicacién fue incluida también en la tesis doctoral de EFT (2008).

Factor de impacto Ano

Ano anterior a la publicacién 2010 4,206
Ao de publicacién 2011 4,073
Actual 2014 3,986
Ultimos 5 afios 2014 4,360

Posicion en el area
Biotechnology & Applied Microbiology 2014 26/162 Q1
Genetics & Heredity 2014 40/167 Q1
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Articulo 3

Informe de los directores

Josep F. Abril®, Francesc Cebria®, Gustavo Rodriguez-Esteban, Thomas Horn,
Susanna Fraguas, Beatriz Calvo, Kerstin Bartscherer and Emili Salé. Smed454 da-
taset: unravelling the transcriptome of Schmidtea mediterranea. BMC Genomics

(2010) 11:731

*Ambos autores han contribuido por igual.

JFA, FC, KB y ES concibieron el proyecto presentado en este manuscrito. GRE
junto con SF ha realizado la validacién de transcritos mediante RT-PCR presenta-
dos en la tabla suplementaria 3. GRE ha realizado también el analisis de coverage
sobre genes conocidos mostrado en la tabla 1. Esta publicacién fue incluida también

en la tesis doctoral de SF (2014).

Factor de impacto Ao
Ao anterior a la publicacién 2009
Ao de publicacién 2010
Actual 2014
Ultimos 5 afios 2014

Posicion en el area
Biotechnology & Applied Microbiology 2014
Genetics & Heredity 2014

3.759
4.206
3,986
4,360

26/162 Q1
40/167 Q1
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Resultados

Articulo 4

Gustavo Rodriguez-Esteban, Alejandro Gonzalez-Sastre”, José Ignacio Rojo-Laguna”,
Emili Salé and Josep F. Abril. Digital Gene Expression approach over multiple RNA-
Seq data sets to detect neoblast transcriptional changes in Schmidtea mediterranea.
BMC Genomics (2015) 16:361

*Ambos autores han contribuido por igual.

GRE, ES y JFA disefiaron el proyecto presentado en este manuscrito. En cuanto
al trabajo experimental, GRE ha realizado la implementacién de los métodos de
disociacién, tincién y aislamiento de neoblastos mediante FACS, la extraccién y pu-
rificacién del RNA para la generacién de las librerias de secuenciaciéon a partir de
las fracciones celulares X1, X1 y Xin, y la validacién mediante WISH y RNAi de 47
genes candidatos de neoblasto. AGS ha llevado a cabo la caracterizacién del gen
Smed-meis-like y JIRL la de los genes Smed-nf-YA, Smed-nf-YB-2 y Smed-nf-YC.
GRE ha llevado a cabo el anélisis computacional de los datos desarrollando los pro-
gramas y pipelines necesarios, asi como las herramientas web para facilitar el acceso
a los resultados, bajo la supervisién de JFA. GRE ha redactado el manuscrito con
contribuciones de todos los autores.

Factor de impacto Afo

Ao anterior a la publicacién 2014 3,986
Ao de publicacién 2015 -
Actual 2014 3,986
Ultimos 5 afios 2014 4,360

Posicion en el area
Biotechnology & Applied Microbiology 2014 26/162 Q1
Genetics & Heredity 2014 40/167 Q1
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Informe de los directores

Articulo 5 (Anexo 1)

Susanna Fraguas, Sara Barberan, Marta Iglesias, Gustavo Rodriguez-Esteban
and Francesc Cebria. egr-4, a target of EGFR signaling, is required for the formation
of the brain primordia and head regeneration in planarians. Development (2014)
141:1835-1847

SF y FC disefiaron el proyecto presentado en este manuscrito. El trabajo experi-
mental presentado en este manuscrito ha sido realizado mayoritariamente por SF
bajo la supervision de FC. SB ha contribuido con los experimentos presetnados en
la figura 6. GRE ha analizado los datos de DGE para identificar genes regulados por
Smed-egfr-3 y ha generado las figuras suplementarias 1 y 2 y la tabla suplementaria
2. SF y FC han redactado el manuscrito con contribuciones del resto de autores.
Esta publicacion fue incluida también en la tesis doctoral de SF (2014).

Factor de impacto Ao

Ano anterior a la publicacién 2013 6,273
Ao de publicacién 2014 6,462
Actual 2014 6,462
Ultimos 5 afios 2014 6,741

Posicion en el area
Developmental Biology 2014 4/41 Q1

Los directores,

Dr. Emili Salé Boix Dr. Josep F. Abril Ferrando

Barcelona, 2 de noviembre de 2015
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Articulo 1

Resumen

Heterogeneidad de las células madre de planaria en
las fases S/G2/M

Las células madre adultas de la planaria, los neoblastos, pueden aislarse facilmente
mediante citometria de flujo. Sin embargo, la falta de anticuerpos contra antigenos
de superficie de estas células impide un analisis mas profundo de los conjuntos de
células que forman esta poblacién.

En este articulo se presenta la primera libreria de anticuerpos monoclonales contra
el proteoma de la membrana plasmatica de células de planaria y se realiza un immu-
noscreening de esas proteinas de membrana en neoblastos. Para ello, se presenta un
nuevo método de disociacién de células en planaria basado en la papaina en lugar
de la tripsina que incrementa el nimero y la viabilidad de las células recuperadas.

Las proteinas de membrana purificadas a partir de células individuales se utiliza-
ron para inmunizar a ratones, obteniendo alrededor de 1000 hibridomas clonales. El
sobrenadante de cada clon se analizé en primer lugar mediante ELISA y luego por
inmunotincion. La mitad marcaron todas las células de planaria, mientras que la
otra mitad marcaba fracciones de ellas. Se generaron 76 anticuerpos monoclonales
a partir de ellos y el anélisis detallado de los sobrenadantes de dos de los hibrido-
mas revelé que las subpoblaciones X1, X2 y Xin expresan diferentes marcadores de
membrana. Los resultados por PCR cuantitativa mostraron una correlacién entre los
resultados de inmunotincién y la expresion de marcadores de progenie temprana y
tardia, incluidos los neoblastos en las fases S/G2/M del ciclo celular (subpoblacion
X1). Asi, unos dos tercios de los neoblastos que ciclan mostraron una identificacién
de membrana caracteristica junto con la expresiéon de marcadores que hasta la fecha
se consideraban restringidos a la progenie posmitética en diferenciacion. El hecho
de que un conjunto de la subpoblaciéon de neoblastos X1 exprese marcadores de
progenie temprana y tardia podria indicar que estas células estan ya comprometidas
mientras proliferan, lo que, ademas, refuerza la idea de heterogeneidad incluso en
esta subpoblacién de neoblastos en proliferacién.
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Heterogeneity of planarian stem cells
in the S/G2/M phase

SOREN MORITZ', FRANZISKA STOCKLE', CLAUDIA ORTMEIER', HENNING SCHMITZ',
GUSTAVO RODRIGUEZ-ESTEBAN?, GORAN KEY® and LUCA GENTILE*"

'Planarian Stem Cell Laboratory, Max Planck Institute for Molecular Biomedicine, Mlinster, Germany,
2University of Barcelona, Department of Genetics, IBUB, Barcelona, Spain and
3Max Planck Institute for Molecular Biomedicine, Miinster, Germany

ABSTRACT The planarian adult stem cell (pASC) population has a specific molecular signature and
can be easily visualized and isolated by flow cytometry. However, the lack of antibodies against
specific surface markers for planarian cells prevents a deeper analysis of specific cell populations.
Here, if we describe the results of the immunoscreening of pASC plasma membrane proteins
(PMPs). A novel papain-based method for planarian cell dissociation enabling both high yield and
improved cell viability was used to generate single cell preparations for PMP purification. PMPs
were used for intraperitoneal immunization of mice and thus about 1000 hybridoma clones were
generated and screened. Supernatants collected from the hybridoma clones were first screened by
ELISA and then by live immuno-staining. About half of these supernatants stained all the planar-
ian cells, whereas the other half specifically labeled a subfraction thereof. A detailed analysis of
two hybridoma supernatants revealed that large subfractions of the X1, X2 and Xin populations
differentially express specific membrane markers. Quantitative PCR data disclosed a correlation
between the immunostaining results and the expression of markers of the early and late progeny,
also for those pASCs in the S/G2/M phase of the cell cycle (X1 population).Thus, about two thirds
of the cycling pASCs showed a specific membrane signature coupled with the expression of markers
hitherto considered to be restricted to differentiating, post-mitotic progeny. In summary, a library of
66 monoclonal antibodies against planarian PMPs was generated.The analysis of two of the clones
generated revealed that a subset of cells of the X1 population expresses early and late progeny
markers, which might indicate that these cells are committed while still proliferating. The findings
demonstrate the usefulness of our PMP antibody library for planarian research.
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Planarians are the true masters of regeneration. Their remarkable
ability to regenerate an entire animal from virtually any small body
fragment (Sanchez Alvarado et al., 2002; Handberg-Thorsager et
al.,2008) is unparalleled among both vertebrates and invertebrates.
Planarian regeneration is based on planarian adult stem cells
(pASCs) also named neoblasts. Experiments in the late 80s sug-
gested that neoblasts behave pluripotent as population (Bagunia,
1989), but only recently has it been elegantly shown by single cell
transplantation into irradiated hosts that at least some (clonogenic)
neoblasts are indeed pluripotent (Wagner et al., 2011). Purification

of pASCs by FACS (fluorescence-activated cell sorting) is possible
by staining isolated planarian cells for nuclear content (Hoechst
33342) and cytoplasmic size (Calcein AM). Since pASCs are the
only proliferating cells in the asexual strains of Schmidtea mediter-
ranea, irradiation efficiently ablates them. This allowed identifying
one irradiation-insensitive (Xin) and two irradiation-sensitive (X1
and X2) cell populations (Reddien et al., 2005; Hayashi et al.,
2006). While the X2 population is partially irradiation-sensitive and
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hence heterogeneous by definition, the X1 population appears
to be rather homogeneous, as many genes required for proper
pASCs function are expressed by the entire stem cell population
(reviewed in Gentile etal., 2011). However, there is some evidence
for heterogeneity of the X1 population at both the ultrastructural
(Higuchi et al., 2007) and the transcript levels (Eisenhoffer et al.,
2008; Hayashi et al., 2010; Pearson and Sanchez Alvarado, 2010;
Scimone et al., 2010).

Isolation of specific cell types — including stem cells — could be
achieved using antibodies specific to cell surface epitopes. One
example are the long-term self-renewing human hematopoietic stem
cells, which are defined by a remarkably long set of cell surface
markers (Lin-/CD34+/CD38-/CD90+/CD45RA-; Notta etal., 2010).
Compared to other model organisms, available antibodies against
planarian cells are scarce and directed againstintracellular epitopes.
Moreover, none has been described to be specific for pASCs so
far (Bueno et al., 1997). It is conceivable that different planarian
cell types also differ in their cell surface epitopes, which is why
we opted for generating a library of mouse monoclonal antibodies
against the planarian membrane proteome. In order to produce
such a library, we needed to ensure efficient and reliable isolation
of large amounts of planarian cells. Papain (Papaya peptidase 1)
is a cysteine protease with a broad specificity, which preferentially
hydrolyzes hydrophobic and aromatic residues (Kimmel and Smith,
1954), which is often used for the dissociation of neural tissues
(Moritz et al., 2008).

With this work, we raised the first library of mouse monoclonal
antibodies directed against the plasma membrane proteome
of planarian cells. The majority of these antibodies recognized
surface epitopes of all or portions of the planarian cells. Among
them, two antibodies (6-9.2 and 8-22.2) identified subfractions of
the X1 population that we further characterized at the transcript
level. All the stem cell markers tested did not reveal any difference
in their expression compared to the negative counterparts, while
the markers specific for both early and late progeny (Eisenhoffer
et al., 2008) were unequivocally upregulated. This finding was not
related to a specific phase of the cell cycle, thus we hypothesized
a correlation with the early commitment of proliferating stem cells.
Further experiments are needed to substantiate this hypothesis,
in order to establish when and how the planarian stem cells be-
come committed and to elucidate the role of the early and late
progeny genes, whose function in planarians is not known yet. All
the genes mentioned in this paper are planarian genes, thus the
prefix ‘Smed-’ is omitted.

Results and Discussion

Planarian cell dissociation with papain improves both yield
and cell viability

In order to attain a sufficient amount of plasma membrane pro-
teins (PMPs) for the downstream immunization, an efficient method
for the dissociation of intact animals into a single cell suspension
is required. In recent years, various methods have been used to
dissociate planarian tissues — mechanical (Fernandez-Taboada
etal., 2010), trypsin-based (Reddien et al., 2005; Hayashi et al.,
2006) and collagenase-based dissociation (Wagner et al., 2011).
Papain is a gentle protease that has been successfully used to
isolate cells with rather complex morphologies, such as visual
neurons from adult rats (Huettner and Baughman, 1986). Thus,

the effectiveness of the papain-based planarian cell dissociation
was compared to the trypsin-based (according to Hayashi et al.,
2010) and the mechanical dissociation. To quantify the efficiency
of the dissociation protocols in terms of cell yield and viability,
the animals were weighed before dissociation. Dissociated cells
were stained with Hoechst 33342 and Calcein AM (H/C) and
propidium iodide (PI) and analyzed by flow cytometry. The gat-
ing logic of our flow cytometric analysis is depicted in Fig. 1A.
Papain-based dissociation yielded 4.2 x 105 = 8.3 x 10* cells/
mg, trypsin-based dissociation 1.3 x 10° + 6.7 x 10* cells/mg
and mechanical dissociation 3.3 x 10° + 4.2 x 10* cells/mg (Fig.
1B). Both papain-based and mechanical dissociation yielded
significantly more cells per milligram of animal weight than trypsin-
based dissociation (p<0.01). Papain-based dissociation yielded
62.2 = 11.1% of live cells on total events, whereas mechanical
dissociation yielded 49.1 + 14.6% and trypsin-based dissociation
38.7 = 2.1% of live cells (Fig. 1C). Interestingly, the percentage
of live cells in the samples dissociated with papain is significantly
higher compared to those dissociated with trypsin (p<0.01; Fig.
1C). Also the percentage of single cells in the cell suspension is
significantly higher for papain-based dissociation compared to
both trypsin-based (p<0.01, Fig. 1C) and mechanical dissociation
(p=0.05, Fig. 1C). Concerning the planarian FACS populations
defined by H/C staining, a similar proportion of X1 and X2 cells
was found in the papain-based and mechanical, but not in the
trypsin-based preparation. (p<0.05; Fig. 1C). Also, the percentage
ofthe Xin cells obtained by using papain-based dissociation (13.5
+5.5%) was much higher than the one obtained with trypsin-based
dissociation (5.2 + 0.5%; p<0.01; Fig. 1C).

As our immunization strategy required a large amount of
planarian single cells for the isolation of immunogens, we aimed
to optimize the dissociation protocol. Previously, we utilized me-
chanical dissociation (Fernandez-Taboada et al., 2010), which
produces a good yield of viable cells, but is time consuming
and laborious. We therefore tested whether papain could be a
suitable protease for the dissociation of planarian cells. All the
dissociation methods tested yielded a cell suspension suitable
for flow cytometry. However, the number of cells isolated per
milligram of animal weight varied greatly among the methods,
with papain-based dissociation being the most efficient one. The
low efficiency of trypsin-based dissociation was in part due to
the stickiness of the tissue fragments after incubation with the
protease. Another reason is that many fragments could not be
completely dissociated. This is also the case using mechanical
and, to alesserdegree, papain-based dissociation. Nevertheless,
the poor results obtained with trypsin-based dissociation might
also be attributed to the fact that the protocol was optimized on
another planarian species, Dugesia japonica. Flow cytometric
analysis revealed that the cell suspension obtained using papain
contains less debris (events with sub-G1 DNA content) and more
viable cells compared to the other methods tested. Papain-based
cell dissociation also performs best when the relative proportion
of the planarian cell populations is taken into account. Our data
suggestthat Xin cells are particularly sensitive to both mechanical
andtrypsin-based dissociation. This may be due to the incomplete
dissociation and/or the lysis of the large differentiated cells and
implies that papain-based dissociation reflects the total planarian
cell population more accurately.

In summary, we could convincingly show that our papain protocol



is a dissociation method that combines high yield, improved cell
viability and a better representation of the planarian cell popula-
tions with ease of use. With our papain protocol it is possible to
generate hundreds of millions planarian cells for any downstream
purpose within approximately 1.5 hours. On the other hand, the
dissociation of very small samples such as dissected blastemata
is also possible without significant loss of cells.

Generation of antibodies against planarian plasma mem-
brane proteins

We aimed to generate antibodies directed against cell surface
epitopes of planarian cells, with a focus on antibodies specific to
pASCs or subpopulations thereof. In a preliminary attempt, we im-
munized mice using sorted neoblasts of the X1 fraction. Although
various antibodies — including cell type-specific ones — were
generated, all of them (n=23) were directed against intracellular
epitopes (data not shown).

We therefore changed our strategy and immunized the mice
using purified PMPs. The workflow for the generation of the
antibody library is depicted schematically in Fig. 2A. Purified
planarian PMPs were injected intraperitoneally into BALB/C mice
and, after four immunizations, immune sera (IS) were taken and
tested by Western blotting. Equal amounts of planarian PMPs
and whole cell lysate were loaded and probed with two IS from
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different mice (3018 and 3019). Several distinct bands ranging
from 20 to 150 kDa were detected in the lanes where PMPs
were loaded, whereas we found no signal in the whole cell ly-
sate lanes (Fig. 2B). The absence of detectable signals in whole
cell lysate is probably due to the low abundance of membrane
proteins in the preparation. A control IS (from a non-immunized
BALB/C mouse) did not reveal any signals. Although both mice
showed comparable immune reactions, mouse 3018 displayed
stronger signals, especially in the high molecular weight range
(Fig. 2B). The IS were also tested by immunocytochemistry
(ICC) on isolated live planarian cells. Immune sera from both
the immunized mice showed membrane staining (Fig. 2C) but,
similar to the Western blot, IS 3018 showed a stronger signal.
Interestingly, IS 3018 produced signals for both the IgM and IgG
antibody isotypes, while IS 3019 predominantly showed signals
for the IgG isotype. Considering the strength and quality of the
immune reaction observed, we therefore decided to use mouse
3018 for the generation of the hybridoma library.

In total, 960 hybridomas were picked from the cloning plates
and expanded. The hybridoma supernatants were tested for im-
munoreactivity against PMPs by ELISA. Eighty-nine hybridoma
supernatants reacted with PMPs and 76 hybridoma clones could
be expanded. To investigate whether the antibodies could suc-
cessfully label planarian cells, ICC was performed. Of 76 super-
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Fig. 1. Papain-based dissociation of planarian cells is highly efficient. Planarians were dissociated using papain or trypsin as protease or by mechanical
dissociation and stained with Hoechst 33342 / Calcein AM / Propidium iodide. Forward scatter versus sideward scatter plot of total events of our flow
cytometric analysis is shown. (Aa). The events were triggered on Hoechst staining and gated for live cells (Calcein* / Propidium iodide’; (Ab)), then for
single cells (Hoechst™esy versus Hoechst**; (Ac)). The Hoechst histogram for live single cells reveals different nuclear contents of the planarian cells,
which correspond — for the majority of the cells — to different phases of the cell cycle (G1 = 2n; 2n < S-G2-M < 4n; (Ad)). The dot plot in which Calcein
intensity is plotted against Hoechst intensity allows the identification of the planarian FACS populations X1 (red), X2 (green) and Xin (yellow) (Ae). The
different fractions are mapped back with their respective colors to the plots shown in (Aa-¢). The animals were weighed before dissociation and the
yield of each dissociation method was expressed as cells per milligram of animal (B), n = 4. The cell suspensions obtained with either method were
analyzed by flow cytometry (C); n = 4. The number of the events that correspond to each gate (X1, X2, Xin, single cells and live cells) is expressed as

percentage of total events. a, b, f: p < 0.05; *, ¢, de: p < 0.01.
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Fig. 2. Generation and screening of the mouse anti-planarian cell surface protein library of monoclonal antibodies. Workflow followed for generat-
ing and screening the monoclonal antibody (mAb) library (A). Planarian plasma membrane proteins (PMPs) were isolated using the Qproteome plasma
membrane kit. Two mice were immunized four times with 50 ug of purified PMPs. Mouse 3018 was sacrificed and splenocytes were isolated. After
PEG-assisted fusion with myeloma cells and HAT selection of the hybridomas, supernatants were screened by ELISA for reactivity against planarian
PMPs. After expansion, clones were screened by a second round of ELISA. Eighty-nine hybridomas were found to produce mAbs with high affinity
for PMPs. Planarian PMPs and whole cell lysates were loaded in equal amounts and separated by SDS-PAGE. The proteins were blotted onto PVDF
membrane and probed with immune sera from mice 3019 and 3018 and control serum from a non-immunized mouse (B). Hybridoma clones were
screened by immunocytochemistry on planarian cells (C). Signals for mouse-lgGs are shown in green, signals for mouse-IgMs are shown in yellow and
nuclei were counterstained with Hoechst 33342 (shown in blue). A panel of antibodies that reacted with planarian live cells is shown (D). The upper row
(all cells) depicts hybridomas producing antibodies that immunostained virtually every planarian cells. The lower rows (subfractions) depict hybridomas

whose antibodies immunostained a subfraction of total planarian cells. Scale bars: 75 um,; M, PMP; L, NP-40 whole cell lysate.

natants tested, 51 showed reactivity against live planarian cells or
subfractions thereof. In Fig. 2D a panel of hybridoma supernatants
is presented that either recognize all planarian cells (upper panel)
or subfractions of them (lower panel). Control mouse IgGs did not
produce any staining (center-right). We also tested the hybridoma
library on fixed and permeabilized cells. Sixty-six supernatants
reacted to all planarian cells or subfractions thereof, indicating that
15 hybridomas solely recognized intracellular epitopes, whereas
many of the extracellular epitopes seem to be resistant to para-
formaldehyde fixation (data not shown).

In summary, PMPs were purified from planarian cells disso-
ciated with papain and used for the immunization of two mice.
The immunization succeeded, as shown by Western blotting and
immunostaining and mouse 3018 was chosen to generate the
antibody library according to the higher intensity and the overall
better quality of the immunoreaction. The 3018 library consists
of 66 hybridoma clones, 51 of which produce antibodies reacting

against all live planarian cells (n=26) or subpopulations of them
(n =25), while the remaining 15 antibodies detect intracellular epi-
topes. The ratio of antibodies suitable for live cell immunostaining
(77%) is relatively high, and underscores the high efficiency of our
approach to generate cell surface-specific antibodies.

Some of the antibodies generated are specific for subsets of
the planarian FACS populations

Tofurtherinvestigate our antibody library, we selected four clones
(1-24.1, 6-9.2, 7-22.2 and 8-22.2) that reacted with subfractions
of live planarian cells. In order to establish which cell population
reacted with the respective antibody, planarian cells were sorted
according to H/C/PI staining and immunostained with the hybridoma
supernatants (Fig. 3 A-D). In each fraction, the percentage of cells
positive for each of the 4 antibodies was determined. Hybridoma
clone 1-24.1 (IgG1, ) did not stain any X1 cells, but 11 + 2% of
the X2 cells and 32 + 8% of the Xin cells (Fig. 3D’), hybridoma



clone 6-9.2 (IgM, «) stained 45 + 11% of the X1 cells, 35 + 8% of
the X2 cells and 36 + 14% of the Xin cells (Fig. 3C’), hybridoma
clone 7-22.2 (IgG1, k) stained 84 + 4% of the X1 cells, 94 + 8% of
the X2 cells and 84 + 5% of the Xin cells (Fig. 3B’) and hybridoma
clone 8-22.2 (IgG1, k) stained 76 + 6% of the X1 cells, 42 + 4% of
the X2 cells and 64 + 3% of the Xin cells (Fig. 3A").

Determining the percentage of the sorted cells that were positive
for each of the 4 antibodies, we found that hybridoma clone 1-24.1
did not stain any cells in the X1 fraction, a few cells in the X2 and
approximately 30% of the cells in the Xin fraction. Although clone
1-24.1 does notrecognize the stem cells, it fulfilled our expectations
to find antibodies specific for subpopulations of differentiated cells.
This could either be used to sort a specific differentiated cell type
or to exclude it from a planarian cell suspension (negative selec-
tion). Eventually, none of the four clones analyzed displayed an
immunostaining pattern compatible with a pure population of stem
cells (high in X1, low in X2 and none in Xin); however, antibodies
6-9.2, 7-22.2 and 8-22.2 immunostained a different percentage of
any given FACS populations (Fig. 3), and therefore we thought it
unlikely that the three antibodies recognized the same cell surface
antigen. It was equally unlikely that each of the antibodies labeled
a specific cell type, because the added percentages of the cells
positive for each antibody in each population largely exceeded
100%. Although we expected heterogeneity in the X2 fraction,
which is a mixture of stem cells in the G1 phase, differentiating
and differentiated cells (Higuchi et al., 2007; Eisenhoffer et al.,
2008), and in the Xin fraction, which contains various types of
large differentiating and differentiated cells, such a heterogeneity
of the X1 fraction — as revealed by cell surface marker expression
—was not anticipated. Thus, we further investigated the planarian
cell fractions positive and negative for the respective antibodies
using quantitative PCR (qPCR).

o
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Antibodies 6-9.2 and 8-22.2 revealed a subset of X1 cells
expressing early and late progeny genes

In order to examine more closely the heterogeneity of the FACS
populations as revealed by antibodies 6-9.2, 8-22.2 and, to a minor
degree, 7-22.2, we assessed the expression signature of the cell
subfractions by gPCR. We quantified the expression of several
genes, such as markers of stem, differentiating and differentiated
cells.. After incubation with 6-9.2, 8-22.2 or 7-22.2 supernatants
followed by appropriate secondary antibodies, live cells were sorted
inaccordance with the intensity of the immune signal. Normal mouse
IgGs were used to set the gates in such a way as to have less than
4.0% of positive cells for each of the FACS fractions. Presumably,
these few positive cells were the consequence of unspecific anti-
body binding (Fig. 4 A-C). Immunostaining with 6-9.2 produced a
bimodal distribution of the signal for both the X1 and Xin popula-
tions, with negative and positive peaks. The signal of the X2&92+
cells is more broadly dispersed. Within the X1 population 58.1 +
2.2% of the cells were 6-9.2*, while 30.1 = 1.3% were 6-9.2" (Fig.
4A’). In the X2 population 40.6 +2.6% of the cells were 6-9.2* and
46.4 +2.6% were 6-9.2° (Fig. 4B’), while in the Xin population 51.3
+ 1.9% of the cells were 6-9.2* and 31.9 + 1.9% were 6-9.2" (Fig.
4C’). Remarkably, both the 6-9.2 positive and negative subsets
of cells plot back to the H/C gate without revealing any peculiar
distribution related to the cell cycle (Fig. S1).

For each subfraction, the expression of Piwi1 (Piwil1, stem cell
marker; Reddien et al., 2005), NB.32.1g, Agat1 (Gatm), Cyp1at
(early and late progeny markers; Eisenhoffer et al., 2008) and
Myhc (T-mus, myocytes and differentiated muscle cell marker;
Cebria et al., 1996) was assessed. In agreement with published
data (Reddien et al., 2005; Eisenhoffer et al., 2008), Piwi1 was
expressed at high levels in the X1 population and at low and very
low levels in the X2 and Xin populations, respectively. No differ-
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Fig. 3. Immunocytochemistry of selected antibodies on X1, X2 and Xin FACS populations of planarian cells. Total planarian cells were stained with
Hoechst 33342 and CalceinAM and sorted according to the FACS gating depicted in Fig. 1A. Cells were plated on plastic dishes and live-immunostained
with the supernatants of the hybridomas 8-22.2 (A), 7-22.2(B), 6-9.2 (C) and 1-24.1 (D) and fixed. Photomicrographs of immunostained sorted planarian
cells of the X1, X2 and Xin fractions as well as total planarian cells are shown. Signals for mouse-lgGs are shown in green, signals for mouse-IgMs are
shown in yellow and nuclei were counterstained with Hoechst 33342 (shown in blue). The number of immunostained cells is expressed as percentage
of positive nuclei per total nuclei (A’-D’). ICC data are presented as Mean = SD of 2 independent experiments; scale bar: 75 um.
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ences were found between the 6-9.2* and 6-9.2" subfractions within
each population (Fig. 4D). Bruli (Celf3; Guo et al., 2006), SmB
(Snrpb; Fernandez-Taboada et al., 2010) and cyclin B (Ccnbf,
Reddien et al., 2005) were also investigated, and none of them
displayed a differential expression between the cells in the posi-
tive and negative subfractions (Fig. S2). Also the expression of
Myhc did not show any significant differences, with the exception
of the X1 fraction, where 6-9.2* cells showed a 3-fold upregulation
compared to the 6-9.2" cells (p<0.05, Fig. 4E). Remarkably, the
expression of Myhc in some X1 cells was also recently reported
in D. japonica (Hayashi et al., 2010). Interestingly, all markers of
progeny cells tested (NB.32.1g, Agat1, Cyplat) were found up-
regulated in all the 6-9.2* subfractions. The early progeny marker
NB.32.1g was expressed at moderate/high levels in X2+ and Xin*
cells, and at low level in X1+ cells. Comparing positive to negative
subfractions, NB.32.1g was upregulated about 16-fold in the X1+
cells (p<0.0001), 2-fold in the X2* cells (p<0.0001) and 4-fold in
the Xin* cells (p<0.0001, Fig. 4F). Agat1, a late progeny marker,
was also moderately upregulated in all the 6-9.2* subfractions,
namely 7-fold in the X1+ (p<0.0001), 2.5-fold in the X2* (p=<0.05)
and 5-fold in the Xin* subfraction (p<0.05; Fig. 4G). A similar albeit
not statistically significant trend was observed for the other late
progeny marker, Cyp1at (Fig. S3A).

We repeated the gPCR on positive and negative subfractions
for the antibodies 8-22.2 and 7-22.2. Although in the comparison
with 6-9.2 the percentage of 8-22.2 positive cells in each fraction
was different (Fig. S4 A-C’), a striking similarity was found when
gPCR data were compared. In fact, X15%2+ and X1%222+ cells are
indistinguishable according to the expression of NB.32.1g and

Agat1, (p=0.3640 and p=0.5179, respectively; Fig. 4 D-G and Fig.
S4 D-G). Considering also thatthe immune signalintensity distribu-
tions for the two antibodies are similarly shaped, (cf. Fig. 4A-C’
with Fig. S4 A-C’), we cannot exclude that the divergence found
in the cell number might result from intrinsic differences between
the two antibodies — such as antibody isotypes or affinity to the
epitope — rather than from the recognition of a different antigen.
The scenario changes radically when the 7-22.2 antibody is
considered. The signal intensity distribution was bimodal for all
the FACS fractions (Fig. S5 A-C’). However, for the X1 fraction
we observed a large proportion of cells staining positive for the
antibody, leaving few cells in the negative gate (Fig. S5A’). These
data correlate very well with our ICC data (Fig. 3B’), while for the
other two populations — X2 and Xin — we found that the positive
cells were fewer than those counted in ICC. As for the 6-9.2 and
8-22.2immunostainings, 7-22.2 positive and negative subfractions
of both the X1 and Xin population also showed a similar expres-
sion of Piwi1, while X2* cells expressed the stem cell marker at a
level doubling that of their negative counterpart (p<0.05; Fig. S5D).
On the other hand, Myhc is expressed at very low levels in all the
negative subfractions, whereas it is upregulated 4-, 6- and 14-fold
in X1+, X2* and Xin* subfractions, respectively (p<0.05; Fig. S5E).
Once more, significant differences were also found between posi-
tive and negative subfractions in the expression of both early and
late progeny markers. However, contrary to what we observed for
both 6-9.2 and 8-22.2 antibodies, NB.32.1g, Agat? and Cyp1al
were found upregulated in the negative subfractions of the 7-22.2
immunostained cells. Specifically, NB.32.1g was upregulated 5-
and 7-fold in X2 and Xin- cells, respectively (p<0.0001; Fig S4F),
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while Agat1 was upregulated 5-, 4- and 6-fold in the X1-, X2- and
Xin- subfractions, respectively (p<0.01, p<0.0001 and p<0.0001;
Fig. S5G). Expression of NB.32.1g did not differ between X1+ and
X1- subfractions, while Cyp1a1 was significantly upregulated only
in the Xin- fraction (Fig. S3C).

In an attempt to better understand the molecular features of
the subfractions of cells labeled by some antibodies of the 3018
library, we assessed the expression of markers specific for stem,
differentiating and differentiated cells in the subsets of cells defined
by 6-9.2, 7-22.2 or 8-22.2 immunostaining. Interestingly, we never
found any difference in the expression levels of the stem cell mark-
ers tested within the same FACS population, independently of the
antibody used (Fig. 4D; Fig. S2, S4D, S5D). This suggests that
none of the antibodies is specific for antigens solely expressed
by the pASCs. However, all the cells positive for either the 6-9.2
or 8-22.2 antibody were highly enriched for the category-2 marker
NB.32.1g, with a clear upregulation in the X1592* and the X18222+
cells. A statistically significant upregulation was also observed
for the category-3 marker Agat1. Regardless of whether 6-9.2
and 8-22.2 antibodies recognize the same antigen or not, they
do define subfractions of the X1 population, as does the antibody
7-22.2. The percentage of 6-9.2* cells in the X1 population is quite
high (about 60%), but the expression of both NB.32.1g and Agat1
is relatively low, when compared to both X2 and Xin populations.
According to published results (Eisenhoffer et al., 2008; Table S2),
only a small proportion of X1 cells expresses the progeny markers;
specifically, the category-2 marker NB.21.11e and the category-3
marker Agat1 are expressed by 0.7% and 2.4% of the X1 cells,
respectively. It could be assumed that the category-2 marker that
we considered (NB.32.1g) would behave in a similar way. There-
fore, only a small portion of the X1892+ cells expresses the progeny
markers at high level, while the majority of the X162+ cells do not.
These cells might express other progeny markers, either known
or unknown, or represent a primed state of the stem cell, in which
changes in the chromatin state are a prerequisite for changes in
gene expression. This is consistent with the percentage of X1 cells
expressing the chromatin remodeling protein CHD4, involved in,
and essential for stem cell differentiation (Scimone et al., 2010).
This gene is required for the differentiation of Agat-expressing
cells; hence its upregulation in early committed X1 cells could act
as a trigger for the expression of the progeny markers and the
effective differentiation of the stem cells.

Concluding remarks

The data presented in this paper indicate that: i) we success-
fully setup a papain-based dissociation protocol thatimproves both
yield and cell viability compared to other published methods; ii) we
established a library of 66 mouse monoclonal antibodies against
planarian plasmamembrane proteins, 51 of which show membrane-
specificimmunostaining of live cells; iii) approximately half of these
antibodies recognize subpopulations of whole planarian cells and
atleast three of them (6-9.2, 7-22.2 and 8-22.2) recognize subfrac-
tions of the three FACS populations, demonstrating that the stem
cells in S/G2/M phase (X1 cells) are heterogeneous at the level of
surface markers; iv) the heterogeneity of the X1 population is not
related to the progression throughout the cell cycle, since X162+
and X18222+ do not cluster differently from X159 and X18222 in
relation to the Hoechst signal intensity; v) the integration of live-
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immunostaining FACS data and gPCR data revealed the existence
of atleast two discrete subpopulations of X1 cells, both expressing
all the stem cell markers tested at the same level: one (about two
third of the X1 population) is made up of 6-9.2(8-22.2)*/NB.32.1g*/
Agat1*/Myhc* cells and one (about one third of X1 population) is
made up of 6-9.2(8-22.2)/NB.32.1g/Agat1/Myhc cells, which prob-
ably consists of uncommitted self-renewing stem cells. Whether
the 6-9.2* (or 8-22.2") cells in the X1 population are committed to
differentiate (and therefore no longer self-renewing) can only be
determined by putting their actual pluripotency to the test and by
comparing the clonogenic efficiency of single 6-9.2* or 6-9.2" cells
engrafted into a lethally irradiated host.

Materials and Methods

Species and maintenance

The animals (clonal line BCN10) used for this study were maintained
as previously described (Fernandez-Taboada et al., 2010). Animals used
for the experiments were starved for at least one week.

Cell dissociation

To determine the amount of cells isolated per milligram of live animal,
the animals were weighted before dissociation. To this end, four 8 to 10
mm long animals were placed onto a glass slide and residual planarian
water was completely removed using a KimWipe tissue. Unless differently
stated, chemicals are from Sigma-Aldrich, Germany. Prior to dissociation
the animals were incubated 1 minute in 2% L-cysteine hydrochloride pH
7.4 to remove the mucus. Mechanical and trypsin-based dissociation were
performed as previously described (Fernandez-Taboada etal.,2010; Hayashi
etal., 2010). For papain-based dissociation the animals were cut into small
pieces on a glass slide. The pieces were then transferred using wide bore-
hole 1000G tips (Art-tips, MBP, USA) into 1.5 ml reaction tubes using 250
wl CMFH (2.5 mM NaH,PO, 2H,0; 14.3 mM NaCl; 10.2 mM KCI; 9.4 mM
NaHCO,; 15 mM Hepes; 0.1% BSA; 0.5% Glucose; pH 7.2). Then 250 ul of
2 x papain solution (30U/ml Papain (Worthington Biochemical Corp., USA);
2 mM L-Cysteine in CMFH) was added and the reaction was incubated for
1 hour at 25°C. After adding 500 ul of 2 x STOP solution (1mg/ml chicken
ovomucoid; 40ug/ml DNasel (Worthington Biochemical Corp., USA) in
CMFH) the pieces were gently triturated by pipetting. The cells were then
washed once, resuspended in CMFH and counted using a hemocytometer.

Purification of planarian plasma membrane proteins

The purification of planarian plasma membrane proteins (PMPs) was
performed using the Qproteome™ Plasma Membrane Protein Kit (Qiagen,
Germany), according to the manufacturer’s instructions. Because planarian
cells are smaller than mammalian cells, 5x107 cells were used for each
preparation. Briefly, planarians were dissociated into a single cell suspension
using papain. Cells were incubated in hypotonic buffer and subsequently
mechanically disrupted using a 27-gauge needle. Large organelles (nuclei,
mitochondria) were removed from the lysate by centrifugation. The PMPs
were isolated from the supernatant by adding lectin-based ligands coupled
to avidin, which were then bound to streptactin-coupled magnetic beads.
The beads were subsequently separated by applying a strong magnetic
field (Magnetic Particle Concentrator MPC-S, Dynal, Germany).

Immunization with plasma membrane proteins

Prior to immunization, isolated PMPs were mixed 1:1 with Adjuvant
MM (GERBU, Germany). For each immunization approx. 20 ug of PMPs
were used for intraperitoneal injection. After four rounds of immunization,
immune sera were collected for testing.

Production of the antibody library
To produce the antibody library, mouse 3018 was sacrificed and the spleen
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isolated and dissociated. Splenocytes were mixed 5:1 with myeloma cells
P3-X63-Ag8 (ATCC, USA). Cell fusion was performed in the presence of
polyethylene glycol as described previously (PEG 1500 - Serva, Heidelberg,
Germany; Key et al., 1993). The hybridoma cells were seeded into 8 clon-
ing plates (cloning plate 24 well, 16 compartments/well, Greiner Bio-one,
Germany) and selected in HAT (hypoxanthine, aminopterine, thymidine)
medium for about 10 days. Hybridoma supernatants were screened for
immunoreactivity against planarian PMPs by ELISA.

ELISA

Planarian PMPs were diluted to a concentration of 1ug/ml in PBS.
Every well of a PVC microtiter plate was coated with 50ul of the diluted
membrane proteins and incubated for 1 hour at RT or overnight at 4°C.
Coating solution was removed and unspecific binding sites were blocked
by adding 1% BSA in PBS for 30 minutes at RT. In each well, 50 ul of the
respective hybridoma supernatant was added and incubated for 1 hour
at RT. After rinsing with PBS for three times, PMP-coated plates were
incubated with 50 ul of anti-mouse IgG- (Fc specific, 1:20000) and anti-
mouse IgM-HRP-conjugated (1:1000) in 1% BSAin PBS for 1 hour at RT.
After incubation with the secondary antibodies, PMP-coated plates were
washed three times with PBS. For detection, 50 ul of substrate solution
containing 60 ng/ml 3,3',5,5-tetramethylbenzidine (TMB) and 0.006% H,O,
in 0.1 M citrate buffer, pH 6.0 was dispensed in each well. After sufficient
color development, 50 ul 2 M H,SO, was added to the wells to stop the
reaction. Absorbance was detected at 450nm with a plate reader (Synergy
MX, Biotek Instruments, Germany).

Flow cytometry and cell sorting

Staining of planarian cells for flow cytometry was performed as previously
described (Fernandez-Taboada et al., 2010). Data were acquired using a
Gallios flow cytometer (Beckmann Coulter, Germany). For live staining of
planarian cells with the antibodies of the library, the cell suspension was
incubated 90 minutes at RT with Hoechst 33342 and CalceinAM under
agitation. Then, the respective hybridoma supernatant was added (1:4 in
CMFH) and the cells were incubated for 20 additional minutes at RT under
agitation. Subsequently, the cells were stained with rabbit anti-mouse Alexa
Fluor647 (1:1000in CMFH) for 15 minutes. After filtering the cell suspension
through a 30 um nylon mesh, propidium iodide was added at a concentra-
tion of 1 ug/ml for dead cells exclusion. Fluorescence activated cell sorting
was performed using a BD FACSAria Il (Becton Dickinson, Germany).

Immunocytochemistry of planarian cells

Planarian cells were plated onto cell culture dishes coated with poly-
ornithine (10 ug/mlin water). The cells were allowed to adhere to the plates
for 2 hours at RT or overnight at 4°C. Subsequently, the cells were live
stained with the respective hybridoma supernatant diluted 1:1 in CMFH
for 15 minutes at RT. After wash in CMFH and fixation with 4% parafor-
maldehyde for 15 minutes, the cells were incubated with goat anti-mouse
1gG Alexa Fluor 488 (1:500, Invitrogen, Germany), goat anti-mouse IgM
Alexa Fluor 568 (1:500, Invitrogen, Germany) and 1 ug/ml Hoechst 33342
(Invitrogen, Germany) in PBS containing 1% BSA and 5% normal goat
serum (Sigma-Aldrich, USA) for 30 minutes at RT. Imaging was performed
using a Leica AF6000 inverted fluorescence microscope (Leica, Germany).
To stain permeabilized planarian cells, the cells were fixed with 4% para-
formaldehyde and permeabilized with PBS containing 0.3% Triton X-100
and 5% normal goat serum. Subsequently, the cells were immunostained
as described above.

Quantitative realtime PCR

Reverse transcription and gPCR were performed as previously de-
scribed (Fernandez-Taboada et al., 2010). Briefly, 2 x 10* cells from each
FACS subpopulation were collected and RNA was extracted using RNA
XS columns (Machery & Nagel, Germany) according to the manufacturer’s
instructions. After reverse transcription with random hexamer primers,
gPCR was performed using Tagman chemistry. Gapdh (mk4.002051.00)

served as endogenous control. Relative quantification of gene expres-
sion was calculated using the AACt method, with calibration on the peak
expression. Probes and primers are listed in supplemental Table 1. For
each condition, three technical replicates for each of the three biological
replicates were performed.

Western blotting

Planarians cells were lysed in 20 mM Tris-HCIpH 8.0; 150 mM NaCl; 1%
Nonidet P-40; 10% Glycerol; 2 mM EDTA; 1x complete protease inhibitor
(referred to as NP-40 lysis buffer). The lysate was homogenized through a
27 Gauge needle and cleared from cellular debris by centrifugation. Whole
cell lysate and purified planarian membrane proteins were each mixed
1:1 with 2x Laemmli buffer (126 mM Tris-HCI pH 6.8; 20% Glycerol; 4%
SDS; 10% p-Mercaptoethanol; 0.02% Bromphenol blue.) and denatured
for 5 minutes at 99°C. The samples were separated by SDS-PAGE and
transferred onto a PVDF membrane (Immobilon, Millipore, Germany). The
membrane was blocked in PBS containing 0.1% Tween 20 and 5% non-fat
dry milk powder (blocking solution; Bio-Rad, Germany) and probed with the
immune sera 1:2000 in blocking solution. As secondary antibodies, goat
anti-mouse IgM- and goat anti-mouse IgG-HRP conjugated 1:10.000 in
blocking solution were used. Immunodetection was performed with ECL Plus
Western Blotting Detection Reagents (Amersham Bioscience, Germany).

Statistical analysis

Prism 5.0 (Graphpad, USA) was used for the statistical analysis. Per-
centages of cells obtained by the different dissociation protocols and of the
immunostained cells are expressed as Mean + SD; The percentages of
live-immunostained (FACS) cells and gene expression data are expressed
as Mean + SEM. Two-tailed t-test was used to compare side-by-side FACS
and gPCR datasets. One-way ANOVA was used to weight the variance of
the gPCR data from the 6-9.2 against 8-22.2 subfractions and to compare
the cell dissociation methods (with Dunnet post-hoc test).
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Articulo 2

Resumen

Aproximacion proteémica para descifrar la
naturaleza molecular de las células madre de la
planaria

En este articulo se presenta el proteoma del neoblasto, la célula madre de la pla-
naria, y representa la primera lista de genes candidatos relacionados con neoblastos
identificados utilizando una aproximacién proteémica en planaria. El resultado mues-
tra poca correspondencia con los estudios genémicos previos (Reddien et al., 2005a;
Rossi et al., 2007).

Las células madre de planaria se pueden eliminar por medio de radiacioén, puesto
que son las (nicas células que se dividen en el organismo (Reddien & Sanchez Alva-
rado, 2004). A fin de extrapolar el proteoma del neoblasto, comparamos los patrones
de proteinas extraidas de planarias normales con aquellos de planarias después de
ser irradiadas en geles bidimensionales.

La herramienta de identificacién de proteinas MASCOT asign6 significativamente
mas péptidos usando la base de datos Smed_URF que las bases de datos NCBI-nr
o RefSeq, indicando que, a pesar del gran niimero de entradas en estas dltimas, las
bases de datos de secuencias como NCBI o UniProt estan lejos de ser completas.

Aparte de la presencia de proteinas del metabolismo que corroboran la elevada
actividad metabdlica de los neoblastos, se identifican proteinas implicadas en la ex-
presion de genes y la regulacién de la transcripcion, proteinas relacionadas con el
desarrollo y la diferenciacién, y proteinas involucradas en la respuesta al estrés y
la apoptosis. Varios de los genes que se aportan en este articulo estaban presentes
en estudios disenados para identificar genes especificos de células madre en otros
organismos modelo (Baharvand et al., 2008; Hoffrogge et al., 2006; Maurer et al.,
2004; Zenzmaier et al., 2003). Ademas, cinco de los genes relacionados con neo-
blasto (Hsp40, Hsp60, Hsp70, chaperonin containing TCPI theta subunit y splicing
factor 3b subunit 1) habian sido analizados también en un microchip de transcrip-
cién (Rossi et al., 2007) pero solo Hsp60 habia sido detectado, demostrando asi |a
importancia de la proteémica como complemento a las aproximaciones gendémicas.
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Abstract

information is available on their protein dynamics.

selected in our proteomic approach.

Background: In recent years, planaria have emerged as an important model system for research into stem cells

and regeneration. Attention is focused on their unique stem cells, the neoblasts, which can differentiate into any
cell type present in the adult organism. Sequencing of the Schmidtea mediterranea genome and some expressed
sequence tag projects have generated extensive data on the genetic profile of these cells. However, little

Results: We developed a proteomic strategy to identify neoblast-specific proteins. Here we describe the method
and discuss the results in comparison to the genomic high-throughput analyses carried out in planaria and to
proteomic studies using other stem cell systems. We also show functional data for some of the candidate genes

Conclusions: We have developed an accurate and reliable mass-spectra-based proteomics approach to
complement previous genomic studies and to further achieve a more accurate understanding and description of
the molecular and cellular processes related to the neoblasts.

Background
As we move further into the post-genomic era it
becomes increasingly clear that DNA sequence data
alone is insufficient to explain complex cellular
and molecular processes. Although the enormous
volume of data generated by genome sequencing pro-
jects, expressed sequence tags (ESTs), and cDNA ana-
lyses has improved our understanding of many
processes, they often fail to reflect the influence of post-
transcriptional modifications and protein interactions or
offer a true reflection of protein levels or activity. Con-
sequently, the role of specific proteins is relatively diffi-
cult to determine with confidence on the basis of
mRNA expression or genomic data alone [1,2].
Proteomic approaches offer a more realistic descrip-
tion of protein function and its influence on cell
dynamics. Although comparative analysis of phenotypi-
cally different biological samples, such as in diseased
versus healthy tissue [3], remains a challenge, those stu-
dies raise the possibility of identifying the protein
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“signatures” that underlie key biological phenomena [4].
Furthermore, the use of bioinformatics to integrate data
obtained using genomic and proteomic techniques could
help to bypass the limitations of each approach and
achieve a more comprehensive view of the information
flow within cells.

Planarians, an emerging model system for the investi-
gation of stem cell and regenerative biology, [5-7], have a
unique population of stem cells called neoblasts (see
Figure 1), which can give rise to all of the differentiated
cell types present in the adult organism during regenera-
tion or normal homeostasis [8,9]. Albeit a great deal is
now known about the biology of these cells, most mole-
cular data have come from ¢cDNA and genomic analyses.
The neoblasts are particularly suited to proteomic
approaches, however, as they contain chromatoid bodies
(CB) that are progressively lost during differentiation
[10-12] and can be employed as a marker for undifferen-
tiated cells. The CB complexes are mainly formed by pro-
teins and latent mRNA molecules, which can distort the
levels of gene expression in transcriptional analyses of
neoblasts samples. Moreover, since the neoblasts are the
only dividing cells in the planaria [5], they can be easily
depleted by irradiation [13]. Thus, these unique

© 2011 Fernandez-Taboada et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Figure 1 Neoblast depletion by irradiation and image of a neoblast shown by electron microscopy. Immunostaining with anti-
phosphorylated histone H3 (aH3P), labelling mitotic neoblasts in 3-day head-regenerating organisms: A, control; B, 75 Gy irradiated 3 days after
irradiation; and C, 75Gy irradiated 14 days after irradiation. Whereas a high number of proliferating cells appear in control animals next to the
blastema and some mitotic cells still remain 3 days after irradiation, no divisions are detected after 14 days, showing that neoblasts are
completely eliminated at that time. D, Electron microscopy image of a neoblast cell. Cytoplasm (dim yellow) and nucleus (yellow) are
highlighted for clarity. The red arrow indicates a chromatoid body. Scale bars: A-C = 0.5 mm, D = 3 pym.

characteristics make planarians an ideal system in which
to explore the use of proteomics to analyze the biology of
processes such cell differentiation, stem cell behavior,
homeostasis and an array of other events. As a first step
in the development of such an approach, here we
describe the methodological establishment and validation
of a proteomic analysis of the planarian neoblast.

Results

Establishment of the planarian proteomic approach
Different methods were tested to achieve a consistent
and reproducible pattern on two-dimensional (2D) gels.
To optimize sample preparation, proteins were extracted
from dissociated cells or from whole animals. The yield
from dissociated cells was insufficient to establish an
efficient 2D procedure. Furthermore, the reproducibility
of the 2D gel pattern was poor (data not shown). Prior
to extraction from whole animals, a short treatment
with 2% cysteine chloride in planarian water was used
to eliminate mucous production, which is known to
interfere with molecular techniques [14]. Based on our
tests and previous work by Collet and Baguna [15], we
established a consistent method for 2D analysis from
planarian samples (Figure 2 and Additional File 1). The
different lysis buffers and sample cleaning procedures
tested are shown in Table 1. Between 50 and 1000 pg of
total planarian proteins were loaded on 2D gels to
establish the best sample quantity in terms of spot defi-
nition. From 100 to 500 pg the spot resolution was
acceptable. We selected the 500 pg as the optimal
amount of protein to load onto 2D gels to achieve the
maximum number of spots. A minimum of 100 pg was
necessary for spot detection. Different immobilized pH

gradient strips were used and the second-dimension
protocol was modified to avoid streaking problems
(Table 1). All these variables were tested on 12-cm 2D
gels and scaled up to 24-cm gels for subsequent
procedures.

Proteomic data

In order to identify proteins specifically expressed in neo-
blasts, we compared 2D patterns of two samples: wild type
(WT) versus irradiated animals (IA). This method has been
extensively used to study the effects of neoblast depletion
[8,13]. Extractions were done 14 days after irradiation,
when animals remained viable but cell proliferation was
absent (Figure 1). Once the protocol was set up and the
spot patterns were reproducible (Figure 2 and Additional
File 2), the spots were compared and selected. Although
spot labelling by silver staining and DIGE was consistent in
each case, we did not succeed in obtaining a uniform pat-
tern with the two techniques. Follow-up analysis was there-
fore done separately. With the aim of establishing the real
potential of the silver-staining technique, only clear and
conserved qualitative comparison based on silver staining
was considered (present in WT sample and not present in
irradiated sample). Image master 2D™software (from
Amersham Biosciences) was used to analyze the scanned
gels. However, the potential bottleneck of this proteomic
approach is the image analysis. Many authors have high-
lighted the difficulties in obtaining good replicates [16], and
this has now been partially overcome with the use of DIGE.
Whereas our silver-staining results showed remarkable pat-
tern conservation within replicates (Additional File 2), the
numbers after spot image analysis showed some variability.
In order to improve signal specificity we used two types of
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Figure 2 Two-dimensional gels used for the selection of differential spots. The proteomic approach shown compares the protein profile of
a sample containing neoblast cells with one in which these cells have been depleted by irradiation. Upper panels show a comparison between
two silver-stained 2D gels of a whole proteome from wild type and irradiated animals. Spots not present in the proteome of irradiated
planarians are shown and lettered in red. These spots were selected and analyzed by mass spectrometry. Bottom panels show DIGE comparison
of irradiated and wild type planarian proteomes. Spots that increase or decrease in the irradiated planarian proteome are shown in red and blue,

respectively. These spots were included in the mass spectrometry analyses.

gels, one loaded with 100 pg and another with 500 pg of
sample protein. The differences between irradiated and
non-irradiated samples that were conserved in both sample
loads and also had three surrounding reference spots in
both experimental conditions were selected after reviewing
the correspondence in Ip and Mw (Figure 2). These

Table 1 Variables taken into account for the
establishment of the planarian proteomic protocol using
2D gels

Samples: Whole planarian extracts,
dissociated cell extracts,
dissociated cell and sub-fractionated extracts.

Extraction Buffers: SDS,
urea/thiourea.

Processing Sample: (Precipitation procedure)
Amersham 2D clean up kit,
acetone,

TCA-acetone.

Isoelectric Focusing (Immobiline Dry strip gels 24 cm)
Linear pH 4-7,
Linear pH 7-11,

Non-linear pH 3-11.

(1st Dimension):

Other Modifications: Trypsin inhibitors,
general protease inhibitors,

sonication.

All the different variables affecting protein sample production and 2D gel
electrophoresis are listed on this table.

restrictions reduced the number of selected spots substan-
tially, but ensured a high degree of confidence in the differ-
ences selected, providing a better platform for validation of
the technique. For DIGE staining, the standard protocol
was followed without modifications and the analysis soft-
ware was used with the default parameters. Only clear and
conserved quantitative changes (>2-fold changes) were
selected, drastically reducing the number of final candidate
spots (Figure 2). A total of 26 and 58 spots were selected
for silver and DIGE staining, respectively (Table 2).

Computational analyses

MASCOT [17] was tested against different open reading
frame (ORF) datasets derived from NCBI-nr/RefSeq

Table 2 Spot counts for the 2D gels

Semi-Automatic Procedure Final Selected Spots

Irradiated Wild type
100-SIL 1182 £ 4313 901 + 77.07 26
500-SIL 1931 £ 9263 1413 + 81.31
500-DIGE 2445 58

Summarized data are shown for the 2D gel analyses. Image master 2DTM
software (from Amersham Biosciences) was used to analyze the scanned gels.
SIL, Silver staining; 100-SIL, 100 ug of total protein extract loaded on the gel;
500-SIL, 500 pg of total protein extract loaded on the gel; DIGE, differential in
gel electrophoresis.
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[18,19], Schmidtea mediterranea ESTs [20], the contigs
for the planarian genome WUSTL assembly version 3.1
[21], and S. mediterranea whole-genome shotgun reads
(traces). Of those datasets only NCBI-nr and traces are
discussed here; the former is routinely used on this kind
of analyses, while the latter yielded the largest number
of peptide assignments (unpublished results). MASCOT
assigned 20,107 peptides to spectra for NCBI-nr, which
mapped to 602 protein sequences. Sequences from
traces contained in the “forward” database were reversed
to produce a “decoy” database containing sequences of
the same length and composition but a different distri-
bution of trypsin targets to those from the “forward”;
Figure 3 illustrates the whole process. MASCOT
returned 50 hits per search on each trace database, both
for “forward” and “decoy”. This resulted in 100 hits per
search, for a total MS-fingerprint of 83 different spots.
MASCOT predicted a total of 44,712 and 36,956 pep-
tides for the forward and decoy databases, respectively,
and these were mapped to 8300 unique ORFs (URFs),
corresponding to 23,376 and 26,741 unique peptide
sequences. When the same peptide was mapped on two
or more URFs, the highest score was retrieved. Figure 4
shows the score distribution of the two sets of unique
peptides. Assuming that the decoy database comprised
reversed sequences, it would be expected that none of
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Figure 3 Computational screening of protein candidates.
Spectra fingerprints were analyzed by MASCOT, comparing the
experimental peaks against those obtained in silico from sequence
databases. URFs were derived from planarian genome traces. Small
triangles correspond to peptides found by MASCOT, mapped on
candidate protein sequences for both databases, RefSeqs and URFs.
Due to the size of the URFs database, a decoy approach was taken
to select significant protein sequences. Putative protein sequences
were ranked prior to experimental validation, taking into account
MASCOT scores, number of peptide hits per sequence, decoy score,
as well as functional assignment by BLAST2GO.

Page 4 of 13

DECOY DB

URFS DB

DENSITY

Information CONTENT

20 40 60 80 100 120 140 16020 40 60 80 100 120 140 160

Peptide SCORE Peptide SCORE

Figure 4 Selection of candidate peptides by decoy score
threshold. Upper panels: histograms showing the distribution of
the peptide scores (the maximum score was chosen when a
peptide was mapped more than once to different open reading
frames). Lower panels: scatter-plots comparing those peptide scores
with the information content, in bits. Above a bit score of 2.5
(orange line), the peptide sequences can be considered of low
complexity or repetitive. Decoy score threshold is depicted on all
the panels as a vertical blue line, set at a score of 55 for our data.

the peptide hits found there would be real. Assuming
that by chance some of the peptide sequences predicted
for this set could be similar to those from the forward
database, we can thus consider a false-negative error
rate in order to determine a score threshold for both
datasets. On this basis, for a 5% false-negative error rate
in the decoy database, 1337 peptides would be above
the threshold. Ranking the list of peptides, sorting by
score, and taking 5% of the highest scoring peptides, the
score threshold was set at 55 (shown in all panels of
Figure 4 as a vertical blue line). When applying that
score cut-off to the peptides obtained from the forward
database, 1249 of 23,376 unique peptides (5.34%) from
that database were “decoy” filtered. Translating this to
the 8300 URFs used to detect the peptides, 1728 of
these had at least one significant “decoy” peptide
mapped onto it or was aligned with one such URF
sequence. Therefore, 20.82% of the URFs can be consid-
ered more reliable than the rest.

The sequences of all the URFs for the forward database
were uploaded into the BLAST2GO software suite [22,23].
The first step was to compare those amino acid sequences
to homologous proteins (using BLASTP against NCBI-nr,
min e-value = 0.001, min hsp length = 25). Of the URFs
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with scores above decoy threshold, 1416 (81.94%) had at
least a significant BLAST hit. In contrast, only 636 out of
6572 URFs with scores below the decoy threshold
(10.71%) also had one or more significant BLAST hits. It
was possible then to obtain a functional Gene Ontology
(GO) annotation for those URFs having a BLAST hit
against a known functionally annotated protein. Results of
the functional annotation are summarized in Figure 5.
After GO assignment and the corresponding func-
tional annotation of the sequences derived from our
approach, enzyme codes were mapped by BLAST2GO
when possible. With such codes it was possible to
retrieve the KEGG pathway where the protein may play
its role on the planarian molecular biology. However,
less than one third of the sequences had a homologous
gene/protein BLAST hit—especially for URFs dataset—,
and from those many had a GO functional assignment.
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A fraction of the sequences with at least one GO hit
was linked to an enzyme code, which would be related
to a component of the KEGG pathways: 1,670 of 2,804
clusters, mapping to 118 pathways, and 131 of 5,528
clusters, mapping to 35 pathways, for MASCOT results
on RefSeq and URFs respectively. All 35 pathways for
URFs were also found using the RefSeq dataset. The
lower ratio for the URFs set can be explained by species
specific sequences, proteins or functions that are not yet
annotated on the reference databases. 297 RefSeq clus-
tered sequences had a match to 171 enzyme codes for
proteins distributed on the 118 pathways. 16 URFs clus-
tered sequences had a match to 9 enzyme codes for pro-
teins distributed on the 35 pathways. The enzymes can
appear on several pathways, due to the hierarchical
structure of the KEGG a match can be found on both,
a general route as “Metabolic pathway”, and a more
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Figure 5 Functional distribution of the hits based on GO annotation. BLAST2GO multilevel ontology classification by molecular biological
process over the candidate unique open reading frame sequences. Further details on the functional classes are provided in the Results section.
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specific process, such as “Glycolysis/Gluconeogenesis”.
Among the pathways found, metabolism routes of
sugars and lipids were expected, as energy is required
for cellular processes, regeneration among them. Never-
theless, there are few candidate sequences that will
deserve further analyses, as they appear on pathways
close to development and regeneration: “Selenoamino
acid metabolism”, “Retinol metabolism in animals”, and
“mTOR signaling pathway”. Additional data, including
figures of all those pathways with color-highlighted
boxes for proteins found, is available on the planarian
proteomics web page [24].

Gene profile

As depicted in Figure 5, the annotated proteins cover a
wide range of biological processes, of which four main
groups can be emphasized: proteins involved in energy
production and metabolism (red dots in Figure 5); gene
expression and transcription regulators (yellow squares);
proteins related to development and differentiation (blue
diamonds); and proteins involved in stress-response
pathways and the apoptosis (purple stars). This func-
tional distribution resembles the distributions described
in previous studies of embryonic stem (ES) cells [25],
proliferating cells [26], and differentiating neural stem
cells [27], among others [28-30] (see corresponding
table in Additional File 3). Additional protein sequence
comparisons were performed using NCBI BLAST [31]
(E-value < 10e-3) to extensively compare sets of candi-
date proteins from our RefSeq and URFs databases with
the sequences described in those studies as stem-cell
related. The same analysis was applied to the genes
reported in two studies using high-throughput
approaches to detect neoblast genes by RNAi-feeding
[32] and by expression macrochip [33] (see correspond-
ing table in Additional File 3). A total of 822 sequences
out of 2801 (29.35%) from the RefSeq dataset and 50
out of 309 (16.18%) from the URFs dataset presented
homology with at least one sequence in any of the stu-
dies. Yet only 52 (1.86%) from RefSeq and none from
the URFs dataset had homology with sequences reported
in the planarian studies.

Functional studies

We performed functional analyses on some candidates
from our lists to further assess the quality and accuracy of
the approach used. Candidates were selected from the
RefSeq and the URFs from the traces (see Table 3). In the
case of RefSeq candidates, the sequence was mapped onto
the draft genome and primers were designed to clone a
longer fragment of the protein for subsequent characteri-
zation. Three main groups of genes were selected. The
first two groups were proteins belonging to the Ras super-
family of small GTPases and the heat shock proteins
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Table 3 Summary of BLAST hits found for the analyzed
candidate sequences

RefSeq candidate sequences

ACCESSION BLAST HOMOLOGY E-VALUE

NUMBER

GU591870 Rab-11B, member RAS oncogene Te-79
family

GU591871 Rab-39, Ras-related protein 1e-23

GU591872 Rac-1, ras-related 3e-90

GU591873 Hsp40 (DnaJ) 7e-18

GU591874 Hsp60 3e-103

GU591875 Hsp70 (Mortalin-like protein) 0.0

GU591876 Hunchback-like Te-50

GU591877 PrkC (cAMP-dependent protein 2e-57
kinase)

GU562964 Smed-SmB [58] 4e-38

URFs candidate sequences

ACCESSION BLAST HOMOLOGY E-VALUE

NUMBER

GU591864 Chaperonin containing TCP1 theta Te-51
subunit

GU591865 Splicing factor 3b subunit 1 6e-109

GU591866 TNF receptor associated factor 3e-25

GU591867 Similar to pol polyprotein 2e-32

GU591868 Unknown protein —

GU591869 Lectin-like 4e-28

BLAST homologies to both RefSeq and URFs candidate sequences are shown.
Candidate sequences coming from MASCOT predictions over the RefSeq
database were mapped onto the genome draft of Schmidtea mediterranea to
retrieve the specific sequences for this species. BLASTP was performed with
the species-specific protein sequences against NCBI-nr in order to annotate
their function accurately.

(HSP) family. The third group encompassed unrelated
genes from different spots. The first family includes the
genes Rab-11B, Rab-39 (vesicle and membrane traffic)
[34-36] and Rac-1 (cytoskeleton regulation and apoptosis)
[37,38]. The second family contains HSPs (40, 60 and
70 kDa) involved in a wide variety of processes [39-41].
The last group contained the transcription factor Hunch-
back-like (related to Drosophila axial polarity and neuro-
blast lineage) [42], PrkC (a kinase linked to apoptosis and
other processes) [43,44] and LSm proteins (RNA proces-
sing and regulation) [45-47]. This gene selection was done
because no direct relation with neoblasts was established
previously, with the exception of the HSPs.

To assess the relationship between these genes and
the neoblasts, we analyzed their expression patterns and
RNAIi phenotypes (Figure 6). The observed expression
patterns were variable. Some of the genes were
expressed in the blastema (Figure 6C and 6E), where
neoblasts migrate to after division in order to regenerate
the missing body parts. Others were expressed in
the post-blastema (Figure 6B, D, G, H and 6I), where
the neoblast population is amplified by division to
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Figure 6 Functional analyses of candidate genes from the RefSeq database. Expression profiles and RNAi phenotypes are shown for a set
of selected genes. A, Rab-11B; B, Rab-39; C, Rac-1; D, Hsp40; E, Hsp60; F, Hsp70; G, Hunchback-like; H, PrkC; I, Smed-SmB. Expression analyses by
whole mount in situ hybridization in intact (A1-11) and regenerating (A2-12) animals are shown. In regenerating animals, the genes are expressed
in the blastema and postblastema regions, areas where the neoblasts represent the main population during regeneration. In intact animals, the
signal is weak for some of the genes analyzed, although the genes for which expression was detectable presented a pattern with a typical
neoblast distribution. This pattern encompasses the parenchyma of the whole body excluding the gut, pharynx, and the anterior region of the
head. Knock-down experiments by RNA interference were performed to further address the association of the selected genes with neoblasts
(A3-13). Detectable phenotypes were obtained in all cases except for B3 and G3. A3, E3, F3 and I3 show the phenotypes affecting the
regeneration process, while C3, D3, and H3 show phenotypes affecting the intact animals. Scale bars: 250 um.

generate the cells that will form the blastema. Finally,
some genes were expressed in both blastema and post-
blastema (Figure 6A and 6F). These expression patterns
disappeared in late stages of regeneration or developed
over time to correspond to the typical expression pat-
tern for neoblasts, distributed throughout the parench-
yma with no expression in the pharynx or at the head
tip anterior to the eyes [5]. In addition, for some of the
genes, expression was only detectable under regenera-
tion conditions, in which neoblasts are known to prolif-
erate at higher rates. In that case, expression was barely
detectable when only a basal number of neoblast cells
was present in intact adult animals (Figure 6C, E and
6G). Therefore, the expression patterns for the candi-
date genes were consistent with neoblast expression.
Since neoblasts are known to be the only source of
cells for homeostasis and regeneration, the relationship
between the selected genes and the neoblasts was

validated by RNAi experiments [48,49]. All injected ani-
mals, both intact and regenerating, died within a few
days or weeks, except in the case of Rab39 and Hunch-
back-like (Figure 6B and 6G), for which no phenotype
was observed in RNAi experiments. Intact planarians
showed a gradual head regression followed by lysis after
several weeks, as shown in Figure 6C, D and 6H. This
phenotype has been linked to a lack of neoblast cells
available for cell renewal [50]. In addition, regeneration
was completely absent in fragments from RNAi-treated
animals, which produced small blastemas that never dif-
ferentiated, or no blastema at all with indented wounds,
as illustrated in Figure 6A, E, F and 6L

In a second screen to validate candidate URFs from
the traces, the expression of some of these genes was
analyzed by comparing intact and irradiated organisms.
Whole-mount in situ hybridization in intact adult
organisms revealed parenchymal expression consistent
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with a neoblast distribution, whereas this expression
pattern was not present in irradiated animals
(Figure 7A-B). This is consistent with neoblast-related
genes, since high-dose irradiation destroys neoblasts.
Some genes showed additional expression around the
CNS that may have been associated with a non-dividing
neural precursor cell type. While this expression pattern
remained after irradiation, the signal in the parenchyma
disappeared (Figure 7C-E). Finally, the planarian ortho-
log of C-type lectin-like was only expressed in the diges-
tive system of irradiated organisms and never in intact
animals (Figure 7F), suggesting a role in cell renewal
under stress conditions, given that the gut has the fast-
est cell turnover of all tissues. These data provide
further support for the involvement of these candidate
genes in processes linked to neoblast biology, such as
proliferation, cell migration or the regulation of
differentiation.

Discussion

The results of this study show that we have successfully
developed a rapid and reliable method for 2D analysis of
planarian protein samples (Figure 2 and Additional files
1 and 2). This approach will provide the basis for future
proteomics studies that will increase our understanding
of a number of biological processes, in planarians and
beyond, building upon data obtained using genomics
and cDNA-based approaches.

Proteomic studies can help to fill gaps on the annota-
tion of the planarian genome. Despite the large number
of entries already submitted, sequence databases such as
NCBI [51] or UniProt [52] are far from complete.
Recent metagenomic projects have identified novel puta-
tive protein sequences not present in current sequence
databases, thus extending the range of biological func-
tions that may be represented [53]. For instance, Yoo-
seph et al [54] report up to 1 in 3 orphan ORFs from
whole-genome shotgun sequencing of marine samples
containing a mixture of prokaryotic organisms. Our
findings indicate that MASCOT can assign substantially
more peaks on those spots selected from 2D gels when
using the Smed_URF database than with NCBI-nr/
RefSeq, as would be expected.

The use of ORF sequences in whole genomes without
prior knowledge of where the genes, mainly the exons, are
located presents a number of issues that can distort the
measures used to discriminate between true and false pep-
tide hits. These include the ratio of coding to non-coding
sequences, which can be quite low (around 2% of coding
regions for the human genome [55]), and the presence of
more repetitive sequences in intergenic regions, despite
the fact that some amino acid repeats are vital functional
and structural regions in proteins [56]. Moreover, the
experimental spectra are compared to simulated ones that

Page 8 of 13

were computed from putative protein-coding regions
directly translated from genomic sequences of the same
species, not from related homologs from different organ-
isms at different phylogenetic distances.

Galindo et al. [57] described a novel family of eukar-
yotic coding genes consisting of peptides shorter than
50 amino acids (small ORFS [smORFs]) with key biolo-
gical functions during Drosophila development. There-
fore, future searches will have to take this into account,
for instance removing any length constraint when build-
ing up the ORF databases.

Identification of proteins

Apart from the presence of metabolic proteins that indi-
cate the high metabolic rate of neoblasts, several of the
proteins detected in this analysis seem to be good candi-
dates to be involved in neoblast-related functions, and
thus in regeneration and tissue homeostasis. One of
those, Smed-SmB, from the LSm family, has been ana-
lyzed in detail and shown to be essential for neoblast
proliferation and maintenance [58]. Moreover, other
candidates belonging to the HSP class of proteins have
been linked to the biology of neoblasts in recent studies
[59-61]. The experimental results described in this
paper support the use of an ORF database built upon
genomic sequences from the same species, which yields,
as one might expect, more reliable results in subsequent
proteomic searches, despite assuming nothing about the
coding content of those ORFs. This will bridge the gap
between proteomic and genomic approaches to extend
our knowledge of the functional components of emer-
ging model organisms.

An initial proteomic picture of the neoblasts

The genes identified in this study represent the first
list of neoblast-related candidate genes identified
using a proteomic approach in planarias (Table 3 and
Additional file 4). The results show little correspon-
dence to those of previous genomic studies [32,33].
Interestingly, however, a number of the genes reported
in this analysis were also present in studies designed
to identify stem cell-specific genes in other model
organisms [25-30]. In addition, five of the neoblast-
related genes characterized through our proteomic
approach (Hsp40, Hsp60, Hsp70, Chaperonin contain-
ing TCP1 theta subunit and Splicing factor 3b subunit
1) have also been analyzed in a planarian transcription
macrochip, but only one of them was detected
(Hsp60) [33]. These findings support our proteomic
strategy as a complement to genomic approaches.
Furthermore, the large number of putative neoblast-
related proteins identified in this proteomic study will
be of invaluable help in future research investigating
the biology of the neoblast.
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g

Figure 7 Expression patterns of candidate genes from the Schmidtea mediterranea traces database. Expression in whole mount in situ
hybridization of different genes in (1) control and (2) 75 Gy irradiated planarians 6 days after irradiation. A, chaperonin containing TCP1 theta
subunit homolog; B, splicing factor 3b subunit 1 homolog; C, TNF receptor-associated factor homolog; D, similar to pol polyprotein; E, unknown
protein; F, lectin-like homolog. F.3 shows a higher magnification view of a transverse section from F.2 (dashed line), where the two posterior gut
branches were labeled. Scale bars: 250 um in panels A.1 to F.2 and 100 um in panel F.3.
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Conclusions

We have developed a proteomic approach to character-
ize specific planarian stem-cell (neoblast) proteins. An
accurate and reproducible method for protein purifica-
tion, 2D gel electrophoresis and MS analysis was defined
and an ORF database of species-specific genomic DNA
was developed for peptide assignment of the retrieved
MS spectra. Subsequent computational analyses yielded
a list of annotated candidate proteins, some of which
were functionally validated as neoblast-specific genes by
RNAIi and whole-mount in situ hybridization. Substan-
tial overlap was observed between the candidate genes
identified in our study and those reported from previous
analyses of embryonic stem cells, thus validating the
specificity of the approach. In addition, we detected
novel sequence candidates and expression changes that
merit further investigation in future studies to determine
their role in stem-cell biology.

Methods

Sequences

The genome of S. mediterranea (strain S2F2) was
sequenced and assembled at the Genome Sequencing
Center (GSC) at Washington University in Saint Louis
(WUSTL) [62,63]. It contains around 800 Mbp distribu-
ted on four chromosomes (2n = 8). The latest assembly
version, v3.1 [21], comprises up to 90,000 sequences,
which were reduced to 45,000 by means of pair-ends
sequencing. Lengths of those sequences range from thou-
sands to hundreds of thousands of nucleotides. During
the assembly process, sequencing errors can be fixed by
aligning different traces, but the software can also reduce
polymorphisms and misplace those trace sequences
because of the repeats. In order to overcome those lim-
itations, a database of ORFs was produced directly from
the set of the whole-genome shotgun reads. About 16
million traces were downloaded from the NCBI Trace
Archive [64] and translated, without prior masking, into
the six possible reading frames, taking into account only
those ORF sequences longer than at least 50 amino acids.
The ORFs were stored in a MySQL relational database
along with the original sequences, to make it possible to
retrieve the original nucleotide sequences and design
probes for experimental validation. To reduce the large
amount of sequence data produced and thus speed up
the peptide searches by MASCOT [65], a set of URFs
was derived from the set of ORFs with a checksum func-
tion to generate hash keys as unique identifiers for every
sequence. A total of 54,382,803 ORFs were retrieved
from 16,580,722 shotgun reads. This resulted in
28,946,081 URFs with properly formatted sequences to
populate a MASCOT database. As MASCOT was not
able to work with databases larger than 24 million
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entries, the original set was split into two databases.
MASCOT results for both sets were then merged to get
the final set of ORFs that had at least one peptide match-
ing spectra. The probability of false matches increases
when large databases, with millions of protein sequences,
are used to detect a wide variety of possible candidate
proteins in a sample [66,67]. To assess the significance of
the peptide hits found by MASCOT, a decoy database
was built by reversing all the URF sequences [68-70]. It
was also split into two, as described above for the “for-
ward” database. MASCOT was run separately on the
decoy databases for all the mass fingerprints previously
analysed with the original URF dataset.

Irradiation

Intact asexual planarians were irradiated at 75 Gy (1,66
Gy/minute) with a Gammacell 1000 [Atomic Energy of
Canada Limited] [71].

Sample preparation

Protein samples were obtained from whole animals
using a lysis buffer and heating. See Additional File 1
for further details.

Running 2D gels

First-dimension isoelectric focusing was performed on
immobilized pH gradient strips (24 cm, pH 3-10) using
an Ettan IPGphor system. Second-dimension SDS-PAGE
was performed by laying the strips on 12.5% isocratic
Laemmli gels (24 x 20 cm) cast in low-fluorescence
glass plates on an Ettan DALT system. Details of the
procedure are available in the Additional File 1.

Sample analysis

Gel spots were extracted and digested before analysis by
MS. Then, MASCOT software (Matrix Science, London,
UK) was used to search those spectra on different data-
bases. All spectra were processed by PRIDE Converter
software [72] and were submitted to the PRIDE database
[73], project accession number is 15541. For details see
Additional File 1. After careful selection of score thresh-
olds for the predicted peptides (see the Results section
for the values chosen and the final numbers of the fil-
tered datasets), the sequences that allowed detection of
the URFs were uploaded into BLAST2GO [22,23]. This
software tool facilitates high-throughput integration of
sequence data, homology to related species via NCBI-
BLAST [31] and functional annotations of DNA or
protein sequences based on the Gene Ontology (GO)
classification [74]. MASCOT output files, selected pep-
tide and protein sequences, as well as BLAS2GO results
and KEGG summary, are available at the planarian pro-
teomics materials web page [24].
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Gene Cloning

Gene identifiers and corresponding forward/reverse pri-
mers (including nested primers). GU591870: F1.5’ -TC
TGGGATACTGCAGTCC-3", R1.5’ -GATGGAATAATC
GGTTGCG-3’ ;GU591871: F1.5’ -TTTTAATTGGTGATA
GCATGG-3’, R1.5’ -CTTGACCTGCTGTATCCC-3" ; QU
591872: F1.5' -TGTTGTTGGTGACGGAGC-3', R1.5" -
GCACGAATTGCCTCATCG-3’, R2.5' -TGTTC GGACAG
TGATGGG-3' ;GU591873: F1.5’ -GACTATTATTCAATA
TTAGG-3', R1.5' -TACCTCATATGCTTCA GCAA-3';
GU591874: F1.5’ -TTGCTGAAGATGTTGA CGG-3 ',
R1.5’ -AGAGCGGTACCTCCTCC-3", R2.5" -ACCTCA
CTACTACCACCG-3’ ;GU591875: F1.5" -GAGACAAGCT
ACCAAAGATGC-3’, R1.5’ -CATCCGTAACATCTCCAGC
AAG-3';@GU591876: F1.5’ -AACAAATATCTGGAATGC
CC-3’, R1.5’ -GCTTAAAATTTCCGCGGAG-3' ; GU591
877: F1.5' -CAATATGGCTGAGGCAGC-3’, R1.5’ -CTG
GAGTTCCACACATCG-3', R2.5’ -TGGATGGGAAATTT
GCTCC-3"';GU562964: F1.5’' -CAACACTTCAAGAT
GGTCG-3’, R1.5’'-TTGCACCAGTACCTGGCA-3"';
GU591864: F1.5’ -CCCAGTTCTTTTCAAGGTTTAGAAG-
3’7, F2.5' -CTGTCTTCCGAAATATCCAAGCATGC-3",
R1.5' -CCAAAGATTTTGGAATTTACTGCCGTTCG-3",
R2.5’ -CTTTACCAACAGATTCTTCGTCACG-3" ;GU5918
65: F1.5’ -GCTCATGCGCTTGGCATTCGTATTTG-3",
F2.5' -CGTTTCTGAAGGCTGTGTGCAAATC-3’, R1.5" -
CAATGGTGTCCGCGCCTTGAGCAAC-3", R2.5' -CAATTG
CTCCTCCAACCGAATGTC-3' ;GU591866: F1.5’ -GCAA-
CAGATGACCAACAATATAAAGG-3', F2 .5’ -CTAGAAAC
CAACAATTTTATAGCCAG-3', R1.5’ -CTTGTCCGGCCTC
TCTACTTC-3', R2.5' -GATTATCTTCTCGCAAGAAT
CCTTCTC-3" ;GU591867: F1.5’ -CCAGCTTTCTCAACA
AAGACGGGAC-3', F2.5’ -GTTTCAACAGAATGCCGTTTG
GAATTGC-3’, R1.5’' -CCGGAAAACATAAGATTGGCGC
CGTC-3’, R2.5’ -GTTTCAAACCCTCAAACACGCTATT
CG-3';GU591868: F1.5’ -GCACTAGATCAAAAAATAGAA
GTGTTAGC-3’, F2.5' -CTCAAGAAATGGAGGAACCAAGA
TTGG-3', R1.5' -CGATCTACTTCTTCTACAATCTC-3",
R2.5' -CTGTTTCGTCTTCTCTTGACACGTTC-3’ ;GU
591869: F1 .5’ -GGCTAGGTAAGTATTGGATAGATGG-3 ",
F2.5’ -GGAACTGGACGATGGGTTGATAG-3’, R1.5’-CC
AATTTGTGTAGGTCATTTTGCATCC-3’, R2.5’' -CCATCA
TTGAATGTCCATCTTCCAGTG-3".

In situ hybridization

Digoxigenin-labeled RNA probes were prepared using
an in vitro labeling kit (Roche). Whole-mount in situ
hybridization was performed as described by Agata et al
[75], with some modifications: proteinase K (20 pg/ml)
treatment for 10 min; triethanolamine treatment was
performed as described by Nogi and Levin [76]; hybridi-
zation at 55°C for 18 or 30 h; and final probe concentra-
tion of 0.07 ng/pl.
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RNA interference

Double-stranded RNAs (dsRNA) were produced by
in vitro transcription (Roche) and injected into the gut
of the planarians as described in Sdnchez-Alvarado and
Newmark [49]. Three aliquots of 32 nl (400-800 ng/ul)
were injected on three consecutive days with a Drum-
mond Scientific Nanoject injector (Broomall, PA). On
the fourth or fifth day, some of the planarians were
amputated while the rest were left intact. Control organ-
isms were injected with water.

Additional material

Additional file 1: Details on Material and Methods. An extended
description of the proteomics protocols applied to perform the analyses
presented on this paper.

Additional file 2: Image scans of all silver-stained 2D gel replicates.
Image scans of different and independent silver-stained 2D gels used in
the study. A to D and the respective zooms, for the regions delimited by
red squares, | to L, come from 100 pg of loaded samples. E to H and the
respective zooms M to P correspond to 500 pg loaded samples. A, C, E
and G are control samples. B, D, F and H are irradiated samples.
Although the staining and running conditions were not exactly
equivalent, one can observe that the spot pattern shown by all the gels
is repetitive, which is more evident on the zoomed regions.

Additional file 3: Comparing the results presented in this
manuscript with previously published studies relating to stem cells.
Comparison of candidate neoblast protein sequences presented in this
paper with genes reported in other proteomic studied to be related to
stem cells [25-30] and with specific neoblast-related genes identified in
two different high-throughput approaches [32,33]. From the URFs
database, only those sequences with a positive decoy were selected.
NCBI BLASTP [31] (min e-value = 0.001) was used on sequence
comparison. Sequences were clustered according to their homology and
they are listed in the table by their original Gl identifier from the
corresponding NCBI database.

Additional file 4: Table of peptide candidates. Listing of the sequence
candidates obtained from the computational analysis of the raw
proteomics data over the RefSeq and URF datasets (see the
corresponding sheet on the spreadsheet file). Only those with a
significant BLAST hit are shown (using BLASTP against NCBI-nr, min e-
value = 0.001, min hsp length = 25). Genes described in detail in Table 3
are not included. The sequences in this table were built from sets of
URFs derived from traces; we provide the corresponding trace identifiers
from Genbank TraceDB [64].

Abbreviations

EST: expressed sequence tags; MS: mass spectrometry; CB: chromatoid
bodies; 2D gel: two-dimensional gel; DIGE: difference in gel electrophoresis;
cm: centimeters; Ip: Isoelectric point; MW: Molecular weight; WT: wild type;
IA: irradiated animals; H3P: phosphorylated histone H3; ORF: open reading
frame; URF: unique ORF; NCBI-nr: NCBI non-redundant (database); WUSTL:
Washington University in Saint Louis; hsp: high-scoring segment pair
(BLAST); GO: Gene Ontology; EC: Enzyme Code (KEGG); ES: embryonic stem
cells; HSP/Hsp: heat shock protein; kDa: kilodalton; RNAi: RNA interference;
CNS: central nervous system; Gy: grays; dsRNA: double-stranded RNA.
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Resumen

Conjunto de datos Smed454: revelando el
transcriptoma de Schmidtea mediterranea

A pesar de la disponibilidad de la secuencia del genoma de Schmidtea mediterranea
una descripcion detallada de su transcriptoma es esencial para la investigacién en
este organismo modelo. En este articulo se presenta el primer transcriptoma de
planaria, Smed454, como un recurso al que puede accederse libremente a través de
su interficie web.

El método empleado para la secuenciacién fue el de pirosecuenciacién 454. Se
obtuvieron 598.435 reads, con una longitud media de 327pb, que fueron ensam-
bladas junto con las 10.000 secuencias de S. mediterranea de la base de datos
UniGene utilizando diferentes limites de similitud. A continuacién, el ensamblado
fue proyectado sobre el genoma. Este nuevo transcriptoma contiene mas de tres
millones de nuevos nucleétidos secuenciados por primera vez. Asimismo, se llevé a
cabo un anélisis de los sitios de splicing en aquellos contigs que mapaban de ma-
nera univoca sobre el genoma. El andlisis de las secuencias nos permitié identificar
genes que codifican proteinas putativas con propiedades estructurales definidas, co-
mo dominios transmembrana. Ademas, se anoté el transcriptoma mediante Gene
Ontology vy se identificaron homélogos putativos de muchas familias génicas que
pueden tener un papel importante durante la regeneracién, como neurotransmisores
y receptores hormonales, genes homeobox y genes relacionados con la funcién de
los fotorreceptores.
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Abstract

containing genes, and genes related to eye function.

Background: Freshwater planarians are an attractive model for regeneration and stem cell research and have
become a promising tool in the field of regenerative medicine. With the availability of a sequenced planarian
genome, the recent application of modern genetic and high-throughput tools has resulted in revitalized interest in
these animals, long known for their amazing regenerative capabilities, which enable them to regrow even a new
head after decapitation. However, a detailed description of the planarian transcriptome is essential for future
investigation into regenerative processes using planarians as a model system.

Results: In order to complement and improve existing gene annotations, we used a 454 pyrosequencing
approach to analyze the transcriptome of the planarian species Schmidtea mediterranea Altogether, 598,435 454-
sequencing reads, with an average length of 327 bp, were assembled together with the ~10,000 sequences of the
S. mediterranea UniGene set using different similarity cutoffs. The assembly was then mapped onto the current
genome data. Remarkably, our Smed454 dataset contains more than 3 million novel transcribed nucleotides
sequenced for the first time. A descriptive analysis of planarian splice sites was conducted on those Smed454
contigs that mapped univocally to the current genome assembly. Sequence analysis allowed us to identify genes
encoding putative proteins with defined structural properties, such as transmembrane domains. Moreover, we
annotated the Smed454 dataset using Gene Ontology, and identified putative homologues of several gene families
that may play a key role during regeneration, such as neurotransmitter and hormone receptors, homeobox-

Conclusions: We report the first planarian transcript dataset, Smed454, as an open resource tool that can be
accessed via a web interface. Smed454 contains significant novel sequence information about most expressed
genes of S. mediterranea. Analysis of the annotated data promises to contribute to identification of gene families
poorly characterized at a functional level. The Smed454 transcriptome data will assist in the molecular
characterization of S. mediterranea as a model organism, which will be useful to a broad scientific community.

Background

One of the challenges that medical research must
address in the near future is to understand why some
animals are able to regenerate complex structures,
including eyes and even whole bodies, from small body
fragments, while others are not. With the recent emer-
gence of the field of regenerative medicine, the future
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biomedical ramifications of the study of animal regen-
eration are obvious.

Freshwater planarians are a classic model for studying
the fascinating process of regeneration [1-4] because
they are capable of re-building a complete organism
from almost any small body fragment. This is made pos-
sible by a unique population of adult somatic stem cells
called neoblasts. During regeneration and constant
homeostatic cell turnover, neoblasts differentiate into all
cell types, including germ cells in sexual species [5,6]. In
recent years, several studies have begun to unravel the
mechanisms by which regeneration is regulated at the
molecular level. For example, different genes have been

© 2010 Abril et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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shown to play pivotal roles in axon guidance and neuro-
genesis [7], the regulation of neoblast proliferation and
differentiation [8,9], and the re-establishment and main-
tenance of the anteroposterior (AP) and dorsoventral
(DV) body axes [10]. Schmidtea mediterranea and Duge-
sia japonica are the two planarian species most often
used in regeneration studies. There are about 78,000
ESTs (Expressed Sequence Tags) for S. mediterranea in
NCBI generated in different projects [11,12]. Those
sequences were clustered to produce a set of 10,000
putative mRNAs which are available from the NCBI
Unigene database [13]. The S. mediterranea genome has
also been sequenced and assembled [14] at the Genome
Sequencing Center at Washington University in St.
Louis (WUSL, USA) after approval of a white paper
[15]. However, because of this genome’s internal com-
plexity (67% A+T, [16]) and the lack of a BAC library,
its completeness and assembly still needs improvement.
A step towards this end was taken when the S. mediter-
ranea genome and EST information were integrated and
approximately 30,000 genes were predicted using an
annotation pipeline called MAKER [16]. Those gene
models, together with ~9,000 mRNAs generated using
next-generation sequencing technology, were mapped
on the planarian genome and used to improve the
assembly [17]. The current assembly contains 43,673
contigs. These are accessible, together with the MAKER
annotation data, in the S. mediterranea genome data-
base (SmedGD; [17]).

In order to expand our knowledge of the planarian
transcriptome and to provide a new tool that can be
used to improve the S. mediterranea genome annota-
tion, we generated a new transcriptome dataset using
454 pyrosequencing technology [18]. The Smed454
dataset can be freely accessed via a website, and the
complete sequence data can be downloaded by anyone
from there. Mapping of the Smed454 ESTs onto the
genome scaffolds shows that the Smed454 dataset con-
tains more than 3 million nucleotides sequenced
de novo. In addition, this mapping extends and connects
currently fragmented genomic contigs. Finally, GO
annotation of the Smed454 dataset assigns candidate
functions to those sequences and facilitates their group-
ing into distinct gene families. In this way, whole gene
families can be analyzed for putative roles in planarian
regeneration. Thus we are confident that the Smed454
dataset will improve our understanding of how planarian
regeneration works at the molecular level.

Results and Discussion

Construction and sequencing of the Smed454 dataset

In order to obtain the most representative set of planarian
genes expressed under different physiological conditions,
total RNA was isolated from a mixture of non-irradiated
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and irradiated intact and regenerating planarians (see
Methods). We used planarians regenerating both head and
tail to identify the genes specifically expressed in a tissue-
specific manner. Similarly, planarians at different stages of
regeneration were used in order to isolate genes with dif-
ferent temporal expression profiles. Irradiation destroys
planarian neoblasts within 1-2 days, and the animals die
within a few weeks because they cannot sustain normal
cell turnover. By including irradiated animals, potential
transcripts specifically expressed under those conditions
will be contained in the 454 dataset.

Using 454 pyrosequencing, 601,439 sequencing reads
with an average length of 327 bp were obtained. After
sequence cleaning to remove vector contamination, the
remaining 598,435 sequences were assembled using dif-
ferent cut-off values for sequence similarity (90%, 95%
and 98%). In addition, our 454 sequence reads were
assembled together with the ~10,000 S. mediterranea
UniGene set available at NCBI, using the 90% similarity
criteria. This last set, which was used in most of the
analyses reported, is referred to as the 90e set. Table 1
summarizes the number of contigs and singletons
obtained in each of those assemblies. The similarities
between the three assemblies (90, 98 and 90e) are illu-
strated in Figure 1 a Venn diagram which shows that
72.68% of the raw sequencing reads were integrated into
contigs common to all three assemblies, and 20.51% of
the sequencing reads make up a shared pool of single
sequencing reads (singletons). Therefore, differences
between the assemblies can be explained by differential
inclusion corresponding to 6.81% of the sequencing
reads.

Average GC content and sequence length and their
respective distributions were similar for all three assem-
blies (Table 1 and Figure 2). GC content is distributed
around 35%, the expected value for coding sequences in
this species. The 90e length distribution shape was
slightly shifted towards larger sequences. This shift was
mainly due to a set of long sequences (>800 bp) from

Table 1 Summary of sequence statistics for each
assembly.

SET Contigs Singletons TOTAL GC% LENGTHSs
SEQs [min/median/max/
avg]
90 52885 137,213 190,098  35.130 20 354 6812 35578
95 52501 137,077 189,578 - = - - —
98 52321 137,353 189,674 35127 20 354 6812 35582
90e 53,867 138,766 192,633 35108 20 358 7918 36481

Set names are related to the corresponding homology level cutoff value (90e
stands for 90% similarity including the set of NCBI Unigene ESTs). Contigs are
the result of at least two sequencing reads, and singletons of only one read.
GC content is the average value for all sequences. Sequence lengths are
shown as minimum, median, maximum and average values in nucleotides for
each set.
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Assembly 90
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52885 ctg
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Assembly 90e
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434916
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188733 sgs
133382 sgl
52321 ctg
185703 sgs
Assembly 98

Figure 1 Overlap-analysis of Smed454 assemblies. Comparison
of the 454-sequencing reads taken into account to build each
Smed454 dataset. Venn-diagram numbers in plain format
correspond to singleton reads, while numbers in bold correspond
to sequencing reads that were assembled into Contigs. About 4,000
raw reads where split into two or more fragments, due to quality
clipping. However, only distinct raw read identifiers, after removing
the fragment suffix, were used to produce this figure. sgl: total
number of singletons for that assembly; ctg: total number of
contigs; uni: number of NCBI Unigene sequences not assembled
into a contig (90e only); sgs: total number of sequences for a given
dataset.

the NCBI Unigene ESTs included in this assembly. This
causal relationship was evident in the comparison of the
following four subsets of sequences from the 90e set
(lightblue violin plots on Figure 2 right panel): single-
tons (136,271), contigs that do not contain UniGene
ESTs (46,958), contigs including Unigene ESTs (6,909),

il

Figure 2 GC content and length distributions of different
assembilies. Violin plots show the distribution of frequencies of a
given variable in different datasets using a density kernel estimator
[71]. White marks on the violin plots indicate the median value for a
given variable, and the red points indicate the mean. The thick line
marks the 25/75% inter-quartile range. GC content (left panel)
distribution is quite similar in all the datasets, with higher
frequencies around 35%. Nucleotide length (right panel) highlights
the major differences between un-assembled (NCBI ESTs and the
454 raw reads) and assembled (NCBI UniGene, 90, 98 and 90e) sets.
The last four plots (light blue) show the length distribution for the
component subsets of the 90e assembly.
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and finally, Unigene ESTs not assembled into a contig
(2,495).

Mapping the 90e assembly onto the genome

The 90e assembly (192,633 sequences, 70,274,612 bases
in total, average length of 365 bp per sequence) was
aligned to scaffolds from the S. mediterranea WUSL
genome assembly, version 3.1 [14] (43,294 sequences,
901,626,601 bases in total, average length of 20,8 kilo-
bases per scaffold). Figure 3 shows all possible high-
scoring segment pair (HSP) relationships between those
two sequence sets. From almost 30 million initial HSPs,
around 7 million were selected using a combination of
thresholds, as described in the Methods section. Dis-
carding singleton sequences in a second round of filter-
ing further reduced the number of HSPs to 5 million,
and HSP coverage dropped from 25.36% and 77.24%, for
scaffolds and 90e respectively, to 10.57% and 37.93%.
However, when the total nucleotide length was consid-
ered only for the contigs (56,363 sequences, 32,518,399
bases in total, with an average of 577 bp per sequence),
HSP coverage for 90e rose to 81.97%. This means that
most of the significant HSP hits are retained after the
second round of filtering. In total, 8,831 contigs from
90e did not map to the genomic contigs (3,242,054 bp
that are completely novel and also transcribed, see col-
umn A in Figure 3). Conversely, 5,138 genomic contigs
did not match a sequence from 90e (column B). Of the
90e contigs, 322 extended a genomic sequence from the
left (column C) and 3,051 from the right (column J).
The largest intergenic distance was 42,209 bp, with an
average value of 1,102 bp (column H). The largest
intron was estimated to be about 9,300 bp, the average
length being 238 bp (column E). Finally, there were
20,504 HSPs connecting different genomic sequences via
8,604 different 90e contigs (column I). Of the 8,831 90e
contigs not found on the genome, 3,480 had a BLAST
hit to the NCBI NR protein database (39.41%), and, of
those, 2,401 had a hit to a protein with GO annotation
(27.19%). After discarding abundant actin-like sequences
(1,503), ATP/ADP transporter proteins (722) and
sequences matching bacterial, protozoan or fungal genes
(1,234), 71 90e contigs remained as new sequences not
mapping on the genome (see Additional File 1).

In order to validate exonic structures, 6,226 90e con-
tigs mapping 1-to-1 over genome sequences were
selected. After re-aligning the 90e/genomic sequence
pairs, 4,739 contained at least one putative intron (see
the corresponding splice sites boundaries in Additional
File 2). In total 8,609 introns were retrieved from the
genomic contigs. Figure 4 shows the number of introns
per 90e contig, as well as the length distribution for
those introns. Pictograms summarize the nucleotide fre-
quencies for the donor and acceptor splice sites, both
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Genomic 454-Contigs #HSPs HSP Coverage (bp)
#Contigs Length (bp) #Contigs Length (bp) Genomic 454-Contigs
Raw HSPs 43,294 901,626,601 192,633 70,274,612 29,591,553 | 228,670,049 54,276,468
Filtered HSPs id id id. id. 7,213,095 | 166,984,912 52,831,633
Seqgs > 100bp HSPs id id 160,424 68,607,171 7,173,215 | 166,440,678 52,831,633
454-Contig HSPs id id 56,362 32,518,399 5,114,385 95,338,807 26,656,481

row-except for A and B, which correspond to number of sequences.

454 CONTIGS
HSPs
GENOMIC
A B C D E F G H | J
Raw HSPs
#HSPs 47,593 1,332 48,211 463,343 28,806 6,071,351 29,276 3,344,064 150,005 57,941
Sum Length (bp) 10,199,565 5,077,054 354,640 12,950,980 1,107,729 150,053,495 — 613,633,754 2,773,546 2,099,794
Avg Length (bp) 214.31 3,811.60 7.36 27.95 38.45 24.72 — 183.50 18.49 3,624.02
Max Length (bp) — — — 1,482 9,341 2,771 — 35,264 1,232 —
Filtered HSPs
#HSPs 63,199 2,554 800 27,303 9,251 653,552 8,763 1,064,390 28,122 10,261
Sum Length (bp) 12,096,027 9,434,489 147,970 1,027,711 1,454,836 32,147,178 — 650,861,301 835,969 2,068,647
Avg Length (bp) 191.40 3,694.01 184.96 37.64 157.26 49.19 — 611.49 29.73 2,0160.29
Max Length (bp) — — — 1,314 9,381 2,771 — 35,458 1,085 —
Seqs > 100bp HSPs
#HSPs 30,990 2,589 800 27,302 9,373 653,440 8,751 1,055,195 28,122 10,261
Sum Length (bp) 10,428,586 9,573,977 147,970 1,027,643 1,452,968 32,139,918 — 650,215,159 835,969 2,068,647
Avg Length (bp) 336.51 3,697.94 184.96 37.64 155.02 49.19 —_ 616.20 29.73 201.60
Max Length (bp) — — — 1,314 9,381 2,771 — 35,458 1,085 —
454-Contig HSPs
#HSPs 8,831 5,138 322 18,424 13,849 356,049 8,141 603,099 20,504 3,051
Sum Length (bp) 3,242,054 20,729,794 91,957 763,088 3,294,897 19,895,116 — 664,430,022 540,756 705,169
Avg Length (bp) 367.12 4,034.60 285.58 41.42 237.92 55.88 — 1,101.69 26.37 231.13
Max Length (bp) — —_ —_ 1,314 35,641 2,771 — 42,209 1,085 —

Figure 3 Distribution of different HSP types from 90e over genome sequences. The top table shows the total number of similarity hits,
while the bottom table classifies the hits into different types of HSPs: A) 454 contigs not mapping to a genomic sequence; B) genomic contigs
not mapping to a 454 contig; C and J) 454 contigs with an unmapped sequence on the left and right, respectively; D) missing sequence on 454
contigs corresponding to a putative gap in the assembly; E) contiguous HSPs on 454 contigs related to a genomic intron; F) co-linear
unmapped sequences on both sequence sets; G) contiguous overlapping HSPs defining a larger similarity segment; H) unaligned genomic
sequences between HSPs of two different 454 contigs, which can be interpreted as putative intergenic sequences; I) HSPs on 454 contigs
supporting a pair of genomic contigs, which could then be merged into a larger genomic scaffold. All columns show HSP numbers—the #HSPs'

for the U2 (canonical) and Ul2 (non-cannonical)
introns. The splice sites patterns resemble those from
other metazoan [19], taking into account that the gen-
ome of S.mediterranea is A/T-rich [16].

Also, 50 randomly picked 90e contigs that either mapped
or did not map to the genome were validated by RT-PCR
(see Additional File 3 containing a list of the selected 90e
contigs, as well as information on the primers used to
amplify them). Additionally, 20 out of those 50 genes
were further validated by sequencing. Finally, to further
confirm the quality and coverage of the sequences from
the 90e dataset, the S. mediterranea genes already anno-
tated in NCBI GenBank [20] were compared with those
sequences. After discarding 18 S and 28 S ribosomal
RNA genes and alpha-tubulins, 124 known genes were
aligned to the 90e sequences. In total, 108 of these genes

had at least one significant similarity hit with one 90e
sequence, and two matched 5 sequences from 90e. On
average, the known genes had co-linear similarity hits
against 1.32 different Smed454 sequences. Minimum and
average similarities were 8.35% and 85.34% respectively,
and 71 sequences had more than 95% similarity. Mean
coverage dropped to 77.63% when each hit was consid-
ered separately. A summary of these similarity analyses is
shown in Additional File 4.

Browsing the Smed454 dataset

In order to make the Smed454 dataset useful and accessible
to the planarian and non-planarian communities, a public
database is available via web [21]. The web site allows users
to view contig assemblies along with their read alignments,
and to perform BLAST searches against assembled
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Figure 4 Analysis of intronic features and spllce sites on a set
of 90e contigs. A) Distribution of the number of putative introns
per 90e contig. B) Length distribution of putative introns. C)
Pictograms summarizing the consensus donor and acceptor splice
sites for the predicted introns. n corresponds to the number of
intron sequences used to compute the nucleotide position weight
matrices for the pictograms. Light grey shadowed regions
correspond to the commonly used signal lengths for gene-finding,
while dark grey ones define the nucleotide boundaries of the
introns. Numbers below pictograms are the bit-scores that describe
the information content per position.

sequences. The BLAST option in the home page menu
(1 in Figure 5) allows the user to BLAST sequences of
interest against the 90, 98, and 90e databases (1.2 in Figure
5). Both nucleotide (BLASTN) and protein (BLASTP)
searches can be performed (1.1 in Figure 5). Clicking on
the Search button (1.3 in Figure 5) brings up a new window
displaying a list of hits. When a score value is selected (1.4
in Figure 5), the alignment between the query sequence
and the Smed454 hit is shown. The site also offers the
option of downloading Smed454 sequences of interest (1.5
in Figure 5). The contig or singleton accession number can
be browsed directly from the main home page (2 in Figure
5). When the user searches for a specific contig, a new win-
dow appears showing the alignment of all the sequencing
reads assembled in that contig. At the bottom of that win-
dow, the result of a pre-computed BLAST on the contig
consensus sequence is displayed. When a contig, singleton
or read name is selected (2.1 in Figure 5), a new window
will display the requested sequence. All raw and assembled
sequence data are available from that web site too.

Functional annotation of 90e sequences

In order to characterize the gene families that can be
found on Smed454, we annotated the three datasets; we
will focus on 90e dataset here. In total, 42.42% of the
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sequences had a similarity hit with at least one protein
sequence in the NCBI NR protein database [20]. Of
these, almost two-thirds had 250 or more hits (see Fig-
ure 6), but the BLASTX output was limited to a maxi-
mum of 250 hits per 90e sequence owing to the large
number of HSPs reported by BLAST for some of them.
The Gene Ontology (GO) [22] database was used to
computationally annotate all the sequences (see Addi-
tional File 5 for 90, 98, and 90e datasets) by mapping
onto them the functional codes already assigned to
known proteins from NCBI NR. Many of these sequence
hits matched to a short ATP-binding domain, in most
cases corresponding to proteins of the actins family.
Consequently, that functional class, which was also
anomalously over-represented, was discarded from the
total number of annotations for the 90e set, as shown in
Table 2.

Among the most abundant GO annotations at the biolo-
gical process level, leaving aside metabolism-related fea-
tures, ‘response to stress’ was found for 1,070 sequences
(6.58%). This finding was expected because the original
biological sample was a mixture of intact and regenerat-
ing planarians, both normal and irradiated. ‘Regulation of
biological process’ was in the same range, with 1,012
sequences (6.22%). At the GO molecular function level,
‘binding’ was the most common annotation, although
where possible a more specific annotion was provided by
drilling down to the 2™ level child annotations on the
GO graph. It is interesting to find, among others, 3 ‘sele-
nium binding’ activities, since it has been reported that
selenium may play an important role in cancer preven-
tion, immune system function, male fertility, cardiovascu-
lar and muscle disorders, and prevention and control of
the ageing process [23]. Finding selenium-binding pro-
teins would be evidence of the presence of selenopro-
teins, which are thought to be responsible for most of the
biomedical effects of selenium across eukaryota [24].
When looking at the cellular component level and dis-
carding many of the ‘intracellular organelles’ due to their
co-occurrence with ‘nucleotide binding’, there are a nota-
bly large number of ‘protein complexes’, 2,918 sequences
(40.79%). With 819 sequences (11.45%), another impor-
tant term on this level is ‘vesicle’, which correlates with
secretory functions, apoptosis, and autophagy.

To prove the usefulness of the Smed454 dataset, we
performed several searches on specific groups and gene
families for which only scant data has been reported to
date in planarians. Planarians are mainly known for
their remarkable regenerative capabilities, which depend
upon the presence of stem cells named neoblasts.
Because of the unique properties of these cells, some
studies have used a microarray-based strategy to detect
neoblast-specific genes [25,26]. In our Smed454 dataset
we were able to identify, in addition to known neoblast
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markers such as piwis, histones, bruli, vasa or tudor,
several other genes annotated as involved in cell cycle
or DNA damage and repair (Additional File 6). Within
these gene set we find many cyclins and cell cycle divi-
sion-related genes but also genes related to replication
and chromosome maintenance. Finally, genes related to
stress response and DNA damage were also identified,
probably owing to the use of irradiated animals in the
generation of the Smed454 dataset. In addition to these
neoblast-related genes we were able to identify large col-
lections of much less well-characterized families in pla-
narians, such as neurotransmitter, peptide and hormone
receptors, homeobox domain-containing genes, and
genes related to eye function in other animals.

Prediction of planarian transmembrane proteins

Transmembrane (TM) proteins regulate a number of
biological processes ranging from catalytic processes in
intracellular and extracellular transport to cell-to-cell
communication. TM proteins have become particularly
interesting as many of them are key initiators of signal
transduction pathways, and they can be easily manipu-
lated by small molecule- or antibody-based drugs. To
identify putative TM proteins from the planarian tran-
scriptome, we mined the 454 dataset for putative TM
protein-encoding messages (see Methods). Considering
only the proteins that at least two application predicted
would contain one or more transmembrane domains,
resulted in a list of 8,597 predicted transmembrane
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Figure 6 Distribution of BLASTXhits of 90e sequences against
NCBI NRprot. Sequences from the 90e dataset were compared
against the NCBI NR protein database using BLASTX. The figure
shows the distribution of the number of sequences binned by the
number of HSPs they had. Y-axis in log scale.

proteins (see Figure 7a), which represents 15,3% of the
complete protein database. Protein-BLAST searches were
then used to align sequences to each other, and redundant
sequences were removed from the predicted transmem-
brane set. The resulting database contained 4,663
sequences. Functional categorization using the UFO web-
server [27] allowed us to assign PFAM protein families to
1,474 of the sequences and gene ontology classifications to
2,464. The top ten PFAM domains (~33% of all assign-
ments) included, for example, the classifications for ‘major
facilitator superfamily’ (a ubiquitous transporter family), 7
transmembrane receptor (rhodopsin family)’ and ‘ion trans-
port protein’ (see Figure 7b). The top ten gene ontology
profiles (~49% of all assignments) included ‘membrane’
(cellular component), ‘transport’, and ‘G-protein coupled
receptor protein signalling pathway’ (both biological pro-
cesses, see Figure 7c). The enrichment of our database with
proteins that have a predicted function in transport and
receptor signalling supports the reliability of our approach.
A complete list of the 4,663 predicted transmembrane pro-
teins, the number of predicted transmembrane domains,
predicted topology, and functional categorizations (PFAM
and GO) are shown in Additional File 7.

Neurotransmitter and hormone receptors in Schmidtea
mediterranea

Despite our growing knowledge about how planarian neo-
blasts are regulated at the molecular level [9,25,26,28-31],
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we are still far from characterizing the complete repertoire
of factors that control neoblast biology. Receptors for
neurotransmitters, peptides and hormones are among the
candidates for a role in the regulation of neoblast prolif-
eration, differentiation and migration. In planarians, some
of the data suggest that molecules such as dopamine
[32,33], serotonin [34], substance P [35], somatostatin [36]
and FMRFamide [37] can accelerate or delay the regenera-
tion rate, probably by regulating neoblast proliferation
and/or differentiation. A model has been proposed in
which neoblasts express receptors for some of these fac-
tors, which in turn regulate the fate of these cells [35]. We
found 288 contigs and singletons in the annotated
Smed454 dataset with significant homology to neurotrans-
mitter and hormone receptors (Table 3 and Additional
File 8), providing a list of potentially interesting
candidates.

Homeobox-containing sequences in Schmidtea
mediterranea

Since the first homeobox-containing genes were charac-
terized in planarians [38], a large number of Hox and
ParaHox genes that could be accommodated into the
classical series of paralogous groups from Plhox1 to Plo-
hox-9 and Xlox to cad/Cdx [39,40] have been described.
Some of them show a differentially axial nested expres-
sion; while others are ubiquitously expressed [41-43].
Most of this work has been done in the planarians Gir-
ardia tigrina and Dugesia japonica. Recently, the first
expression of an S. mediterranea Hox gene has been
reported [44]. We identified 50 contigs and singletons
with significant sequence similarity to homeobox gene
sequences in the annotated Smed545 dataset (Table 4),
including Hox genes and homeobox-containing genes,
some already characterized in other planarian species.

Eye genes in Schmidtea mediterranea

The structural simplicity of the planarian eye in con-
junction with the regenerative abilities of these organ-
isms provides a unique system for dissecting the genetic
mechanisms that allow a simple visual structure to be
built [45,46]. Despite great morphological differences,
there is evidence that the early morphogenesis of animal
eyes requires the regulatory activity of Pax6, Sine oculis
(Six), Eyes absent (Eya) and Dachshund (Dach), a gene
network known as the retinal determination gene net-
work (RDGN) [47-50]. Most of the genetic elements of
the RDGN have been characterized in planarians
[51-54]. In addition, the following planarian genes have
been identified as being involved in eye regeneration:
Djeye53, Dj1020HH [55]; Smed-netR, Smed-netrin2 [56];
Gt/Smed/Dj ops [46,57]; Djsnap-25 [58]; and Smednos
[59]. In order to characterize new S. mediterranea eye
network genes, we analyzed the Smed454 annotated
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Table 2 Gene Ontology annotation for 90e set sequences.
GO Molecular Count Freq GO Biological Process Count Freq GO Cellular Count Freq
Function % % Component %
GO:0000166 nucleotide 54,823 — — — — — GO:0043229 intracellular 60,817 —
binding organelle
— unannotated 9,709 —_ — unannotated 62,834 —_ — unannotated 11,131 —
GO:0016787 hydrolase activity 5,197 35669 GO:0043170 macromolecule 5793 35610 GO:0043234 protein 2918 40.788
metabolic process complex
GO:0016740 transferase activity 2,030 13.933 G0:0022607 cellular component 2,182 13413 GO:0044424 intracellular 2314 32346
assembly part
GO:0043167 ion binding 1,323 9080 GO:0006810 transport 1213 7456 GO:0031982 vesicle 819 11448
GO:0003735 structural 874 5999 GO:0006950 response to stress 1,070 6577 GO:0044425 membrane 469  6.556
constituent of part
ribosome
GO:0005488 binding 761 5223 GO:0050789 regulation of 1,012 6221 GO:0016020 membrane 210 2935
biological process
GO:0016491  oxidoreductase 703 4825 GO:0006807 nitrogen compound 722 4438 GO:0005622 intracellular 111 1552
activity metabolic process
GO:0022857 transmembrane 678 4653 GO:0048869 cellular 655 4.026 GO:0044446 intracellular 91 1272
transporter activity developmental organelle part
process
G0O:0030235 nitric-oxide 597 4097 GO:0065009 regulation of 622 3823 GO:0005576 extracellular 63 0881
synthase regulator molecular function region
activity
GO:0043176 amine binding 580 3981 GO:0009056 catabolic process 507 3117 GO:0045211 postsynaptic 21 0294
membrane
GO:0005515  protein binding 532 3651 GO:.0044419 interspecies 280  1.721 GO:0044420 extracellular 19  0.266
interaction between matrix part
organisms
GO:0003676 nucleic acid 401 2752 GO:0055114 oxidation reduction 236 1451 GO:0043233 organelle 18 0252
binding lumen
GO:0005215  transporter activity 387 2656 GO:0065008 regulation of 206 1.266 GO:0031012 extracellular 16 0224
biological quality matrix
GO:0016829 lyase activity 71 0487 GO:0048856 anatomical structure 193 1186 GO:0042597 periplasmic 15 0210
development space
GO:0016853  isomerase activity 55 0377 GO:0051649 establishment of 183 1.125 GO:0000267 cell fraction 15 0210
localization in cell
GO:0048037 cofactor binding 52 0357 GO:0044237 cellular metabolic 182 1.119 GO:0044462 external 11 0154
process encapsulating
structure part
GO:0016874 ligase activity 49 0336 GO:0023060 signal transmission 150 0922 GO:0031975 envelope 8 0112
GO:0004871  signal transducer 45 0309 GO:0048870 cell motility 141 0867 GO:0005615 extracellular 7 0098
activity space
G0:0003824 catalytic activity 32 0220 GO:0008152 metabolic process 139 0854 GO:0009986 cell surface 6 0.084
GO:0060589 nucleoside- 32 0220 GO:0023033 signaling pathway 107 0658 GO:0043204 perikaryon 5 0070
triphosphatase
regulator activity
GO:0042277 peptide binding 28 0.192 GO:0044238 primary metabolic 83 0510 GO:0030427 site of 4 0056
process polarized
growth
G0O:0022892  substrate-specific 220151 GO:0042221 response to chemical 69 0424 GO:0042995 cell projection 30042
transporter activity stimulus
GO:0019208 phosphatase 120082 GO:0006996 organelle 47 0289 GO:0030312 external 2 0028
regulator activity organization encapsulating
structure
GO:0003712  transcription 120082 GO:0007017 microtubule-based 42 0258 GO:0031594 neuromuscular 2 0028
cofactor activity process junction
G0:0019207 kinase regulator 11 0075 GO:0044281 small molecule 39 0240 GO:0045177 apical part of 2 0028
activity metabolic process cell
GO:0008289 lipid binding 9 0062 GO:0051301 cell division 37 0227 GO:0019028 viral capsid 1 0014



Abril et al. BMC Genomics 2010, 11:731
http://www.biomedcentral.com/1471-2164/11/731

Table 2 Gene Ontology annotation for 90e set sequences. (Continued)
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8 0.055 GO:0022613 ribonucleoprotein

GO:0005201  extracellular
matrix structural
constituent

GO:0050840 extracellular 6 0041
matrix binding

GO:0061134  peptidase 6 0041
regulator activity

G0:0030246 carbohydrate 6 0041
binding

GO:0016248 channel inhibitor 5 0034
activity

GO:0003702 RNA polymerase Il 5 0034
transcription
factor activity

GO:0005198  structural 4 0027
molecule activity

GO:0016986 transcription 4 0027
initiation factor
activity

GO:0042165 neurotransmitter 4 0027
binding

GO:0003682 chromatin 30021
binding

GO:0008430 selenium binding 30021

GO:0030234  enzyme regulator 2 0014
activity

GO:0030528  transcription 2 0014
regulator activity

GO:0009055  electron carrier 2 0014
activity

GO:0017056 structural 2 0014
constituent of
nuclear pore

GO:0017080 sodium channel 2 0014
regulator activity

GO:0001871 pattern binding 0.014

GO:0019239 deaminase activity 0014

GO:0043021 ribonucleoprotein 0014
binding

GO:0008538  proteasome 2 0014
activator activity

GO:0030337 DNA polymerase 10007
processivity factor
activity

GO:0031406 carboxylic acid 10007
binding

G0O:0042562 hormone binding 10007

GO:0046906 tetrapyrrole 1 0007
binding

GO:0051540 metal cluster 1 0007
binding

TOTAL 14570

GO:0019637

GO:0045184

G0:0009628

GO:0019748

GO:0009058

GO:0007155

GO:0061024

GO:0007275

GO:0016192

GO:0043062

GO:0034330

GO:0048609

GO:0007154

GO:0003008

GO:0016049

GO:0016458
GO:0008219
GO:0033036

GO:0048610

GO:0051236

GO:0071684

GO:0006955

GO:0007049

GO:0009405

GO:0009607

GO:0009791

complex biogenesis

organophosphate
metabolic process

establishment of
protein localization

response to abiotic
stimulus

secondary metabolic
process

biosynthetic process

cell adhesion

membrane
organization

multicellular
organismal
development

vesicle-mediated
transport

extracellular structure
organization

cell junction
organization

reproductive process
in a multicellular
organism

cell communication

system process

cell growth

gene silencing
cell death

macromolecule
localization

reproductive cellular
process

establishment of
RNA localization

organism emergence
from protective
structure

immune response
cell cycle

pathogenesis

response to biotic
stimulus
post-embryonic
development

35

34

34

23

21

21

0.215 GO:0031252

0.209 GO:0044217

0.209 GO:0044297

0.141  GO:0044463

cell leading 1
edge

other organism 1
part

cell body 1

cell projection 1
part

0.014

0.014

0.014

0014

0.129

0.129

0.111

0.098

0.098

0.074

0.061

0.055

0.055

0.049

0.043

0.043

0.037
0.031
0.025

0.025

0.025

0.025

0.025

0.025

0.025

0.025

0.025

TOTAL 7,154
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Table 2 Gene Ontology annotation for 90e set sequences. (Continued)
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GO:0048646 anatomical structure 4 0025
formation involved
in morphogenesis
GO:0009790 embryonic 3 0018
development
GO:0015976 carbon utilization 2 0012
GO:0032506 cytokinetic process 2 0012
GO:0045103 intermediate 2 0012
filament-based
process
GO:0070882  cellular cell wall 2 0012
organization or
biogenesis
GO:0006413  translational initiation 2 0012
GO:0009566 fertilization 2 0012
GO:0001906  cell killing 1 0006
GO:0043473 pigmentation 1 0006
G0:0009987 cellular process 1 0006
G0:0022402  cell cycle process 1 0006
GO:0022411  cellular component 10006
disassembly
GO:0022415 viral reproductive 1 0.006
process
GO:0023061 signal release 1 0.006
GO:0030030 cell projection 1 0006
organization
GO:0051606 detection of stimulus 10006
GO:0000746 conjugation 1 0.006
GO:0007163  establishment or 1 0006
maintenance of cell
polarity
GO:0009653  anatomical structure 10006

morphogenesis

TOTAL 16,268

The most probable GO code in the three ontology categories-molecular function, biological process and cellular component- for each sequence in the 90e data
set was selected. For simplicity, only level one and two codes are shown here in order.

dataset and found a collection of genes, ranging from
transcription factors to eye-realizator genes, which have
been implicated in eye development in other systems.
These are good candidates for expanding our knowledge
about the genetic network responsible for planarian eye
regeneration (Table 5 and Additional File 9).

Conclusions

The inherent complexity of the planarian genome and
methodological difficulties initially prevented the complete
genome assembly of S. mediterranea. High-throughput
sequencing technologies are now well established and help
molecular biologists to unravel the molecular components
of organisms. We present a 454 sequencing dataset that
can be used to decipher the transcriptome of the planarian
S. mediterranea, an organism that has great potential for
the study of regeneration processes.

We obtained more than half a million sequencing
reads and assembled them into different datasets using a
number of different similarity thresholds. The complete
dataset has been made publicly available via web [21].
About 50,000 contigs in one of those sets (90e) were
mapped against the most up-to-date genome scaffolds
and to the set of known proteins from NCBI NR. Inter-
estingly, we found a large number of transcribed
sequences not covered by the genome sequence (more
than 3 Mbp). The novel 454 contigs will allow us to
extend current genomic sequences and connect up to
8,000 pairs of genome scaffolds. Furthermore, a preli-
minary analysis of the planarian splice sites was made
on a collection of 454 contigs mapped univocally to the
genome. Annotation of the sequences yielded a number
of gene candidates in different functional categories that
will be useful for further experimental studies. However,
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Figure 7 Prediction of planarian transmembrane proteins and functional annotations. A) Venn-diagram showing the overlap between
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Table 3 List of neurotransmitter, peptide and hormone receptor sequence candidates.
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ID BLASTX HIT ACCESSION NUMBER E-VALUE
90_1623 adiponectin receptor (Schistosoma mansoni) XP_002577010.1 2,00E-103
90_11706 allatostatin receptor, putative (Ixodes scapularis) XP_002414997.1 2,00E-18
90_9653 amine GPCR (Schistosoma mansoni) XP_002576533.1 8,00E-25
PO2IKPED atrial natriuretic peptide receptor (Aedes aegypti) XP_001652228.1 7,00E-28
PO2HWID8  beta adrenergic receptor (Aedes aegypti) XP_001651714.1 2,00E-18
90_17484 similar to bombesin-like peptide receptor (Ornithorhynchus anatinus) XP_001514235.1 2,00E-12
90_19322 C1A receptor, putative (Ixodes scapularis) XP_002405845.1 4,00E-04
90_4815 calcitonin receptor, isoform CRA_d (Rattus norvegicus) AAAG5964.1 3,00E-50
90_20672 cardioexcitatory receptor (Lymnaea stagnalis) AAB92258.1 6,00E-11
90_6224 class b secretin-like g-protein coupled receptor GPRmth5 (Pediculus humanus) XP_002427184.1 2,00E-10
PO21ZJB4 similar to putative diuretic hormone receptor Il (Nasonia vitripennis) XP_001606711.1 4,00E-22
90_7506 type | dopamine receptor (Panulirus interruptus) ABB87183.1 8,00E-69
90_6802 dopamine receptor type D2 (Apis mellifera) NP_001011567.1 2,00E-27
90_8536 dro/myosuppressin receptor (Schistosoma mansoni) XP_002570000.1 7,00E-26
90_9052 FMRFamide receptor (Culex quinquefasciatus) XP_001849293.1 2,00E-17
PO2GUXTP similar to galanin receptor type | (Danio rerio) XP_690480.1 3,00E-06
90_6830 glutamate receptor kainate (Schistosoma mansoni) XP_002576035.1 3,00E-70
PO2GLFYW  glutamate receptor NMDA (Schistosoma mansoni) XP_002572261.1 3,00E-21
90_15092 glutamate receptor, ionotropic, AMPA 1b (Danio rerio) NP_991293.1 5,00E-78
90_13524 metabotropic glutamate receptor (Schistosoma mansoni) XP_002572726.1 1,00E-12
90_18656  gonadotropin-releasing hormone receptor type | (Capra hircus) ABL76162.1 7,00E-04
90_4098 growth hormone secretagogue receptor (Schistosoma mansoni) XP_002569813.1 7,00E-36

90_976 growth hormone-inducible transmembrane protein (Osmerus mordax) AC008873.1 2,00E-51
90_6465 putative insulin receptor (Echinococcus multilocularis) CAD30260.1 6,00E-61
90_7253 lung seven transmembrane receptor (Culex quinquefasciatus) XP_001868443.1 1,00E-68
90_17047 metabotropic GABA-B receptor subtype, putative (Ixodes scapularis) XP_002406087.1 4,00E-21
90_6512 natriuretic peptide receptor (Xenopus laevis) NP_001083703.1 4,00E-158
90_12800 muscarinic acetylcholine (GAR) receptor (Schistosoma mansoni) XP_002575679.1 2,00E-39
90_1507 Nicotinic acetylcholine receptor alpha 1 subunit (Aplysia californica) AF467898_1 3,00E-44

90_223 neuroendocrine protein 7b2 (Schistosoma mansoni) XP_002578500.1 6,00E-25
90_6302 similar to neuromedin U receptor 2 (Strongylocentrotus purpuratus) XP_001200425.1 4,00E-27
90_29452 neuropeptide FF receptor 2 isoform 3 (Homo sapiens) NP_001138228.1 2,00E-09
90_6772 neuropeptide F-like receptor (Schistosoma mansoni) XP_002573542.1 1,00E-28
90_5995 neuropeptide Y receptor Y7 (Oncorhynchus mykiss) ABB54774.1 9,00E-18
90_25975 octopamine receptor (Aplysia californica) AAF37686.1 1,00E-25
90_8498 odorant receptor (Tetraodon nigroviridis) CAG08888.1 6,00E-05
90_5999 similar to olfactory receptor 355 (Bos taurus) XP_6103814 1,00E-05
90_2541 P2Y purinergic receptor (Meleagris gallopavo) AAA18784.1 2,00E-04
90_8537 P2X receptor subunit (Schistosoma mansoni) XP_002580774.1 1,00E-72
90_19040 pituitary adenylate cyclase activating polypeptide receptor (Oncorhynchus mykiss) NP_001118113.1 1,00E-08
90_28219 parathyroid hormone 2 receptor (Danio rerio) AAI62580.1 3,00E-11
90_6836 peptide (allatostatin)-like receptor (Schistosoma mansoni) XP_002572656.1 2,00E-66
90_7984 peptide (allatostatin/somatostatin)-like receptor (Schistosoma mansoni) XP_002575539.1 2,00E-32
90_10769 progesterone receptor membrane component 1 (Danio rerio) NP_001007393.1 7,00E-04
90_5450 progestin receptor membrane component 1 (Oryzias latines) BAE47967.1 2,00E-28
P0O2GZGVI prolactin releasing hormone receptor (Homo sapiens) BAG36078.1 2,00E-06
PO2ITU9K pyrokinin-like receptor (Dermacentor variabilis) ACC99623.1 2,00E-11
90_10680 Rhodopsin-like GPCR superfamily, domain-containing protein (Schistosoma japonicum) CAX73015.1 6,00E-37
90_2955 rhodopsin-like orphan GPCR (Schistosoma mansoni) XP_002579928.1 2,00E-42
90_27829 ryanodine receptor 44F (Schistosoma japonicum) CAX69439.1 8,00E-16
90_14326 serotonin receptor-like planarian receptor 1 (Dugesia japonica) BAA22404.1 3,00E-54
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Table 3 List of neurotransmitter, peptide and hormone receptor sequence candidates. (Continued)

90_15981 serotonin receptor 7 (Dugesia japonica) BAI44327.1 2,00E-14
90_11349 sex peptide receptor (Tribolium castaneum) NP_001106940.1 5,00E-25
PO2HBR62  SIFamide receptor (Apis mellifera) NP_001106756.1 9,00E-10
90_19415 parathyroid hormone-related peptide receptor precursor (Tribolium castaneum) XP_969953.1 7,00E-20
PO2FKOY5 parathyroid hormone receptor 2, isoform CRA_c (Mus musculus) EDL00229.1 3,00E-07
90_1140 somatostatin receptor (Culex quinquefasciatus) XP_001859671.1 7,00E-43
P02JZNDR tachykinin receptor 1 (Mus musculus) NP_033339.2 2,00E-06
PO2FL51R thyroid hormone receptor (Schistosoma mansoni) XP_002573733.1 2,00E-23
PO2FHDMB  thyroid stimulating hormone receptor precursor (Canis lupus familiares) NP_001003285.1 5,00E-04
90_3545 thyrotropin-releasing hormone receptor 1 (Catostomus commersonii) AAG31763.1 2,00E-51
90_26294 tyramine receptor (Bombyx mori) BAD11157.1 1,00E-11

many of the novel contigs have no similarity to known
proteins and will require further validation if we want to
understand the transcriptional inventory of the planarian
at a functional level. We also provided a preliminary
gene annotation for S. mediterranea, focusing our rank-
ings on four different gene families; these serve as
applied examples of the usefulness of this new sequence
resource.

Methods

Animals and RNA isolation

Schmidtea mediterranea from the BCN-10 clonal line
were used. Animals were starved one week prior to
experiments and irradiated at a lethal dose of 100Gy.
Total RNA was isolated from a mixed sample of planar-
ians that contained non-irradiated intact and regenerat-
ing planarians (1, 3, 5 and 7 days of regeneration) as
well as irradiated intact and regenerating animals (1, 3,
5 and 7 days of regeneration). RNA was extracted with
TRIzol® (Invitrogen) following the manufacturer’s
instructions.

cDNA library construction and 454 sequencing

First, 5 pg of total RNA was used to construct a cDNA
library. RNA quality was assessed in a Bioanalyzer 2100
(Agilent-Bonsai Technologies). 5 pg of full-length double-
stranded cDNA was then processed by the standard Gen-
ome Sequencer library-preparation method using the 454
DNA Library Preparation Kit (Titanium chemistry) to
generate single-stranded DNA ready for emulsion PCR
(emPCR™). The cDNA library was then nebulized accord-
ing to the fragmentation process used in the standard
Genome Sequencer shotgun library preparation proce-
dure. The cDNA library was sequenced according to GS
FLX technology (454/Roche). Reads were assembled by
MIRA[60] version 3 using enhanced 454 parameters.

Mapping to genomic and functional annotation
BLAT[61] was used with default parameters to map the
Smed454 90e dataset on the S. mediterranea draft genome

assembly v3.1 [14] since the 454 sequences should be very
similar to the corresponding genomic sequences, except
for the lack of introns. Perl scripts were developed to
classify all HSPs into the categories shown in Figure 3. 90e
contigs having two or more collinear HSPs covering more
than 100bp of the contig, and for which HSPs had more
than 90% identity to the genomic contigs and length of
the HSP larger than 50 bp, were chosen as 1-to-1 matches
to genome. Once the sequences of the 90e/genomic contig
pairs were retrieved, exonerate[62] was used to refine
the alignments over the splice sites (using as parameters
model = est2genome and bestn = 10). Perl scripts
were used to retrieve the splice sites coordinates from
exonerate output, as well as the sequences from geno-
mic contigs. After clipping the donor and acceptor splice
sites for each intron, nucleotide frequencies were com-
puted and the corresponding position weight matrices for
U2/U12 sites were drawn as pictograms using compi[19].
Known S. mediterranea genes were compared with contigs
from 90e using BLASTN[63] with the following cut-offs: e-
value = 0.001, identity score > 80%, HSP length > 50 bp.

GO functional annotation was computed on the
BLASTX[63] results of the three assembly datasets (90,
98, and 90e) against all proteins from NCBI NR.
BLASTX parameters were set to e-value = 10e-25 and
maximum number of descriptions and alignments to
report = 250, which produced around 26 million HSPs
for each set. After that, only HSPs with a minimum
length of 80 bp and a similarity score of at least 80%
were considered. GO annotation was performed on
those HSPs using the e-value selection criteria and sup-
porting sequences described for Blast2G0O[64]. Further
Perl scripts were used to summarize the data shown in
Table 2 and Additional File 3.

RT-PCR

In order to validate the expression of a random subset of
novel 454 transcripts, RT-PCRs were performed on pla-
narian cDNA generated with Superscript III (Invitrogen)
following the manufacturer’s instructions. Additional File
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Table 4 Complete list of homeobox-containing gene sequence candidates.

ID BLASTX HIT ACCESSION NUMBER E-VALUE
FOAJIXPO2J3PG4  arrowhead [Schistosoma mansoni] XP_002575389 6,00E-09
90_9219 barh homeobox protein [Schistosoma mansoni] XP_002571667 9,00E-26
FOAJIXPO2J2YIH brain-specific homeobox [Tribolium castaneum] EFA05724 5,00E-05
90_23337 cut, isoform C [Drosophila melanogaster] NP_001138174 3,00E-18
F6AJIXPO2HF7Z0  cut, isoform C [Drosophila melanogaster] NP_001138174 2,00E-10
90_8368 Cut-like homeobox 1 [Mus musculus] AAH14289 2,00E-23
90_3019 distalless, DIx-1 [Platynereis dumerilii] CAJ38799 8,00E-07
90_14605 DjotxB [Dugesia japonical BAF80446 4,00E-65
F6AJIXPO2FICZL Eye absent protein [Dugesia japonical CAD89530 1,00E-74
FO6AJIXPO2IVEYO gsx family homeobox protein [Schistosoma mansoni] XP_002574396 3,00E-12
90_24312 H6-like-homeobox [Drosophila melanogaster] NP_732244 2,00E-15
90_8293 homeobox protein distal-less dIx [Schistosoma mansoni] XP_002574393 4,00E-07
FEAJIXPO2JJ1OK  Homeobox protein DTH-2 [Girardia tigrinal Q00401 3,00E-40
90_8753 homeobox prox 1 [Danio rerio] NP_956564 5,00E-19
90_12057 homeodomain protein Tix [Capitella teleta] ACH89436 1,00E-23
90_8083 Hox class homeodomain protein AbdBa Hox protein [Schmidtea mediterraneal. ABW79872 1,00E-26
90_7618 Hox class homeodomain protein DjAbd-Ba [Dugesia japonical BAB41079 2,00E-16
90_6369 Hox class homeodomain protein DjAbd-Bb [Dugesia japonical BAB41078 1,00E-108
FEAJIXPO2ILMDY  Hox class homeodomain protein DjAbd-Bb [Dugesia japonical BAB41078 3,00E-33
FOAJIXPO2HN1T5J_2  Hypothetical protein CBG18604 [Caenorhabditis briggsael XP_002638395 7,00E-05
90_28860 ladybird homeobox corepressor 1-like protein [Mus musculus NP_001103213 XP_001479028  8,00E-33
90_6629 lim domain binding protein [Schistosoma mansoni] XP_002576324 6,00E-05
FOAJIXPO2GEYYP  lim domain homeobox 3/4 transcription factor [Saccoglossus kowalevskii) NP_001158395 4,00E-23
90_10783 lim homeobox protein [Schistosoma mansoni] XP_002579046 2,00E-13
90_11027 lim homeobox protein [Schistosoma mansoni] XP_002579046 1,00E-26
90_10828 LIM homeobox transcription factor 1 alpha [Mus musculus] EDL39177 2,00E-14
90_13775 LIM motif-containing protein kinase 1 [Schistosoma japonicum] CAX72746 2,00E-11
90_9432 LIM-homeodomain protein Amphilim1/5 [Branchiostoma floridae] ABD59002 5,00E-05
90_8762 LIM-homeodomain transcription factor islet [Branchiostoma floridae AAF34717 2,00E-15
90_6339 Nk1 protein [Platynereis dumerilii] CAJ38797 1,00E-11
FEAJIXPO2G0O77U  paired-like homeobox 2a [Danio rerio] NP_996953 5,00E-16
90_6703 phtf [Drosophila melanogaster] NP_610232 2,00E-55
90_25126 PLOX2-Dj [Dugesia japonical BAA77402 2,00E-42
90_21567 PLOX4-Dj [Dugesia japonical BAA77404 2,00E-21
90_23010 PLOX5-Dj [Dugesia japonical BAA77405 6,00E-22
FOAJIXPO2IVOTI PLOX5-Dj [Dugesia japonical BAA77405 1,00E-17
90_21710 pre-B-cell leukemia transcription factor 1 2 3 4 (pbx) [Schistosoma mansoni) XP_002572195 2,00E-27
90_3405 PREDICTED: similar to UBX domain protein 4 [Hydra magnipapillata] XP_002162754 2,00E-06
FOAJIXPO2HI24E PREP homeodomain-like protein [Schmidtea mediterranea] ADB54565 2,00E-47
FEAJIXPO2JSRID PREP homeodomain-like protein [Schmidtea mediterraneal ADB54565 1,00E-32
F6AJIXPO2GVFDM  prospero-like protein [Schistosoma mansoni] XP_002578694 1,00E-21
F6AJIXPO2IUJ5Q prospero-like protein [Schistosoma mansoni] XP_002578694 4,00E-25
FOAJIXPO2HZIDG  short stature homeobox protein 2 isoform ¢ [Homo sapiens NP_001157150 5,00E-08
90_7545 SIX homeobox 2 [Gallus gallus] NP_001038160 7,00E-36
FOAJIXPO2HBGHT  SJCHGC06100 protein [Schistosoma japonicum] AAW24487 6,00E-11
90_3395 UBX domain containing 8, isoform CRA_d [Mus musculus] EDL41153 3,00E-14
90_1176 UBX domain-containing protein 4 [Mus musculus] NP_080666 1,00E-06
90_2625 ubx6(yeast)-related [Schistosoma mansoni] XP_002576054 2,00E-16
90_24438 visual system homeobox protein [Tribolium castaneum] CAX64460 9,00E-23

FOAJIXPO2G5JJX_1  Zn finger homeodomain 2 [Tribolium castaneum] EFA01350 1,00E-05
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Table 5 List of eye-related gene sequence candidates.
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ID BLASTX HIT ACCESSION Nr. E-VALUE
90_7233 abl interactor 2 [Schistosoma japonicum] CAX69750.1 6.00E-019
90_4001 adaptor-related protein complex [Schistosoma mansoni] XP_002574891.1 3.00E-072
90_30923 arginine/serine-rich splicing factor [Schistosoma mansoni] XP_002574990.1 2.00E-026
90_482 ATPase protein [Schistosoma japonicum] AAW26203.1 3.00E-049
90_3152 beta-catenin-like protein 2 [Schmidtea mediterraneal ABW79874.1 0
90_12909 BMP [Schmidtea mediterranea] ABV04322.1 3.00E-090
90_120 cat eye syndrome protein [Schistosoma japonicum] AAX27345.2 4.00E-035
PO2FKNEB CaTalase family member (ctl-2) [Caenorhabditis elegans] NP_001022473.1 1.00E-029
90_205 Chaperonin Containing TCP-1 family member (cct-3) [Caenorhabditis elegans] NP_494218.2 1.00E-090
C90_6158 disks large homolog 1 isoform 1 [Homo sapiens] NP_001091894.1 2.00E-027
PO2GINCV extradenticle 1 protein [Schistosoma japonicum] AAW24487.1 3.00E-013

PO2JKJ4Z_2 eye53 [Dugesia japonical BAD20650.1 6.00E-016
90_8483 eyes absent protein [Dugesia japonical CAD89531.1 2.00E-064
90_651f ascin protein [Schistosoma japonicum] XP_002574990.1 5.00E-045
90_14368 heat shock protein 70 [Lumbricus terrestris] ACB77918.1 400E-038
90_9533 Heparan sulfate 6-O-sulfotransferase 2 [Danio rerio] AAH45453.1 1.00E-042
90_6564 histone-lysine n-methyltransferase suv9 [Schistosoma mansoni] XP_002574171.1 3.00E-061
90_15456 homeodomain protein NK4 [Platynereis dumerilii] ABQ10640.1 8.00E-023
90_12892 homeotic protein six3-alpha [Mus musculus] S74256 1.00E-082
90_325 importin-7 [Culex quinquefasciatus] XP_001843364.1 2.00E-147
90_4360 intraflagellar transport 57 homolog [Xenopus (Silurana) tropicalis] NP_001016561.1 1.00E-044
90_11027 lim homeobox protein [Schistosoma mansoni] XP_002579046.1 5.00E-027
90_8432 lozenge [Schistosoma mansoni] XP_002580418.1 8.00E-032
90_8924 Male ABnormal family member (mab-21) [Caenorhabditis elegans] NP_497940.2 1.00E-046

PO2HSHWR mothers against decapentaplegic homolog 4 [Mus musculus] NP_032566.2 5.00E-018
90_5640 muscleblind-like protein [Schistosoma mansoni] XP_002575346.1 3.00E-025
PO2FOEF6 neurogenic differentiation [Platynereis dumerilii] CAQ57533.1 2.00E-012

PO2GMLIM nuclear transcription factor X-box binding 1 (nfx1) [Schistosoma bovis] XP_002577564.1 5.00E-014
90_828 phenylalanine hydroxylase [Caenorhabditis elegans] AAD31643.1 2.00E-145
90_2925 protein [Schistosoma japonicum] AAW24487.1 400E-126
90_7228 protein kinase [Schistosoma mansoni] XP_002576342.1 2.00E-077
90_2256 Protein pob [Schistosoma japonicum] CAX75988.1 4.00E-089
90_4436 Rab-protein 6 [Drosophila melanogaster] NP_477172.1 8.00E-085

PO2GENUT_1 retinaldehyde dehydrogenase 1 [Eleutherodactylus coqui] ACE74542.1 8.00E-008
9011988 runt protein [Branchiostoma lanceolatum] AANO08565.1 400E-017
PO2FN7BT Septin-7 (CDC10 protein homolog) [Schistosoma japonicum] CAX83064.1 3.00E-012
90_3747 serine/threonine protein kinase [Schistosoma mansoni] XP_002580180.1 9.00E-094
PO2FICZL six1-2 protein [Dugesia japonical CAD89530.1 8.00E-86

P021ZDJZ_1 SRY-related HMG box B protein [Platynereis dumerilii] CAY12631.1 3.00E-028
PO2HE4J6 strabismus protein CBR-VANG-1 [Platynereis dumerilii] CAJ26300.1 1.00E-006
90_9483 tetratricopeptide repeat protein 10 tpr10 [Schistosoma mansoni] XP_002573898.1 4.00E-048
90_16088 tyrosine kinase [Schistosoma mansoni] XP_002576978.1 2.00E-031
90_11388 ubiquitin conjugating enzyme E2 [Schistosoma mansoni] XP_002578016.1 3.00E-053
90_1263 vacuolar ATP synthase proteolipid subunit 1 2 3 [Schistosoma japonicum] XP_002571892.1 9.00E-049
90_12567 vermilion [Drosophila ananassae] XP_001963597.1 2.00E-012
90_5500 white pigment protein [Drosophila melanogaster] CAA26716.2 2.00E-020
90_13309 YY1 transcription factor [Schistosoma japonicum] CAX73893.1 5.00E-049
90_10118 zinc finger protein 42 homolog [Homo sapiens] NP_777560.2 6.00E-031
90_9460 14-3-3 zeta isoform [Schistosoma bovis] AAT39382.1 2.00E-023
PO2ILIK3 52-kD bracketing protein [Drosophila melanogaster] CAA44483.1 1.00E-016
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3 includes a list of the contigs validated and the primers
used for each of them.

Prediction of transmembrane proteins from ESTs

A total of 53,867 assembled ESTs (90e database) and 2,495
additional mRNAs were translated into all six reading
frames using the ‘transeq’ program from the EMBOSS
package [65]. The longest open reading frame for each
EST/mRNA was then extracted and used as a protein
database (containing 56,362 protein sequences overall) for
the prediction of membrane-spanning proteins. We fol-
lowed an approach described by Almen et al. [66] basing
our analysis on consensus predictions of alpha-helices and
using three applications: Phobius[67], TMHMM2 . 0[68],
and SOSUI[69]. Phobius and TMHMM?2 . 0 both use hid-
den Markov models based on different training sets to
predict membrane topology. SOSUT evaluates proteins for
their hydrophobic and amphiphilic properties to make its
predictions. The use of all three programs should improve
prediction accuracy. We first ran Phobius, which can
predict both transmembrane helices and signal peptides.
Signal peptide sequences are similar to transmembrane
segments owing to their hydrophobic nature [70]. To
avoid false positive predictions, we excluded signal pep-
tides before running TMHMM2 . 0 and SOSUT.

Additional material

Additional file 1: GO annotation for 90e contigs not mapping onto
the WUSL 3.1 genome assembly. 8,831 90e contigs were not found in
the genome. 3,480 had a BLASTX hit to a sequence of NCBI NRprot; yet
only 2,401 had a hit to a protein functionally annotated in the GO
database. This file contains the description of the best HSP for 71 of
those annotated contigs, after filtering out as described above. (Header:
CONTIG ID = Smed454 sequence identifier, E-VALUE = BLASTX HSP E-
value, ALN_SCORE = HSP alignment score, IDENTITIES = number of
identical amino acids, POSITIVES = number of similar amino acids,
SEQUENCE ID = Protein sequence identifier, ACCESSION NUMBER =
Protein sequence full accession number, SEQUENCE DESCRIPTION = Full
protein GenBank description).

Additional file 2: Splice sites for a subset of Smed454 sequences
mapped onto the Schmidtea mediterranea genome. (Header: GID =
Genomic contig IDentifier from WUSLv3.1 genome assembly-including
the start and end nucleotide coordinates for the complete match-,
CIG=90e contig IDentifier, INTNUM = Intron number within the 90e
contig, EXO = splice signals found by exonerate, ORI = sequence
orientation—-here -1 means that the match was found on the reverse
strand of the genomic contig—, CEXO = corrected splice site signals after
reverse complementing the genomic sequence when required, ILEN =
Intron length in bp, IORI = Intron start-relative to the match
coordinates—, IEND = Intron end-relative to the match coordinates—,
STRAND, SSSEQ = Splice sites sequences—where a point separates three
nucleotides from the 5" and 3" exons, and the three dots in the middle
denote intron sequence not shown for clarity-).

Additional file 3: List of 90e transcripts validated by RT-PCR.
(Header: # = Number, CONTIG=90e contig ID, PRIMER_FORWARD = 5' to
3" sequence of the forward primer used, REVERSE_FORWARD = 5" to 3’
sequence of the reverse primer used, AMPLICON SIZE = Size amplified in
bp, SET = refers to the subset of origin of the 90e contig: no hit
genome, hit genome, - blast (ho BLASTX hit), +blast (BLASTX hit)).
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Additional file 4: Smed454 sequences matching known Schmidtea
mediterranea genes. (Header: ACCESSION NUMBER = Known gene
sequence identifier as target, NAME = Description for that sequence,
LENGTH = Nucleotide length for that sequence, A&T CONTENT =
Sequence composition, 454 90e CONTIG/SINGLETON = Smed454
sequence identifier as query, LENGTH = Nucleotide sequence length for
this sequence, ALIGNMENT LENGTH = HSP length, START = Start
nucleotide of alignment on target, END = Final nucleotide of alignment
on target, IDENTITY = Identity score, BITSCORE = Alignment bit score, E-
VALUE = HSP BLAST e-value, HIT LENGTH = Un-gapped length of the
alignment on the target, %9COVERAGE = Sum of co-linear HSPs on target
coordinates divided by the total length of the target, #SEQs = Number
of co-linear HSPs considered, avg%COV = The coverage divided by the
number of co-linear HSPs).

Additional file 5: Gene Ontology for all three Smed454 sets: 90, 98
and 90e. Level one and two GO codes are shown in order to simplify
the listings. Although there are small changes in GO frequencies,
annotation is consistent throughout all three sets. (Header: GO = Gene
Ontology unique identifier, Count = Number of sequences with a given
GO annotation, Freq% = Frequencies for every GO annotation. The total
shown does not include the un-annotated and over-represented
features, that is, the first two rows on each table).

Additional file 6: List of cell cycle, cell division, DNA repair or DNA
damage candidates. Short list of candidates annotated as genes
involved in cell cycle, cell division, DNA repair or DNA damage. (Header:
ID = Smed454 sequence identifier, BLASTX HIT = Description of the best
sequence hit, ACCESSION NUMBER = Sequence identifier of the best
sequence hit, E-VALUE = BLASTX e-value for that sequence hit).

Additional file 7: Summary report for the consensus set of 4,663
predicted transmembrane proteins including functional
annotations. (Header: Sequence_ID = Protein sequence identifier,
Sequence_AA = Amino acid sequence, Length[aa] = Length of amino
acid sequence, Phobius_TM = Phobius prediction of number of
transmembrane domains, Phobius_SP = Phobius prediction of signal
peptide, Phobius_Top = Phobius prediction of membrane topology,
TMHMM_TM = TMHMM2 . 0 prediction of number of transmembrane
domains, TMHMM_Top = TMHMMv2 . 0 prediction of membrane
topology, SOSUI_TM = SOSUI prediction of number of transmembrane
domains, SOSUI_Top = SOSUT prediction of membrane topology,
UFO_PFAM = UFO annotation of Pfam protein families, UFO_GO = UFO
annotation of gene ontologies).

Additional file 8: List of neurotransmitter, peptide and hormone
receptor sequence candidates. Complete complement of Smed454
dataset contigs and singletons showing homology to neurotransmitter
and hormone receptors, totalling 287 sequences. (Header: ID = Smed454
sequence identifier, BLASTX HIT = Description of the best sequence hit,
ACCESSION NUMBER = Sequence identifier of the best sequence hit, E-
VALUE = BLASTX e-value for that sequence hit).

Additional file 9: List of eye-related gene sequence candidates.
Complete complement of Smed454 dataset contigs and singletons
showing homology to eye-related genes, totalling 95 sequences. (Header:
ID = Smed454 sequence identifier, BLASTX HIT = Description of the best
sequence hit, ACCESSION NUMBER = Sequence identifier of the best
sequence hit, E-VALUE = BLASTX e-value for that sequence hit).

Abbreviations

bp: base pairs (nucleotide length unit); EST: Expressed Sequence Tag; GC%:
percent of guanine+cytosine sequence content; HSP: High-scoring Segment
Pair; GO: Gene Ontology; WUSL: Washington University in St Louis; TM:
transmembrane; RDGN: retinal determination gene network; Gy: gray.
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Resumen

Aproximacion mediante Digital Gene Expression
sobre miiltiples conjuntos de RNA-Seq para
detectar cambios transcripcionales en Schmidtea
mediterranea

En este articulo se realizé un analisis de expresién transcripcional de las células
madre de la planaria Schmidtea mediterranea, los neoblastos, con la ayuda de las
tecnologias de secuenciacién high-throughput para RNA.

La tecnologia de Digital Gene Expression (DGE) permitié comparar los perfiles
de expresion de los neoblastos con el de células diferenciadas para extraer aquellos
transcritos caracteristicos de estas células madre adultas.

Se presentan 42 nuevos genes de neoblasto, incluyendo varios factores de trans-
cripciéon y genes relacionados con cancer, y se analizan en profundidad el gen Smed-
meis-like y tres subunidades del Factor Nuclear Y: Smed-nf-YA, Smed-nf-YB-2 y
Smed-nf-YC.

Esta aproximacién permite concluir que los neoblastos son un poblacién compleja
de células pluripotentes y multipotentes reguladas tanto por factores de transcripcién
como por genes relacionados con cancer.
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Abstract

adult stem cells and regeneration.

of studies is still lacking.

community of researchers.

Background: The freshwater planarian Schmidtea mediterranea is recognised as a valuable model for research into

With the advent of the high-throughput sequencing technologies, it has become feasible to undertake detailed
transcriptional analysis of its unique stem cell population, the neoblasts. Nonetheless, a reliable reference for this type

Results: Taking advantage of digital gene expression (DGE) sequencing technology we compare all the available
transcriptomes for S. mediterranea and improve their annotation. These results are accessible via web for the

Using the quantitative nature of DGE, we describe the transcriptional profile of neoblasts and present 42 new neoblast
genes, including several cancer-related genes and transcription factors. Furthermore, we describe in detail the
Smed-meis-like gene and the three Nuclear Factor Y subunits Smed-nf-YA, Smed-nf-YB-2 and Smed-nf-YC.

Conclusions: DGE is a valuable tool for gene discovery, quantification and annotation. The application of DGE in S.
mediterranea confirms the planarian stem cells or neoblasts as a complex population of pluripotent and multipotent
cells requlated by a mixture of transcription factors and cancer-related genes.

Keywords: Planaria, Neoblast, Stem cell, Transcriptome, Transcription factor

Background

During the last decade, there has been increasing interest
in the use of Schmidtea mediterranea as a model organism
for the study of stem cells. These freshwater planari-
ans contain a population of adult stem cells known as
neoblasts, which are essential for normal cell renewal
during homeostasis and which confers them with amaz-
ing regeneration capabilities [1-4]. Although a number of
studies based on massive RNA interference (RNAi) [5],
gene inhibition [6], microarray [7], and proteomics [8,9]
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approaches have been carried out to identify the crucial
neoblast genes responsible for their stemness, our under-
standing of their biology is far from complete. The use
of next generation sequencing (NGS) technologies pro-
vides an opportunity to study these cells in depth at a
transcriptional level. For that to be accomplished, how-
ever, a reliable transcriptome and genome references are
required. Up to eight versions of the transcriptome for
this organism have been published to date, making use
of different RNA-Seq technologies [10-16], including one
meta-assembly which slightly improves each one sepa-
rately [17]. Despite all these efforts, a consistent reference
transcriptome is still lacking.

Some studies have provided quantitative data on
transcripts and their respective assemblies, focusing

© 2015 Rodriguez-Esteban et al,; licensee BioMed Central. This is an Open Access article distributed under the terms of the
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on regeneration [13,17,18] or directly on neoblasts
[11,14,15,19]. However, RNA-Seq suffers from an intrinsic
bias that affects the quantification of transcript expres-
sion in a length-dependent manner. This bias is indepen-
dent of the sequencing platform and cannot be avoided
nor removed by increasing the sequencing coverage or
the length of the reads. Furthermore, it cannot be cor-
rected a posteriori during the statistical analysis (by tran-
script length normalization, for instance). Consequently,
the quantification of the transcripts and the detection
of differentially expressed genes is compromised [20-22].
Digital gene expression (DGE) [23] is a sequence-based
approach for gene expression analyses, that generates a
digital output at an unparalleled level of sensitivity [22,24].
The output is highly correlated with gPCR [25-27] and
does not suffer from sequence-length bias. The combi-
nation of DGE and RNA-Seq data has been shown to
help overcome the specific limitations of RNA-Seq [28],
and the usefulness of DGE has been thoroughly demon-
strated in research ranging from humans [26,29] to non-
model organisms [22,24]. However, to date, DGE has not
been extensively applied to the study of the planarian
transcriptome.

Here, we have compiled and analyzed all the transcrip-
tomic and genomic data available for S. mediterranea
using DGE. This has facilitated an improved annotation
and provided tools to ease the comparison and brows-
ing of all the information available for the planarian
community.

We have taken advantage of the resolution of DGE to
quantitatively characterize isolated populations of pro-
liferating neoblasts, their progeny, and differentiated
cells through fluorescence-activated cell sorting (FACS)
[30,31]. The resulting changes in transcription levels
were analyzed to obtain transcript candidates for which
an extensive experimental validation was performed.
This has yielded new neoblast-specific genes, including
many transcription factors and cancer-related homolo-
gous genes, confirming the validity of our strategy and
the utility of the tools that we have implemented. More-
over, we provide a deeper molecular description of four
of those candidates, the Smed-meis-like, and the three
subunits of the Nuclear Factor Y (NF-Y) complex Smed-
nf-YA, Smed-nf-YB-2, and Smed-nf-Y-C. Both families of
genes are attractive candidates to be studied in planaria.
The Meis family of transcription factors specify anterior
cell fate and axial patterning [32], whereas the NF-Y com-
plex is a heterotrimeric transcription factor that promotes
chromatin opening and is involved in the regulation of a
wide number of early developmental genes [33].

Results and discussion
Three DGE libraries were obtained from FACS-isolated
cell populations X1 (proliferating stem cells, S/G2/M), X2
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(a mix of stem cell progeny and proliferating, G0/G1), and
Xin (differentiated cells, GO/G1) [30] (Additional file 1).
8,298,210 total reads were sequenced (X1: 3,641,099; X2:
3,488,712; Xin: 1,168,399), representing 98,156 distinct
tags (X1: 70,849; X2: 24,621; Xin: 25,221), with an aver-
age of 84.5 reads per tag (X1: 51.4; X2: 141.7; Xin: 46.3).
The distribution of the tags in each cell population can
be observed in Additional file 2A. DGE is reported to
achieve near saturation in genes detected after 6-8 mil-
lion tags [22]. Furthermore, for moderately to very highly
expressed genes (>2 cpm) it occurs with three or even just
two million tags [22,34]. Figure 1 shows that saturation
was reached at around two million tags for most of the
data sets which the distinct tags were mapped to, although
the slope for the total number of distinct tags decreases
without saturating. It is worth noting that all the reference
transcriptome sets performed similarly, achieving a max-
imum near 20,000 mapped tags. However, when looking
at how many distinct tags map to any of those transcrip-
tomes, about 5,000 tags appear not to be shared among all
of them (see the “All mapped” and the “All distinct” data
series on Figure 1, and further details on mapping below).

A critical point in this kind of experiment has to do
with the number of times a tag has to be seen so that it
can be considered reliable. Discarding too many tags in an
attempt to increase reliability will result in a loss of infor-
mation whereas keeping all of them may generate back-
ground noise. To estimate the specificity of our tags and
to establish an optimal cutoff for the minimum number
of counts a tag should have in order not to be considered
artefactual, we performed a series of simulations mapping
iteratively randomized sets of our data. The results are
summarized in Additional file 3 for the different cutoffs
tested (1, 5, 10, 15 and 20 minimum occurrences of tags).
For cutoffs higher than five there is no substantial gain
in terms of specificity (the number of hits decreases less
than one order of magnitude). Thus, we defined reliable
tags as those sequenced five times or more and discarded
the rest. Thereafter, for the subsequent computational and
experimental analyses, only those tags occurring at least
five times were considered. From the initial set of 98,156
distinct tags, 40,670 passed that cutoff (Additional file 2B).

The low technical variability of DGE and its high
reproducibility, together with the digital quantification of
transcripts, enables direct comparison of samples across
different experiments, even from different laboratories
[21,22,24-26,29,35]. That property allowed us to contrast
our results with those from Galloni [36], who used DGE
to identify neoblast genes by comparing irradiated ver-
sus control animals over the same strain of clonal S
mediterranea. A Venn diagram showing the similarity of
the strategies can be seen in Additional file 4. From the
total distinct tags, 31.38% (30,806 out of 98,156) were
sequenced 10 times or more in our study, compared with
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Figure 1 Saturation plot for the distinct tags mapped over each reference data set. Tag sequences were randomly taken to build, by steps of 200,000
tags, increasing-size libraries that were then mapped against the reference data sets. Saturation is reached for libraries around two million tags.

just 11,28% (42,159 out of 373,532) in the irradiation
strategy, indicating a greater representation of each tag.
This suggests, as expected, that the cell-sorting approach
has higher specificity. In addition, the strand-specific
nature of DGE allows the discrimination of sense and
antisense transcripts. Almost 30% of the transcripts suc-
cessfully identified also presented antisense transcription,
even though at lower levels than canonical transcription.
This confirms the findings of the aforementioned study in
planarians [36] and others [37], and shows that a large pro-
portion of the genome is transcribed from both strands of
the DNA. Although the purpose of these transcripts is still
open to debate, evidences point to a post-transcriptional
gene regulatory function [38].

Tag mapping to reference sequence data sets

An essential step in DGE is the recovery of the transcript
represented by each tag. The nature of the DGE method-
ology, which generates reads of only 21 nucleotides,
implies mapping short reads against a reference genome
or a collection of ESTs to retrieve full-length sequences
for the original transcripts. On the other hand, the short
length facilitates the fast mapping of the tags against
the reference sequence data set. To obtain the maxi-
mum number of transcripts, tags were mapped against
the 94,876 S. mediterranea ESTs from the NCBI dbEST
[39-42] and all the available transcriptomes (formally

those can also be considered as ESTs libraries). 26,822 tags
(65.95%) mapped over at least one set of ESTs/transcripts,
leaving a huge number (34.05%) unmapped.

In an attempt to recover tags that did not map over the
transcripts, tags were also mapped over the S. mediter-
ranea genome assembly draft AUVCO1 masked with the
S. mediterranea repeats [23,43-45] (Table 1 and Figure 2).
The overlap between transcriptomes was high. Although
in most cases sets of reads mapping over a single tran-
scriptome has a very low incidence, there were two cases
where one could find a relatively small number of tags
mapping to only one transcriptome: 327 tags (1.1%) for
Labbé et al. 2012; 208 tags (0.7%) for Rohuana et al.
2012; 3,231 tags (10.7%) remarkably mapping only over
the genome; and 26.1% of tags (10,617 out of 40,670)
not mapping at all. For tags sequenced 10 times or
more, the proportion of unmapped tags is similar: 20.5%
(6,327 out of 30,806) (Additional file 2B). Even allow-
ing up to two mismatches, 9.36% of the reads remain
not mappable to the genome. This is still an impor-
tant amount, considering that two mismatches is very
permissive (it represents almost a 10% of nucleotide
substitution in the read with respect to the reference
sequence).

These results indicate that there will be a significant
number of transcripts that are not represented yet nei-
ther in the current transcriptomic sets nor in the reference
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Table 1 Summary of mapped tags

Reference Mapped One match More than one match Orphan Contigs per tag
Abril et al. 2010 17,760 12,848 4,912 22910 1.616
Adamidi et al. 2011 21,364 18,024 3,340 19,306 1.282
Blythe et al. 2010 20,518 17,649 2,869 20,152 1.204
Kaoetal. 2013 23,477 15,791 7,686 17,193 1.444
Labbé et al. 2012 20,339 19,513 826 20,331 1.040
Resch etal. 2012 11,334 9,789 1,545 29,336 1.158
Rouhana et al. 2012 21,768 14,891 6,877 18,902 1.579
Sandmann et al. 2011 19,885 14,774 5111 20,785 1.407
ESTs 2014 14,482 3,650 10,832 26,188 5442
Genome AUVCO1 2014 25,328 19,019 6,309 15,342 1272

Counts for the tags mapping over the reference data sets depicted in Figure 2. Total (distinct) tags: 40,670; mapped tags: 30,053; orphan tags (tags not mapped): 10,617.

genome, despite their coverage depth [46-49], and may
correspond, for instance, to weakly expressed genes [50].
Mapping tags are expressed on average at 50.78 cpm,
while non-mapping tags only at 19.85 cpm. Nonetheless,
since transcriptomes currently available lack the com-
plete annotation of 3’-UTR regions and the DGE libraries
were made from the 3’-ends, reads that map to genomic
sequences but not to current transcripts may potentially
come from the 3’-UTR ends not yet sequenced. To eval-
uate this possibility, we have projected the transcriptome
from Kao et al. 2013 [17] over the genome and looked

for the proximity of the tags mapping next to the 3’-
end of the transcripts (Additional file 5). Downstream
sequenced DGE tags account for 4.12% of all the possi-
ble CATG targets. This small amount of sequenced tags
only mapping to the genome may correspond to poten-
tial novel unsequenced transcripts, alternative 3’-UTR
exons of splicing isoforms, misannotated or alternative
poly-adenylation sites, or even to non-coding RNAs not
represented yet in the present transcriptome sets. Future
RNA-Seq experiments may provide further sequence evi-
dences supporting transcripts for those tags.

Venn Stave of DGE Mapped Tags
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Figure 2 Venn stave showing the proportions of the distinct tags mapped over the different reference data sets. Integrating data for Venn

diagrams for sets larger than four or five can be a challenging task, so that, a linear projection of such a diagram is provided in the stave—showing
the 20 topmost scoring comparisons from 752 different subsets, accounting for 62.26% (18,710 out of 30,053) of total mappings—for ten reference
sequence sets: eight transcriptomes, the S. mediterranea ESTs from NCBI dbESTs [39-42], and the latest genome draft AUVCO1 [43,44]. Color gradient
scale is provided on the bottom bar and it is proportional to the number of unique tags mapped over each sequence subset. X-axis ticks present the
number of tags and their relative percent; the numbers on the right Y-axis correspond to the total number of tags mapped into a given sequence
sets comparison. It is easy to spot that 15% of the unique reads are mapping onto all the sequence sets.
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Functional annotation

8,903 contigs from Smed454_90e—Smed454 from
now on—[10] showing significant expression changes
(p < 0.001) were selected and, from those, 7,735 con-
tigs presented a hit to a Pfam domain model (Figure 3).
For those sequences having a significant hit to a known
domain/protein, gene ontology (GO) analysis was per-
formed in order to summarize changes on the biological
processes and molecular functions due to the observed
expression patterns of the enriched sets of transcripts.
Those transcripts were classified according to the cell
type in which they were mostly expressed, then their sig-
nificant GO annotations were clustered (also taking into
account their parent nodes in the ontology), to calculate
the terms abundance log-odds ratio. Comparison of GO
categories between transcripts predominantly expressed
in X1, X2 or Xin cell fractions revealed significant pat-
terns of enrichment as indicated in Additional file 6 (see
also the “Transcriptomes” tables available from the web
site—planarian.bio.ub.edu/SmedDGE—for specific GO
terms assigned to each transcript).

The GO comparison between the neoblast population
(X1) and the differentiated cells (Xin) reflects dis-
tinct functional signatures: X1 is enriched in ubiquitin-
dependent protein catabolic process, nucleic acid binding,
RNA-binding, helicase activity, ATP binding, transla-
tion, and nucleosome assembly; Xin most represented
categories include actin binding, actin cytoskeleton orga-
nization, small GTPase mediated signal transduction, pro-
teolysis, and calcium ion binding; whereas in X2, markers
of secretory activity such as vacuolar transport are more
abundant.

Browsing data

All tag mappings over the different transcriptome ver-
sions are available in the form of dynamic tables from
our web site (planarian.bio.ub.edu/SmedDGE, Figure 4A).
The relationship between Smed454, along with their
domains and functional annotation, with the other refer-
ence transcriptomes described in this manuscript can be
browsed on a subset of those tables. In order to estab-
lish the correspondence between the transcriptomes, a
megablast—NCBI BLAST+ 2.2.29 [51]—was performed,
filtering the resulting hits afterwards by three levels of
coverage (90%, 95% and 98%). Although the focus is set
on Smed454, the user can reorder those tables by columns
containing identifiers for other transcriptome versions or
she can choose to jump to the transcriptome version
specific summary table.

Moreover, the Smed454 contig browser [10,52]
has been revamped into a more flexible interface based
on GBrowse2 (planarian.bio.ub.edu/gbrowse/smed454_
transcriptome). One can find there different types of
annotation tracks: reads coverage, homology to known
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genes/proteins, hits to Pfam domains, and also the infor-
mation of the tags mapped over the sequence. One
track-specific GBrowse2 Perl module was modified to
display DGE tags data, such as the sequence, counts and
rank position. Further customization of the GBrowse2
configuration facilitates the access to most of that infor-
mation in the form of pop-up summary boxes, but also by
means of additional “Details” page (see yellow panel on
the right side of Figure 4B).

This browser has been developed under the principle of
easy accessibility, in the hope that it will become a use-
ful and informative user friendly tool for experimental
researchers in their daily work.

Experimental validation

The validity of our approach is corroborated by the
expression levels detected in 40 already known and well-
characterized neoblast genes (Table 2), plus another 29
genes described in the literature with evidence of also
being neoblast related (Table 3). As can be observed in
Figure 5, both sets of genes show the expected expression
pattern along the vertical right hyperbola, indicating a
clear X1 specificity, with two exceptions overrepresented
in X2: Smed-nlk-1 and Smed-prog-1, which is described
to be found in postmitotic cells [53]. Smed-dlx and Smed-
sp6-9 are key genes in eye formation [54]; despite their
localized activation, DGE was sensitive enough to identify
both of them predominantly in the X1 subfraction. More-
over, we could detect expression of genes such as Smed-
smg-1—which is described as broadly expressed through
all tissues, including neoblasts [55]—in both neoblasts and
differentiated cells. Finally, 133 clones from two different
studies [6,56] focussing on regeneration, stemness and tis-
sue homeostasis are, indeed, significantly overexpressed
in neoblasts (Additional file 7).

Based on their X1/Xin expression ratio, we selected
a collection of potential new neoblast genes among the
most represented in the X1 population. With the cho-
sen candidates we performed expression pattern analysis
by whole mount in situ hybridization (WISH) in irra-
diated animals. At different times after irradiation, as
the neoblasts and its progeny decline, the hybridization
signal disappears [57]. The expression of 42 out
of 47 genes tested was diminished or completely
lost in irradiated animals (Table 4 and Additional
file 8).

Although neoblasts are essential also during homeosta-
sis for normal cell renewal, the phenotype becomes more
evident during regeneration. Functional analyses were
therefore carried out by RNAIi followed by head and tail
amputation in order to visualize defects in the regener-
ating process. From the 42 genes whose expression was
affected by irradiation, 24 showed a phenotype after RNAi
(Additional file 9), most of them preventing a successful
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Figure 3 Predicted functional domains for several of the selected transcript candidates. Functional domains annotation based on Pfam hidden
Markov models. Legend box shows a classification of the domain hits based on its match to complete domain model; the boxes height is
proportional to the E-value score provided for each match. Significant matches were considered for HMMER [117] E-value < 0.001; however,
low-significance matches are also shown, as well as hits to Pfam-B models produced by automated alignment protocols. Further annotation over
Smed454 transcripts is already available at the GBrowse2 URL planarian.bio.ub.edu/gbrowse/smed454_transcriptome; an example can also be
found on Figure 4.
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Figure 4 Online data sets and DGE data on Smed454 GBrowse2. A - To facilitate browsing of mapped tags over the transcripts we have worked
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the output table by a given column—ijust by clicking on the column label—or to search for specific values on the cells—using either the form box
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Table 2 Neoblast genes

Gene X1 X2 Xin p-val X1-Xin p-val X2-Xin Accession PubMed

Smed-bruli 212.57 122.68 0 2.20e-062 1.58e-035 DQ344977 16890156
Smed-chd4 159.84 1834 13.69 5.91e-032 1.10e-001 GU980571 20223763
Smed-coe 10.16 0 0 9.77e-004 1 KF487109 25356635
Smed-cycD 18.95 0 0 1.91e-006 1 JX967267 23123964
Smed-dlx 522 0 0 3.12e-002 1 JN983829 21852957
Smed-e2f4-1 141.72 23.50 29.96 6.24e-018 7.79e-002 JX967265 23123964
Smed-egfr-3 19.50 0.57 0 1.91e-006 5.00e-001 HM777016 21458439
Smed-egr-1 510.01 37.26 153.20 9.16e-045 3.06e-017 JF914965 21846378
Smed-foxA 15.65 0 0 1.53e-005 1 JX010556 24737865
Smed-hdac-1 1086.49 0 60.77 4.19e-122 4.34e-019 JX967266 23123964
Smed-hnf4 30.21 831 8.56 3.85e-004 1.85e-001 JF802199 21566185
Smed-hsp60 11343 10.32 33.38 8.64e-011 2.18e-004 GU591874 21356107
Smed-hsp70 326.28 0 11.13 3.98e-081 4.88e-004 GU591875 21356107
Smed-jnk 87.61 1347 11.98 8.29e-016 1.55e-001 KC879720 24922054
Smed-Ist8 43.12 143 0 1.14e-013 5.00e-001 JN815261 22479207
Smed-msh2 57.13 2.58 0 6.94e-018 1.25e-001 JF511467 21747960
Smed-nanos 39.27 1.15 0 1.82e-012 5.00e-001 EF153633 17390146
Smed-ncoas 48.34 30.38 0 1.46e-011 5.96e-008 KF668097 24268775
Smed-nf-YB 11.26 2.58 0 4.88e-004 1.25e-001 HM100653 20844018
Smed-p53 522 573 0 3.12e-002 1.56e-002 AY068713 12421706
Smed-papbc 46.96 0 0 7.11e-015 1 HM100651 20844018
Smed-pbx 226.03 38.12 19.69 1.17e-044 6.41e-003 KC353351 23318635
Smed-pcna 728.63 24.08 0 3.51e-217 5.96e-008 EU856391 18786419
Smed-prmt5 43.67 0.57 0 5.68e-014 5.00e-001 JQ035529 22318224
Smed-prog-1 1.92 389.54 37.66 7.09e-010 7.42e-074 JX122762 18786419
Smed-runt-1 1648 0 0 1.53e-005 1 JF720854 21846378
Smed-sd-1 14.28 0.57 0 6.10e-005 5.00e-001 KF990481 24523458
Smed-sd-2 4.67 0 0 3.12e-002 1 KF990482 24523458
Smed-smB 461.12 0 29.96 1.72e-099 9.31e-010 GU562964 20215344
Smed-smg-1 72.78 1147 26.53 1.51e-006 4.38e-003 JF894292 22479207
Smed-soxP-1 15.11 3.15 0 3.05e-005 1.25e-001 JQ425151 22385657
Smed-sp6-9 38.72 0.57 0 1.82e-012 5.00e-001 JN983830 21852957
Smed-srf 4037 0.29 16.26 5.78e-004 1.53e-005 JX010474 22549959
Smed-tert 19.22 0 0 1.91e-006 1 JF693290 22371573
Smed-tor 31.86 0 10.27 3.35e-004 9.77e-004 JF894291 22479207
Smed-vasa-1 1209.52 2293 2225 3.3%-162 1.17e-001 JQ425140 22385657
Smed-wi-1 644.59 1347 0 6.01e-192 1.22e-004 DQ186985 16311336
Smed-wi-2 724.78 5045 26.53 141e-176 2.90e-003 DQ186986 16311336
Smed-wi-3 43393 76.82 21.40 9.76e-101 4.01e-009 EU586258 18456843
Smed-xin-11 26.64 0 0 7.45e-009 1 DQ851133 17670787

X1, X2 and Xin DGE expression levels of already known and deeply characterized neoblast genes.



Rodriguez-Esteban et al. BMC Genomics (2015) 16:361 Page 9 of 23
Table 3 Likely neoblast genes

Gene X1 X2 Xin p-val X1-Xin p-val X2-Xin Accession PubMed
Smed-armcl 20.60 2.01 0 4.77e-007 2.50e-001 JQ425158 22385657
Smed-ash2 17.58 0.86 0 3.81e-006 5.00e-001 KC262336 23235145
Smed-cpsf3 19.77 0 0 9.54e-007 1 KJ573358 24737865
Smed-da 1346 0 0 1.22e-004 1 KF487093 24173799
Smed-eed-1 42.02 0 0 2.27e-013 1 JQ425136 22385657
Smed-ezh 31.03 2.01 0 4.66e-010 2.50e-001 JQ425137 22385657
Smed-fer3I-1 12.36 1.15 0 2.44e-004 5.00e-001 KF487094 24173799
Smed-fhl-1 158.19 8.31 23.11 2.79e-025 3.67e-003 JQ425148 22385657
Smed-hcf1 20.60 0 0 4.77e-007 1 KC262343 23235145
Smed-hesl-3 26.09 0.57 0 1.49e-008 5.00e-001 KF487112 24173799
Smed-junl-1 173.30 4.59 0 1.97e-050 3.12e-002 JQ425155 22385657
Smed-khd-1 29.94 4.87 8.56 3.85e-004 1.22e-001 10425142 22385657
Smed-mcm7 351.82 24.08 0 522e-104 5.96e-008 KJ573361 24737865
Smed-mll5-2 97.50 1548 3252 7.09e-008 3.88e-003 KC262344 23235145
Smed-mrg-1 53.28 344 0 1.11e-016 1.25e-001 10425133 22385657
Smed-nlk-1 0 30.10 0 1 9.31e-010 JQ425157 22385657
Smed-nsd-1 13540 8.03 0 4.23e-039 3.91e-003 10425134 22385657
Smed-pabp?2 191.98 2.58 8.56 2.84e-045 5.37e-002 KJ573359 24737865
Smed-rbbp4-1 121.67 0 0 3.13e-035 1 JQ425135 22385657
Smed-sae2 19.77 6.02 0 9.54e-007 1.56e-002 KJ573350 24737865
Smed-setd8-1 10.99 0.57 0 4.88e-004 5.00e-001 JQ425139 22385657
Smed-soxP-2 37.63 4.01 0 3.64e-012 6.25e-002 10425152 22385657
Smed-soxP-3 14.01 14.62 0 6.10e-005 3.05e-005 JQ425153 22385657
Smed-sz12-1 76.90 0 0 6.62e-024 1 JQ425138 22385657
Smed-tcf15 4751 16.05 0 3.55e-015 1.53e-005 JQ425150 22385657
Smed-vasa-2 491.06 184.02 55.63 6.25e-087 2.39%e-016 JQ425141 22385657
Smed-wdr82-2 195.55 16.63 0 2.66e-057 7.63e-006 KC262342 23235145
Smed-zmym-1 180.99 6.31 0 8.05e-053 1.56e-002 10425146 22385657
Smed-znf207-1 44.77 3.73 0 2.84e-014 6.25e-002 JQ425147 22385657

X1, X2 and Xin DGE expression levels of genes described in the literature with some evidences of being neoblast genes.

regeneration and leading to the death of the animals, the
usual phenotype for neoblast genes [58,59].

New neoblast genes

Interestingly, several of the new genes identified as
neoblast genes correspond to transcription factors,
which are key elements implicated in cell fate deci-
sions. Furthermore, many are also homologous to cancer
related genes. We briefly describe those that pro-
duce planarian regeneration impairment after RNAI
(Additional file 9). The inhibition of six of them pro-
duce a reduced blastema with defective head and
eyes. Smed-atf6A, is a cyclic AMP-dependent transcrip-
tion factor, which interacts with the Nuclear Tran-
scription Factor Y (NF-Y) complex (further analyzed

later). Smed-ccarl, is a perinuclear phospho-protein
that functions as a p53 coactivator modulating apoptosis
and cell cycle arrest [60]. Smed-hnrnpA1/A2B1, a compo-
nent of the ribonucleosome, is involved in the packaging
of pre-mRNA into hnRNP particles in embryonic inverte-
brate development [61] and in stem cells [62]. Smed-srrt,
modulates arsenic sensitivity, a carcinogenic compound
that inhibits DNA repair [63]. Smed-med7 and Smed-
med27 belong to a mediator complex essential for the
assembly of general transcription factors. Smed-ranbp2
is a member of the nuclear pore complex and is impli-
cated in nuclear protein import. Within the same family,
Smed-nup50 shows also a stronger phenotype. The knock-
down of the other 14 genes prevents the formation of the
blastema completely. Smed-gtf2E1 and Smed-gtf2F1, are
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Figure 5 Splashplot projection of the X1/X2 versus Xin expression changes. X-axis represents tags fold change of X1 with respect to Xin, while
Y-axis corresponds to fold change differences between X2 and Xin. Fold change is here calculated as the log base 2 of absolute value of difference
between X1, or X2, and Xin, while the direction of the change will be given by the sign of that subtraction. Each of the figure quadrants provide
insights on tags expression considering the three cell fractions simultaneously. Upper right quadrant contain tags being overexpressed in both X1
and X2 with respect to Xin; bottom left quadrant has those tags overexpressed in Xin versus the other two fractions. Points over the X-axis or Y-axis
correspond to tags for which expression levels change only in one cell fraction, X1 or X2, with respect to Xin. The shift trend on most points towards
the right vertical hyperbola reflects a higher expression level in X1 when compared to X2 or Xin (otherwise points will fit closer to both diagonals).

components of the general transcription factors IIE and
IIE. Smed-ncapD?2 is necessary for the chromosome con-
densation during mitosis [64]. Smed-pesl, is required in
zebrafish for embryonic stem cell proliferation [65]. Smed-
rackl, is an intracellular adaptor of the protein kinase C in
a variety of signaling processes. Smed-1in9, is related to the

retinoblastoma pathway interacting with Retinoblastoma
1, which is required for cell cycle progression [66]. All six
different retinoblastoma binding proteins produce a non-
blastema phenotype. The retinoblastoma pathway has
been described to regulate stem cell proliferation in pla-
narians [67] and some of its genes are already identified.



Table 4 New neoblast genes experimentally validated

Gene X1 X2 Xin p-val X1-Xin p-val X2-Xin TR TF ED cC oG Accession PubMed
Smed-atf6A (Smed-atfl1) 12.36 0.57 0 2.44e-004 5.00e-001 . . JX010554 22549959
Smed-ccarl 184.01 79.11 0 1.02e-053 1.65e-024 . . . . KM981922

Smed-dnaJA3 133.75 2694 10.27 2.65e-028 2.53e-003 . . KM981923

Smed-ergic3 66.74 4.87 0 6.78e-021 3.12e-002 . KM981924

Smed-got2 || Smed-maspat 106.29 7.7 0.86 1.78e-030 3.12e-002 . KM981925

Smed-gtf2E1 36.25 1491 0 1.46e-011 3.05e-005 . . KM981926

Smed-gtf2F1 25.54 0 0 1.49e-008 1 . . KM981927

Smed-hadhB 153.80 12.33 1.71 4.86e-043 5.55e-003 . KM981928
Smed-hnmpA1/A2B1 34193 13.76 2140 3.70e-075 6.75e-002 . KM981929

Smed-leol (NBE.6.06A) 37736 26.66 5.14 3.79e-104 4.69e-005 . . . AY967650 15866156
Smed-lin9 47.51 13.76 257 9.25e-012 5.19e-003 . . . KM981930

Smed-maf 19.50 745 0 1.91e-006 7.81e-003 . . . KM981931

Smed-med7 162.86 11.18 7.70 3.59e-038 1.44e-001 . KM981932

Smed-med27 72.51 1491 5.14 6.99e-017 1.48e-002 . KM981933

Smed-meis-like 10.99 0 0 4.88e-004 1 . . . . KM981934

Smed-mix 160.12 0 40.23 1.81e-017 9.09e-013 . . . KM981935

Smed-ncapD2 84.86 0 0.86 1.11e-024 5.00e-001 . KM981936

Smed-nfx1 || Smed-stc 28.29 0.57 0 3.73e-009 5.00e-001 . . . KM981937

Smed-nf-YA 31.31 1.15 257 3.48e-007 2.50e-001 . . . . . KM981938

Smed-nf-YB-2 17.03 0 0 7.63e-006 1 . . . . . KM981939

Smed-nf-YC 589.38 97.74 14293 4.54e-064 1.46e-002 . . . . . KM981940

Smed-nmel || Smed-nm23H1 603.39 45.00 129.24 4.69e-073 6.54e-010 . . KM981941

Smed-nup50 4532 8.89 0.86 6.54e-013 9.77e-003 . KM981942

Smed-pes1 (Smed-pescadillo-1) 22823 46.15 18.83 545e-046 3.34e-004 . . . JX010566 22549959
Smed-rack1 115.90 30.10 0 191e-033 9.31e-010 . . . KM981943

Smed-ranbp?2 || Smed-nup358 4532 0.86 0.86 6.54e-013 5.00e-001 . KM981944

Smed-rbbp4-2 (Smed-rbbp-1) 100.24 0 0 1.08e-028 1 . . JX010613 22549959
Smed-rbbp4-3 (NBE.6.02C) 254.04 27.52 17.97 7.94e-054 4.01e-002 . . AY967644 15866156
Smed-rbbp4-4 56.30 6.02 0 1.39e-017 1.56e-002 . . . KM981945

Smed-rbbp5 43.94 0.57 428 6.91e-010 1.56e-001 . . . KM981946

Smed-rbbp6 64.27 11.18 0 542e-020 4.88e-004 . KM981947

Smed-riM2B (Smed-rnr2-2) 82640 745 13.69 1.07e-111 5.54e-002 . . JX010501 22549959
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Table 4 New neoblast genes experimentally validated (Continued)

Smed-serinc 1291
Smed-set 936.53
Smed-srrt || Smed-ars2 249.10
Smed-thoc2 184.01
Smed-tif1A 63.99
Smed-traf-4 258.16
Smed-traf-5 4724
Smed-tsg101 (NBE.2.10C) 319.13
Smed-tsscl 4861
Smed-tusc3 330

0.29

0
3554
9.75
573
31.82
15.19
164.82
0

0

0
6333
0

1.71
11.13

141.22
8.56
0

1.22E-004
1.70e-100
3.75e-073
6.45e-052
1.30e-010
7.59e-076
7.11e-015
442e-016
3.69e-008
1.25e-001

1

1.08e-019
1.46e-011
1.61e-002
9.44e-002
2.33e-010
3.05e-005
3.90e-001
1.95e-003
1

KM981948
KM981949
KM981950
KM981951
KM981952
KM981953
KM981954
AY967577

KM981955
KM981956

15866156

For those genes whose sequence had already been annotated in S. mediterranea—although only a slight or no experimental characterization at all had been carried out with them—former gene name is in parentheses and
Pubmed identifier of the original publication is provided. When a gene was traditionally known by a different name from the recommended (see Gene nomenclature section in Methods), a synonym name is shown
separated by a double bar. Transcription regulators (TR) modulate gene expression. Transcription factors (TF), in addition, posses specific DNA binding domains. Genes involved in embryogenesis/development (ED) and

control of cell cycle (CC) are also noted. Oncogenes (OG) have a human homolog related to oncogenesis. Predicted functional domains for several of the selected transcript candidates are visualized in Figure 3.
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Despite that, most of them are yet to be analyzed. Finally,
Smed-rrM2B, is a subunit of the ribonucleotide reductase
(RNR) complex required for DNA repair [68]. Details on
these genes as well as the rest of the genes tested from the
X1 population can be examined in the Additional file 10.

The four remaining genes presenting an aberrant phe-
notype during regeneration when inhibited by RNAi are
described in detail in the following two sections: the
Smed-meis-like, a new member of the Meis family, and the
three components of the Nuclear Factor Y complex, all of
them found to be overexpressed in neoblasts.

Smed-meis-like

Smed-meis-like is a member of the TALE-class homeobox
family, similar to Meis genes, which was found to be over-
expressed in the X1 subpopulation. This gene family is
characterized by the presence of a homeobox domain with
three extra amino acids between helices 1 and 2 [69]. Some
of its members can act as cofactors for Hox genes [32]. In
S. mediterranea, other members of the family have been
described: Smed-prep [70], Smed-meis [54] and Smed-pbx
[71,72].

WISH on intact animals shows that it is expressed in
the cephalic ganglia, the pharynx, the tip of the head,
and the parenchyma (Figure 6A). The downregulation
observed three days after irradiation suggests that the
parenchyma-associated expression is related to neoblasts
and early postmitotic cells. To corroborate this, a dou-
ble fluorescence in situ hybridization (FISH) together
with the neoblast marker Smed-h2b [59] has been car-
ried out (Figure 6B and Additional file 11A). Confocal
microscopy shows colocalization of both genes in some
cells, which confirms the expression of Smed-meis-like in
neoblasts and, thus, the DGE results. Nevertheless, not
all Smed-meis-like positive cells are expressing Smed-h2b,
reinforcing the idea that Smed-meis-like is not exclusive of
neoblasts.

Knockdown of Smed-meis-like through RNAi produced
a diverse range of anterior regeneration phenotypes
(Figure 6C), which can be explained by a different pene-
trance. The mildest phenotype produced a squared head
with elongated and disorganized eyes. This phenotype
was also clearly visible with fluorescence in situ hybridiza-
tion (FISH) against Smed-opsin [5] and Smed-tph [73],
which label the photoreceptor and the pigment cells of the
eye (Figure 6D). In an intermediate phenotype, cyclopic
animals are obtained, whereas in the strongest one there
is no anterior blastema formation. This range of phe-
notypes can also be observed with the marker of brain
branches Smed-gpas [74], which shows a gradual reduc-
tion of brain regeneration after Smed-meis-like inhibition.
These results are also confirmed by the reduction of
the brain signal of the pan-neural marker «-SYNAPSIN
(Additional file 11B). Posterior regeneration was normal.
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In the strongest phenotype, there is also no expres-
sion of the anterior markers Smed-notum [75] and Smed-
sfrp-1 [76,77], and the marker of sensory-related cells
Smed-cintillo (Figure 6E) [78]. This indicates that Smed-
meis-like is necessary for anterior identity. In contrast,
expression of the posterior marker Smed-wnt-1 [77]
remains after Smed-meis-like inhibition. Thus, we can
conclude that Smed-meis-like is necessary for anterior, but
not for posterior regeneration.

Finally, immunohistochemistry against H3P (Figure 6F)
shows a slight—but significant—decrease in prolifera-
tion in the whole animal (133.845.22 mitosis/mm? in
n=9 controls versus 94.644.06 cells/mm? in n=9 Smed-
meis-like(RNAi), mean+s.e.m.). This decline in mitosis is
matched by the lack of progenitors of some anterior struc-
tures, indicating also defects in differentiation. Thus, eye
progenitor cells, which are labeled with Smed-ovo [54], are
not present in Smed-meis-like(RNAi) animals (Figure 6E).

The requirement for Smed-meis-like in anterior regen-
eration is similar to another member of the family, Smed-
prep [70]. This differential phenotype is also observed
after the inhibition of other genes, such as Smed-egr4 [79],
Smed-zicA [80,81] and Smed-FoxD [82]. The milder phe-
notype, showing elongated eyes, is similar to the effect
of Smed-meis(RNAi) [54], and also to the mild inhibition
of Smed-bmp4 [83]. Altogether, these results suggest that
Smed-meis-like is important for eye and anterior regen-
eration, similarly to other members of the TALE-class
homeobox family. However, given the lack of expression
of Smed-meis-like in the eyes, the abnormal eye forma-
tion could be a consequence of the anomalous brain
regeneration.

Nuclear Factor Y complex

The Nuclear Factor Y complex (NF-Y) is an important
transcription factor composed by three subunits (NF-YA,
NEF-YB and NF-YC), each one encoded by a different gene.
This heterotrimeric complex acts as both an activator
and a repressor, and it regulates other transcription fac-
tors, including several growth-related genes, through the
recognition of the consensus sequence CCAAT localized
in the promoter region [84-88]. In addition, it has been
reported that the NF-Y complex regulates the transcrip-
tion of many important genes like Hoxb4, y-globin, TGF-
beta receptor II, or the Major Histocompatibility Complex
class II and Sox gene families [89]. This large number of
interactions makes the NF-Y complex an important medi-
ator in a wide range of processes, from cell-cycle regula-
tion and apoptosis-induced proliferation to development
and several kinds of cancer [90].

In the sexual strain of S. mediterranea, an NF-YB is
necessary to maintain spermatogonial stem cells [91]. We
have isolated a different NF-YB subunit (NF-YB-2), and
also a member of the other two subunits (NF-YA and
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Figure 6 Smed-meis-like is essential for anterior regeneration. A - WISH reveals that Smed-meis-like is expressed in the cephalic ganglia, the pharynx,
the tip of the head (arrowhead) and the parenchyma, from where it is downregulated three days after irradiation. B - Double FISH of Smed-meis-like
together with the neoblast marker Smed-h2b, shows that Smed-meis-like is expressed in neoblasts (arrowheads) as well as in differentiated cells
(asterisk). DAPI labels the cell nuclei. See Additional file 11A for the separate channels of fluorescence. € - Smed-meis-like(RNAI) produce defects in
anterior regeneration, which range from an squared head with elongated eyes, cyclops, to complete loss of anterior regeneration. The marker of
brain branches Smed-gpas also shows this different penetrance. D - Double FISH with Smed-opsin and Smed-tph shows aberrant eyes in the less
severe phenotype. E - The anterior markers Smed-notum, Smed-sfrp1, Smed-cintillo, and the eye progenitor marker Smed-ovo disappear after
Smed-meis-like(RNAI), while the posterior marker Smed-wnt-1 remains. F - Quantification of mitotic cells by ¢-H3P immunohistochemistry in the whole
animal (p < 0.001, t-test). All the experiments are done on bipolar regenerating trunks, at 11 days of regeneration after three rounds of injection.
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NF-YC). WISH shows that the three genes are expressed
ubiquitously and in the cephalic ganglia (Figure 7A).
Moreover, the expression decrease one day after irradia-
tion indicating a linkage with stem cells, as described in
other organisms [92]. Double FISH of each NF-Y subunit
together with Smed-h2b confirms the expression of this
complex in neoblasts and also in some determined cells
(Figure 7B and Additional file 12A).

It has been suggested that each NF-Y component could
have a specific role [93]. Therefore, to better understand
the function of this complex, we knocked down each sub-
unit separately. Although the penetrance varies depending
on the subunit inhibited, the phenotype observed after
RNAi treatment is the same. In intact non-regenerating
animals, RNAi resulted in head regression, ventral curling
and, finally, death by lysis (data not shown), as described
for other neoblast-related genes [58,59]. After 11 days,
head and tail amputated animals failed to regenerate prop-
erly, with a smaller brain and fewer brain ramifications as
revealed by Smed-gpas (Figure 7C) and by «-SYNAPSIN
(Additional file 12B). Furthermore, we observe an increase
in the number of Smed-h2b* cells (Figure 7C,E), also
in the area in front of the eyes, where there should
not be undifferentiated neoblasts, even though mitosis
are reduced (Figure 7D). There is also a decrease in
the number of early postmitotic cells (Smed-nb.21.11¢e*)
(Figure 7C,E), whereas late postmitotic cells (Smed-agat-
1*) do not present significant differences (Figure 7E) [53].
These early progeny markers have recently been associ-
ated with epidermal renewal [94]. Hence, the accumu-
lation of neoblasts and the decrease of the subepider-
mal postmitotic population suggest a defect in the early
stages of the differentiation process affecting the epider-
mal linage. The neural lineage may also be compromised
according to the atrophied cephalic ganglia.

Conclusions

This work presents experimental validation of a collec-
tion of putative neoblast genes obtained from a DGE assay
on cell fractions. As clearly depicted in the splashplot for
the comparison of expression levels between X1, X2 and
Xin fractions (Figure 5 and Additional file 13A), there are
only a few transcripts specific to X2. The plot produced
with the data provided by Labbé [14] from their RNA-Seq
analysis on X1, X2 and Xin cell fractions for S. mediter-
ranea shows a similar pattern (Additional file 13B). More-
over, comparison among the three sets using Pearson and
Spearman correlations indicates that X1 and X2 are the
most correlated populations (Additional file 14). Follow-
ing these results, most of the transcripts expressed in X2
are also expressed in X1. Hence, X2 is a heterogeneous
population that cannot be transcriptionally differentiated
from X1 without a deeper discrimination method. In this
regard, the strategy recently applied by van Wolfswinkel
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and collaborators using the last sequencing technology
to obtain the transcriptome of individual cells [94], rep-
resents the most promising approach to deciphering the
heterogenity of the neoblast progeny.

Randomization simulations also illustrate the specificity
of the 21bp tags to detect real transcripts, corrobo-
rating previous estimations [29,46,48,49,95,96]. Further-
more, those results reinforce the assumption that most
of the non-mapping tags will correspond to real tran-
scripts [46-49], still lacking from reference data sets for
this species. Antisense transcription was also detected,
confirming previous reports [25,36,49]. Although further
analysis will be required to determine whether this could
explain a fraction of the “novel” tags, our primary focus
was to characterize the canonical protein-coding tran-
scripts. Due to the heterogeneity of this species genome,
we would expect some variability-both at sequence and
expression arising from individuals (the pool of animals
taken for the samples), and cells (as they do not come from
a cell culture). This could explain another fraction of tags
not mapping onto the reference transcriptomes. Conse-
quently, we were quite strict in the current manuscript to
look for exact tag matches, taking into account that one
or more mismatches represents a mappability issue even
for finished transcriptomes of the quality of human [97]
or Drosophila melanogaster [98].

DGE has proven to be reliable for transcript quantifi-
cation and new gene identification in planaria. In this
work, we have described a new member of the TALE-
class homeobox family, Smed-meis-like. Similar to other
members of this family, this gene seems to be involved
exclusively on anterior polarity determination during
regeneration. Given that the expression of this gene is
not restricted to neoblasts, its role can also be important
in committed cells. Our results with the NF-Y complex
suggest that the knockdown of this complex blocks early
differentiation of the epidermal and, probably, neural lin-
eages, both belonging to the ectodermal line, generating
a neoblast accumulation and deregulation. This effect has
been shown in other organisms such as Drosophila, in
which NF-Y knockout blocks differentiation of R7 neu-
rons through senseless [89,99]. The majority of the new
neoblast genes reported and validated in this study were
found to participate in cell proliferation, cell cycle regula-
tion, embryogenesis or development in other models, and
many of them are involved in processes related to can-
cer. The pathways participating in tumorigenic processes
and stem cell regulation are often the same, as has been
proposed previously for planarians [100]. These genes
are probably fundamental for stem cell maintenance and
the control of proliferation in organisms with the capac-
ity to regenerate [101], thus reinforcing the potential value
of S. mediterranea as an in vivo model for stem cell
research [102].
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Figure 7 Smed-nf-Y gene complex is required for the proper neoblast differentiation and localization. A - WISH shows that the three Smed-nf-Y
genes are expressed ubiquitously and in the cephalic ganglia, and one day after irradiation their expressions decrease. B - Double FISH of
Smed-nf-YA, Smed-nf-YB-2, and Smed-nf-YC together with the neoblast marker Smed-h2b shows colocalization with the NF-Y subunits (arrowheads),
demonstrating the expression of this complex in neoblasts as well as in differentiated cells (asterisk). DAPI labels the cell nuclei. See Additional

file 12A to check each channel of fluorescence separately. € - Smed-nf-Y(RNAI) animals regenerate thinner blastemas with non well formed eyes and
shape defects, and fail to differentiate a proper brain, with reduced cephalic ganglia as revealed with Smed-gpas. FISH with the neoblast marker
Smed-h2b shows an accumulation of neoblasts in the region in front of the eyes while the early progeny marker Smed-nb.21.11e reveals a decrease
of early postmitotic cells in Smed-nf-Y(RNAI) animals. D - Immunohistochemistry with the mitotic marker ¢-H3P shows a reduction in the number of
mitosis. E - Quantification with category markers indicate a significant increase of Smed-h2b* cells in Smed-nf-YB-2(RNAI) and Smed-nf-YC(RNAI)
animals and a significant decrease of nb.21.17e* cells in all of the RNAi animals, whereas Smed-agat-1* cells do not show significant changes

(p < 0.001, t-test). Counts are referred to the whole body. ph: pharynx. All the experiments are done on bipolar regenerating trunks, at 11 days of
regeneration after one round of injection.




Rodriguez-Esteban et al. BMC Genomics (2015) 16:361

Our DGE analysis pointed out a high resemblance
among all the transcriptomes available for S. mediter-
ranea. We have also shown the redundancy of the tran-
scriptomes currently available for S. mediterranea in
agreement with Kao [17], together with their incom-
pleteness under the light of the DGE data. Although
our results provide a comprehensive comparison among
them, it would be desirable to agree on a unique tran-
scriptome to be used by the whole community. To this
end, the PlanMine initiative [103] is attempting to obtain
consensus among the researchers on an appropriate ref-
erence. Nonetheless, the need for a completely sequenced
and well-annotated genome remains. The DGE strategy
can help in this endeavour, since short sequences can be
rapidly projected over the reference genome or the tran-
scriptome, even from different laboratories, in order to
improve their annotation [46]. Similarly, DGE allows the
data generated to be reassessed as many times as required,
as a more complete genome and transcriptome references
for this species become available. Hence, the quantitative
data provided here by DGE will prove useful in order
to recover and annotate more undescribed genes in the
future.

Methods

Animal samples

Planarians used in this study were from the asexual clonal
line of S. mediterranea BCN10. Animals were maintained
in artificial water and were starved at least seven days
prior to experimentation.

Cell dissociation, cell sorting and RNA extraction

To trigger neoblast proliferation and differentation, two
days head and tail regenerating animals were used for
the preparation of the libraries. Three animals per library
were used in order to obtain the required amount of
RNA. Cell dissociation and FACS were carried out as
described by Moritz [31] and Hayashi [30]. Briefly, after
cell staining with Calcein AM and Hoechst 33342 (Molec-
ular Probes, Life Technologies), one million cells were
separated for each population in a FACSAria sorter
(Becton Dickinson) at the Scientific and Technologi-
cal Centers of the University of Barcelona (CCiTUB)
cytometry facilities. A representative plot of the cell
populations after the sorting can be seen in Addi-
tional file 1A. Cells were directly collected in TRIzol
LS (Life Technologies) at 4°C and maintained in ice
to preserve RNA integrity. RNA extraction followed to
obtain 1ug of total RNA for each library. Quantifica-
tion of RNA was assessed with a Nanodrop ND-1000
spectrophotometer (Thermo Scientific) and quality check
was performed by capillary electrophoresis in an Agilent
2100 Bioanalyzer (Agilent Technologies) prior to library
preparation.
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DGE sequencing

Unlike RNA-Seq, this method only sequences a short read
of a fixed length, named tag, derived from a single site
proximal to the 3’-end of polyadenylated transcripts. This
short read is later used to identify the full transcript.
The number of times that the very same tag has been
sequenced—its number of occurrences—is proportional
to the abundance of the transcript which it belongs to.
Since it only counts one sequence per transcript, its abil-
ity to quantify is not affected by the transcript length. For
that reason, DGE is better suited for the detection of short
transcripts and low expressed genes when compared with
RNA-Seq [20-22].

Sequence tag preparation was done with Illumina’s DGE
Tag Profiling Kit according to the manufacturer’s proto-
col as described [104]. In short, the most relevant steps
included the incubation of 1ug of total RNA with oligo-dT
beads to capture the polyadenlyated RNA fraction fol-
lowed by cDNA synthesis. Then, samples were digested
with NlallI to retain a cDNA fragment from the most 3’
CATG proximal site to the poly(A)-tail. Subsequently, a
second digestion with Mmel was performed, which cuts
17 bp downstream of the CATG site, generating, thus, the
21 bp tags.

Cluster generation was performed after applying 4pM
of each sample to the individual lanes of the Illumina 1G
flowcell. After hybridization of the sequencing primer to
the single-stranded products, 18 cycles of base incorpo-
ration were carried out on the 1G analyzer according to
the manufacturer’s instructions. Image analysis and base
calling were performed using the Illumina pipeline, where
tag sequences were obtained after purity filtering. Gener-
ation of expression matrices, data annotation, filtering and
processing were performed by using the Biotag software
(SkuldTech, France) [104].

Raw sequencing data in FASTQ format as well as pro-
cessed tag sequences and their associated expressions
have been deposited at NCBI Gene Expression Omnibus
(GEO) [105] and are accessible through GEO Series acces-
sion number GSE51681 [106].

Comparison of expression data
Tag raw expression was normalized to counts per million
(cpm). The statistical value of DGE data comparisons, as
a function of tag counts, was calculated by assuming that
each tag has an equal chance to be detected, in fair agree-
ment with a binomial law. An internal algorithm allows
the comparison between different libraries and measures
the significance threshold for the observed variations and
p-value calculation (see Mathematical Appendix of Pique-
mal et al. 2002 [104]).

Different Perl [107] scripts were designed for the subse-
quent analyses. All of them are available from the web site
planarian.bio.ub.edu/SmedDGE.
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Tag mapping

A database with all the possible CATG + 17bp theoretical
tag sequences was constructed for each one of the refer-
ence data sets. Tags were compared to these databases to
identify all perfect matches and, when more than one tag
mapped over the same transcript, only the tag closer to the
3’-end was considered. For the genome reference, 2 mis-
matches were also considered for unmappable tags with
the SeqMap mapper [108,109].

In addition, tags were also mapped against a database
of 8,662,308 CDS and 5,189 genomic sequences from
bacteria directly downloaded from GenBank [110] repos-
itories to check sample contaminations. Only two tags
mapped on bacterial transcripts, confirming the purity of
our libraries.

For the 3’-UTR prediction, all 23,020 contigs of the
transcriptome from Kao et al. 2013 [17], were mapped
over the genome using Exonerate 2.2.0 [111] to charac-
terize the putative 3’-UTR ends (poly-A sites were not
predicted though). Apart from aligning the transcripts
to the genomic contigs, the strand for the longest ORF
contained was also considered to ensure proper tran-
script orientation. For each transcript, 1,000bp upstream
and downstream regions around the genomic coordinate
for the putative 3’-UTR ends found were considered to
retrieve DGE tags (noted as transcripts 3’-end relative
position in Additional file 5).

Libraries and reference sequence data sets randomization
Libraries and reference data sets were randomized using
Perl [107] scripts and the Inline::C library to generate anal-
ogous sets of random sequences. This method resembles
the original data sets in terms of size and nucleotide abun-
dance in comparison with other approximations which
generate virtual sequences based on mathematical distri-
butions [49]. 500 and 100 randomizations for each library
and data sets respectively were generated. Mapping was
performed using cutoffs of 1, 5, 10, 15 and 20 occurrences
(Additional file 3).

Browsing data sets
Mapped tags are also available from the web site through
a set of dynamic tables (Figure 4A). They were imple-
mented using the jQuery jqGrid-4.5.2 [112] library, an
Ajax-enabled JavaScript control to represent and manip-
ulate tabular data on the web. Those tables summarize
the tags along with their mappings on the different tran-
scriptomes publicly available (which were downloaded
from the locations cited at the respective papers [10-17]),
their correspondence with the Smed454 transcriptome,
and their annotation.

The transcriptome browser shown in Figure 4B was
initialized with the Smed454 [10] contigs using the
GBrowse2 engine [113]. The browser also includes
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high-scoring segment pairs (HSPs) from whole-
transcriptome BLAST searches performed over the
UniProt database [114] (NCBI BLAST+ 2.2.29 [51]
with default parameters), as well as the Pfam [115,116]
domains mapped by HMMER—with E-val=1 and domain
E-val=1—[117] on the six-frame translations for the con-
tigs sequences. DGE tag sequences—together with the
corresponding counts, normalized scores, their ranks,
etc.—were uploaded to the GBrowse2 MySQL database,
and they are shown in the browser using a customized
version of the Bio::Graphics::Glyph::xyplot module.

Functional annotation was projected from the UniProt
GO annotations over the homologous Smed454 con-
tig sequences. Two-tailed hypergeometric test, which
accounts for significant overrepresented (positive-tail) or
under-represented (negative-tail), was performed by com-
paring the set of GO assigned to transcriptome contigs
over-represented on each of the cell fractions against the
set of GO annotations for the whole set of contigs. Sig-
nificance threshold was set to p < 10 and the results
are summarized in Additional file 6 for the different cell
fraction sets.

Gene nomenclature
New genes were named following the nomenclature
proposed for S. mediterranea [118] based on their
BLASTx homology—NCBI BLAST+ 2.2.29 [51] with
default parameters against the UniProt database [114]—
to its human homologous gene according to the official
gene name approved by the HUGO Gene Nomenclature
Committee (HGNC) [119] whenever possible, and trying
to honor the names of other members of the family if they
were already stated for S. mediterranea. When no signifi-
cant homology for the corresponding gene was available,
its characteristic domain found at the Pfam site [115,116]
was used to identify it.

Gene sequences and primers used for cloning are
deposited at the GenBank [110] site—see Table 4 for the
accession numbers of the sequences.

Irradiation

For experimental protocols requiring irradiated animals,
irradiation was carried out at 75 Gy (1,66 Gy/minute) in a
X-ray cabinet MaxiShot 200 (Yxlon Int.) at the facilities of
the Scientific and Technological Centers of the University
of Barcelona (CCiTUB).

In situ hybridization

WISH was conducted for gene expression analysis, as
previously described [120,121]. Images from representa-
tive organisms of each experiment were captured with a
ProgRes C3 camera (Jenoptik) through a Leica MZ16F
stereomicroscope. Animals were fixed and hybridized at
the indicated time points.
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Fluorescence in situ hybridization

For double FISH animals were treated as described else-
where [122]. Confocal laser scanning microscopy was
performed with a Leica SP2.

Immunohistochemistry

Immunostaining was carried out as described previously
[123]. The following antibodies were used: «-SYNORE-
1, a monoclonal antibody specific for SYNAPSIN, which
was used as a pan-neural marker [124] (1:50; Devel-
opmental Studies Hybridoma Bank); and «-phospho-
histone H3 (H3P), which was used to detect mitotic cells
(1:500; Cell Signaling Technology). Alexa 488-conjugated
goat a-mouse (1:400) and Alexa 568-conjugated goat «-
rabbit (1:1000; Molecular Probes) were used as secondary
antibodies.

RNAi experiments

Double-stranded RNAs (dsRNA) were produced by in
vitro transcription (Roche) and injected into the gut of
the planarians as previously described [5]. Three aliquots
of 32 nl (400-800ng/ul) were injected on three consecu-
tive days with a Drummond Scientific Nanoject II injector.
Head and tail ablation pre- and post-pharyngeally fol-
lowed the fourth day. If no phenotype was observed after
two weeks, a second round of injection and amputation
was carried out in the same manner, unless otherwise
stated. Control organisms were injected with gfp dsRNA.

Availability of supporting data

All data sets are fully available without restriction. Yet rel-
evant data sets were already included within this article
and its additional files, further supporting material, as well
as updates, will be publicly available through the project
web site [https://planarian.bio.ub.edu/SmedDGE].

Raw sequencing data in FASTQ format, along with pro-
cessed tag sequences and their associated expressions,
have been deposited at NCBI Gene Expression Omnibus
(GEO) [105]; they are accessible through GEO Series
accession number GSE51681 [106]. Gene sequences and
primers used for cloning are deposited at the GenBank
[110] repository, the corresponding accession numbers for
the gene sequences are listed on Table 4.

Additional files

Additional file 1: Fluorescence-activated cell sorting plot.

A - Representative FACS plot of the cell sorting experiment carried out in
this study showing the selection criteria applied for the isolation of the X1,
X2, and Xin cell populations as described by Méritz [31] and Hayashi [30].
The cytoplasm of the cells is stained with Calcein AM while their nuclei are
labeled with Hoechst 33342. Then, cells are separated by their
nucleus/cytoplasm ratio. B - Same FACS plot from a cell dissociation
experiment with lethally irradiated planarians four days after irradiation. A
complete ablation of X1 and an important reduction of cells in X2 can be
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observed. The sensitivity of the cells in these populations to irradiation
responds to their composition of neoblasts in different stages of the cell
cycle and distinct levels of determination: X1, proliferating stem cells in
S/G2/M, and X2, stem cell progeny and proliferating neoblasts in GO/G1.
Neoblasts are the only proliferating cells in this organism.

Additional file 2: Distribution of mapped and orphan tags by number
of occurrences. A - Venn diagrams showing the tags overlap between the
three cell populations, by occurrence (top), and by significative p-value,

(p < 0.05, bottom). The number of mapping tags is detailed in italics.

B - Frequency distribution of tags grouped by its number of occurrences,
i.e, sequencing events, in all libraries. Tags detected in a low copy number
are prone to be produced by sequencing errors—Ilikely from more
abundant tags. As can be appreciated, most of the tags with less than five
occurrences do not map over any of the reference data sets, suggesting
that those tags are less reliable [49], which is in agreement with the results
of the randomization simulations (see the text and Additional file 3). Due to
that, tags detected less than five times were discarded in further analysis.

Additional file 3: Randomization simulations. Number of tags mapped
over the randomized reference data sets, and vice versa, at different
occurrences cutoffs. When compared with the theoretical number of
matches expected by chance, this facilitates the assessment of the
minimum number of counts for a tag to be considered reliable.

Additional file 4: X1 and X2 in irradiated animals. Venn diagram
showing the overlap between the results presented here and the DGE
study conducted over irradiated planarians of the same clonal line by
Galloni [36]. The number of mapping tags out of the total is detailed in
italics. It can easily be appreciated that most of the tags present in X1 and
X2 are not detected by the irradiation approach.

Additional file 5: Tags potentially mapping in the 3'-UTR regions.
Y-axis represents the number of tags (tag counts) per nucleotide genomic
position. The sequenced DGE tags were then classified in two groups: those
mapping within the genomic region delimited by the transcript exons
(green area), and those mapping outside (blue area). As position 0 depicts
the last nucleotide for all the transcripts, we can only observe green marks
upstream; blue marks can distribute across all the downstream region too.
Background is defined by all those genomic CATG target sequences that
do not match to any of the sequenced DGE tags (red areas). Dashed line
depicts the average value for the downstream background tag counts.

Additional file 6: Bar plots of the GO significant terms for different
comparisons among X1, X2 and Xin annotation sets. Fach panel
presents a list of the significant functional annotations (p < 10,
hypergeometric test), along with the corresponding GO code, that are
over- or under-represented (computed as log-odds of the term abundance
by sequence set) on each of the three ontology domains (Biological
Processes, BP; Molecular Functions, MF; and Cellular Components, CC). Bar
plots compare results obtained when considering the following four
non-overlapping sets: X1-only (red bars), X2-only (green bars), the
intersection between X1 and X2 not in Xin (orange), and Xin-only (blue
bars). Bars color-filling is proportional to the p-value for the given GO code,
thus darker colors corresponds to smaller p-values (all below the significant
threshold anyway). A Venn diagram on top of each page represents the
comparison made among the fraction sets.

Additional file 7: Genes involved in stemness, regeneration or tissue
homeostasis overexpressed in neoblasts and their progeny. DGE
expression of clones reported in two experimental high-throughput
screenings by Reddien [6] and Wenemoser [56] related to regeneration,
stemness or tissue homeostasis identified as being overexpressed in
neoblasts (p < 0.001).

Additional file 8: Whole mount in situ hybridization of new neoblast
genes. Expression by WISH of new neoblast genes in control (left panel)
and irradiated planarians (right panel). 38 out of the 42 genes tested are
presented here. The remaining four are characterized in Figures 6A and 7A.
Time after irradiation in days is shown in the top right corner for each gene.
As expected for neoblast genes, expression is reduced or disappears after
irradiation.

Additional file 9: RNA interference of new neoblast genes showing
defects in regeneration. The stronger and most representative
phenotype obtained after RNAI for those new neoblast genes producing
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aberrant regeneration after head and tail ablation. Days of regeneration
and round of injection in superscript, and number of individuals affected
with respect to the total are shown in the top right and bottom right
corners of each panel. All pictures are dorsal except Smed-rbbp4-4, which
illustrates the typical ventral curling of dying animals. The inhibition of
most of the genes completely prevented the formation of the blastema.
For those cases in which a small blastema was allowed to develop, a detail
of the anterior part is shown to appreciate the defective head and eyes. For
a regenerating control animal see Figures 6C and 7C.

Additional file 10: Literature review of the new neoblast genes
presented in this study. A description is provided for each one of the
new neoblast genes proposed in this study (summarized in Table 4) based
on the literature about their homologs in other species.

Additional file 11: Double fluorescence in situ hybridization of Smed-
h2b with Smed-meis-like. A - Double FISH of Smed-meis-like together with
the neoblast marker Smed-h2b shows colocalization of both genes,
demonstrating the expression of Smed-meis-like in neoblasts. Expression is
also detected in differentiated cells. B - The pan-neural marker a-SYNAPSIN
shows the different penetrance of phenotypes of Smed-meis-like(RNAI).

Additional file 12: Double fluorescence in situ hybridization of
Smed-h2b with Smed-nf-YA, Smed-nf-YB-2, and Smed-nf-YC. A - Double
FISH of Smed-nf-YA, Smed-nf-YB-2, and Smed-nf-YC shows colocalization of
the NF-Y subunits with the neoblast marker Smed-h2b, corroborating the
expression of this complex in neoblasts. Expression is also detected in
differentiated cells. B - The pan-neural marker a-SYNAPSIN shows reduced
cephalic ganglia of RNAi animals compared with gfp controls.

Additional file 13: Splashplot projection of the X1/X2 versus Xin
expression changes of upregulated contigs by cell population.

A - Splashplot for overrepresented contigs in the three cell fractions X1, X2
and Xin according to our DGE data over the Smed454 transcriptome [10].
B - Same representation using the data published by Labbé [14]. Both plots
show a similar composition, revealing a low number of transcripts
overexpressed specifically in X2/progeny cells.

Additional file 14: Pearson and Spearman correlations of the
normalized expression levels among X1, X2 and Xin. Diagonal panels
show violin plots with the distribution of the normalized expression levels
for each of the three cell populations data sets. Panels on the upper
diagonal summarize both Pearson (parametric) and Spearman
(non-parametric) correlations, along with the p-values and the linear
regression model estimates for the pairwise comparison between data
sets. On the bottom diagonal panels, for each pair of cell fractions the
scatterplots show differences in expression for each DGE tag. Blue dotted
line is defined by the intercept and slope values for the linear regression
model presented on the corresponding upper panel, confidence interval is
drawn as a grey shadow along that regression line. Those tags having a
normalized expression value of zero in one or both of the cell types, when
considering each pair-wise comparisons, were removed before computing
correlations and for the plots. One can notice that X1 and X2 are the more
correlated pair of cell fractions, then X2 and Xin, and finally X1 and Xin.
Those results match to what would be expected.
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Discusion

Cuanto mas aprendemos sobre la regeneracién en cualquier sistema biolégico, mas
nos percatamos de cuan complejo es este fendmeno. Una célula depende de multitud
de vias metabdlicas y senales reguladoras para su supervivencia, asi como para su
interacciéon a corto y largo alcance con las células de su entorno en el contexto
de un tejido, un érgano o el sistema complejo definido por un organismo. Estos
aspectos son claves para entender los mecanismos moleculares en los que participan
los neoblastos.

La poblacion de neoblastos es heterogénea

Estudios recientes han puesto mas énfasis en la influencia del nicho celular, es
decir, el microambiente donde fisicamente se encuentra la célula madre dentro del
organismo, algo muy estudiado en Drosophila y vertebrados (Scadden, 2014) pero
no asi en platelmintos (Mouton et al., 2009).

i Qué hace a los neoblatos pluripotentes? jEsta la pluripotencia conservada evo-
lutivamente? jQué principios y mecanismos orquestan la generacién ordenada de
todos los tipos celulares del organismo a partir de una poblacién pluripotente de
células madre? El esfuerzo retomado para impulsar las planaria como sistema in
vivo que sirva de modelo molecular en regeneracion, estd empezando a proporcionar
conocimiento sobre estas cuestiones.

Retos clave incluyen la identificacién de sistemas de sefales que controlan la proli-
feracion de los neoblastos y el recambio de las células diferenciadas, la orquestacion
de la diferenciacién de las células progenitoras a partir de los neoblastos y un analisis
sistematico de los movimientos celulares durante la homeostasis y la regeneracion.
El desarrollo de una técnica de transgénesis en planaria es especialmente importante
para responder a estas preguntas. Los anos venideros revelardan mas acerca de la
diversidad de tipos celulares en todos los tejidos de la planaria asi como de los regu-
ladores que definen la identidad celular, y se conoceran los mecanismos implicados
en esta morfogénesis continua que tiene lugar en las planarias adultas.

Protedmica y transcriptomica

Un punto de partida importante para investigar la biologia del neoblasto es la
identificacion de genes activamente expresados. Estos sirven como genes candidatos
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para regular aspectos importantes su biologia, asi como de marcadores de neoblasto
y su progenie indiferenciada.

En esta era posgendmica, la proteémica junto con la transcriptémica han de pro-
porcionar los fundamentos sobre los cuales se sustentara la Biologia de Sistemas. La
adquisicion e interpretacién de grandes cantidades de datos provenientes de multi-
ples fuentes es, probablemente, el mayor desafio actual para la Biologia de Sistemas
(Maier et al., 2009). El futuro de la bioinformatica se centrard en una biologia de
sistemas integrativa, pues muchos aspectos de las funciones celulares sélo pueden
resolverse adoptando esta estrategia. Los retos futuros comprenden el desarrollo de
bases de datos y la integraciéon computacional de los conjuntos de datos “émicos”
de diferentes fuentes permitiendo, por ejemplo, mapear las proteinas identificadas
sobre los correspondientes datos de mRNA (Maier et al., 2009). Por otro lado,
cabe destacar el reciente incremento de la complejidad transcripcional, fruto del
descubrimiento de los transcritos no-codificantes como los IncRNA, miRNA, etc.,
que también jugara en el futuro un papel muy importante en el modelado de las
rutas reguladoras implicadas en la regeneracion (Friedlander et al., 2009; Gonzélez-
Estévez et al., 2009b; Lu et al., 2009; Palakodeti, 2006; Qin et al., 2012; Resch &
Palakodeti, 2012; Sasidharan et al., 2013; Thatcher & Patton, 2010).

La existencia de una pauta abierta de lectura (Open Reading Frame, ORF) en el
genoma no implica necesariamente la existencia de un gen funcional. A pesar de los
avances bioinforméticos, es todavia dificil predecir genes de manera precisa a partir
de la informacién genémica (Guigd et al., 2006; The ENCODE Project Consortium,
2007) o incluso transcriptémica (Steijger et al., 2013). Esto es cierto en particular en
el caso de genes pequeiios, que pueden pasar desapercibidos, o genes sin homologia
a otros genes conocidos. Por tanto, la verificacién del producto génico, esto es, la
proteina, mediante técnicas protedmicas debe ser un importante primer paso en la
anotacién de un genoma (Mann & Pandey, 2000).

Protedmica

Hasta ahora las planarias habian sido pobremente caracterizadas en términos de
expresion proteica, seguramente en parte por la falta de herramientas para ello.

En nuestro trabajo encontramos cuatro grandes grupos de proteinas relacionadas
con neoblastos:

1. Proteinas implicadas en la produccién de energia y el metabolismo.
2. Reguladoras de la expresiéon génica y la transcripcién.
3. Relacionadas con el desarrollo y la diferenciacion.

4. Proteinas de respuesta al estrés y apoptosis.

Las dos primeras categorias responden a lo esperado en células que proliferan,
como es el caso de las células madre. Las vias de desarrollo y diferenciaciéon se
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encuentran activas en células madre embrionarias, por ejemplo, mientras que los
procesos de respuesta al estrés y la apoptosis son necesarios durante la remodelacién
del organismo.

De entre los genes detectados destaca Smed-SmB, publicado en un articulo propio
(Fernandez-Taboada et al., 2010). Constituye el primer miembro de la superfamilia
de proteinas LSm descrito en planaria, unas proteinas altamente conservadas impli-
cadas en la maquinaria de splicing celular. Aunque Smed-SmB se expresa también
en neuronas, se localiza en el ndcleo y los cuerpos cromatoides de los neoblastos,
y es necesario para mantener la capacidad proliferativa de estos. Smed-SmB(RNAI)
provoca una rapida desorganizacién de los cuerpos cromatoides e impide la prolife-
racion de los neoblastos. Todo ello conduce a una rapida reduccién de la poblacién
de neoblastos, resultando en un fenotipo letal tanto en animales regenerantes como
intactos. La mayoria del resto de genes pertenecen a dos grandes grupos, formados
por la superfamilia Ras de small GTPases, Rab-11B, Rab-39 y Rac-1, y las heat
shock proteins 40, 60 y 70, ademas del factor de transcripcién Hunchback-like y la
quinasa PrkC. A excepcion de las heat-shock proteins ninguno de estos genes ha sido
vinculado antes con neoblastos. Todos estos genes se expresan en el blastema y/o el
posblastema de animales regenerantes y, o bien desaparecen a medida que avanza
la regeneracién, o forman el tipico patrén de expresién de neoblasto distribuido por
todo el paréquima menos en la faringe y la regién anterior a los ojos. Excepto en
el caso de Hunchback-like y Rab39, la inhibicién de estos genes a través de RNAI
impide su regeneracién y produce la muerte del animal. Finalmente un conjunto
de otros seis genes obtenidos a partir de las trazas del genoma de planaria fueron
validados mediante WISH, mostrando un patrén de expresién tipico de neoblasto
que desaparece en animales irradiados.

Estos resultados confirman la validez de una estrategia proteémica para encon-
trar nuevos genes de neoblasto que ayuden en la investigacion de la biologia del
neoblasto. Tras nuestro estudio proteémico y movidos por la conviccién de que la
proteémica es complemento imprescindible de las técnicas genédmicas, otros estudios
han sido publicados més recientemente. Adamidi et al. (2011) y Onal et al. (2012)
utilizaron una aproximacién protedmica de tipo shotgun para validar miles de nuevos
transcritos generando nuevas secuencias peptidicas.

Estudios sobre el recambio individual de proteinas a nivel de todo el organismo
son ahora posibles con los avances técnicos en espectrometria de masas utilizando
técnicas de marcaje metabdlico con isétopos. Boser et al. (2013) han implementado
en planarias la técnica de marcaje de aminoacidos con isétopos estables en cultivo
celular in vivo (SILAC; Ong et al., 2002) con el fin de identificar proteinas enri-
quecidas en sus células madre. Este método es capaz de detectar la abundancia de
proteinas y cambios en sus niveles de forma cuantitativa con mas precisién que los
métodos sin marcaje. Aplicando este protocolo han identificado cientos de proteinas
de células madre al comparar los proteomas de planarias irradiadas con planarias
control y el de neoblastos aislados mediante FACS.

Puesto que la irradiacion causa estrés celular y puede inducir cambios en la ex-
presién génica no relacionados con las células madre, los datos fueron validados
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mediante una aproximacién independiente con neoblastos aislados por FACS (Ha-
yashi et al., 2006; Reddien et al., 2005b). 838 proteinas estaban enriquecidas en X1,
incluyendo muchas proteinas ya caracterizadas en células madre.

De acuerdo con nuestros resultados y otros estudios (Rouhana et al., 2010, 2012),
la anotacién de Gene Ontolgy revel6 que el 19 % de las proteinas estaban asociadas
con unién al RNA, el 25% con traduccién, lo que sugiere que dada la especial
importancia que los procesos postranscripcionales pueden tener en las células madre
de planaria la expresién génica a nivel de transcrito puede no reflejar la abundancia
real de proteinas.

Futuras aplicaciones de protedmica SILAC en planarias podrian incluir la cuantifi-
cacién global de modificaciones postranscripcionales, como fosforilacién, metilacién
o ubiquitinizacién durante la regeneracion, o el analisis de interacciones proteina-
proteina. Estos experimentos podrian proporcionar pistas importantes sobre meca-
nismos reguladores que no pueden ser capturadas por medio de analisis transcripté-
micos.

Aunque la protedmica mediante SILAC en combinacién con un modelo altamente
plastico como la planaria se ha revelado como una herramienta potente para la
identificacion de proteinas de células madre conservadas, el anélisis de su recambio
y la caracterizacion de procesos basados en células madre, como la regeneracion
in vivo, es necesaria una revolucion en las técnicas de analisis y cuantificacion de
proteina similar a la producida por la NGS en transcriptémica para avanzar en el
estudio del proteoma a gran escala.

Ademas, es imprescindible realizar un fraccionamiento de los extractos protei-
cos por su localizacién en compartimentos celulares o por sus caracteristicas fisico-
quimicas, si se quiere extender el nimero de especies proteicas identificadas evitando
el descubrimiento sistematico de solamente las moléculas mas abundantes (Franco
et al., 2013).

Por altimo, a pesar de que la utilidad de las herramientas protedmicas ha sido
probada fuera de toda duda en el estudio de la regeneracion, varios organismos
modelo todavia no han sido explorados con estas técnicas. En particular, aquellos
que conciernen a algunos de los organismos con mayores capacidades de regenerar,
como anfibios y equinodermos.

Transcriptomica

Desde el desarrollo del método de secuenciacién SAGE (Velculescu et al., 1995),
los sucesivos avances técnicos han hecho posible establecer los perfiles cuantitativos
de expresién del mRNA de células y tejidos incluso en especies para las cuales se
desconocen la mayoria de sus genes. Los métodos basados en tags, como SAGE o
su version mejorada de DGE, miden abundancias absolutas, proporcionando niveles
de expresién digitales precisos. Aln asi, aunque solo una parte del transcrito es
analizado, impidiendo distinguir entre isoformas de splicing (Maier et al., 2009).

En los dltimos anos se ha desarrollado la tecnologia necesaria para llevar a cabo
la secuenciacién de transcriptomas completos, conocida como RNA-Seq, capaz de
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producir millones de secuencias a un coste cada vez mas asequible. Esta tecnologia
tiene varias ventajas, destacando la habilidad de detectar nuevos transcritos e iso-
formas. Algunos estudios han mostrado que la densidad de reads tiende a variar a
lo largo del transcrito, lo que indica que esta técnica no esta libre de sesgo. Este
sesgo, como la selecciéon preferente o la exclusiéon de determinadas secuencias, po-
dria tener lugar durante el paso de ligacién del adaptador, la amplificaciéon por PCR
o la propia secuenciacién (Marioni et al., 2008; Mortazavi et al., 2008). Mejoras
en la uniformizacién de la cobertura total (por ejemplo, mediante amplificacién de
muestras por MALBAC-PCR (Fu et al.,, 2015; Huang et al., 2015)) aumentaran la
precisiéon y la fiabilidad de los anélisis basados en RNA-Seq.

La disponibilidad de secuencias genémicas completas asi como las tecnologias que
permiten un analisis global del mMRNA han incrementado enormemente nuestra ca-
pacidad para examinar los perfiles de expresion de células y tejidos, hasta el punto
que el rapido crecimiento de estas técnicas durante la Gltima década unido al es-
tancamiento de las propias en la proteémica ha desplazado el interés por el estudio
directo de las proteinas. En apenas tres afios se han sido publicados hasta ocho
transcritpomas de S. mediterranea (Adamidi et al., 2011; Blythe et al., 2010; Kao
et al., 2013; Labbé et al., 2012; Resch et al., 2012; Rouhana et al., 2012; Sandmann
et al., 2011), incluyendo el nuestro (Abril et al., 2010, Articulo 3). A corto plazo
se seguiran produciendo nuevos transcriptomas y se integraran para formar nuevos
transcriptomas de referencia (como los publicados por Sandmann et al. (2011) o
Kao et al. (2013)).

La cantidad de transcritos detectados por DGE es mucho mayor que la de proteinas
obtenida por espectrometria de masas. La tabla 4 del Articulo 4 (Rodriguez-Esteban
et al., 2015) contiene una relacién de los nuevos genes de neoblasto que han sido
encontrados y validados mediante esta aproximacién. Pese a su gran variedad, puede
comprobarse que la mayoria corresponden a factores de transcripcién, estan impli-
cados en embriogénesis, desarrollo o cancer. Entre ellos, se han caracterizado genes
relacionados con procesos de reparacion del DNA, procesamiento del RNA, transpor-
te nuclear y proliferacion celular. Puede encontrarse una descripcién mas detallada
de cada uno en el texto y en el documento 10 del material suplementario del Articulo
4 (Rodriguez-Esteban et al., 2015). Los experimentos de WISH, RNAi e inmunohis-
toquimica con Smed-meis-like, miembro de la familia TALE-class caracterizada por
la presencia de un dominio homeobox, demuestran que este gen es necesario espe-
cificamente para la regeneracién anterior en planaria pero no para la posterior. Por
otro lado, el factor nuclear Y (NF-Y) es un factor de transcripcién formado por un
complejo heterotrimérico. La caracterizacién de los tres genes que lo conforman su-
giere que estaria implicado en los estadios tempranos de la diferenciacién afectando
al linaje epidérmico y posiblemente también al linaje neuronal.

DGE ha demostrado ser (til en planaria no solo para la identificacion de nuevos
genes de neoblasto. Este método ha sido aplicado también en un estudio sobre la via
de los EGFR, comparando animales control con animales privados mediante RNAI
de uno de los intermediarios de esa via, Smed-egfr-3 (Articulo 5; Fraguas et al.,
2014).
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Futuro del RNA-Seq: secuenciacion de tercera generacion

Los sistemas de NGS actuales requieren un paso de amplificacién por PCR de
los fragmentos de DNA para emitir una sefial luminosa lo suficientemente fuerte
que pueda ser captada por una cdmara de alta sensibilidad y poder asignar la base
correspondiente. La amplificacién por PCR ha sido una de las mayores revoluciones
en la biologia molecular, pero tiene algunos problemas inherentes asociados ya que
introduce errores en las secuencias amplificadas y puede favorecer la amplificacién de
ciertas secuencias sobre otras, cambiando asi la frecuencia relativa y la abundancia
de los fragmentos de DNA amplificados. Idealmente, seria deseable poder determinar
directamente la secuencia de cada molécula de DNA o RNA original, sin necesidad
de amplificarla introduciendo potencialmente errores en su secuencia y un cierto bias
en su cuantificacién.

Los dispositivos de reads cortos de DNA (20-200 bases) ya han encontrado nu-
merosas aplicaciones pero para secuenciaciéon genémica y el analisis de variaciones
estructurales genéticas, como variaciones del nimero de copias (copy number va-
riations), translocaciones cromosémicas, inversiones, deleciones, inserciones y du-
plicaciones, seria una gran ayuda que la longitud del read en la moléculas de DNA
original pudiera incrementarse hasta varios miles de bases. Idealmente, el objetivo se-
ria determinar la secuencia del cromosoma completo a partir de una nica molécula
original de DNA.

De entre todas las tecnologias que se han estado desarrollando para secuenciar una
inica molécula de DNA con este objetivo, la tecnologia de nanoporo (Clarke et al.,
2009; Steinbock & Radenovic, 2015) es la mas prometedora. Esta aproximacién se
basa en detectar la modulacién de la corriente idnica que se produce a medida que
una molécula de DNA atraviesa un nanoporo artificial, revelando la caracteristicas
y parametros (diametro, longitud y conformacién) de la molécula. Otra aproxima-
cién permite obtener secuencias de hasta 10Kb (PACBIO single-molecule realtime
cDNA reads, SMRT; Flusberg et al., 2010; Roberts et al., 2013) y ha sido utilizada
recientemente con éxito para la resolucién de isoformas de splicing alternativo en
humanos (Sharon et al., 2013; Tilgner et al., 2014) y en prediccién de genes en
organimos no modelo (Larsen et al., 2014; Minoche et al., 2015).

Correlacion entre expresion de proteina y mRNA

La expresion de un gen es aquel mecanismo por el cual la informacién que codifica
en forma de DNA se convierte a proteina. En sentido estricto, por tanto, no deberia
utilizarse el término para referirse Ginicamente a su transcripcién en forma de mRNA.
A pesar de ello, suele hablarse habitualmente de niveles de expresién génica en
los ensayos de RNA-Seq asumiendo que los cambios en los niveles de mRNA son
paralelos a aquellos en los niveles de las proteinas que codifican. Sin embargo,
biolégicamente, entre los niveles de expresion de proteina y mRNA no tiene porque
existir necesariamente una relacién directa ni simple, debido a diversos mecanimos
de regulacién postranscripcional y postraduccional que se producen después de la
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sintesis del mRNA.

Numerosos trabajos (la mayoria en cancer y levadura) han reportado correlaciones
bajas entre los niveles de proteina derivados de andlisis con espectrometria de ma-
sas y los datos equivalentes de mRNA obtenidos tanto con microarrays (Greenbaum
et al., 2003, 2002; Gry et al., 2009; Vogel et al., 2010) como con SAGE (Greenbaum
et al., 2003, 2002; Gygi et al., 1999a) y RNA-Seq (Fu et al., 2009; Ning et al., 2012).
Ni siquiera en organismos procariotas mucho mas simples como la bacteria Escheri-
chia coli parece haber una correlacién mejor (Taniguchi et al., 2010). Otros estudios,
en cambio, han encontrado una correlacién positiva moderada entre los niveles de
expresion de proteina y mRNA en organismos desde bacterias hasta mamiferos, con
coeficientes de correlacién de entre 0,2 y 0,5 (Fu et al., 2009), o entre 0,36 y 0,76
(Maier et al., 2009), muchos de los cuales han demostrado tener una clara relevancia
biolégica. En lo que si parece haber acuerdo, es en que la tecnologia de RNA-Seq
proporciona una mejor estimacién absoluta de los niveles de expression frente a los
microarrays cuando se comparan con los datos proteémicos (Fu et al., 2009; Ning
et al., 2012). En cualquier caso, la principal conclusién de estos trabajos ha sido
que a pesar de observar una correspondencia general en los niveles de mRNA vy sus
proteinas correspondientes, existe una considerable variacién en esas correlaciones,
especialmente para aquellos genes menos expresados (Gry et al., 2009).

Son muchos los factores bioldgicos identificados que afectan a esta correlacién
ademas de factores técnicos y metodoldgicos. Varios de ellos afectan a la eficiencia
de traduccién, como la conformacién (estructuras secundaria y terciaria) del mRNA,
el codon bias o la cantidad y ocupacién de los ribosomas. La sintesis de proteinas
a partir de un cierto nimero de moléculas de mRNA puede verse estimulada o
reprimida, desligando la transcripcién y la traduccién de manera continua o bajo
ciertas condiciones.

Otro factor a tener en cuenta es el desfase temporal que puede existir entre la
transcripcién de un gen, su expresioén en forma de proteina y la vida media de esta.
Esto implica que una proteina puede continuar realizando su funcién después de que
el mRNA a partir del cual se formé haya sido degradado o, por el contrario, el mR-
NA puede verse secuestrado un tiempo antes de empezar a traducirse como sucede
en los cuerpos cromatoides de los neoblastos. El mayor factor postraduccional que
influye en la correlacién entre proteina y mRNA es la vida media individual de cada
proteina. El tiempo de vida de una proteina en la célula depende de muchos factores:
la estabilidad intrinseca de la proteina (por ejemplo, con presencia de dominios ricos
en residuos PEST), el primer aminoacido amino-terminal, procesamientos postra-
duccionales como fosforilacién, glicosilacién o ubiqitinizacién, y la localizacién de
la proteina. Las vidas medias de las proteinas son muy variables, desde unos pocos
segundos a varios dias. Estudios de correlacion de varios parametros muestran que
el recambio de la proteina (turnover), estimado por la vida media de la proteina, es
el parametro biolégico mas importante que influye en la correlacidon entre proteina
y mRNA (Wu et al., 2008).

La expresion génica se compone de muchos pasos estocasticos que implican mo-
léculas actuando a una concentracién muy baja, lo que las hace muy dificiles de
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monitorizar. Aunque el RNA-Seq ha mejorado la relacién sefial /ruido, no estd com-
pletamente libre de ambigiiedad. De todas formas, los métodos de cuantificacién de
transcritos son reproducibles y sensibles para rangos de varios érdenes de magnitud.

El error total en la caracterizacién cuantitativa de muestras complejas utilizando
espectrometria de masas es dificil de evaluar. Varias fuentes técnicas y experimen-
tales, asi como de procesamiento de los datos pueden contribuir a la variabilidad
inespecifica. A menudo se realizan pocas réplicas debido a que el anélisis de los
datos es muy costoso. El procesamiento de las muestras y la cuantificacion de los
péptidos digeridos pueden ser una fuente experimental de error. Diferencias en la
separaciéon cromatografica, la ionizacién de los péptidos y en variaciones en el equipo
de medida complican la comparacién entre experimentos. El andlisis de los datos
de espectrometria de masas requiere muchos pasos, como normalizacién y diversos
filtrados, deteccién de picos y cuantificacion o la aplicaciéon de modelos estadisti-
cos. Un punto clave en la evaluacién de datos protedmicos complejos es la eleccién
del umbral en la identificacién de los péptidos. Aumentar la puntuacién minima re-
querida reduce el nimero de falsos positivos a la vez que incrementa el de falsos
negativos. El bias en las bases de datos de secuencias también es clave.

Los avances recientes en cuantificacién de proteinas basadas en espectrometria de
masas con menor error experimental y mas precision en la cuantificacién, asi como los
métodos de secuenciacién high-throughput para mRNA deberian ayudar en futuros
analisis a dar una imagen mas precisa de la correlaciéon entre proteina y mRNA, y
la influencia de los diferentes parametros que la modifican. Analisis de muestras del
mismo sistema bioldgico bajo diferentes condiciones, como respuesta al estrés celular
o anélisis en diferentes estadios del ciclo celular deberian también aportar informacién
fisiologica especifica derivada de los analisis de muestras biolégicas complejas.

Por otra parte, aunque los valores de expresion de mRNA han demostrado ser
atiles en un amplio rango de aplicaciones, incluyendo el diagndstico y la clasificacion
de canceres, estos resultados son, casi con certeza, solamente correlativos, y no
causativos. Es mas probable que sea la concentracién de proteinas y sus interacciones
la verdadera fuerza causativa en la célula. Las evidencias sugieren que los patrones de
expresiéon de mRNA son necesarios pero insuficientes por si solos para la descripcién
cuantitativa de sistemas bioldgicos.

Hay que tener presente que el dogma central de la biologia (enunciado en la
introduccién) no implica que un Unico gen resulte siempre en una sola proteina. A
través de mecanismos como el splicing alternativo un Unico gen puede dar lugar a
diferentes moléculas de mRNA o isoformas. Este mecanismo permite que a partir
de un gen puedan formarse diferentes proteinas mediante la sustitucion, la insercién
o la delecién de determinados fragmentos de su secuencia (Graveley, 2001). Una
gran proporcién de la complejidad del transcriptoma es debida al splicing de exones
dentro de un dnico locus genémico. En humanos, por ejemplo, al menos entre el
60 y el 80 % de los genes muestran evidencia de splicing alternativo (Harrow et al.,
2012; Pervouchine et al., 2012; The ENCODE Project Consortium, 2007), y hasta
un 95% en el caso de genes multiexénicos (Pan et al., 2008). Por tanto, existe
un Gnico genoma pero multiples transcriptomas y proteomas. Con la acumulacién
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de grandes cantidades de secuencias de DNA en las bases de datos durante la
dltima década, se ha puesto de manifiesto que ni siquiera tener secuencias genémicas
completas es suficiente para poder inferir de su funcién biolégica. Ademas, si bien
este dogma establece una secuencia de eventos unidireccional de gen a proteina,
puede argumentarse también que son las proteinas quienes, a la postre, regulan la
expresion de los propios genes.

Aunque desde el punto de vista de la estructura de los datos y el analisis de
estos, existe paralelismo entre datos genémicos y transcriptémicos, la protedmica es
todavia Unica en su constitucion y los principios en los que se basa. La protedmica
es, por tanto, complementaria a la genémica ya que se centra en el producto de los
genes (Mann & Pandey, 2000). Combinar datos protedmicos con datos “émicos”
procedentes de experimentos transcriptémicos puede revelar interesantes facetas de
las funciones celulares.

Por todo lo expuesto, y dado que la regulaciéon postranscripcional es una caracte-
ristica importante de las células madre de planaria (Fernandez-Taboada et al., 2010;
Rouhana et al., 2010, 2012), no deberia sorprendernos haber obtenido resultados di-
ferentes entre las aproximaciones protedmica y transcriptomica. Esto reafirma nues-
tra conviccidon de que para conseguir una imagen completa debemos aproximarnos
desde todos los angulos.

Perspectivas

Se ha hecho un considerable progreso en la comprensién de la biologia de los
neoblastos, su progenie y los fundamentos del proceso regenerativo. Tenemos aho-
ra numerosas pistas sobre cémo se controlan los primeros acontecimientos en la
diferenciacién de los neoblastos y su mantenimiento. Sin embargo, todavia carece-
mos de descripciones mecanisticas detalladas. Estas veran la luz cuando los analisis
transcriptémicos y funcionales (Abril et al., 2010; Adamidi et al., 2011; Blythe et al.,
2010; Boser et al., 2013; Ferndndez-Taboada et al., 2010; Kao et al., 2013; Labbé
et al., 2012; Reddien et al., 2005a; Resch et al., 2012; Rouhana et al., 2012; Sand-
mann et al., 2011; Wang et al., 2010) sean combinados con anlisis bioquimicos y
el desarrollo de aproximaciones de pérdida de expresion. Integrar toda la informa-
cién en redes y modelos de regulacién e interaccién podria impulsar en el futuro la
biologia molecular sobre planarias.

Entender los mecanismos que mantienen y restablecen la estabilidad dinamica
entre neoblastos y células diferenciadas con la forma correcta, el tamano y las pro-
porciones del cuerpo de la planaria constituye posiblemente el mayor desafio en la
investigacion de células madre en planaria. Un enlace crucial que falta entre mor-
fogénesis y el sistema de células madre es el actualmente desconocido punto de
interseccion de las sefiales de formacion de patrén con las de la determinacién de
progenitores.

Futuros trabajos se centraran en los detalles mecanisticos que rodean la diferena-
cion de los neoblastos y cdmo su progenie puede interpretar polaridad y formacién
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de patrén para diferenciarse en las estructuras correctas. Puesto que se observan
también cambios tempranos en los patrones de expresién en animales irradiados,
parece que las sefiales de polaridad y destino iniciales provienen de las células di-
ferenciadas existentes y son independientes de los neoblastos (Gurley et al., 2010).
Concretamente, de células musculares subepidérmicas que enviarian sefiales que los
neoblastos serian capaces de trazar (Witchley et al., 2013). Si estas colas de po-
laridad son especificas de tejidos en animales con capacidad de regenerar es una
cuestién importante. j Contienen los tejidos diferenciados de mamifero colas de po-
laridad capaces de coordinar correctamente la diferenciaciéon de las células madre en
los diferentes linajes? Si no, jpueden estas sefiales ser introducidas?

El grado desconocido de heterogeneidad en la poblacién de neoblastos permanece
como un cuello de botella conceptual y experimental. Se necesitan nuevas herra-
mientas para definir subpoblaciones de neoblastos basados en criterios moleculares
y funcionales. Establecer la fraccién de neoblastos pluripotentes entre aquellos que
expresan smedwi-1, el establecimiento de las condiciones para cultivos in vitro, o la
localizacién de los neoblastos en su nicho, representan los siguientes pasos necesa-
rios.

Single-cell sequencing en planaria

La heterogeneidad celular es una propiedad aparente de los tejidos biolégicos.
Como hemos visto, el término “neoblasto” se refiere a una poblacion de células vy,
puesto que las diferencias célula a célula existen en cualquier poblacién, el criterio
que designa a una célula particular como neoblasto es necesariamente impreciso.
A pesar de que la poblacién de neoblastos es heterogénea, las estrategias basadas
en DGE o RNA-Seq a partir de homogenados celulares parecen no ser todavia lo
bastante resolutivas como para capturar genes diferencialmente expresados entre la
poblacién de neoblastos X1 (neoblastos en proliferacién, S/G2/M) y X2 (interpreta-
da como una mezcla de neoblastos en proliferacion en fase G1 y progenie temprana
o en diferenciacién). Esto se debe seguramente a que alrededor de la mitad de las
células en X2 son neoblastos que alun no estan diferenciandose, lo cual hace mas
dificil capturar aquellos genes especificos de diferenciacién que, ademas, pueden ser
distintos en cada linaje.

Los analisis transcriptémicos convencionales requieren al menos de decenas de
miles de células para proporcionar una visién general de la expresion génica, pro-
mediando la expresion de todas las células e ignorando la heterogeneidad celular de
esa expresion. En el momento de escribir esta memoria ya es factible la aplicacién
de tecnologias de RNA-Seq que permiten obtener el perfil de expresion de cada
célula individualmente (conocidas como single-cell RNA-Seq). Estas herramientas
posibilitan por primera vez identificar fenotipos celulares distintos dentro de una
poblacién heterogénea. Es una tecnologia joven y todavia en desarrollo, para la cual
existen diferentes aproximaciones metodoldgicas. Entre ellas cabe citar MARS-Seq
(Jaitin et al., 2014) que, aplicando la misma idea de DGE, secuencia Gnicamente
el extremo 3’ de cada molécula de mRNA para maximizar el nimero de transcritos
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detectados por niimero de reads. Asi, las recientes técnicas de single-cell RNA-Seq
que son capaces de obtener los perfiles de expresién (Blakeley et al., 2015; Griin
et al., 2015) o los genomas (Huang et al., 2015) de células individuales proporcionan
una resolucién sin precedentes, lo que permite caracterizar una poblacién célula a
célula. Aunque existe un estudio a nivel de single-cell en planaria (van Wolfswinkel
et al., 2014), estas nuevas tecnologias no han sido utilizadas extensivamente a pe-
sar de que seran la aproximacién que posibilitara la caracterizacién de los distintos
tipos de neoblastos y su progenie, la identificacién de los distintos linajes celulares
y facilitaran el estudio de su proceso de diferenciacién.

La planaria como organismo modelo en biomedicina

Aunque las células madre fueron vistas inicialmente como la panacea que seria
capaz de curar una increible variedad de enfermedades, la complejidad de las inter-
acciones y de los sistemas reguladores, asi como la variedad de tejidos y érganos en
que estas células se pueden diferenciar, han impedido el éxito del trasplante direc-
to en el lugar de la herida para restaurar los tejidos perdidos o danados. Por esta
razoén, el estudio de cémo diferentes modelos animales utilizan y regulan las células
madre o reorganizan las células que rodean la herida hacia la reparacién del tejido
y la regeneracién, es probable que nos proporcione respuestas sobre porqué estos
procesos no son activos en mamiferos. Por ejemplo, el conocimiento de porqué un
proceso regenerativo tiene lugar en un organismo particular y no en otros, podria
proporcionar nuevas vias para estimular la regeneracion si las vias enddgenas de
regeneracion no estan disponibles.

En mamiferos, la pluripotencia se limita a embriones tempranos y es inducida y
mantenida por un pequeiio nimero de de factores de transcripcién fundamenta-
les. Los adultos no cuentan con células madre pluripotentes pero se pueden derivar
células pluripotentes de células madre embrionarias de embriones tempranos (Weiss-
man, 2000) o a través de la reprogramacion de células somaticas otra vez hacia un
estado casi embrionario (Takahashi & Yamanaka, 2006). El descubrimiento de que
sobreexpresando un céctel de factores de transcripcion se puede revertir células com-
pletamente diferenciadas a un estado pluripotente, ha puesto un gran énfasis en la
importancia de los mecanismos transcripcionales involucrados en el establecimiento
y mantenimiento de la pluripotencia. Las células madre pluripotentes, como una
fuente in vitro potencialmente ilimitada de todos y cada uno de los tipos celulares,
son de gran interés para la medicina regenerativa; ain quedando por resolver cues-
tiones fundamentales acerca de las bases mecanisticas de la pluripotencia celular y
la transicion ordenada a la diferenciacion de progenitores. Su actividad continuada,
su abundancia en los tejidos adultos y su distancia evolutiva con los vertebrados
hacen del neoblasto de planaria un sistema modelo necesario para el estudio in vivo
de la pluripotencia de células madre.

Los neoblastos son células madre adultas pluripotentes remarcables porque las
células madre adultas en otros organismos modelo estan restringidas a una linaje
y la pluripotencia somatica existe solo de forma transitoria durante el desarrollo
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embrionario temprano. Ademas, son la (nica fuente de nuevas células en planarias
y se dividen continuamente para reemplazar todos los tipos celulares diferenciados.
Las planarias, por tanto, existen en un estado dinamico estable entre un Unico tipo
celular proliferante y multiples células diferenciadas de vida corta. El mantenimiento
de este estado estable constituye un problema universal en cualquier tejido que
contiene células madre y es un fenémeno poco entendido. Su completo recambio
en cuestién de semanas hace a las planarias un modelo (nico para el estudio de
los mecanismos subyacentes y los principios conceptuales. El recambio dindmico
caracteriza también el intestino de vertebrados, por ejemplo.

La distancia filogenética de los neoblastos respecto a las células madre embrio-
narias y las células madre pluripotentes inducidas de mamifero proporcionan una
oportunidad Gnica para investigar si la pluripotencia aparece como un mecanismo
conservado evolutivamente o si, en lugar de eso, emerge a partir de interacciones
generales entre procesos celulares como una propiedad del sistema. Por ejemplo,
la formacion de células madre pluripotentes inducidas normalmente requiere la ex-
presion de factores de transcripcién con dominio POU como Oct4 y Sox2, ademas
de Nanog. Sin embargo, no se ha encontrado un homélogo de Nanog en planaria.
Por ello, otro tema importante de la investigacién en planaria es qué genes y vias
conservados dirigen a los neoblastos a través de la historia regenerativa de la vida;
sugiriendo que la regeneracién, incluso en escenarios naturales de no regeneracion,
requerira la correcta redistribucién de redes génicas bien conocidas. Hasta ahora,
la mayor parte de la investigacion se ha centrado en genes y redes conservadas,
mientras que los posibles papeles de nuevos genes especificos de planarias tienen
que ser todavia investigados.

Para la regeneracién en planaria, los neoblastos deben:

1. Tener una capacidad indefinida de autorenovacién y una homeostasis de la
poblacién de neoblastos.

2. Mantener la pluripotencia y la produccion de una progenie que pueda diferen-
ciarse en todas las células y tejidos.

3. Interpretar correctamente la sefiales de polaridad y posicionamiento para ase-
gurar la integracion funcional de los nuevos tejidos con los viejos.

Estos son los mismos mecanismos que han de ser manipulados para que pueda
tener éxito una terapia regenerativa basada en células madre. La pluripotencia in-
ducida tiene un gran potencial para proporcionar una fuente de células madre para
la medicina regenerativa (Deng, 2010; Takahashi & Yamanaka, 2006), pero utilizar
estas células con seguridad para reparar o reemplazar tejidos requeriria entender cé-
mo las sefiales en los tejidos existentes afectan la diferenciacion de las células madre
y como pueden ser manipuladas para facilitar la integracion funcional. La planaria
como sistema proporciona una oportunidad ideal para el estudio de estas sefiales.

El mantenimiento homeostatico de los tejidos de la planaria y la regeneracién
después de una lesion requiere un control fino de la proliferaciéon, la muerte celular
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y los procesos de autofagia (Gonzalez-Estévez et al., 2007; Pellettieri & Alvarado,
2007; Pellettieri et al., 2010). Algunos datos sugieren que las vias metabdlicas que
controlan la proliferacion, el crecimiento y el decrecimiento estan probablemente
conservados, y que las planarias representan un excelente sistema modelo para es-
tudiar los aspectos basicos de estas vias, muchas de las cuales estan directamente
relacionadas con la biologia del cancer. Se ha sugerido también que los neoblastos
son un modelo potencial para entender el control de la proliferacién de las células
madre, lo cual es relevante también en cancer (Oviedo & Beane, 2009; Oviedo et al.,
2008; Pearson & Sanchez Alvarado, 2008).

La comparacién de los neoblastos con células embrionarias y células madre pluri-
potentes inducidas podria identificar componentes o dianas conservadas, ayudando
asi al entendimiento mecanistico de la pluripotencia. La posibilidad alternativa, es-
to es, la pluripotencia como un epifendmeno que no dependa explicitamente de
circuitos moleculares conservados, seria igualmente interesante. En este caso, las
comparaciones podrian ayudar a revelar los procesos celulares generales que dan
lugar colectivamente a la pluripotencia como una propiedad emergente del siste-
ma. Mas alla, la contribucién mecanistica delos cuerpos cromatoides y los granulos
germinales a la pluripotencia permanecen como una importante area para la futura
exploracién, a pesar del hecho de que ni las células madre embrionarias ni las célu-
las madre pluripotentes inducidas parecen contener cantidades relevantes de RNPs.
Es importante remarcar que tanto las células células madre embrionarias como las
células madre pluripotentes inducidas son productos artificiales de laboratorio. En
vertebrados al menos, la pluripotencia sématica in vivo solo existe transitoriamente
durante los primeros estadios del desarrollo embrionario. Los neoblastos y las células
germinales, por otro lado, han evolucionado como células pluripotentes permanen-
tes. Su dependencia de las RNPs podria, por tanto, reflejar una funcién accesoria
pero critica requerida para el mantenimiento a largo plazo de la pluripotencia. El pa-
pel establecido de los granulos germinales y los cuerpos cromatoides de salvaguardar
la integridad del genoma encajaria con esta hipoétesis. La eliminaciéon de marcas epi-
genéticas, que permanece incompleta en células reprogramadas, podria ser también
una posibilidad. En general, los neoblastos de planaria, como células pluripotentes
naturales, complementan idealmente los sistemas in vitro de vertebrado hacia el
objetivo médico de explotar la pluripotencia.

Dos estudios recientes han comparado los neoblastos con células madre de verte-
brados. Onal et al. (2012) han examinado estadisticamente la abundancia relativa de
homoélogos de factores de pluripotencia de vertebrados y genes diana conocidos de
Oct4/Nanog entre los transcriptomas y proteomas de neoblasto (Onal et al., 2012).
En ambos casos, los autores han encontrado enriquecimientos estadisticamente sig-
nificativos, consistentes con una amplia conservacién evolutiva de la pluripotencia.
De manera similar, Labbé y colaboradores han reportado grados de solapamiento
particularmente altos entre genes asociados con pluripotencia en vertebrados y genes
especificamente sobreexpresados en neoblastos (Labbé et al., 2012). Estos hallazgos
proporcionan un esperanzador punto de inicio para la diseccién comparativa de la
pluripotencia a través de distancias evolutivas largas.
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Es alentador que lo que ya conocemos sobre los requerimientos moleculares pa-
ra el mantenimiento de los neoblastos, pluripotencia y diferenciacién muestra una
conservacién molecular remarcable con componentes requeridos para estos procesos
en mamiferos y otros animales. Las células madre embrionarias de mamifero tienen
los mismos determinantes moleculares basicos de pluripotencia encontrados en los
neoblastos de planaria, sugiriendo que el mecanismo se ha conservado durante la
evolucién (Onal et al., 2012).

En conclusién, las caracteristicas claves de los neoblastos son su capacidad de
autorenovarse de manera indefinida, su totipotencia y la habilidad de su progenie de
interpretar las senales de diferenciaciéon y polaridad para reemplazar correctamente
las estructuras después de un dafio en el tejido. La regeneracién en planarias ofrece
un paradigma para entender el control molecular y celular de la reparacién y la
regeneracién de los tejidos animales, y puede proporcionar conocimientos valiosos
para el uso seguro de células madre para reparar tejidos humanos daiados, enfermos
o envejecidos con poca o ninguna capacidad regenerativa.

iPodran todos estos conocimientos ser utilizados para mejorar la salud y la lon-
gevidad de los seres humanos? Sera posible comparar la regeneracion de érganos
en planarias con el desarrollo y la reparacién de 6rganos en otros animales para
comprender como genes conservados son utilizados de manera diferente en animales
con y sin capacidad de regenerar. Seremos capaces de derivar beneficios para los
humanos a partir de la investigacion de fenémenos como la desdiferenciacion y la
regeneracion en los animales mas simples. El conocimiento obtenido acerca de los
mecanismos moleculares asociados a los procesos celulares y la caracterizaciéon de
las biomoléculas involucradas en la regeneraciéon empezaran a revelar las diferencias
en las capacidades regenerativas entre los metazoos. Estos estudios pueden también
proporcionar informacién valiosa para acabar con enfermedades humanas, incluso
las relacionadas con el envejecimiento. La investigacion en células madre y medicina
regenerativa ya ha mostrado grandes avances, especialmente en modelos murinos de
enfermedades humanas, incluyendo la formacién de varios tipos celulares especializa-
dos y la generacién de érganos completos in vitro (Sanchez Alvarado & Yamanaka,
2014; Tanabe et al., 2014) que culminaran probablemente en el desarrollo de es-
trategias biomiméticas hacia la regeneracion de tejidos y 6rganos no predispuestos
para ello (Franco et al., 2013). Si se pueden controlar los mecanismos moleculares
que definen la diferenciaciéon y migracion de las células en una matriz, podria llegar
a obtenerse tejidos y 6rganos sintéticos mediante la impresion 3D con células (Huh
et al., 2011; Marga et al., 2007; Murphy & Atala, 2014; van der Meer et al., 2013).

La planaria como organismo modelo en cancer

La planaria estd constituyéndose en un modelo molecular y genético emergente
capaz de proporcionar nuevas revelaciones acerca de la regeneracion en tejidos adul-
tos, la biologia del cancer y otras enfermedades (Gentile et al., 2010). Como se
comenté en el Capitulo 1, se han encontrado en planaria homélogos de genes su-
presores tumorales humanos como p53 y PTEN, y nosotros hemos visto que hasta
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29 de los 42 genes de neoblasto encontrados gracias a la aproximacién basada en
DGE estan relacionados con cancer en humanos.

Una mejor comprensién de las fuerzas que controlan el crecimiento celular es
esencial para desarrollar terapias efectivas en medicina regenerativa y cancer. Hist6-
ricamente, la literatura ha relacionado cancer y regeneracion, proponiendo la rege-
neracién tanto como fuente de cancer como método para inhibir la tumorogénesis,
incluso definiendo el cancer como un proceso regenerativo incompleto (Beachy et al.,
2004; Flier et al., 1986; Riss et al., 2006; Schafer & Werner, 2008; Waddington,
1935).

El término regeneracion implica una restauracién bien coordinada de las células,
los tejidos y los érganos que se han perdido fisica o funcionalmente. Este proceso de
reparacion debe conseguir el reconocimiento y la recapitulaciéon de las estructuras
perdidas, mientras que consigue simultaneamente la integracién funcional entre los
tejidos recién formados y los existentes. Ademas, la regeneracién que implica proli-
feracién celular (epimorfosis) requiere sefiales que regulen el ciclo celular, de manera
que el nidmero de células que entran en divisidén sea el estrictamente necesario para
llevar a cabo la regeneracién y no mayor. Controlar el crecimiento celular es una
tarea fundamental tanto en cancer como en regeneracién epimorfica. Las células
involucradas deben ser dirigidas con precisién a las areas donde son requeridas y
una vez la regeneracién se ha completado deben haber senales de terminacién. De
otra manera, la respuesta inicial continuaria de forma indefinida, conllevando conse-
cuencias desastrosas para la homeostasis del organismo. Sin embargo, este proceso
no siempre es infalible, como demuestran las crecientes evidencias que asocian rege-
neracién con anormalidades celulares relacionadas con cancer (Beachy et al., 2004;
Schafer & Werner, 2008).

Nuestro conocimiento actual sobre el cancer y el crecimiento celular anormal ha
derivado en mayoritariamente de los estudios en vertebrados, especialmente en ma-
miferos, pero se han descrito aberraciones del crecimiento similares en casi todos
los grandes filos de invertebrados (Scharrer & Szabé Lochhead, 1950). A pesar de
ser un fendmeno comiun, nuestro conocimiento sobre el camino evolutivo de sus me-
canismos de regulacion y los genes supresores tumorales implicados es actualmente
muy restringido (Pearson & Sanchez Alvarado, 2008). La planaria tiene gran po-
tencial como organismo modelo para contribuir significativamente en estas areas. A
diferencia de otros modelos de invertebrados, las planarias han sido utilizadas histé-
ricamente para testar diversos compuestos farmacolégicos y carcinogénicos (Agata
& Watanabe, 1999; Alvarado & Tsonis, 2006; Newmark & Sanchez Alvarado, 2002;
Oviedo et al., 2008; Pearson et al., 2009; Reddien & Sanchez Alvarado, 2004; Rossi
et al., 2007; Sald, 2006; Stevens et al., 2015). Los resultados de muchos estudios
han concluido que los neoblastos guardan similitud funcional tanto con células ma-
dre adultas de mamifero como con células embrionarias tempranas; particularmente,
los neoblastos responden a agentes carcinogénicos formando tumores benignos y
malignos, asi como teratomas (Oviedo & Beane, 2009). También observan que esta
respuesta carcinogénica, tanto en vertebrados como en invertebrados, evoluciona
hacia tumores en tejidos que no regeneran; mientras que en tejidos con capacidad
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regenerativa simplemente presentan cierta hiperplasia.

Asi, las planarias ofrecen un modelo simplificado para estudiar tumurogénesis qui-
micamente inducida, tanto en la complejidad de un organismo completo como duran-
te la regeneracién de multiples tejidos. La planaria es el modelo ideal para investigar
conexiones entre cancer y regeneracion. Comparaciones de los patrones de expresion
génica entre cancer y regeneracién han rebelado importantes diferencias en muchas
vias metabdlicas, desde aquellas asociadas con hipoxia y el insulin-like growth factor-
[, a genes regulando morfogénesis (CRYM, TCF21, CTGF, etc.) y glicdlisis (como
PGK1 y HK1) (Riss et al., 2006). Se han identificado en planaria muchos genes
candidatos y vias metabdlicas asociados con cancer (Oviedo et al., 2008; Pearson
& Sanchez Alvarado, 2008). Por tanto, las planarias son potencialmente el primer
modelo de regeneracién a gran escala para diseccionar los detalles metabdlicos de
regeneracién y cancer.

En un futuro cercano, serd necesario estudiar modelos animales con grandes ca-
pacidades regenerativas asi como los mecanismos del cancer, utilizando el creciente
numero de recursos moleculares y gendmicos que han potenciado nuestra habilidad
para manipular el crecimiento celular y diseccionar la maquinaria implicada.
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1. Se ha generado una libreria de anticuerpos monoclonales con los que se ha
realizado un immunoscreening de proteinas de membrana plasmatica que ha
permitido caracterizar dos subtipos de neoblastos que corresponden a una
poblacién inicial y a otra final de su progenie.

2. Se ha obtenido el primer perfil proteico de los neoblastos, lo que ha permi-
tido caracterizar un conjunto de proteinas relacionadas con el metabolismo,
el estrés y la apoptosis, ademas de la proliferacion y la diferenciacién de los
neoblastos.

3. Se ha generado un transcriptoma de referencia de libre acceso de Schmidtea
mediterranea que ha permitido identificar una gran diversidad de familias géni-
cas, resultando una herramienta imprescindible en la caracterizacién molecular
de esta especie como organismo modelo de regeneracion.

4. La aplicacién de un anélisis de Digital Gene Expression sobre el transcriptoma
de referencia ha demostrado ser un método eficiente para la cuantificacion
transcripcional y la identificacion de nuevos genes de neoblasto.

5. La aproximacién anterior sobre diferentes poblaciones de neoblastos, su proge-
nie y células diferenciadas separadas por FACS, nos ha permitido caracterizar
nuevos factores de transcripcion y genes relacionados con el cancer.

6. La heterogeneidad transcripcional de la poblacion X2 requiere de un método
de discriminacién mas profundo, como un estudio de RNA-Seq a nivel de
células individuales (single-cell RNA-Seq).
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Articulo 5

Resumen

egr-4, un gen diana de la via de senalizacion de los
EGFR, es necesario para formar el primordio del
cerebro y la regeneracion de la cabeza en planarias.

Debido a la gran diversidad y complejidad de fenotipos obtenidos en los diferentes
Smed-egfr después de su silenciamiento (Fraguas et al., 2011), se decidié realizar un
analisis mas detallado de uno de estos elementos de la via de los EGFR, Smed-egfr-3,
mediante nuevas tecnologias de secuenciacién de alto rendimiento, concretamente
Digital Gene Expression (DGE), con el objetivo de desvelar cémo regulan los dife-
rentes procesos biolégicos y saber a través de qué vias de senalizacién downstream
los estan regulando. En este articulo se caracteriza uno de los posibles genes diana
de Smed-egfr-3, el gen egr-4, obtenido a partir de las librerias génicas resultantes
de DGE.

El anélisis del patron de expresion de egr-4, un miembro de la familia de los genes
“early growth response”, mediante técnicas de hibridacién in situ, revela que este
gen se expresa principalmente en el sistema nervioso de las planarias y que se induce
en el blastema tras pocas horas de producirse una herida. Aunque esta induccién
inmediata parece independiente de la vias de los EGFR, pasa a ser dependiente de
Smed-egfr-3 a partir del segundo dia de regeneracién. Por otro lado, experimentos
de irradiacion que eliminan en pocos dias los neoblastos no apuntan a una alteracion
de su expresién, de manera que podemos concluir que este gen se expresa en células
diferenciadas.

A partir de los resultados obtenidos se sugiere una posible relacién de los genes
de la familia egr con la via de senalizacién de los EGFR que regula la diferenciacién
celular durante la regeneracién de las planarias y se postula una probable cone-
xioén entre la diferenciacion del primordio del cerebro y la correcta progresioén de la
regeneracion de la cabeza.
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egr-4, a target of EGFR signaling, is required for the formation of
the brain primordia and head regeneration in planarians

Susanna Fraguas, Sara Barberan, Marta Iglesias, Gustavo Rodriguez-Esteban and Francesc Cebria*

ABSTRACT

During the regeneration of freshwater planarians, polarity and
patterning programs play essential roles in determining whether a
head or a tail regenerates at anterior or posterior-facing wounds. This
decision is made very soon afteramputation. The pivotal role of the Wnt/
B-catenin and Hh signaling pathways in re-establishing anterior-
posterior (AP) polarity has been well documented. However, the
mechanisms that control the growth and differentiation of the blastema
in accordance with its AP identity are less well understood. Previous
studies have described a role of Smed-egfr-3, a planarian epidermal
growth factor receptor, in blastema growth and differentiation. Here, we
identify Smed-egr-4, a zinc-finger transcription factor belonging to the
early growth response gene family, as a putative downstream target of
Smed-egfr-3. Smed-egr-4 is mainly expressed in the central nervous
system and its silencing inhibits anterior regeneration without affecting
the regeneration of posterior regions. Single and combinatorial RNA
interference to target different elements of the Wnt/B-catenin pathway,
together with expression analysis of brain- and anterior-specific
markers, revealed that Smed-egr-4: (1) is expressed in two phases —
an early Smed-egfr-3-independent phase and a late Smed-egfr-3-
dependent phase; (2) is necessary for the differentiation of the brain
primordia in the early stages of regeneration; and (3) that it appears to
antagonize the activity of the Wnt/B-catenin pathway to allow head
regeneration. These results suggest that a conserved EGFR/egr
pathway plays an important role in cell differentiation during planarian
regeneration and indicate an association between early brain
differentiation and the proper progression of head regeneration.

KEY WORDS: Planarian, Early growth response genes, Patterning

INTRODUCTION

After almost any type of amputation, freshwater planarians are capable
of regenerating missing regions with the appropriate polarity. Once
polarity is established, the appropriate morphogenetic and patterning
programs must direct the differentiation of those blastemas into either
anterior or posterior regions and their corresponding tissues and organs.
Thus, cephalic ganglia develop de novo in decapitated planarians. The
instrumental role of Wnt/B-catenin signaling in defining head versus
tail identity during planarian regeneration is well documented (Gurley
et al.,, 2008; Iglesias et al., 2008; Petersen and Reddien, 2008).
However, less is known about the genes and/or pathways that mediate
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the patterning, growth and differentiation of blastemas after the
re-establishment of polarity (Felix and Aboobaker, 2010).

Conserved signaling pathways play important roles in
morphogenesis in all animals. One such pathway is the epidermal
growth factor receptor (EGFR) pathway, which regulates multiple
biological processes, including cell proliferation, differentiation,
apoptosis and cell survival. We have previously shown that silencing
of Smed-egfi-3, a planarian homologue of epidermal growth factor
receptors, impairs regeneration and blastema growth in these
organisms, probably by disrupting cellular differentiation (Fraguas
et al., 2011). Similar effects have been reported after inhibition of
ERK (MAPK extracellular signal-related kinase; Tasaki et al., 2011),
a gene whose expression is regulated by EGFR signaling in many
organisms. In the present study, we conducted digital gene expression
(DGE) analyses to identify putative target genes of Smed-egfi-3 in
order to better characterize the function of the EGFR signaling
pathway during planarian regeneration. One of the isolated candidate
genes that was downregulated after egfi-3 RNAi was Smed-egr-4
(Wenemoser et al., 2012), henceforth egr-4, a member of the early
growth response (egr) gene family. egr genes were first characterized
by their induction by nerve growth factor (Milbrandt, 1987) and other
mitogens (Sukhatme et al., 1987), and are implicated in the regulation
of multiple cellular processes (Calogero et al., 2004; Cole et al., 1989;
Dussmann et al., 2011; Shafarenko et al., 2005; Sukhatme et al.,
1988). Members of this family of zinc-finger transcription factors
are considered immediate-early genes; they are rapidly induced by
many environmental signals, including growth factors, hormones
and neurotransmitters (Thiel and Cibelli, 2002), and are rapidly and
transiently upregulated by a variety of signaling pathways, including
the EGFR and MAPK/ERK signaling pathways (Aggeli et al., 2010;
Cabodi etal., 2008; Kaufmann and Thiel, 2001; Ludwig et al., 201 1b;
Mayer et al., 2009; Tsai et al., 2000). EGFR signaling in mice
stimulates the expression of egr2 to promote cell proliferation during
bone formation (Chandra et al., 2013), while EGF induces Egr-1
expression in endothelial cells (Tsai et al., 2000).

We found that egr-4 was mainly expressed in the central nervous
system (CNS) and was rapidly induced after different types of injury.
Although early egr-4 expression after injury was independent of
EGFR signaling, it became Smed-egfi-3 dependent from the second
day of regeneration. Functional analyses based on RNA interference
(RNAI) revealed that egr-4 was required for head regeneration but not
for the regeneration of posterior regions. egr-4 silencing significantly
impaired the formation of anterior blastemas; these animals exhibited
either small mispatterned cephalic ganglia or a total absence of new
brain tissue. The differentiation of other cell types normally present
in the anterior region was also altered in egr-4(RNAi) animals.
However, the early expression of polarity determinants required for
the re-establishment of anterior polarity was unaffected. Simultaneous
silencing of egr-4 and different elements of the Wnt/B-catenin
pathway revealed that egr-4 is required for the differentiation of the
brain primordia. Moreover, the results of these experiments suggest
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that egr-4 promotes head regeneration by antagonizing the inhibitory
action of the Wnt/B-catenin pathway. Taken together, these findings
identify egr-4 as one of the first known genes necessary for the
differentiation of the brain primordia during planarian regeneration. In
view of these findings, we discuss how the failure to differentiate
proper brain primordia may lead to the blockade of blastema growth
and head regeneration.

RESULTS

DGE analyses identify Smed-egr-4 as a putative target of
Smed-egfr-3

We have previously demonstrated that silencing of Smed-egfi-3, a
planarian homologue of the epidermal growth factor receptor
(EGFR) family, blocks regeneration, probably by disrupting cellular
differentiation (Fraguas et al., 2011). To better characterize the
functions of the EGFR pathway during planarian regeneration, we
constructed and sequenced DGE (Digital Gene Expression) libraries
to compare the transcriptomic profiles of control and egfi-3(RNAi)
regenerating animals (supplementary material Table S1). Genes
predicted to undergo up- or downregulation after Smed-egfi-3 RNAi
on days 1 and 3 post-amputation are shown in supplementary
material Table S2. After applying the cut-off criteria, 680 genes
were upregulated on day 1 and 2403 on day 3 in Smed-egfi-3(RNAi)
animals. A total of 655 genes were downregulated on day 1 and 800
on day 3 in Smed-egfi-3(RNAi) animals (supplementary material
Fig. S1). All genes that were up- and downregulated on day 3
post-amputation (2949 and 921, respectively) were annotated and
assigned Gene Ontology (GO) categories (supplementary material
Fig. S2). Because EGFR signaling regulates multiple downstream
targets and pathways, the annotated genes fell into a wide range of GO
categories. Overrepresented categories included ‘signal transduction’,
‘cell differentiation’, ‘response to stress’, ‘catabolic process’,
‘nucleotide binding’ and ‘protein kinase activity’ (supplementary
material Fig. S2). To identify putative target genes of Smed-egfi-3
that may be linked to the phenotypic defects observed after its
silencing (Fraguas et al., 2011), we selected a group of genes for
further characterization, based either on their proposed involvement
in the EGFR pathway in other models or their role in processes such
as neurogenesis, cell proliferation and differentiation, cancer and
tumorigenesis, apoptosis and cell survival, and inflammation
and the immune response (supplementary material Fig. S3).

Among the candidate targets that exhibited interesting RNAI
phenotypes and merited further characterization was a gene
displaying sequence similarity to the early growth response (egr)
gene family of transcription factors (Contig 2669_90e), a well-
known family of genes that are regulated by EGFR signaling in
other models (Cabodi et al., 2008; Kaufmann and Thiel, 2001;
Mayer et al., 2009; Tsai et al., 2000). Although several members of
this family have been described in planarians (Onal et al., 2012;
Sandmann et al., 2011; Wenemoser et al., 2012; Wagner et al.,
2012), Contig_2669_90e was the only egr gene downregulated after
Smed-egfr-3 RNAIi. Sequence analyses revealed that this gene
corresponded to the previously annotated egr-4 (Wenemoser et al.,
2012) and phylogenetic analyses confirmed that egr-4 belongs to
this gene family (supplementary material Fig. S4).

Whole-mount in situ hybridization in intact planarians revealed
egr-4 expression mainly in the cephalic ganglia, with weak expression
in the ventral nerve cord (vnc) and the mesenchyme (Fig. 1A). We
have previously reported Smed-egfi-3 expression in neoblasts and in
the CNS (Fraguas et al., 2011). Here, we better characterized the
expression of Smed-egfi-3 by fluorescent in situ hybridization (FISH)
(Fig. 1B). Although we did not succeeded in performing double FISH
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of egr-4 and Smed-egfi-3, their similar expression patterns (compare
Fig. | Awith 1B) suggest that these genes are probably co-expressed in
the CNS. Moreover, egr-4 expression in the cephalic ganglia was
strongly reduced after Smed-egfi-3 silencing, further supporting the
DGE data (Fig. 1C). To investigate whether egr-4 expression in the
mesenchyme corresponded to neoblasts we performed in situ
hybridization on irradiated animals at different time points
(supplementary material Fig. S5). Whereas Smed-egfi-3 expression
in the mesenchyme disappears 1 day after irradiation (Fraguas et al.,
2011), no change in the pattern of egr-4 expression was observed,
even at 7 days after neoblast elimination (supplementary material Fig.
S5), suggesting an absence of egr-4 expression in stem cells. During
anterior regeneration, egr-4 was upregulated in the wound region from
day 1 of regeneration (Fig. 1D). As regeneration progressed, egr-4
expression became restricted mainly to the differentiating cephalic
ganglia (arrowheads in Fig. 1D). By contrast, no upregulation of egr-4
was observed during posterior regeneration at later time points
(Fig. 1D). However, strong expression at earlier stages (1 h and 3 h
post-amputation) was observed in both anterior and posterior
blastemas. egr-4 has been recently categorized as a W1 (wound-
induced class 1) gene (Wenemoser et al., 2012). In situ hybridization
revealed rapid upregulation of egr-4 after a small incision (Fig. 1E), in
agreement with previous reports for other planarian egr genes
(Wenemoser et al., 2012; Sandmann et al., 2011). This strong
upregulation of egr-4 was not dependent on neoblasts (Fig. 1E’) or on
Smed-egfi-3 (Fig. 1E"), as no differences were observed in irradiated
or Smed-egfi-3(RNAi) animals.

Finally, to better characterize the dependence of egr-4 expression
on Smed-egfi-3 during regeneration we carried out a detailed time-
course analysis of egr-4 expression after Smed-egfi-3 (RNAi) (Fig. 1F).
Normal egr-4 expression in the wound region was observed up to day
1 of regeneration. However, by day 2, egr-4 expression was
downregulated (Fig. 1F), suggesting that egr-4 expression becomes
Smed-egfi-3 dependent once its expression becomes restricted to the
regenerating cephalic ganglia.

egr-4is necessary for proper head regeneration and neoblast
differentiation

We conducted RNAI experiments to characterize the role of egr-4
in regeneration (see Materials and Methods). Both trunk and tail
fragments regenerating a new head exhibited blastemas that were
either very small or abnormally differentiated. After 8 days of
regeneration, about half of the anteriorly regenerating trunks
(n=18/34) formed normal-sized blastemas but with cyclopic eyes,
and very few (n=3/34) regenerated small blastemas without eyes
(Fig. 2A). By contrast, at the same time point, most tails (n=30/34)
failed to properly regenerate a head. Of these 30 tails, some
developed very small blastemas (n=12/30), whereas others
appeared to only heal the wound (n=18/30) (Fig. 2A). These
results indicate that the severity of egr-4 RNAI varied along the
anterior-posterior (AP) axis. Posterior regeneration proceeded
normally (Fig. 2A), indicating that egr-4 RNAi specifically
blocked anterior regeneration.

Although egr-4 was not expressed in neoblasts, we investigated
whether these defects in regeneration were due to a non-cell-
autonomous effect of egr-4 RNAI on neoblast maintenance and/or
proliferation. However, no differences in neoblast number or
distribution were observed after immunostaining and in situ
hybridization for the neoblast-specific markers anti-SMEDWI-1
antibody and Smed-histone-2B, respectively (Fig. 2B) (Reddien
et al., 2005; Guo et al., 2006; Solana et al., 2012). Thus, neoblasts
were normally found below the wound epithelium on day 3. Eight
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Fig. 1. egr-4 expression pattern in intact and

regenerating planarians. (A) In intact animals,
egr-4 was expressed in the cephalic ganglia (cg),
ventral nerve cord (vnc) and mesenchyme.

(B) Smed-egfr-3 expression in the cephalic ganglia.
(C) egr-4 expression was downregulated after
Smed-egfr-3 silencing. These samples correspond
to regenerating head fragments after 10 days of
regeneration. (D) Expression of egr-4 in anteriorly
and posteriorly regenerating bipolar trunks.

Arrowheads indicate the brain primordia. (E) egr-4
was rapidly upregulated after injury. Small incisions
induced egr-4 expression after 3 h (arrowheads).
This early expression was not dependent on either
neoblasts (E’) or Smed-egfr-3 (E”). (F) Smed-egfr-3
silencing resulted in the downregulation of egr-4
expression from day 2 of regeneration.

(A,C-E) Anterior towards the left. (B,F) Anterior

at the top. Scale bars: 300 um in A,D,F; 200 um

in B,C,E.
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days after amputation, few Smed-histone-2B-positive cells were
detected in the new head region of controls. Similarly, despite
impaired blastema growth and regeneration, few Smed-histone-2B-
expressing cells were observed after egr-4(RNAi), indicating that
neoblast dynamics (in terms of distribution) was unaffected.

We next used an anti-phospho-histone H3 antibody to characterize
the mitotic response after egr-4(RNAi) in both anterior and posterior
regenerating fragments (Fig. 2C). In most cases, the first mitotic peak,
which is associated with injury and occurs 6 h post-amputation, was
significantly attenuated when compared with controls. Interestingly,
the second mitotic peak at 48 h post-amputation, which is associated
with tissue loss (Wenemoser and Reddien, 2010), was significantly
attenuated in anterior, but not posterior, blastemas. However, despite
this decrease in the rate of proliferation, a significant number of
mitoses were observed at all stages after egr-4 RNAI (supplementary
material Fig. S6), suggesting that the severe impairment of blastema
growth and regeneration in these animals was not exclusively due to

defective mitosis. Finally, we characterized neoblast progeny at
different stages of differentiation using the lineage markers Smed-
NB21.11e and Smed-AGAT-1, which are specific to early and late
neoblast postmitotic progeny, respectively (Eisenhoffer et al., 2008).
Although the early neoblast progeny were unaffected, the number of
late progeny was significantly decreased after egr-4 RNAI (Fig. 2D).
Taken together, these results indicate that egr-4 RNAi impairs
anterior regeneration probably by affecting cell differentiation rather
than neoblast pool maintenance or proliferation.

egr-4 RNAI impairs tissue and organ differentiation

To further characterize these defects in regeneration, we first used the
pan-neural marker anti-SYNORF-1 (Cebria, 2008) to study CNS
regeneration. Both control and egr-4(RNAi) head fragments
regenerated normal pharynges and ventral nerve cords grew into
the newly developed tails (Fig. 3A). By contrast, in anteriorly
regenerating trunks, egr-4 RNAI generally resulted in the formation
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Fig. 2. Effects of egr-4 RNAi on head regeneration and neoblast dynamics. (A) Effects of egr-4 RNAI after 3 and 8 days (d) of regeneration in head,
bipolar trunk and tail fragments. Although heads regenerated normally, most tail fragments were unable to regenerate a proper head after egr-4 silencing.
Anteriorly regenerating egr-4(RNAI) trunks exhibited a milder phenotype when compared with corresponding tail fragments, displaying defects mainly in
head morphogenesis, as evidenced by the development of cyclopic eyes (arrowhead). (B) The impairment of head regeneration was not due to neoblast

loss, as demonstrated by using anti-SMEDWI-1 immunostaining and Smed-histone-2B in situ hybridization. Dashed lines indicate the border of the anterior
head. (C) Quantification of mitotic cells after egr-4 RNAI, detected by anti-phospho-histone H3 immunostaining in head, bipolar trunk and tail fragments at
different time points. Values represent the meants.e.m. (Student’s t-test, *P<0.05) of an average of 10 samples per time point and amputation level.

(D) Although early neoblast progeny (Smed-NB21.11e-positive cells) were unaffected by egr-4 RNAI, a significant decrease in the number of late neoblast
progeny (Smed-AGAT-1-positive cells) was observed. Samples correspond to trunk sections after 8 days of regeneration. Values represent the meants.e.m.
(Student’s t-test, *P<0.05) of an average of 10 samples per time point. All panels are oriented with the anterior towards the top. Scale bars: 200 um for egr-4

(RNAI) trunks and 300 um for all other panels in A; 200 um in B,D.

of blastemas with truncated ventral nerve cords and little cephalic
ganglia differentiation, whereas normal cephalic ganglia regeneration
was observed in controls (Fig. 3A). We next used additional neural
(Fig. 3B) and anterior (Fig. 3C) markers to better characterize the egr-
4(RNAi) phenotype. After 5-7 days of regeneration, most egr-4
(RNAi) trunk fragments displayed significantly smaller or near-absent
cephalic ganglia after in sifu hybridization for Smed-gpas, a gene
specific to the brain lateral branches (Iglesias et al., 2011). Moreover,
the expression of markers of distinct neuronal populations such as
Smed-tbh (octopaminergic neurons; Fraguas et al., 2012; Nishimura
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et al., 2008) and Smed-th (dopaminergic neurons; Fraguas et al.,
2011; Nishimura et al., 2007) was significantly reduced (Fig. 3B).
These markers revealed that egr-4 (RNAi) animals developed small
and aberrant cephalic ganglia. To study the patterning of these
cephalic ganglia, we analyzed expression of the otd/Otx family gene
Smed-otxA4 and the homeobox-containing gene orthopedia Smed-otp
(Umesono et al., 1997, 1999; Iglesias et al., 2011) (Fig. 3B). op is
normally expressed in the most lateral region of the cephalic ganglia,
whereas otx4 is expressed more medially (Umesono et al., 1999;
Iglesias et al., 2011). Although egr-4(RNAi) animals often displayed
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Fig. 3. Loss of brain and anterior markers after egr-4 RNAI. (A) Whole-mount immunostaining with anti-SYNORF1 in head fragments revealed correct

pharynges with typical nervous plexus and ventral nerve cords in both control and egr-4(RNAI) animals. The majority of anteriorly regenerating egr-4(RNAI)
trunks exhibited truncated ventral nerve cords with no cephalic ganglia differentiation, in contrast to the normal regeneration seen in control animals. (B) The
expression of several markers of specific brain subpopulations was reduced in egr-4(RNAi) animals. Most of these animals regenerated small cephalic
ganglia instead of normal bilateral ganglia, as evidenced by the expression of Smed-gpas, Smed-th and Smed-tbh. In some cases, the expression of these
markers was completely abolished. However, the patterning of those small abnormal cephalic ganglia appeared not to be affected after in situ hybridization
with the mediolateral patterning genes Smed-otp and Smed-otxA. (C) Expression of the anterior marker ndl-4 was also significantly attenuated. By contrast,
the expression of the anterior marker sFRP-1 was normal in most egr-4(RNAi) animals (n=8/14). Finally, egr-4(RNAi) animals failed to correctly regenerate

the anterior gut branch (arrowheads). cg, cephalic ganglia; vnc, ventral nerve cords; ph, pharynx. In A all panels are oriented with the anterior towards
the top left. In B and C all panels are oriented with the anterior towards the top. Samples correspond to trunks after 5-8 days of regeneration. Scale bars:

150 um in head and 200 um in trunk fragments in A; 300 um in B,C.

abnormal cephalic ganglia, these distinct domains along the
mediolateral axis were clearly distinguishable (Fig. 3B). Taken
together, our data indicate that egr-4 RNAI results in the development
of small but well-patterned cephalic ganglia.

In addition to the aforementioned CNS defects, egr-4(RNAi)
animals failed to properly regenerate the anterior gut branch into the
blastema (Fig. 3C). Moreover, the expression of the anterior marker
Smed-ndl-4, a FGF-receptor-like protein of the nou-darake family
(Cebria et al., 2002a; Rink et al., 2009), was either significantly
reduced or completely absent in the majority of egr-4(RNAi)
animals (Fig. 3C). The expression of Smed-sFRP-1, another anterior
marker (Gurley et al., 2008; Petersen and Reddien, 2008), was not as

strongly affected. Most egr-4(RNAi) animals (n=8/14) exhibited
normal Smed-sFRP-1 expression; some (n=4/14) showed a very
slight decrease (probably due to the smaller size of the regenerated
anterior region) and the marker was completely absent in only 2 of
the 14 animals (Fig. 3C). These results indicate that not all genes
previously proposed as candidate anterior patterning genes (nd/-4
and sFRP-1; Chen et al., 2013) respond equally to egr-4 RNAI.
Taken together, our data confirm that egr-4 silencing impairs the
proper differentiation of several cell types and organs (CNS and gut)
during anterior regeneration. However, no defects were observed after
egr-4 silencing in intact non-regenerating planarians; all CNS- and
anterior-specific markers were normally expressed (supplementary
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Fig. 4. The early expression of AP polarity determinants is unaffected by egr-4 silencing. /n situ hybridization with Smed-notum, Smed-wnt1 and
Smed-follistatin after egr-4 RNAI in regenerating tail fragments at different time points. Although egr-4 silencing had no effect on Smed-notum expression
at early time points, a delay in the temporal expression of this gene was observed beginning on day 3. Arrowheads indicate Smed-notum-positive
bilateral cells adjacent to photoreceptors. The dynamics of Smed-wnt1 expression were unaffected by egr-4 RNAI. After 5 days of regeneration, normal
Smed-follistatin expression was detected in the anterior-most tip of the regenerating head (arrowheads). All panels are oriented with anterior towards the

top. Scale bar: 200 um.

material Fig. S7A). Moreover, neoblast proliferation was unaltered in
intact egr-4(RNAi) animals when compared with corresponding
controls (supplementary material Fig. S7B).

egr-4 RNAi disrupts head regeneration without impairing the
establishment of anterior polarity

To determine whether the impaired head regeneration observed after
egr-4 RNAi was due to defects in the establishment of anterior
polarity, we analyzed the expression of the anterior polarity
determinants Smed-notum, Smed-wntl and Smed-follistatin (Adell
et al., 2009; Gurley et al., 2010; Petersen and Reddien, 2009, 2011;
Yazawa et al., 2009; Roberts-Galbraith and Newmark, 2013). Control
animals exhibited three typical phases of Smed-notum expression
(Fig. 4). At 12 h post-amputation, Smed-notum expression was
strongly upregulated in the wound region, giving rise to a dotted
pattern of discrete cells. Between 18 h and 1 day after amputation, the
number of Smed-notum-positive cells decreased (12 h to 1 day, phase
I). After 3 days of regeneration, Smed-notum-positive cells coalesced
at the tip of the anterior blastema (phase II). Finally, between 5 and
8 days post-amputation, the expression of Smed-notum became
restricted to a small number of cells at the tip of the new head and
along the midline, and to two bilateral groups of cells (arrowheads in
Fig. 4; phase III), a pattern similar to that observed in intact planarians.
No differences in the pattern of Smed-notum expression were observed
between egr-4(RNAi) animals and controls up to 3 days post-
amputation (Fig. 4). From this stage on, however, the progression
of Smed-notum expression appeared to be delayed or arrested in
egr-4(RNAi) animals (Fig. 4); after 3 days of regeneration, the
clustering of Smed-notum-positive cells at the tip of the blastema seen
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in control animals was observed in only 3 out of 16 egr-4(RNAi)
animals. By day 5 of regeneration, this clustering of Smed-notum-
positive cells was observed in most egr-4(RNAi) animals. Normal
Smed-notum expression was detected in several egr-4(RNAi) animals
(n=7/22) by day 8; in others (n=9/22) the pattern of Smed-notum-
positive cells was somewhere between that of phase II and III, while
the remaining egr-4(RNAi) animals displayed no notum expression
(n=6/22).

We observed no significant differences in the expression pattern
of Smed-wntl between controls and egr-4(RNAi) animals (Fig. 4).
Between 12 h and 1 day post-amputation, a dotted distribution of
discrete Smed-wntl-expressing cells was observed in the anterior
wound. By 2 days post-amputation this anterior expression had been
completely lost in both controls and egr-4(RNAi) animals,
indicating that the lack of head regeneration after egr-4 silencing
was not due to blastema posteriorization (Fig. 4). Smed-wntl
expression in the tip of the tail was normal in all these samples (data
not shown).

Smed-follistatin and Smed-notum co-expression was recently
demonstrated in planarians in a small cluster of cells at the tip of the
head (Roberts-Galbraith and Newmark, 2013). Functional analyses
suggest that Smed-follistatin inhibits the Activin/ActR-1/Smad2/3
signaling pathway, which represses anterior regeneration. It has
been proposed that Smed-follistatin and Smed-notum cooperate to
promote anterior identity, thus acting as an anterior signaling center
(Roberts-Galbraith and Newmark, 2013). We found that Smed-
follistatin expression at the tip of the regenerating head re-appeared
after egr-4 RNAI, although slightly later than in controls, as also
observed for Smed-notum (data not shown). However, after 5 days
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of regeneration most animals displayed normal Smed-follistatin
expression at their anterior-most tips (Fig. 4).

Overall, these results suggest that the polarity determinants Smed-
notum, Smed-wntl and Smed-follistatin are normally expressed in
the early regenerative stages during which AP polarity is established
(Petersen and Reddien, 2009, 2011) and that egr-4 silencing impairs
normal head regeneration without disrupting the establishment of
anterior polarity.

egr-4 is required for the formation of the brain primordia

As egr-4 was highly expressed in the mature and differentiating
cephalic ganglia from very early stages of regeneration, we
investigated its role in the regeneration of the cephalic ganglia by
simultaneously silencing egr-4 and Smed-apc-1, an inhibitor of the
Wnt/B-catenin pathway. apc-1 silencing results in the regeneration
of a tail, rather than a head, from anterior wounds (Gurley et al.,
2008). Remarkably, despite this polarity reversal, two small
neuronal clusters known as ‘brain primordia’ differentiate within

these posteriorized anterior blastemas (Evans et al., 2011; Iglesias
etal., 2011). These brain primordia are equivalent to what it has also
been termed ‘brain rudiments’ and correspond to the initial neuronal
clusters that will differentiate into the new cephalic ganglia (Cebria
et al., 2002b; Kobayashi et al., 2007; Agata and Umesono, 2008).
As previously shown, egr-4 silencing inhibited the differentiation of
normal cephalic ganglia (Fig. 5A). After apc-1 RNAI, approximately
one-third of the tails regenerated small brain primordia with a
similar morphology to that described previously (Evans etal., 2011;
Iglesias et al., 2011). By contrast, no brain tissues were detected in
most of the double egr-4(RNAi);apc-1(RNAiQ) regenerating tails,
although in very few cases the differentiation of very reduced brain
primordia was observed (Fig. SA,B). Although in sifu hybridization
revealed no brain primordia in over half of the apc-1(RNAi) tails,
differentiation of a pharynx was observed in most cases, indicating that
the regenerative process had been somehow moved forward. By
contrast, in egr-4(RNAi),; apc-1 (RNAi) animals, a greater number of tails
failed to regenerate any brain primordia, when compared with either

A gfp(RNAI) | egr-4(RNAI); “ apc-1(RNAI); H egr-4(RNAI); | B
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Fig. 5. egr-4 is required for the differentiation of the brain primordia and the effects of its silencing are reversed by pcat? RNAI. (A) In situ
hybridization with the brain marker Smed-gpas in tail fragments after 7-9 days of regeneration. After egr-4;apc-1 RNAi, most animals failed to differentiate
any brain or developed very small brain primordia (arrowheads) when compared with apc-1(RNAi) samples. (B) Quantification of the different phenotypes
obtained after individual and simultaneous silencing of egr-4 and apc-1. In all cases in which a normal brain (blue) or some brain tissue (yellow and green)
differentiated, a pharynx was also observed. (C) Double egr-4;5cat1 RNAI rescued egr-4(RNAI) phenotypes. In live images of bipolar trunks after 7 days of
regeneration following two rounds of RNAi and amputation, egr-4 knockdown resulted in animals with cyclopic eyes or small blastemas without eyes.
PBeat1(RNAI) animals displayed the typical anteriorization of the posterior blastema; some samples displayed cyclopia in the posterior head (arrowhead).
Double egr-4 (RNAI);Bcat1(RNAI) animals displayed the same phenotype as fcat1(RNAI) animals, with a similar percentage of cyclopic posterior heads
(arrowhead). In situ hybridization with Smed-gpas revealed that most egr-4(RNAI) animals regenerated smaller, mispatterned brains when compared with
controls. All Bcat1(RNAI) and egr-4(RNAI);Bcat1(RNAI) animals regenerated normal anterior brains and most regenerated normal posterior brains. All panels
are oriented with the anterior towards the left. Scale bars: 200 um in A; 300 um in C.
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single apc-1 or egr-4 RNAI counterparts, and most of these failed to
develop a normal pharynx (Fig. 5B). These results indicate that the
differentiation of the brain primordia after apc-1 RNAI requires egr-4.

Given that egr-4 RNAI inhibits only anterior regeneration and the
Wnt/B-catenin pathway mediates the specification of head versus
tail regeneration, we further investigated the relationship between
egr-4 and the Wnt/B-catenin pathway suggested by our data.
Although most single egr-4(RNAi)-treated bipolar trunks displayed
either smaller anterior blastemas with cyclopia or without eyes,
treatment with double egr-4(RNAi), fcatl (RNAi) resulted in two-
headed animals with normal anterior heads and two bilateral eyes, as
also observed after fcat! RNAi alone (Fig. 5C). The ability of Scatl
RNAI to rescue head regeneration in egr-4(RNAi) animals suggests
that the egr-4(RNAi) phenotype requires Scatl, and indicates that in
normal physiological situations egr-4 may antagonize [-catenin
activity to allow head regeneration.

egr-4(RNAi)-induced defects in regeneration depend on the
timing of silencing and are rescued by the presence of brain
tissue

We next sought to delimit the period during which egr-4 is required
for head regeneration. egr-4 was silenced by dsRNA injections 24 h
and 48 h after amputation. Most of the animals injected 48 h post-
amputation developed normal heads and only small number

displayed defects in eye morphogenesis (Fig. 6A). By contrast,
most of the animals injected 24 h post-amputation exhibited defects
in the regenerated eyes (including ectopic and fused eyes; Fig. 6A).
However, all of these animals regenerated normal-sized heads and
brains (data not shown), in contrast to the severe impairment in head
regeneration observed when egr-4 was silenced prior to amputation
(Figs 2-5). Although it is unclear exactly how long after injection
RNAI begins to exert its effect, these results suggest that egr-4
function is necessary during the first 2-3 days post-amputation, after
which it may not be essential for proper head regeneration.

As this time window coincides with the development of the brain
primordia (Cebria et al., 2002b), we speculated that no phenotype is
observed when egr-4 is silenced 48 h post-amputation because the
brain primordia are already formed at this stage. We thus
investigated whether egr-4 RNAI impaired head regeneration even
when some brain tissue remained after amputation. Animals were
injected with egr-4 dsRNA, amputated and allowed to regenerate.
As expected, no defects in head regeneration were observed after
this first round of amputation (see Materials and Methods). These
animals were then re-injected (beginning 5 days post-amputation)
and re-amputated at two different levels: level 1, immediately
posterior to the newly regenerated eyes, leaving some of the
regenerated brain tissue in the stump; and level 2, which involved
decapitation and the removal of all brain tissue (Fig. 6B). Animals
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Fig. 6. The effects of egr-4 RNAi depend on the time of the silencing and the presence of brain tissue. (A) Injection of the first dose of egr-4 dsRNA
after 24 h of regeneration resulted in defects in the newly regenerated eyes of most animals. By contrast, most animals regenerated normally when the first
injection was delivered 48 h after amputation. (B) After the first round of injection and amputation, regenerating animals were re-injected and re-amputated,
leaving a portion of the newly regenerated small brain (level 1) or removing all brain tissue (level 2). Analysis of the expression of the CNS markers anti-
SYNORF1 and Smed-th revealed that the presence of brain tissue rescued head regeneration after egr-4 RNAi. Scale bar: 200 um.
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amputated at level 1 regenerated normally and differentiated normal
brains as evidenced by anti-SYNORF-1 immunostaining and in situ
hybridization with Smed-th (Fig. 6B). However, most of the
decapitated fragments from level 2 amputations failed to regenerate
proper heads or cephalic ganglia (Fig. 6B). Similarly, egr-4(RNAi)
animals that were amputated sagittally along the midline
regenerated properly (supplementary material Fig. S8). These
results suggest that the presence of brain tissue is sufficient to
rescue the blockade of head regeneration following egr-4 RNAI.

DISCUSSION

egr-4, a downstream target of EGFR signaling, regulates cell
differentiation in anterior blastemas

EGFR signaling plays important roles in many biological processes
by activating or inhibiting many downstream pathways, including
PI3K/AKT, MAPK (mitogen-activated protein kinase), PLCy and
JAK/STAT (signal transducer and activator of transcription) (Haley
and Gullick, 2009). Previous reports suggest an important role for the
EGFR signaling pathway in cell differentiation during planarian
regeneration and homeostasis (Fraguas et al., 201 1; Rink et al., 2011).
Smed-egfi-1 regulates eye-pigment cell differentiation; Smed-egfi-3
seems to be necessary for blastema growth and cell differentiation
(Fraguas et al., 2011); and Smed-egfi-5 is required for flame cell
maintenance and regeneration, and for guiding branch extension in
protonephridia (Rink et al., 2011). These observations are consistent
with the demonstrated role of the EGFR signaling pathway in cell
differentiation in other organisms (Jones et al., 2009; Lejard et al.,
2011; Harris and Horvitz, 2011); for example, EGFR is required for
the differentiation of mammary epithelial cells (Mukhopadhyay et al.,
2013) and human neural progenitors (Lemcke and Kuznetsov, 2013).
Here, we identify egr-4 as a putative target of Smed-egfi-3 (Fig. 1)
that is required for anterior regeneration, likely through its regulation
of neoblast differentiation.

Although Smed-egfi-3 is expressed in neoblasts and in the CNS
of planarians (Fraguas et al., 2011; Fig. 1B), we found that egr-4
was mainly expressed in the CNS and in the mesenchyme in
irradiation-insensitive cells, suggesting that egr-4 and Smed-egfi-3
are co-expressed in the CNS (compare Fig. 1A and 1B). Indeed,
silencing of Smed-egfi-3 resulted in marked downregulation of
egr-4 expression in the cephalic ganglia (Fig. 1C).

Like other planarian egr homologues, egr-4 expression was
rapidly and locally upregulated after any small incision or during
regeneration. Remarkably, this effect was independent of Smed-
egfr-3 (Fig. 1E",F). However, after 2 days of regeneration, the
expression of egr-4 in the blastema became Smed-egfi-3 dependent
(Fig. 1F). These results suggest that egr-4 is expressed in two
distinct phases during regeneration, an early, Smed-egfi-3-
independent, phase, and a subsequent phase that is controlled by
EGFR signaling. These findings are supported by previous studies
demonstrating that the expression of egr genes is regulated by the
EGEFR pathway in different organisms and contexts (Kaufmann and
Thiel, 2002; Tsai et al., 2000, Lindzen et al., 2012).

The silencing of egr-4 impaired head regeneration, resulting
in the development of either extremely reduced blastemas or
small blastemas with aberrant photoreceptors and cephalic ganglia
(Figs 2 and 3). Planarian regeneration is dependent on pluripotent
stem cells known as neoblasts. Specific anti-SMEDWI-1 and Smed-
histone-2B markers revealed no differences between control and
egr-4(RNAi) animals (Fig. 2B). We did, however, observe
differences in neoblast mitotic activity between these two groups.
In egr-4(RNAi) animals, the first, wound-related mitotic peak (at
6 h) was markedly attenuated in anterior stumps and in posterior

stumps from head sections, when compared with controls. This
decrease may reflect a role of early egr-4 expression in this initial
proliferative response. Interestingly, the second mitotic peak
(associated with tissue loss and appearing at 48 h) was
significantly attenuated only in anterior blastemas. This decrease
may be a consequence, at least in part, of the marked attenuation of
the first mitotic peak. However, because the decrease in the second
peak was specific to anterior regeneration, we cannot rule out a
potential role of later egr-4 expression in regulating neoblast
proliferation (directly or indirectly) at this stage. A normal bimodal
proliferative response was observed after egr-4 RNAi. Together
with the slight attenuation of neoblast proliferation seen during
posterior regeneration and the presence of a large number of mitotic
cells in anterior blastemas at all stages (supplementary material
Fig. S6), these findings suggest that the severe phenotypes
observed after egr-4 silencing are not solely due to defects in
proliferation. Although egr-4 silencing had no effect on early neoblast
differentiation (normal anti-SMEDWI-1 and Smed-NB21.11e
expression was observed), it resulted in a significant decrease in late
neoblast progeny (Fig. 2D), suggesting that egr-4 RNAi impairs
late neoblast differentiation.

Taken together, these results suggest that egr-4 is expressed in
two distinct phases during regeneration. Early egr-4 expression may
participate in the initial (injury-induced) proliferative response,
whereas the late expression, mediated by EGFR signaling, appears
to regulate cell differentiation during anterior regeneration. These
data provide the first evidence of a conserved EGFR/egr pathway in
planarians. Further experiments will be necessary to better
understand the relationship between egr-4 and Smed-egfi-3, and
to elucidate their specific roles during anterior and posterior
regeneration.

egr-4 is required for early differentiation of the cephalic
ganglia downstream of polarity determinants

egr genes have been implicated in cell proliferation, differentiation,
inflammation, apoptosis, wound healing and liver regeneration
(Thiel and Cibelli, 2002; Dussmann et al., 2011). Several egr genes
have been identified in planarians (Sandmann et al., 2011; Wagner
et al., 2012; Wenemoser et al., 2012).

Many of these genes, including egr-4, are upregulated
immediately after injury or amputation and are barely expressed
(if at all) in intact planarians (Sandmann et al., 2011; Wenemoser
et al., 2012). To date, no functional characterization of the injury-
induced expression of planarian egr genes has been reported.
However, given the decrease reported here in the first mitotic peak
after egr-4 RNAI and the demonstrated role of several egr genes in
wound healing, tissue fibrosis and inflammatory responses in other
models (Schmidt et al., 2008; Wu et al., 2009; Chen et al., 20006), it
seems plausible that early egr genes expression in planarians is
involved in the initial stages of regeneration.

egr-4 was also expressed in the mature and differentiating CNS
(Fig. 1). Given the conserved function of egr genes in neural
development (reviewed by O’Donovan et al., 1999; Pérez-Cadahia
etal., 2011) and the severe phenotypes observed in the regenerating
CNS after egr-4 RNAi, we investigated whether this gene is
required for the regeneration of cephalic ganglia in planarians. The
results of double RNAIi of egr-4 and Smed-apc-1 (Fig. 5) suggest
that egr-4 is necessary for the early differentiation of the brain
primordia. However, egr-4 was not required for the maintenance of
the CNS either in intact planarians (supplementary material Fig. S7)
or in regenerating sections in which brain tissue remained after
amputation (Fig. 6). These findings identify egr-4 as the first gene
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known to be involved in the initial stages of neural regeneration in
planarians. This role in neural differentiation is in agreement with
functions attributed to egr genes in other organisms. For example,
egr-1 regulates astrocyte growth through via activation of the ERK
signaling cascade triggered by EGF receptors (Mayer et al., 2009;
Biesiada et al., 1996). In cultured PC12 cells, p35 is essential for
neurite outgrowth and is induced via the egr-/-mediated activation
of ERK (Harada et al., 2001). Similarly, egr-1 regulates neurite
extension during development in Xenopus (Anelli et al., 2013), and
ERK-dependent egr-4 expression is required for the maturation of
GABAergic neurons (Ludwig et al., 2011a).

The silencing of different genes required for the respecification of
anterior polarity or pole formation produces phenotypes similar to
those described here after egr-4 RNAIi (Petersen and Reddien, 2009,
2011; Almuedo-Castillo et al., 2012; Roberts-Galbraith and
Newmark, 2013; Blassberg et al., 2013; Chen et al., 2013). It is
thus possible that the regeneration defects observed after egr-4
RNAI are due to dysregulation of the respecification of polarity,
given that double egr-4(RNAi)/B-catenin(RNAi) rescues proper head
regeneration. However, although the knockdown of polarity or pole
determinants completely silences Smed-notum (Roberts-Galbraith
and Newmark, 2013; Blassberg et al., 2013; Chen et al., 2013), the
expression of Smed-notum and Smed-follistatin, genes that are
required for anterior polarity (Roberts-Galbraith and Newmark,
2013; Petersen and Reddien, 2011), is upregulated and largely
maintained in regenerating egr-4(RNAi) animals. After normal
upregulation of Smed-notum in egr-4(RNAi) animals during the first
24 h of regeneration (neoblast-independent upregulation; Chen
et al., 2013), the recovery of the normal expression pattern in the
days that follow is delayed when compared with controls. This delay
may be associated with the attenuation of the second mitotic peak
induced by egr-4(RNAi). By 5-8 days of regeneration, most animals
exhibited Smed-notum expression at the tip of the blastema.
Moreover, egr-4(RNAi) did not affect the normal expression of
Smed-follistatin at the blastema tip. We cannot rule out the
possibility that the delay in restoring Smed-notum and Smed-
follistatin expression at the tip of the blastema in egr-4 knockdowns
in turn influences polarity respecification (and/or maintenance),
thus giving rise to the observed defects. Nonetheless, our findings
suggest that the impaired head regeneration observed after egr-4
RNAI is caused by disruption of egr-4-mediated differentiation of
the cephalic ganglia.

The results of the double egr-4(RNAi)/B-catenin(RNAi) suggest that
the impairment of head and cephalic ganglia regeneration after egr-4

[Wild type |

12418h ° 2.3days

establishment of
anterior polarity

instructive signal from
brain primordia

[egr-4(RNAI)

12-18h

establishment of
anterior polarity

2-3 days

no instructive signal

from small or absent
brain primordia

blocked head
regeneration
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silencing is B-catenin dependent. Thus, in wild-type planarians, egr-4
may inhibit B-catenin activity to allow head regeneration. In support of
this hypothesis, defects in brain regeneration were more severe in
egr-4(RNAi);apc-1(RNAi) animals, in which B-catenin activity is
augmented. These results suggest that the effect of egr-4 on cephalic
ganglia regeneration is at least partially mediated by antagonism ofthe
Wnt/B-catenin pathway. Although the Wnt/B-catenin pathway has
been primarily associated with the establishment of AP polarity
(Iglesias et al., 2008; Gurley et al., 2008; Petersen and Reddien, 2008),
other studies suggest that this pathway may regulate the differentiation
of cephalic ganglia independently of axial polarity (Iglesias et al.,
2011; Blassberg et al., 2013).

Overall, our data point to egr-4 as a unique factor that plays a key
role in the differentiation of the brain primordia by antagonizing
B-catenin function downstream of the polarity determinants Smed-
notum and Smed-wntI . Further experiments will be required to unravel
the exact relationship between egr-4 and Wnt/B-catenin signaling.

The role of the cephalic ganglia in head regeneration

If egr-4 is required for the early development of the cephalic
ganglia, how does the inhibition of CNS differentiation block head
regeneration? Previous studies have shown that the inhibition of
Smed-egfi-3 (Fraguas et al., 2011) and ERK signaling (Tasaki et al.,
2011) yields phenotypes similar to those obtained after egr-4 RNAi:
blastema growth is severely affected due to impaired cell
differentiation. Tasaki and co-workers (2011) have suggested that
ERK activation within the blastema is necessary for the early
differentiation of an initial cohort of cells that is subsequently
required to induce neoblast proliferation in the stump, and is
probably necessary for the migration of neoblast progeny into the
blastema, ultimately promoting blastema growth. We propose that
this cohort of cells that is necessary to maintain blastema growth
might be the initial brain primordia, the differentiation of which is
dependent on egr-4. Under normal physiological situations, the
brain primordia could emit some form of signal to promote neoblast
proliferation in the stump and/or the migration of neoblast progeny
cells into the blastema, where they subsequently differentiate.
However, this mechanism may be dysregulated in egr-4(RNAi)
animals, in which differentiation of the brain primordia is impaired
(Fig. 7). Future experiments will be required to investigate this
hypothesis. Further suggesting that brain cells are required for
blastema growth, regenerating egr-4(RNAi) planarians in which
some brain tissues was retained following amputation (Fig. 6;
supplementary material Fig. S8) were capable of regenerating

Fig. 7. Proposed model illustrating the
requirement of brain primordia for head
regeneration in planarians. In wild type the brain
primordia would send some signal to the stump to
promote the proliferation, migration or differentiation
of the neoblasts to allow blastema growth and head
regeneration. In the absence of a proper brain
primordia after egr-4 RNAI, the lack of such putative
inducing signal would explain the inhibition of head
regeneration. Blue, anterior pole; red dots,
proliferating neoblasts; orange dots, differentiating
neoblasts; purple dots, brain primordia; green,
mature CNS.
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normal heads with proper brains. Given that EGFR/ERK signaling
regulates egr genes in several other contexts (Mayer et al., 2009;
Harada et al., 2001; Tarcic et al., 2012; Mukhopadhyay et al., 2013),
planarians provide a unique opportunity with which to study the
function of this conserved pathway during regeneration.

A recent study proposed that during planarian regeneration
neoblasts follow a default program, triggered by ERK activation, to
differentiate into head tissues (Umesono et al., 2013). These authors
suggest that in posterior regions the Wnt/B-catenin pathway inhibits
this ERK activation, resulting in regeneration of a tail. It will thus be
of interest to analyze the relationship between egr-4 and ERK in
future studies to determine to what extent egr-4 mediates the
differentiation of head tissues after ERK activation.

Finally, the requirement of the brain primordia for blastema growth
supports an evolutionarily conserved role of the nervous system in
animal regeneration (Kumar et al., 2007; Kumar and Brockes, 2012;
Miljkovic-Licina et al., 2007; Singer and Craven, 1948). Although
several planarian studies have proposed a role of the nervous system
in regeneration (Baguiia et al., 1989; Cebria and Newmark, 2007;
Oviedo et al., 2010; Stéphan-Dubois and Lender, 1956), the
underlying molecular basis remains unknown. Accordingly, egr-4
may be the first identified gene linking the differentiation of the brain
primordia with head regeneration in planarians.

MATERIALS AND METHODS

Animals

Schmidtea mediterranea from the BCN-10 clonal line were used in all
experiments. Planarians were starved for at least 1 week prior to experiments.
Genes and RNAI experiments were named using the nomenclature proposed
by Reddien et al. (2008).

Construction, sequencing and analysis of the DGE libraries

For the DGE experiment, total RNA from control (GFP) and Smed-egr-3
(RNAi) planarians was extracted 1 day and 3 days after amputation using
TRIzol (Invitrogen). Libraries were generated by the Skuldtech transcriptomic
service (Montpellier, France). Sequence tag preparation was performed using
Illumina’s Digital Gene Expression Tag Profiling Kit according to the
manufacturer’s instructions (version 2.1B). Cluster generation was performed
after applying 4 pM of each sample to the individual lanes of the [llumina 1G
flowcell according to the manufacturer’s instructions. Image analysis and base
calling were performed using the [llumina Pipeline, from which sequence tags
were obtained after purity filtering. This was followed by sorting and counting
the unique tags.

Four libraries were obtained from control and Smed-egfi-3(RNAi)
animals on days 1 and 3 post-amputation (henceforth referred to as Cl1,
C3, Rl and R3) (supplementary material Table S1). For comparison
between libraries, tags with a sum of occurrences below 10 in the two
compared sets or with a P>0.005 were discarded. P-value determination was
performed as previously described (Piquemal et al., 2002). Tags were
mapped using the short sequence mapping tools SeqMap (Jiang and Wong,
2008) and MPscan (Rivals et al., 2009) against the Smed454_90edb
transcriptome dataset (Abril et al., 2010). Annotation of the sequences and
assignation of Gene Ontology (GO) categories was performed using the
Blast2GO suite (Conesa et al., 2005).

RNAi experiments

Double-stranded RNAs (dsRNA) were delivered into the planarian
digestive system for three consecutive days as previously described
(Sanchez-Alvarado and Newmark, 1999). All controls were injected with
GFP dsRNA. After one round of dsSRNA injections and amputation all egr-
4(RNAi) planarians regenerated well. Defective phenotypes were
identified after two rounds of injections and amputation. To increase the
penetrance of the phenotypes the animals were injected with dsRNA for 3
consecutive days, cultured un-cut for 5 more days, re-injected for 3
consecutive days and then amputated pre- and post-pharyngeally. All

experiments were performed following this protocol unless otherwise
specified. In all figures showing a quantification of the RNAi phenotypes
when the fractions do not add up to 100% the missing animals are normal,
unless specified in the main text.

In situ hybridization

Gene expression analysis was carried out by whole-mount in situ
hybridization, as previously described (Molina et al., 2007; Umesono
et al., 1997; Cebria et al., 2007; Pearson et al., 2009). All samples were
observed through a Leica MZI6F stereomicroscope and images from
representative organisms of each experiment were captured with a ProgRes
C3 camera from Jenoptik. Confocal laser scanning microscopy was
performed with a Leica SP2. A lethal dose of 100 Gy was used in
irradiation experiments, and animals were fixed and hybridized at the
indicated time points.

Immunohistochemistry

Immunostaining was carried out as described previously (Cebria and
Newmark, 2005). The following antibodies were used: anti-SYNORF-1, a
monoclonal antibody specific for synapsin, which was used as a pan-neural
marker (Cebria, 2008) (1:10; Developmental Studies Hybridoma Bank);
anti-SMEDWI-1 (1:1500; Guo et al., 2006; Mérz et al., 2013); and anti-
phospho-histone H3 (H3P), which was used to detect mitotic cells (1:300;
Cell Signaling Technology). Alexa 488-conjugated goat anti-mouse (1:400)
and Alexa 568-conjugated goat anti-rabbit (1:1000; Molecular Probes) were
used as secondary antibodies. Confocal laser scanning microscopy was
performed using a Leica TCS-SPE and a Leica SP2. Confocal stacks from
representative organisms in each experimental condition are shown.
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