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|.- PREFACIO

Este documento se ha elaborado siguiendo la normativa de la Universidad Miguel
Hernandez de Elche para la “Presentacion de Tesis Doctorales con un conjunto de

publicaciones” y se ha dividido en las partes siguientes:

1.- Un apartado de Resumen y Conclusiones.

2.- Una Introduccion, en la que se presenta el tema de la Tesis y los antecedentes vy
objetivos del trabajo realizado.

3.- Una Bibliografia de la Introduccion.

4.- Un apartado de Publicaciones, que contiene la siguiente (se indica su factor de
impacto [FI] de 2014):

Sénchez-Garcia, A.B., Aguilera, V., Micol-Ponce, R., Jover-Gil, S., y Ponce, M.R.
(2015). Arabidopsis MAS2, an essential gene that encodes a homolog of animal NF-
kappa B Activating Protein, is involved in 45S rDNA silencing. Plant Cell 27,
1999-2015 (FI: 9,338).

5.- Un Anexo, que incorpora 9 comunicaciones a congresos: 3 nacionales y 6

internacionales.

La introduccién de esta Tesis no incluye un apartado de Materiales y Métodos,
que estan descritos en el articulo. Este documento incorpora dos bibliografias: la del
articulo y la de la introduccién. Todas las citas que se intercalan en la introduccién de
esta memoria se corresponden con referencias que aparecen en la bibliografia del mismo

apartado; algunas de dichas citas se repiten en la bibliografia del articulo.

Durante mi periodo predoctoral también he publicado tres articulos que no se

incluyen en esta Tesis:

Ferrandez-Ayela, A., Alonso-Peral, M.M., Sanchez-Garcia, A.B., Micol-Ponce, R.,
Pérez-Pérez, J.M., Micol, J.L., y Ponce, M.R. (2013). Arabidopsis
TRANSCURVATAL encodes NUP58, a component of the nucleopore central
channel. PLOS ONE 8, e67661 (FI: 3,234).

Ferrandez-Ayela, A., Micol-Ponce, R., Sanchez-Garcia, A.B., Alonso-Peral, M.M.,
Micol, J.L., y Ponce, M.R. (2013). Mutation of an Arabidopsis NatB N-alpha-
terminal acetylation complex component causes pleiotropic developmental defects.
PLOS ONE 8, 80697 (FI: 3,234).
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Micol-Ponce, R.", Sanchez-Garcia, A.B.", Xu, Q., Barrero, J.M., Micol, J.L., y Ponce,
M.R. (2015). Arabidopsis INCURVATAZ regulates salicylic acid and abscisic acid
signaling, and oxidative stress responses. Plant and Cell Physiology 56, 2207-2219
(FI: 4,931).
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Il.- RESUMEN Y CONCLUSIONES

Una parte importante de la regulacién de la expresiéon de muchos genes
eucaribdticos es postranscripcional. Participan en este proceso en Arabidopsis los
complejos del silenciamiento génico inducido por ARN (RISC), cuyo componente principal
es la proteina AGO1 (ARGONAUTEL). La insuficiencia de funcién del gen AGOL1 perturba
numerosos procesos de desarrollo y suele causar esterilidad o letalidad. Para
comprender mejor la actividad y las interacciones de AGOL1, se realizé en el laboratorio
de Maria Rosa Ponce una blsqueda de modificadores del fenotipo morfoldgico de su
alelo ago1-52, que es hipomorfo, viable y fértil. Se aislaron asi 23 mutantes inducidos por
metanosulfonato de etilo, de fenotipo similar al silvestre, y se denomindé MAS
(MORPHOLOGY OF AGO1-52 SUPPRESSED) a sus genes supresores. La clonacion
posicional de uno de ellos, MAS2, revelé que codifica una proteina homoéloga de las
NKAP (NF-kappa B Activating Protein) de los metazoos.

MAS2 es un gen de copia Unica y esencial: sus alelos insercionales mas2-2 y
mas2-3 son recesivos Yy letales embrionarios. Hemos identificado 9 alelos portadores de
mutaciones puntuales supresoras, 8 de las cuales (mas2-1 y de mas2-4 a mas2-10) se
agrupan en la region que codifica el dominio conservado SynMuv, que caracteriza a las
NKAP.

mas2-1 suprime el fenotipo de agol-51 y agol-52, cuyo splicing esta alterado,
pero no el de agol-25 y agol-27, que causan sustituciones de aminoacidos. Tanto la
sobreexpresion constitutiva del alelo silvestre MAS2 como la del mutante mas2-1 carecen
de efecto fenotipico en la estirpe silvestre; la sobreexpresion de mas2-1, pero no la de
MAS2, suprime el fenotipo de agol-52. Estos resultados sugieren que mas2-1 es un alelo
antimorfo del gen MAS2.

El mutante agol1-52 produce dos variantes del ARN mensajero (ARNm) de AGOL1,
una mutante y mayoritaria y otra silvestre y casi indetectable. La proporcion relativa de la
variante de ARNm silvestre se incrementa en casi todos los dobles mutantes agol-52
mas?2 estudiados. Estos resultados indican que los alelos mas2 portadores de mutaciones
puntuales son supresores informacionales y que la proteina MAS2 participa en el
procesamiento del ARN en general o el de AGOL1 en patrticular.

Hemos construido un microARN artificial que reprime parcialmente a MAS2 (amiR-
MAS?2) y causa floracion temprana, deforma las hojas y las flores y reduce la fertilidad. La
proporcion relativa de la proteina AGOL silvestre es mucho mayor en los dobles mutantes

agol-52 mas2 que en el mutante simple agol-52. En las plantas agol-52 amiR-MAS2,
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por el contrario, los niveles de la proteina AGO1 silvestre se reducen. Nuestros
resultados sugieren que MAS2 patrticipa en algin mecanismo de control de la calidad de
los ARNm, favoreciendo la traduccién de la variante silvestre o dificultando la de la
mutante.

Hemos obtenido una fusion transcripcional MAS2,,:GUS, con la que hemos
visualizado la expresion de MAS2 en todos los tejidos estudiados, que alcanza valores
maximos en células en division activa, como las de los apices de la raiz y de las hojas
vegetativas. También hemos obtenido los transgenes 35S;,:MAS2:GFP 'y
MAS,,:MAS2:GFP, que nos han permitido establecer que MAS2 es una proteina nuclear
en células en divisibn muy activa, y perinucleolar en las restantes. Hemos demostrado
mediante hibridacion in situ fluorescente que MAS2 se acumula en el ADN ribosémico
(ADNIr) 45S de los organizadores nucleolares.

El gen NUC-L1 de Arabidopsis codifica la NUCLEOLINAL, que participa en el
control epigenético de la expresion del ADNr 45S. Tanto mas2-1 como amiR-MAS2
interaccionan genéticamente con un alelo nulo de NUC-L1. Hemos comprobado que
los promotores del ADNr 45S estan hipometilados en las plantas amiR-MAS2, una
observacién que indica que MAS2 regula negativamente al ADNr 45S.

Hemos realizado una blsqueda de interactores basada en el ensayo del doble
hibrido de la levadura, identificando proteinas presuntamente implicadas en el control del
splicing, en la biogénesis del ribosoma y en la reparacion de roturas dobles en el ADN.
Estos interactores de MAS2 son similares a los descritos para la NKAP humana.

Las proteinas SR deben su nombre a su dominio RS, que es rico en serina (S) y
arginina (R); su participacién en el splicing esta sobradamente demostrada en diferentes
especies de hongos, animales y plantas. La NKAP humana presenta una region
aminoterminal a la que se ha considerado un dominio RS no canonico y se ha encontrado
asociada a diferentes complejos del spliceosoma. Nuestros resultados indican que MAS2,
la ortéloga en Arabidopsis de la NKAP humana, es una proteina multifuncional que
participa en el control del splicing, en la traduccion del ARNm y en la regulacion
transcripcional y el procesamiento de los genes del ADNr 45S. La letalidad embrionaria
asociada a la insuficiencia de funcién de MAS2, su localizacién subcelular, la naturaleza
de sus interactores y los procesos en los que participa revelan una conservacion no solo

estructural sino también funcional respecto a la NKAP humana.
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l1l.- INTRODUCCION

[ll.1.- Arabidopsis, un sistema modelo para el estudio de la biologia vegetal

Arabidosis thaliana (en adelante, Arabidopsis) es una dicotiledonea de la familia
de las Brasicaceas, descubierta en el siglo XVI por Johannes Thal. Friedrich Laibach, uno
de los discipulos de Eduard Strasburger, comenzé a estudiarla en 1907 (Bowman, 1994).
Se convirtié en uno de los organismos experimentales de eleccion preferente en Biologia
vegetal a finales de la década de los ochenta (Meyerowitz, 1994).

La comunidad cientifica de Arabidopsis es muy activa y cooperativa. Comenzé a
vertebrarse en 1964 en torno al boletin Arabidopsis Information Service (AIS) que dejo de
publicarse en 1990. En la actualidad existe un amplisimo repertorio de recursos
informaticos disponibles para quienes estudian esta planta, el mas importante de los
cuales es la base de datos TAIR (The Arabidopsis Information Resource; http://www.
arabidopsis.org), que contiene mucha informacién sobre genes, marcadores moleculares,
polimorfismos, analisis transcriptomicos y epigendmicos y numerosas herramientas
bioinformaticas. Son varios los centros de conservacion y distribucion de estirpes y clones
de ADN de Arabidopsis, entre los que destacan el norteamericano (ABRC; Arabidopsis
Biological Resource Center; https://abrc.osu.edu/) y el europeo (NASC; Nottingham
Arabidopsis Stock Centre; http://nasc.nott.ac.uk/). La primera conferencia internacional
sobre Arabidopsis (ICAR; International Conference on Arabidopsis Research), se celebré
en Gottingen (Alemania) en 1965 (Provart et al., 2016). Desde 1995 se celebra anual y
ciclicamente en Asia-Oceania, Norteamérica y Europa.

El genoma haploide de Arabidopsis es uno de los mas pequefos de las plantas
superiores: su tamafio, 125 Mb, mucho menor que los de las especies cultivadas, propicio
sSu secuenciacion entre 1996 a 2000. Fue el primer genoma vegetal secuenciado
completamente y el tercero de los organismos pluricelulares, solo precedido por los de
Drosophila melanogaster (Adams et al., 2000) y Caenorhabditis elegans (The
Caenorhabditis elegans Sequencing Consortium, 1998). Su anotacién mas reciente indica
gue contiene 27.655 genes que codifican proteinas, 5.051 genes no codificantes, 952
pseudogenes y 35.846 loci de ARN pequeiios (Cheng et al., 2016; https://apps.
araport.org/thalemine/dataCategories.do).

Los procedimientos de mutagénesis clasica han resultado muy eficaces para la
diseccion genética de numerosos procesos biolégicos en Arabidopsis. El andlisis
funcional de los genes de esta planta se ha visto facilitado por los miles de mutantes

aislados tras mutagénesis quimica y los centenares de miles de mutantes sefializados,
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obtenidos mediante transformacion por infeccion con la bacteria Agrobacterium
tumefaciens (Azpiroz-Leehan y Feldmann, 1997). La anotacién inicial del genoma de
Arabidopsis evidencié que se desconocia la funcidn de la mayor parte de sus genes, que
estd siendo comprendida progresivamente mediante la acumulacion de grandes
cantidades de datos sobre sus patrones de expresion, la localizacidn subcelular de sus
productos, los fenotipos causados por su sobreexpresién o la ausencia de su funcion y el

proteoma e interactoma de esta planta.

[ll.2.- Mecanismos de regulacién de la expresion génica en los eucariotas

Comprender los mecanismos de la regulacion de la expresion génica implica
analizar la capacidad de los acidos nucleicos para contener informacion genética, los
diferentes modos en que se ha resuelto el problema de su empaquetamiento en las
células a lo largo de la evolucion, los mecanismos por los cuales tal informacion fluye y es
ejecutada, la induccion o represion de los genes en el momento y lugar adecuados y la
modificacion de sus productos proteicos.

Se acepta generalmente la universalidad de la l6gica de la regulacién de la
expresion génica mediada por factores de transcripcidon que se unen a sus secuencias
reguladoras diana en el ADN. Este concepto tiene su punto de partida en el abordaje
experimental genético y bioquimico llevado a cabo principalmente por Jacob y Monod a
mediados del siglo XX, que analizaron el operdn de la lactosa de la bacteria Escherichia
coli (Jacob y Monod, 1961). El descubrimiento de Jacob y Monod permiti6 comenzar a
entender la complejidad que subyace en la regulacidén de la expresion génica tanto en los
procariotas como en los eucariotas.

Los eucariotas son mas complejos estructural y funcionalmente y presentan mas
mecanismos de regulacion de la expresion génica que los procariotas. El nucleo celular
compartimenta la transcripcién y la traduccién, y genera la necesidad de una etapa
adicional en el flujo de la informacién genética: la exportacion de los ARNm del nicleo al
citoplasma. La regulacion de la expresion génica en los eucariotas es transcripcional, se
controla el inicio de la transcripcién, tal como ocurre en las bacterias, pero también
postranscripcional y postraduccional, ya que existen mecanismos que operan sobre la
maduracion de los transcritos, su longevidad y exportacion al citoplasma. A los anteriores
se afiaden los que regulan la activacién, inactivacién, degradacién y localizacion

subcelular de las proteinas.
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[11.2.1.- Regulacion transcripcional
[11.2.1.1.- Regulacion mediante factores de transcripcion

La expresion de los genes eucaribticos y procaridticos esta regulada a varios
niveles, el primero de los cuales es la iniciacion de la transcripcion. La union de factores
de transcripcion generales a una region proxima al lugar en el que se iniciara la
transcripcién, que se conoce como promotor basal, tiene como consecuencia final el
ensamblaje de la maquinaria transcripcional. A la decision de si la transcripcion comienza
0 no también contribuyen otros factores, que actian como activadores o represores,
uniéndose a secuencias potenciadoras (enhancers) o silenciadoras, respectivamente.
Estas ultimas proteinas pueden actuar en solitario o formando parte de complejos (Struhl,
1999).

Una sola ARN polimerasa (ARN pol) transcribe todos los genes en un procariota;
en los eucariotas existen varias, siendo la ARN pol Il la que transcribe los genes que
codifican proteinas, generando un pre-ARNm que debe madurar y ser exportado al
citoplasma para su traduccién a proteina. Los factores necesarios para la maduracién del
pre-ARNm vy la exportacion del ARNm al citoplasma son incorporados a la ARN pol I

durante la elongacién de la transcripcion (Maniatis y Reed, 2002).

[11.2.1.2.- Regulacién mediante marcas epigenéticas

La gran longitud del ADN respecto al volumen del nicleo celular que lo alberga
hace necesaria su compactacion. Esta Ultima, sin embargo, complica los procesos de
replicacion, reparacion y transcripcion. Para compactarse, el ADN eucarittico se asocia
con histonas para formar la cromatina junto con otras proteinas y ARN. Las histonas son
proteinas relativamente pequefias y basicas, con residuos de arginina y lisina cargados
positivamente, que les confieren una gran afinidad por el ADN. Las histonas H1, H2A,
H2B, H3 y H4 forman parte de la cromatina de todos los eucariotas. Dos moléculas de
cada una de las histonas H2A, H2B, H3 y H4 forman un octdmero en torno al cual se
enrolla el ADN para formar un nucleosoma, que constituye la unidad basica de
empaguetamiento de la cromatina (Kornberg y Lorch, 1999).

La cromatina se condensa y descondensa a lo largo del ciclo celular. La
heterocromatina es la cromatina interfasica altamente condensada, en la que el acceso
de la maquinaria transcripcional a los promotores de los genes se ve dificultado (Luger y
Hansen, 2005; Li y Reinberg, 2011; Zhou et al., 2011). La actividad de los genes también
depende de la modificacion de las histonas y la metilacion del ADN. En la compactacion y

descompactacion de la cromatina intervienen complejos proteicos que modifican las
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histonas, sustituyen unas variantes por otras o desplazan los nucleosomas. Por ejemplo,
la sustituciéon de las histonas candnicas H2A, H2B y H3 en los nucleosomas de los
mamiferos por sus variantes H2A.Z, H2A.X y H3.3 propicia las interacciones de la
cromatina con complejos remodeladores o con chaperonas de histonas (Klose y Bird,
2006; Kouzarides, 2007; Narlikar, 2010; Talbert y Henikoff, 2010; Bannister y Kouzarides,
2011; Burgess y Zhang, 2013; Das y Tyler, 2013; Harshman et al., 2013; Maze et al.,
2014; Rothbart y Strahl, 2014).

[11.2.1.2.1.- Modificacion quimica de las histonas

La modificacion postraduccional del extremo amino de las histonas juega un papel
clave en la regulacion de la estructura y empaquetamiento de la cromatina, y por tanto en
el control de la transcripcién. Existen diferentes tipos de modificacion, que afectan a
diferentes aminoacidos, siendo las acetilaciones, metilaciones, fosforilaciones vy
ubiquitinaciones las que mejor se conocen (Patel y Wang, 2013; Rothbart y Strahl, 2014).
Aungue las primeras modificaciones de las histonas se describieron a mediados del siglo
XX (Allfrey y Mirsky, 1964; Gutierrez y Hnilica, 1967), su significado bioloégico permanecio
incierto durante tres décadas, hasta que se establecié que las N-acetiltransferasas p55
de Tetrahymena thermophila y Gcn5 (general control nonderepressible 5) de
Saccharomyces cerevisiae y las desacetilasas HDAC1 (histone deacetylase 1) humana y
Rpd3 (reduced potassium dependency 3) de Saccharomyces cerevisiae regulaban la
transcripcion (Brownell et al., 1996; Taunton et al., 1996; Struhl, 1998).

Se denomina marcas epigenéticas a las modificaciones quimicas de la cromatina
que afectan a las histonas y al ADN pero que no alteran la secuencia primaria de este
ultimo. Aunque se asociaron inicialmente algunas marcas epigenéticas a determinados
estados de actividad o inactividad de los genes (Strahl y Allis, 2000; Turner, 2000), se
estd generalizando una vision mucho mas compleja del papel de las modificaciones
quimicas de las histonas en la regulacién génica (Taverna et al., 2007). Se han descrito
diferentes complejos multiproteicos que incorporan, eliminan o reconocen las marcas
epigenéticas de las histonas, que actian coordinadamente con los complejos metiladores
o desmetiladores del ADN (Musselman et al., 2012). El advenimiento de la secuenciacion
masiva ha facilitado la caracterizacion de las marcas epigenéticas a escala gendmica

(Vermeulen et al., 2010; Bartke et al., 2013; Han y Garcia, 2013; Soldi et al., 2013).
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[11.2.1.2.2.- Metilacion del ADN

La metilacion del ADN es un proceso que ocurre en los procariotas y los
eucariotas, pero las bases nitrogenedas que se metilan y su funcién biolégica son
distintos. En los procariotas se metilan las adeninas y citosinas, en la mayoria de los
casos como parte de mecanismos de defensa contra ADN exdgeno, en los que también
participan las restrictasas (Arber y Dussoix, 1962; revisado en Noyer-Weidner y Trautner,
1993); solo en algunos casos la metilacion esta asociada al control del inicio de la
replicacion y a la reparacion del ADN (revisado en Wion y Casadesus, 2006).

En los animales se metilan las citosinas de los dinucle6tidos CG, y en las plantas,
en los contextos CG, CHG y CHH (H indica A, C o T) (Cokus et al., 2008; Rothbart y
Strahl, 2014). La metilacién de las citosinas tiene dos funciones alternativas en los
eucariotas, segun la regién metilada: en los promotores se asocia a inactivacién génica,
como en la impronta génica, el silenciamiento de retrotransposones o la inactivacion del
cromosoma X de las hembras de los mamiferos (Klose y Bird, 2006). La metilacion de las
regiones codificantes de los genes, en cambio, se ha asociado a su activacion (Zhang et
al., 2006).

La presencia de adeninas metiladas (6mA) en los promotores de los genes de
Chlamydomonas reinhardtii y Drosophila melanogaster se ha correlacionado con el
incremento de su actividad (Fu et al.,, 2015; Zhang et al., 2015; revisado en Heyn y
Esteller, 2015). La 6mA se ha asociado en Caenorhabditis elegans al mantenimiento
transgeneracional de la herencia epigenética (Greer et al., 2015).

La metilacion del ADN reprime la transcripcion de dos modos: directamente,
impidiendo la union de los activadores transcripcionales a sus secuencias reguladoras, e
indirectamente, reclutando proteinas de union a dinucleétidos CG metilados (MBP;
methyl-CpG-binding proteins) que modifican la cromatina y atraen a correpresores de la

transcripcion (Figural, en la pagina 10; Klose y Bird, 2006).

[11.2.2.- Regulacion postranscripcional
[11.2.2.1.- Silenciamiento génico mediado por ARN

Se denomina silenciamiento génico mediado por ARN al conjunto de los procesos
en que intervienen moléculas de ARN no codificantes que reprimen la expresion génica
de manera especifica de secuencia (Brodersen y Voinnet, 2006). Estos mecanismos han
recibido diferentes nombres segun el organismo en que se han descrito: cosupresion en
las plantas, extincién (quelling) en los hongos y ciliados, e interferencia de ARN en los

animales (Napoli et al., 1990; van der Krol et al., 1990; Cogoni et al., 1994; Fire et al.,
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1998; Kennerdell y Carthew, 1998; Ruiz et al., 1998). Se trata de rutas de regulacion muy
conservadas en los eucariotas (Chapman y Carrington, 2007), cuya funciéon es la
proteccion del genoma frente al ARN viral, y la expresion inadecuada de transgenes,
transposones y otras secuencias enddgenas altamente repetitivas como los genes que
codifican los ARN ribosémicos (Earley et al., 2010; Gomes et al., 2013; Pumplin y
Voinnet, 2013; Rajeevkumar et al., 2015).

[/ N

Figura 1.- Mecanismos de represion génica mediante metilacién del ADN. (A) La presencia de
nucledtidos metilados en ciertas secuencias reguladoras pueden impedir su unién a factores de
transcripcion (FT). (B) Las proteinas de unién a dinucleétidos CG metilados (MBP) reconocen
directamente el ADN metilado y reclutan moléculas correpresoras que modifican la estructura de la
cromatina de su entorno y silencian la transcripcion. (C) La metilacion de regiones internas de los
genes también puede inhibir la elongacién de la transcripcién, al impedir el avance de la
maquinaria transcripcional. Los simbolos —-|y > representan represion y sitio de inicio de la
transcripcidn, respectivamente. Modificado a partir de Klose y Bird (2006).

Se han descrito diversos tipos de ARN pequefios (20-30 nt) relacionados con
procesos de silenciamiento génico, que reciben el nombre genérico de ARN pequefios
interferentes (ARNpi; siRNA; small interfering RNA). Estos ARNpi se organizan en
complejos riboproteicos denominados RITS (RNA-induced initiation of transcriptional
gene silencing) y RISC (RNA-induced silencing complex), que actdan en procesos de

silenciamiento transcripcional (TGS; transcriptional gene silencing) y postranscripcional
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(PTGS; posttranscriptional gene silencing), respectivamente (Tang, 2005; Jones-Rhoades
et al., 2006; Chapman y Carrington, 2007; Chen, 2009; Rajeevkumar et al., 2015;
revisado en Pumplin y Voinnet, 2013). El agente inductor del silenciamiento en ambos
procesos es un ARN bicatenario (ARNdc), sustrato de una ribonucleasa de tipo Il de la
familia Dicer (DCL,; ribonuclease llI-type Dicer-like), que lo procesa generando los ARNpi
(revisado en Gomes et al., 2013; y en Pumplin y Voinnet, 2013). A pesar de que las rutas
del TGS y el PTGS regulan la expresion génica a diferentes niveles, sus respectivas
magquinarias comparten componentes (Brodersen y Voinnet, 2006; Voinnet, 2008; Xie y
Qi, 2008; Chen, 2009; Hoffer et al., 2011).

La clasificacién de los ARNpi se basa en su biogénesis y funciones (Axtell, 2013;
Gomes et al, 2013). Los microARN (miARN) son ARNpi producidos por genes
enddgenos, denominados MIRNA, cuya transcripcién por la ARN pol Il genera un
precursor en el que se forma una horquilla por apareamiento intracatenario, que es
procesada por una ribonucleasa Dicer, rindiendo el miARN maduro, de unos 21 nt de
longitud (Jones-Rhoades et al., 2006). Los miARN silencian a nivel postranscripcional la
expresion de numerosos genes enddgenos (Jones-Rhoades et al., 2006).

La transcripcion de transposones, repeticiones invertidas y regiones intergénicas o
altamente repetitivas activa la maquinaria del PTGS, induciéndose la sintesis de ARNpi,
de 21-22 o0 24 nt (Kasschau et al., 2007). La unién de los ARNpi de 21-22 nt a su ARN
diana atrae a una ARN polimerasa dependiente de ARN (RdARP; RNA-dependent RNA
polymerase) que genera copias adicionales del ARNpi (Lu et al., 2006; Chapman y
Carrington, 2007; Xie y Qi, 2008; Axtell, 2013). Los ARNpi mas largos, de 24 nt, parecen
estar implicados en la metilacibn de novo de las citosinas de sus secuencias
complementarias en el ADN (Matzke et al., 2009; Law y Jacobsen, 2010; Axtell, 2013).

La etapa final de la regulacion de la expresion génica mediada por moléculas de
ARN es la asociacion de los ARNpi a los complejos RISC y RITS, cuyo elemento mas
importante es un miembro de la familia ARGONAUTE (AGO), responsable de la actividad
silenciadora del complejo (revisado en Kawamata y Tomari, 2010). Las proteinas AGO
presentan tres dominios funcionales, denominados PAZ, MID y PIWI, organizados en una
arquitectura bilobulada con su region aminoterminal y el dominio PAZ en uno de los
I6bulos, y MID, PIWI y la region carboxiterminal en el otro (Wang et al., 2009). EI dominio
PAZ se une al extremo 3’ de los ARNpi, mientras que los dominios MID y PIWI lo hacen
al 5 (Wang et al., 2009; Mallory y Vaucheret, 2010; Parker, 2010), posicionando asi
correctamente al ARNpi respecto a su ARNm diana. Aunque el dominio PIWI contiene un

sitio catalitico de tipo RNasa H (Wang et al., 2009; Parker, 2010), no todas las proteinas
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AGO son capaces de cortar a sus ARNm diana (Mallory et al., 2009; Mallory y Vaucheret,
2010).

Las proteinas AGO estan muy conservadas y se han identificado tanto en los
procariotas como en los eucariotas (Swarts et al., 2014). Las procariéticas participan en la
defensa contra elementos genéticos moviles y ADN exdgeno (Swarts et al., 2014).
También estan muy conservadas las AGO eucariéticas, aunque el numero de paralogos
es 1 en Schizosaccharomyces pombe, 2 en Neurospora crassa, 5 en Drosophila
melanogaster, 8 en los mamiferos, 10 en Arabidopsis y 27 en Caenorhabditis elegans
(revisado en Hock y Meister, 2008; y en Mallory y Vaucheret, 2010).

El nimero de proteinas AGO en las plantas (Figura 2) es muy diverso debido los
numerosos eventos de duplicacion génica seguida de diversificacion que han ocurrido a
lo largo de su evolucion (Singh et al., 2015). En organismos ancestrales como las algas
verdes uni o pluricelulares (Micromonas pusilla, Volvox carteri, Coccomyxa subellipsoidea
y Chlamydomonas reinhardtii) se han identificado hasta 3, y en los musgos
(Physcomitrella patens) y helechos (Selaginella moellendorffii), hasta 7. En las
angiospermas como Arabidopsis, el maiz, el arroz o la soja se han identificado 10, 17, 19

y 22, respectivamente (Zhang et al., 2015).
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Figura 2.- Arbol filogenético de las proteinas AGO de las plantas. Se han seleccionado las
especies mas representativas para ilustrar la evolucion de esta familia en € reino vegetal. Se han
coloreado diferencialmente las proteinas AGO de diferentes lingjes o especies. Modificado a partir

de Zhang et al. (2015).
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Las proteinas AGO de las plantas se agrupan en tres clados (Figura 2; revisado
en Vaucheret, 2008; Mallory y Vaucheret, 2010; Zhang et al., 2015). Al clado | de
Arabidopsis pertenecen AGO1, AGO5 y AGO10; al Il, AGO2, AGO3 y AGO7; y al lll,
AGO4, AGO6, AGO8 y AGO9 (revisado en Vaucheret, 2008).

El gen AGOL1 de Arabidopsis es el miembro fundador de la familia AGO, a la que
ha dado nombre. Se identifico en una busqueda de mutantes afectados en el desarrollo.
Su nombre se debe al aspecto de las hojas vegetativas de sus mutantes de fenotipo mas
severo, que recordaron a sus descubridores los tentaculos del cefalépodo Argonauta argo
(Bohmert et al., 1998). La identificacién de alelos agol adicionales evidenci6 el papel
fundamental de AGO1 en el silenciamiento mediado por ARN y su unién preferente a
ARNpi de 21 nt con una uridina en su extremo 5, como la mayoria de los miARN.
Ademas de jugar un papel central en el PTGS mediado por miARN, AGO1 también es
esencial en la defensa contra los virus (revisado en Vaucheret, 2008; Jover-Gil et al.,
2012; Zhang et al., 2015).

[11.2.2.2.- Maduracién de los ARNm
[11.2.2.2.1.- Splicing constitutivo y alternativo

La maduracién de los transcritos primarios de los ARNm eucarioticos (pre-ARNm)
comprende varios procesos cuya discusion excede el propésito de esta Tesis. Se
comenta a continuacion solo uno de ellos, que elimina los intrones y retne los exones de
un pre-ARNm: el splicing (no existe una traduccién de uso generalmente aceptado de
este vocablo; algunos autores lo traducen como “ayuste”, la unién de dos cuerdas o
trozos de madera por sus extremos).

Se denomina splicing alternativo a la eliminacién o retencién total o parcial de
exones o intrones de un pre-ARNm, que da lugar a diferentes variantes del ARNm de un
gen, que a su vez rinden proteinas que pueden diferir en su funcidn, incluso ser
antagonicas, 0 en su localizacion subcelular (Ellis et al., 2012; Loraine et al., 2013). Los
diferentes patrones de splicing alternativo de un gen suelen ser especificos de tejido y
consisten en la omisién de exones o la retencién de intrones (Figura 3, en la pagina 14;
Black, 2003; Kelemen et al., 2013; Reddy et al., 2013; revisado en Reddy et al., 2013). Un
95% de los genes con varios exones de los animales y un 61% de los de las plantas
sufren splicing alternativo (Syed et al., 2012).

La sintesis de ARNm aberrantes, productos del splicing alternativo, puede activar
diferentes rutas de degradacion de ARNm. Una de las mejor estudiadas es la de

decaimiento del ARNm mediado por secuencias sin sentido (NMD; Nonsense-mediated
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MRNA Decay) que esta acoplada a la traduccién, degradando en el citoplasma los ARNm

que contienen codones de terminacion prematuros (Brogna y Wen, 2009).

Poli(A)

Figura 3.- Patrones de splicing alternativo. Los intrones congtitutivos, ausentes de todas las
variantes del ARNm maduro, estan representados por lineas grises, y |os exones, por rectangulos
coloreados. Los exones constitutivos aparecen en verde, y los exones e intrones retenidos
aternativamente, en azul. Los eventos de splicing constitutivo o dternativo estéan indicados por
lineas negras continuas o discontinuas, respectivamente. (A) Exclusion completa de un exon. (B y
C) Lapresenciade sitios (B) donantesy (C) aceptores alternativos permite aumentar o disminuir la
longitud de un determinado exén mediante splicing aternativo. (D) Retencién de un intron. (E)
Exclusién mutua de exones: solo uno de los dos representados en azul esta presente en cada una de
las dos variantes aternativas del ARNm. (Fy G) La presencia de (F) promotores y (G) sefiales de
poliadenilacion [Poli(A)] aternativos también contribuye a generar variantes del ARNm.
Modificado a partir de Black (2003).

El splicing es casi universal en los eucariotas y se lleva a cabo mediante dos
esterificaciones sucesivas que eliminan cada intron (revisado en Sharp, 2005). El
spliceosoma reconoce cuatro sefiales: el donante del splicing o sitio 5°, el aceptor o sitio
3’, el sitio de ramificacion y la regién de polipirimidina; estas dos ultimas sefales estan
dentro del intron (Figura 4; Hoskins y Moore, 2012; Reddy et al., 2013). La mutacion de
alguna de estas secuencias altera el splicing, generandose ARNm defectuosos, que
habitualmente son marcados para su destruccion por los mecanismos de control de la

calidad de los ARNm, que impiden su traduccion (revisado en Sharp, 2005).
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Sitio donante del Sitio de Sitio aceptor del
splicing ramificacion splicing
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Polipirimidinas

Figura 4.- Estructura de un intron de tipo U2. Se representa esquematicamente un intrén de tipo
U2 con indicacion de sus sefiaes caracteristicas. |os sitios donante, aceptor y de ramificacion, y la
regién de polipirimidina. Y, Ry N indican pirimidina, purina y cualquier base, respectivamente.
Modificado a partir de Will y Luhrmann (2011).

El ensamblaje de los componentes del spliceosoma es secuencial (Will y
Lirhmann, 2011; revisado en Meyer et al., 2015). La etapa inicial del procesamiento de
los intrones de tipo U2 es la formacién del complejo E, compuesto por la proteina snRNP
U1, que reconoce el sitio donante, y por otros factores, que reconocen el sitio de
ramificacion y la region de polipirimidina (Figura 5, en la pagina 16). El siguiente paso es
la unién de la snRNP U2 al sitio de ramificacion dando lugar al complejo A, también
denominado prespliceosoma. La unién de las snRNP U4, U5 y U6 genera el complejo
precatalitico del spliceosoma, denominado complejo B, cuya activacion conlleva la salida
de U1y U4 del complejo. El complejo B cataliticamente activo (B*) lleva a cabo la primera
etapa del splicing, cortando el donante y ligando el extremo 5’ del intrén a la region de
polipirimidina. Estos dos procesos conducen a la segunda etapa del splicing: la formacion
del complejo C, que cataliza la ligacion de los extremos 5’ y 3’ de dos exones contiguos y

la liberacién del intron.

[11.2.2.2.2.- Funciones de las proteinas SR en el splicing

Para el correcto procesamiento de los intrones durante el splicing, tanto el
constitutivo como el alternativo, es esencial el reconocimiento de varias sefales, como
las de los sitios donante, aceptor y de ramificacion y la regién de polipirimidina, cuya
presencia es condicion necesaria pero no suficiente para inducir la formacion y el correcto
posicionamiento del spliceosoma (revisado en Long y Caceres, 2009; Will y Lirhmann,
2011). Este ultimo proceso también requiere otras secuencias intronicas y exoénicas: los
elementos reguladores en cis denominados ESE (exonic splicing enhancer), ESS (exonic
splicing silencer), ISE (intronic splicing enhancer) e ISS (intronic splicing silencer), que
reclutan proteinas de unién a ARN durante el ensamblaje y la actuacién del spliceosoma

(revisado en Long y Caceres, 2009 y en Meyer et al., 2015). La mayoria de estas
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proteinas de unidon a ARN pertenecen las familias SR y hnRNP (heterogeneous nuclear
ribonucleoproteins).

Las proteinas SR se han descrito en levaduras, insectos, nematodos, mamiferos y
plantas (Busch y Hertel, 2012; Rauch et al., 2014). Presentan al menos un dominio de
union a ARN de tipo RRM (RNA recognition motif) y otro con repeticiones RS, cuyo
contenido en arginina (R) y serina (S) es superior al 40%. Se denominan proteinas
relacionadas con las SR (SR-like o SR-related) a las que cuentan con un dominio RS
pero carecen del RRM (Busch y Hertel, 2012; Jarvelin et al., 2016). Los dominios RRM
estan implicados en interacciones ARN-proteina; y el dominio RS, en interacciones con
otras proteinas SR, con las relacionadas con las SR y con otros componentes de la
maquinaria del splicing. Las proteinas relacionadas con las SR son componentes de la

maquinaria del splicing y también regulan la actividad de las SR (Mueller y Hertel, 2011).
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Figura 5.- Mecanismo del splicing de los pre-ARNm por el spliceosoma de tipo U2. Se simplifican
las etapas del proceso de eliminacion candnica de los intrones de tipo U2. Solo se muestran las
snRNP U que participan en €l proceso. Los complejos se denotan segin la nomenclatura de los
metazoos. Los rectangulos azules y negros representan exones consecutivos, y la linea gris,
intron que los une. Modificado a partir de Will y Lhrmann (2011).
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Las interacciones mediadas por las proteinas SR son esenciales para el
ensamblaje de los complejos del spliceosoma. Al menos una proteina de la familia SR
reconoce la secuencia ESE de un exon y recluta a diferentes miembros de la maquinaria
del splicing, que se unen al intron adyacente (Mueller y Hertel, 2011). Para la formacion y
estabilizacion del complejo E se requiere la interaccion, en primer lugar, entre el dominio
RRM de una proteina SR y la secuencia ESE, y en segundo lugar, entre el dominio RS y
la snRNP U1 en el sitio donante y la proteina UA2F35 en el aceptor (Figura 6). Las
proteinas SR parecen promover la interaccion entre la snRNP U2 y el sitio de
ramificacion. Durante la formacion del complejo B, las proteinas SR reclutan al trimero
snRNP U4/U6/U5, promoviendo la unién de U6 al sitio donante. La desfosforilacion de las
proteinas SR tiene como consecuencia la formacion del complejo C activo, que induce la
ligacion de los extremos 5’ y 3’ del intrdon que va a eliminarse (Will y Lirhmann, 2011;
Howard y Sanford, 2015).

Proteina

SR /_\
U2AFf

[ Exon 1 [e]¥] A YYYYYY AG

Figura 6.- Interacciones de las proteinas SR en los exones de tipo U2 durante la formacion del
complejo E del spliceosoma. EI dominio RRM de una proteina SR reconoce la secuencia ESE de
un exoén, y a continuacion el dominio RS interacciona con las proteinas snRNP U1 y la subunidad
35 del compleo UA2F (UAZ2F35), unidas a los sitios donante y aceptor del splicing,
respectivamente. Modificado a partir de Will y Lihrmann (2011).

Se han descrito algunos casos de participacion de una proteina SR en la
eliminacion de un exén. Por ejemplo, en células humanas en cultivo, la unién de la
proteina SRSF9 a secuencias ISS presentes aguas arriba del extremo 3’ de un exdn del
ARN del gen HNRNPAL promueve su eliminacion (Simard y Chabot, 2002); la unién de
SRSF11 a un elemento ESS promueve la eliminacion de un exén del ARN del gen Tau
(Wu et al., 2006); y la proteina SRSF10 puede contribuir a la eliminacion de exones en
funcion de su estado de fosforilacion (Shiy Manley, 2007).

Algunas proteinas SR participan en otros aspectos del metabolismo del ARN,

como la elongacion de la transcripcion, la regulacion del splicing alternativo, el transporte
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de los ARNm del nucleo al citoplasma, la induccion de la ruta NMD y la traduccion
(Howard y Sanford, 2015).

Los organismos con mayor nimero de proteinas SR son las plantas. El arroz tiene
22,y el maiz, 21 (Barta et al., 2010; Rauch et al., 2014). Las proteinas SR de las plantas
estdn agrupadas en 6 subfamilias: SR, SC, SCL, RS, RSZ y RS2Z, tres de las cuales
(RS, SCL y RS2Z) son especificas del reino vegetal. También se ha descrito en las
plantas un grupo de proteinas relacionadas con las SR, a las que se ha denominado
SR45 (Rauch et al.,, 2014). Se ha sugerido que el nimero de proteinas SR de una
especie dada podria estar relacionado con la complejidad de su splicing (Busch y Hertel,
2012).

Se han descrito 18 proteinas SR en Arabidopsis: SR30, SR34, SR34a y SR34b
son ortélogas de las de la familia ASF/SF2 (SRSF1) de los animales; RSZ21, RSZ22 y
RSZ22a, de las de la familia SRSF7/9G8 de los animales; y SC35 es la ortéloga de su
homénima animal. Las restantes proteinas SR de las plantas son especificas del reino
vegetal (revisado en Meyer et al., 2015). Las de la subfamilia RS2Z (RS2Z32 y RS2Z33)
contienen dos dominios de dedos de cinc entre los RRM y RS, ademas de una regidn rica
en residuos de serina y prolina en su regién carboxiterminal. La subfamilia RS incluye a
RS31, RS31a, RS40 y RS41; y la SCL a SCL28, SCL30, SCL30a y SCL33. Por ultimo,
SR45 contiene dos dominios RS, uno a cada lado del motivo RRM; es una proteina
similar a las SR, ort6loga de la RNPS1 de los mamiferos, que forma parte de un complejo
implicado en el splicing, denominado EJC (Exon Junction Complex) (revisado en Meyer et
al., 2015).

[11.2.2.2.3.- Funciones de las hnRNP en el splicing

La familia hnRNP integra proteinas de unién a ARN con importantes funciones en
varias facetas del metabolismo de los &cidos nucleicos, como el reconocimiento de
transcritos de ARN nacientes, la regulacion del splicing y la traduccion, el mantenimiento
de los telémeros, la remodelacion de la cromatina y la reparacion del ADN (revisado en
Huelga et al., 2012). Estas proteinas son muy abundantes en el nlcleo, aunque también
se han encontrado en el citoplasma, habiéndose descrito mas de 20 tipos diferentes de
shRNP humanas (Martinez-Contreras et al., 2007). El analisis filogenético de estas
proteinas revela la presencia de 13 familias cuyos miembros estan estrechamente
relacionados, lo que indica que la diversidad de las hnRNP podria deberse a hechos

sucesivos de duplicacion génica (Busch y Hertel, 2012).
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La estructura de las hnRNP es modular, con motivos de unién a ARN de los tipos
RRM, KH, caja RGG o dedos de cinc, y al menos un dominio auxiliar, rico en glicina,
prolina o residuos acidicos, implicado en interacciones proteina-proteina. Se conocen 10
tipos de hnRNP, entre las que cabe destacar las de los grupos hnRNP E y K, con
dominios KH; los miembros de los grupos hnRNP F y H, las Gnicas con especificidad de
secuencia en su unién al ARNm (a regiones poli G); y las del grupo hnRNP [, también
conocidas como PTB (polypyrimidine tract binding proteins) (revisado en Han et al.,
2010).

Las proteinas hnRNP inhiben el splicing, siendo por tanto antagonistas de las SR.
Solo se conoce el mecanismo de accion de algunas hnRNP, que dificultan el ensamblaje
del spliceosoma, bloguean el reclutamiento de las snRNP y/o eliminan exones (Figura 7,
en la pagina 20). Las hnRNP pueden ocluir una o0 mas de las sefales del splicing,
impidiendo su reconocimiento por el spliceosoma. También pueden impedir interacciones
entre componentes del spliceosoma. Por ejemplo, las PTB pueden dificultar la unién de la
proteina U2AF al sitio donante durante la formaciéon del complejo E o favorecer la
interaccion entre las snRNP Ul y U2AF (Figura 7C y D, en la pagina 20). Por ultimo,
varias hnRNP pueden interaccionar entre si y con el ARN, formando bucles que impiden
el acceso de los componentes del spliceosoma (Figura 7E y F, en la pagina 20; revisado
en Wachter et al., 2012).

Se ha descrito en las plantas una familia de pequefias proteinas de union a ARN
que constituyen una version simplificada de las hnRNP de los mamiferos, ya que
contienen un solo dominio RRM y una region rica en glicina. Participan en diversos
aspectos del metabolismo del ARN, tal como sus homdlogas animales (revisado en
Wachter et al., 2012; Ciuzan et al., 2015; Meyer et al., 2015). POLYPYRIMIDINE TRACT-
BINDING PROTEIN 1 (PTB1) y PTB2 de Arabidopsis son reguladores del splicing
(Simpson et al., 2010; Ruhl et al., 2012). La alteracion de sus niveles modifica el patrén
de splicing de los transcritos de PHYTOCHROME INTERACTING FACTORG6 (PIF6),
FLOWERING LOCUS K (FLK) y FLOWERING LOCUS M (FLM); PIF6 participa en el
control de la germinacién dependiente del acido abscisico (ABA) y FLK y FLM en el
control de la floraciéon (Ruhl et al., 2012). También son hnRNP reguladoras del splicing en
Arabidopsis GLYCINE-RICH PROTEIN7 (GRP7) y su paraloga GRP8, que se unen al
pre-ARNm promoviendo el uso de sitios alternativos de splicing, que genera algunos
transcritos alternativos con codones de terminacion prematuros, que son reconocidos y
degradados por la maquinaria del NMD (revisado en Wachter et al.,, 2012). La

transcripcion de GRP7 se ha asociado a la respuesta a diferentes tipos de estrés, el
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control del ritmo circadiano y la defensa contra determinados patogenos (Carpenter et al.,
1994; Heintzen et al., 1994; Kim et al., 2008; Schoning et al., 2008; Schmidt et al., 2010;
Nicaise et al., 2013). La sobreexpresion de GRP7 altera los niveles de 44 miARN,
promoviendo la acumulacion de ciertos precursores en detrimento de sus formas
maduras, e induce el splicing alternativo de los precursores pri-miR172b y pri-miR162a
(Koster et al., 2014). Estas observaciones indican que GRP7 controla el procesamiento

de los pre-ARNm y los pri-miARN (Meyer et al., 2015).
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Figura 7.- Mecanismos de regulacion del splicing mediados por hnRNP. Los exones e intrones se
representan mediante rectangulos y lineas, respectivamente. Los exones alternativos se representan
en gris, y los constitutivos, en negro. Se destacan las sefiales reguladoras ISE y ESE y los
complejos U1l y UA2F del spliceosoma. (A) Exclusion de exones por competicion por los sitios de
unién entre las hnRNP y los componentes del spliceosoma (U1, U2, UA2F) o entre las hnRNP y
factores activadores del splicing (FS). (B) Cooperacion entre las proteinas hnRNP para la exclusion
de exones mediante el establecimiento de una zona de silenciamiento, que impide la asociacion del
spliceosoma y los FS. (C, D) Antagonismo entre las hnRNP y Ul y UAZ2F en los procesos de
definicion de (C) intrones y (D) exones. Las hnRNP impiden el reconocimiento de los exones e
intrones dificultando el posicionamiento de los complejos Ul y UA2F en las secuencias de
consenso. (E, F) Generacion de bucles por interacciones entre hnRNP que (E) previene o (F)
induce la inclusion de exones. Modificado a partir de Wachter et al. (2012).
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[11.3.- Biogénesis del ribosoma citoplasmico de Arabidopsis
[11.3.1.- Componentes del ribosoma citoplasmico de los eucariotas

El ribosoma citoplasmico es la maquinaria de la traduccion de los ARNm y esta
constituido por unas 80 proteinas ribosémicas y cuatro tipos de ARNr. Su sintesis es muy
compleja e implica a tres ARN polimerasas nucleares en todos los eucariotas. La ARN pol
| transcribe el ADNr 45S, rindiendo un ARN policistronico precursor de los ARNr 28, 26 o
25S (dependiendo de la especie), 18S y 5.8S. La ARN pol Il transcribe los genes de las
proteinas ribosémicas y los ARN pequefios nucleolares (ARNpno; small nucleolar RNA)
que participan en el procesamiento del ARNr 45S. La ARN pol Il sintetiza el ARNr 5S, asi
como los ARN transferentes (ARNt), que no forman parte del ribosoma pero son
esenciales en la traduccion. Los genes del ADNr 45S y 5S se encuentran agrupados en
tdndem, en un niamero mucho mayor del aparentemente necesario; de hecho, no todas
Sus copias se expresan en un momento o tejido dados (revisado en Layat et al., 2012).

En los eucariotas, el ensamblaje del ribosoma se inicia en el nucleo con la
formacion independiente de las subunidades 40S y 60S, que son exportadas al
citoplasma, en donde se completa. La subunidad 40S esta formada por el ARNr 18S y
unas 33 proteinas ribosémicas, mientras que la 60S contiene los ARNr 5.8S, 5S y 28S,
26S 0 25S, que se ensamblan con otras 47 proteinas ribosdmicas (revisado en Weis et

al., 2015).

[11.3.2.- Organizacion y expresion del ADNr de Arabidopsis

La transcripcion de los genes de los ARN y las proteinas ribosomicas es una
etapa fundamental de la biogénesis del ribosoma, que consume una parte importante de
los recursos de cualquier célula (Grummt, 2003). Las cantidades de estas moléculas
estan rigurosamente controladas para garantizar el ensamblaje efectivo de los ribosomas
(Laferte et al., 2006). Las células controlan muy estrictamente la transcripcién de los
ARNTr, cuyos genes estan muy repetidos en todos los genomas eucariéticos y en algunos
procarioticos (Klappenbach et al., 2000; revisado en Layat et al., 2012).

El ARNr 5S de Arabidopsis tiene 120 nt y es el producto de unas 1.000 copias de
ADNTr 5S organizadas en tandem y rodeadas de retroelementos. En todos los accesos de
Arabidopsis estudiados se han encontrado grandes agrupaciones de ADNr 5S en la
heterocromatina pericentromérica de los cromosomas 4 y 5. Columbia-0 (Col-0) cuenta
con otros grupos de repeticiones en los cromosomas 3 y 5, aparentemente inactivas

(Figura 8A, en la pagina 23; Cloix et al., 2000; revisado en Layat et al., 2012). Existen
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variantes de los ADNr 5S con diferentes patrones de expresion espacial y temporal
(Mathieu et al., 2003).

Cada repeticion del ADNr 5S tiene unas 500 pb, de las que 380 corresponden a
un espaciador intergénico. Su promotor esta dentro de la unidad de transcripcion y posee
una estructura bipartita, con secuencias denominadas cajas A y C, separadas por una
region intermedia de secuencia variable y longitud conservada (Figura 8B; Pontvianne et
al., 2010).

El factor de transcripcién TFIIIA se une al promotor interno del ADNr 5S y recluta a
los TFIIB y TFIIC y a la ARN pol Il al sitio de inicio de la transcripcion. La concentracién
de TFIIA esta regulada durante el desarrollo de Arabidopsis por diferentes mecanismos,
entre ellos su propia traduccion y proteolisis, ya que su pre-ARNm sufre splicing
alternativo. Una de las variantes asi obtenidas es un ARNm truncado, diana del NMD
(Mathieu et al., 2003). Durante la fase reproductiva de Arabidopsis se incrementa la
transcripciéon del gen TFIIIA y se reduce la proteolisis de la proteina TFIIIA; como
consecuencia, se acumulan TFIIIA y el ARNr 5S en la semilla. Tras la germinacion, el
splicing alternativo de TFIIIA rinde la variante truncada de su ARNm, que se degrada, por
lo que no se produce transcripcion de novo del ADNr 5S, cuyos niveles se reducen. Dias
después cambia el patron de splicing rindiendo, de nuevo, un ARNm funcional cuyo
producto activa la transcripcion del ADNr 5S (Layat et al., 2012).

Los genes del ADNr 45S se encuentran en constricciones secundarias de los
cromosomas metafasicos, denominadas organizadores nucleolares (NOR; Nucleolar
Organizer Region), cuyo numero depende de cada organismo y se situan en los brazos
cortos de los cromosomas acrocéntricos, muy préximos a los telomeros. El nucleolo se
organiza en interfase en los NOR, compartimento nuclear en el que se produce gran
parte de la sintesis de ribosomas y se concentra la ARN pol I. El nucleolo se reconstruye
tras cada division celular alrededor de los NOR, que contienen los ADNr 45S.

En Arabidopsis existen dos NOR, en los cromosomas 2 y 4 (Figura 8A en la
pagina 23; Lam et al., 2005; Layat et al., 2012). Tal como ocurre con las agrupaciones del
ADNTr 58S, el numero de repeticiones de los ADNr 45S varia entre ecotipos. Col-0 contiene
entre 570 y 750 copias de ADNr 45S por genoma haploide, organizadas en tandem en la
misma orientacion en los dos NOR. La unidad de transcripcion del ADNr 45S es de unas
10 kb, y contiene dos espaciadores externos (ETS), las regiones que codifican los ARNr
5.8S, 18S y 25S, y dos espaciadores internos (ITS) que separan cada gen estructural. Un
espaciador intergénico, que no se transcribe (IGS) y contiene al promotor, separa dos

copias adyacentes (Figura 8C, en la pagina 23; y Figura 9 de Sanchez-Garcia et al.,
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2015, en la pagina 54 de esta Tesis; revisado en Layat et al., 2012). La maduracion del
pre-ARN 45S, que rinde los ARNr maduros 5.8S, 18S y 25S, implica procesamientos
endo- y exorribonucleoliticos y dos tipos de modificaciones quimicas: metilaciones de las
ribosas y conversiones de uridina en seudouridina (Gruendler et al., 1989; Unfried et al.,

1989; Gruendler et al., 1991).
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Figura8.- Locaizacion cromosdmica y estructura de los genes que codifican los ARNr de
Arabidopsis. (A) Ubicacién de los ADNr 5S (destacados en rojo) y 45S (en verde) en los
cromosomas (1-5) de Col-0. Las copias de los genes del ADNr 5S activas estan recuadradas en
azul. Las repeticiones centroméricas se destacan en gris. (B) Estructura de una unidad de ADNr 5S.
El simbolo > indicalaposicion del sitio deinicio de latranscripcion. (C) Estructura de una unidad
de ADNr 45S. GP: promotor. SP1 y SP2: espaciadores del promotor. Sall: elementos repetitivos
que contienen dianas de restriccion Sall. TIS: sitio de iniciacion de la transcripcion. ETS:
espaciadores externos. ITS1 e ITS2: espaciadores internos. Modificado a partir de (A) Layat et al.
(2012) y (B, C) Pontvianne et al. (2010).

Los ETS del extremo 3’ de la regién estructural de estos genes (3’'ETS) contienen
cinco secuencias repetidas (R1-R5) polimodrficas (Figura 8C), que generan hasta 5
variantes del pre-rDNA 45S, a las que se denomina VAR, cuya presencia difiere entre
accesos de Arabidopsis (Abou-Ellail et al., 2011). La presencia de estos polimorfismos en
genes tan conservados ha permitido establecer que no todas las repeticiones se

expresan. En Col-0 se han descrito hasta la fecha cuatro VAR, con patrones de expresion
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temporal y espacial diferentes. VAR2, VAR3 y VAR4 se expresan en las plantas adultas
mientras que VAR solo lo hace en las semillas, tras su germinacion. Las repeticiones
silenciadas se organizan en la heterocromatina en la regién perinucleolar, mientras que
las activas lo hacen en forma de eucromatina y son facilmente distinguibles al
microscopio ya que forma lazos visibles al descondensarse y ocupar el nucleolo (Shaw y
Jordan, 1995; Lawrence y Pikaard, 2004; Raska et al., 2004).

Se ha propuesto una relacion funcional entre el splicing de los pre-ARNm vy la
biogénesis del ribosoma, y la posibilidad de que la regulacion de ambos procesos esté
coordinada. Por ejemplo, la helicasa de ARN Prp43p (Pre-mRNA processing 43) de
Saccharomyces cerevisiae interviene tanto en el reciclaje del spliceosoma como en la

biogénesis de los ARNr (Leeds et al., 2006).

[1l.4.- Las proteinas multifuncionales NKAP
[11.4.1.- Relacién entre las proteinas NKAP y los acidos nucleicos

Las rutas del factor de crecimiento epidérmico (EGF; Epidermal Growth Factor) y
la proteina transmembrana Notch confluyen en el control de muchos aspectos del
desarrollo animal, actuando en wunos casos antagénicamente, y en otros,
cooperativamente (Sundaram, 2005). La vulva de Caenorhabditis elegans se desarrolla a
partir de tres células hipodérmicas precursoras (Sulston y Horvitz, 1977; Felix, 2007),
cuyo destino depende de su activaciéon por la ruta del EGF o su inhibicion por LIN-12, una
proteina similar a Notch. Las mutaciones que reducen la sefializacion de la ruta del EGF
o activan la de Notch producen hermafroditas sin vulva, cuyo fenotipo se denomina Vul
(Vulvaless). Las mutaciones que potencian la ruta del EGF o reprimen la de Notch
producen un fenotipo Multivulva (Muv).

A los dobles mutantes de Caenorhabditis elegans cuyo fenotipo es superaditivo se
les denomina sintéticos o sinérgicos, en funcién de que sus correspondientes mutantes
simples parentales sean fenotipicamente iguales o distintos del tipo silvestre,
respectivamente (http://www.wormbook.org/). Los genes multivulva sintéticos (SynMuv)
fueron descubiertos en escrutinios de mutantes afectados en el desarrollo de la vulva en
Caenorhabditis elegans (Ferguson y Horvitz, 1985; 1989; Ferguson et al., 1987; Howell y
Rose, 1990). Los genes SynMuv actdan redundantemente para reprimir la diferenciacion
de la vulva (Horvitz y Sulston, 1980; Ferguson y Horvitz, 1989).

Los genes SynMuv se clasificaron inicialmente en las categorias A y B, en funcion
de sus interacciones genéticas. Los mutantes simples synMuv A y synMuv B carecian de

fenotipo Muv, que si manifestaban los dobles mutantes synMuv AB (Ferguson y Horvitz,
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1989). Muchos de los genes SynMuv B codifican factores implicados en la represion
epigenética de la transcripcion, entre ellos componentes de los complejos represores
NuRD (Nucleosome Remodeling Deacetylase) y DREAM (2DP, RB [retinoblastoma], E2F
y MuvB). También se considera SynMuv B al gen HPL1, homologo del que codifica la
Heterochromatin Protein 1 (HP1) de Drosophila melanogaster (Tabla 1, en la pagina 26;
Fay y Yochem, 2007). HP1 es una proteina muy conservada entre los eucariotas que
pertenece a una familia cuyos miembros participan en diversos procesos como el
mantenimiento de marcas represoras epigenéticas, la reparacién de rupturas en el ADN,
el mantenimiento de los telémeros o el splicing (revisado en Canzio et al., 2014). Dos de
los tres genes SynMuv A que se conocen codifican factores de transcripcion con dedos
de cinc y un dominio THAP (zinc-finger-like THanatos-Associated protein) de unién a
ADN, que se encuentra en proteinas con dedos de cinc implicadas en el control de la
proliferacion y division celular (Clouaire et al., 2005).

Los alelos mutantes de los genes SynMuv C producen un fenotipo Muv débil, que
se acentla en sus dobles mutantes con alelos de los genes de las clases A o B (Ceol y
Horvitz, 2004). Pertenecen a esta categoria genes que codifican componentes del
complejo acetilador de histonas Tip60. ElI complejo Tip60 humano esta implicado directa
0 indirectamente en numerosos procesos, entre ellos la reparaciéon de ADN vy el
mantenimiento de la integridad del genoma (Sun et al., 2010). Todos los genes SynMuv B
y SynMuv C codifican proteinas nucleares implicadas en el control epigenético de la

expresion génica (Tabla 1, en la pagina 26; Fay y Yochem, 2007).

[11.4.2.- Funciones de la NKAP humana en el procesamiento del ARN

Se sabe relativamente poco de las NKAP, ello a pesar de que se han descrito en
todos los eucariotas. El ortélogo del gen de la NKAP humano en Caenorhabditis elegans
es let-504 (E01A2.4), un gen esencial (Howell y Rose, 1990) de funcién desconocida, que
ha sido clasificado como SynMuv B (Poulin et al., 2005; Tabla 1, en la pagina 26). Existe
una paraloga de la NKAP humana, NKAP-L (NF kappa B activating protein like), cuya
funcién se ignora (Burgute et al., 2014).

La NKAP humana fue identificada por su capacidad de activar al factor nuclear
kappa B (NF-kB) (Chen et al., 2003), que es exclusivo de los animales y juega un papel
esencial en la respuesta inmune de los vertebrados (Montgomery et al., 2008). La NKAP
humana interacciona en los linfocitos B con una secuencia potenciadora de la

transcripcion (enhancer) que forma parte de la region reguladora del gen de las cadenas
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Tabla 1.- Genes SynMuv B de Caenorhabditis elegans

Gen Descripcion del producto proteico

dpl-1 Miembro de la familia DP que heterodimeriza con factores E2F para el control del ciclo
celular.

efl-1 Miembro de la familia E2F de proteinas implicadas en el control del ciclo celular.

gei-4 Funcién desconocida.

hda-1 Desacetilasa de histonas.

hpl-2¢c Heterochromatin protein 1 (HP1). Desregula la respuesta UPR (unfolded protein

response) en el intestino®
let-418 Mi-2/CHD3. Helicasa de ADN del complejo NurD.
let-504 Ortéloga de la NKAP humana.

lex-1 Proteina con bromodominio. Probablemente mantiene los limites entre la
heterocromatina y la eucromatina, junto con TAM-1 (Tandem Array expression
Modifier 1)°.

lin-9 Forma parte de complejos DREAM.

lin-13 Factor con dedos de zinc. Atentia la respuesta UPR" junto con HPL-2
(Heterochromatin protein 1-like).

lin15b Regulador negativo de la transicion de la fase G1 a la S del ciclo celular®.

lin-35 Ortéloga de la proteina retinoblastoma (p107).

lin-36 Regulador negativo de la transicion de la fase G1 a la S del ciclo celular®.

lin-37 Similar a Mip40 de Drosophila melanogaster, componente de complejos DREAM®.

lin-52 Funcion desconocida. Su ortéloga en Drosophila melanogaster es antagonista de las
proteinas de los complejos DREAM®.

lin-53 Similar a la proteina RbAP48 (Rb associated protein 48) humana.

lin-54 Similar a Mip120 de Drosophila melnogaster.

lin-61 Homologa de la LAMBTL2 humana, un componente del complejo PRC1L4 (Polycomb
repressive complex 1-like 4)° de proteinas Polycomb.

lin-65 Funcién desconocida.

mep-1 Componente del complejo NuRD (Nucleosome Remodeling Deacetylase).

met-2 Metiltransferasa de histonas.

rpb-11 Subunidad B de la ARN polimerasa I, ortéloga de la subunidad J3 de la ARN
polimerasa Il humana (POLR2J3).

tam-1 Probablemente mantiene los limites entre la heterocromatina y la eucromatina, junto
con Lex-1%

tra-4 Parte de un complejo represor implicado en la determinacion del sexo.

ubc-9 Enzima conjugadora E2 de ubiquitina.

'Kozlowski et al. (2014); *Tseng et al.(2007); *Boxem y van den Heuvel (2002); “Korenjak et
al.(2004); °Lewis et al. (2012); ®*Trojer et al. (2011).

ligeras kappa (k) de las inmunoglobulinas (Sen y Baltimore, 1986). La NKAP humana
también se une a la desacetilasa de histonas 3 (HDAC3) y forma parte del complejo

correpresor Notch (Pajerowski et al., 2009). HDAC3 se une al factor de transcripcion Ying
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Yang 1 (YY1), una proteina del grupo Polycomb (PcG), para reprimir el desarrollo de los
linfocitos B (Pan et al., 2012).

Las proteinas NKAP presentan un dominio muy conservado en su region
carboxiterminal, que inicialmente se denominé DUF926 y mas tarde SynMuv. Presenta
una region aminoterminal rica en serina y arginina, a la que se ha considerado un dominio
RS no canédnico, con algun parecido al de las proteinas SR (Jarvelin et al., 2016) que
participan en el splicing (apartado 111.2.2.2.2.- en la pagina 15). De hecho, la NKAP
humana se ha encontrado asociada a diferentes complejos del spliceosoma, lo que
sugiere que juega un papel en el splicing (Jurica y Moore, 2002; Bessonov et al., 2008;
2010; llagan et al., 2013). Ademas, la inhibicion de la expresion del gen de la NKAP
humana mediante ARN interferentes, en células en cultivo, altera el splicing de los pre-
ARNmM de algunos genes (Burgute et al., 2014). Sin embargo, la NKAP humana se une
tanto a los ARNm de genes que contienen intrones como a los que no los contienen.
También se ha encontrado a la NKAP humana unida a diversos tipos de ARN no
codificantes, estructurales y reguladores (Burgute et al., 2014), unién que parece estar
mediada por su dominio RS no candnico (Jarvelin et al., 2016).

Mediante HITS-CLIP (inmunoprecipitacién de proteinas asociadas a ARN [CLIP],
seguida de secuenciacion masiva de ARN [HITS; High-throughput sequencing]), se han
detectado interacciones entre la NKAP humana y moléculas de ARN nuclear implicadas
en el splicing, ARNr, ARNpno implicados en el procesamiento del pre-ARNr 45S,
conocidos ARN reguladores como XIST y otros ARN largos no codificantes (ARNInc; long
noncoding RNA) (Burgute et al., 2014). Se ha establecido que la NKAP humana
interacciona con proteinas implicadas en el splicing de los pre-ARNm, con factores que
intervienen en el procesamiento del pre-ARNr 45S y el ensamblaje del ribosoma, con
proteinas implicadas en la reparacion de rupturas en las dos cadenas del ADN (DSB;
double strand break) por el mecanismo de unién de extremos no homélogos (NHEJ; non-
homologous end joining), y con factores implicados en el transporte nucleocitoplasmico
de proteinas y ARNm (Tabla 2; Burgute et al., 2014).

[11.5.- Mecanismos de supresion genética

La obtencidon de dobles mutantes permite inferir la existencia de relaciones
funcionales entre los genes a estudio. Se llama sinergia a la superaditividad del fenotipo
de un doble mutante respecto a los de sus mutantes simples parentales (Pérez-Pérez et
al., 2009). Se denomina supresién a la atenuacién o anulaciéon en un doble mutante del

fenotipo de una de sus lineas parentales.
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La identificacion de mutaciones supresoras se realiza mutagenizando una estirpe
mutante (second site mutagenesis). Aunque no puede descartarse la posibilidad de que
se obtengan reversiones y mutaciones supresoras intragénicas, la probabilidad de estos
eventos, especialmente el primero, es muy baja. Debe tenerse en cuenta que en las
busquedas de supresores no siempre se aislan genes funcionalmente relacionados con
el portador de la mutacién suprimida, ya que los mecanismos de supresion pueden
implicar a procesos generales como el splicing, la degradacion, exportacién o traduccion
de ARNm aberrantes. Se denomina informacionales a estos supresores, que en
ocasiones son especificos de uno o unos pocos alelos del gen suprimido y no informan

necesariamente de la funcion de este ultimo (revisado en Hodgkin, 2005).

Tabla 2.- Interactores de la NKAP humana de funcién conocida o predicha

Proteina Funcién®

AKAP17A/ Regulacion del splicing alternativo en precursores del ARNm'

SFRS17A

ANXA1 Inhibicion de la fosfolipasa A2. Actividad antiinflamatoria

CSE1L Transporte nucleocitoplasmico de proteinas

DDX21 Reparacion de rupturas dobles del ADN por el mecanismo de union de
extremos no homélogos2

DDX27 Ensamblaje del ribosoma en Saccharomyces cerevisiae®

DDX41 Modificacion de la estructura secundaria del ARN, regulacion del splicing
nuclear y mitocondrial, y ensamblaje de los ribosomas y el spliceosoma

DDX54 Ensamblaje del ribosoma en Saccharomyces cerevisiae*

DDX17/p72 Regulacion del splicing alternativo®

FUS Splicing de pre-ARNm y exportacién de ARNm maduros al citoplasma

HEATR1 Maduracioén de los pre-ARNr 45S y sintesis del ribosoma

hnRNP A2/B1 Asociacion con pre-ARNm en el nucleo y control del trafico de miARN en los
exosomas®

hnRNP L Factor del splicing

hnRNP M Control del splicing bajo condiciones de estrés térmico’

hnRNP Q Metabolismo y transporte de los ARNm

hnRNPU/SAF-A Control global del splicing alternativo mediante la regulacién de la maduracion
de la snRNP U2°

IFI16 Inhibicion de la proliferacion celular

KPNB1 Transporte nucleocitoplasmico de proteinas

LFTD Almacenamiento de hierro en estado soluble y no téxico

LMNB1 Mantenimiento de la estabilidad del genoma y la estructura de la cromatina
NOP2/SUN2 Reparacioén de rupturas dobles del ADN por el mecanismo de union de

extremos no homélogos
PDCD11/RRP5 Maduracién del pre-ARNr 453°
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Tabla 2 (continuacion).- Interactores de la NKAP humana de funcion conocida o predicha

Proteina Funcion®

PRKDC Reparacion de rupturas dobles del ADN por el mecanismo de union de
extremos no homaélogos

PRPF3/PRP3 Componente del spliceosoma; se asocia con las snRNP U4 y U6

PSMD2 Componente del proteasoma

RBM39/CAPER/ Induccion de la transcripcién mediada por sefiales hormona esteroidea-

CAPER-a receptor. Interviene en el splicing alternativo ™

RNPS1 Activacion del splicing constitutivo y alternativo'’

SFPQ Factor del splicing

SLC3A2/4F2 Regulacion de los niveles de calcio intracelular y del transporte de
aminoacidos como la leucina

SNRNP200/ Componente del spliceosoma

U5-200KD

TFRC Receptor de la transferrina

TRIM28/KAP1 Reclutamiento de metiltransferasas de histonas a la cromatina'

2Seguin lo anotado en e NCBI, excepto en |os casos siguientes: *Jarnaess et al. (2009); *Zhou et al.
(2010); °Ripmaster et al. (1992); “Burger et al. (2000); *Dardenne et al. (2012); *Villarroya-Beltri
et al. (2013); 'Gattoni et al. (1996); ®Xiao et al. (2012); *Venemay Tollervey (1996); *°Huang et
al. (2012); "Mayedaet al. (1999); **Schultz et al. (2002).

Existen alelos mutantes de muchos de los genes que codifican diferentes
componentes del spliceosoma, que alteran el splicing. Estos alelos se han usado en
busquedas de supresores que han permitido identificar nuevos genes cuyos productos
estan relacionados con el splicing. Son ejemplo de ello las mutaciones supresoras en
genes que codifican proteinas que reconocen las sefales del splicing. Por ejemplo, los
alelos supresores prp8 del gen Prp8, que codifica uno de los componentes del complejo
snRNP U4/U6/U5 del spliceosoma de Saccharomyces cerevisiae, han hecho posible la
caracterizacion funcional de PRP22 y PRP16, entre otras (Query y Konarska, 2004; Liu et
al., 2007; Hebeisen et al., 2008); las mutaciones supresoras U1-3G y U1-9G restauran el
defecto en el splicing que causa el alelo wP?*® del gen white de Drosophila melanogaster
(Lo et al., 1994); y las alteraciones del splicing producidas por las mutaciones en unc-13y
unc-73 son suprimidas por alelos de los genes que codifican las proteinas U1 de
Caenorhabditis elegans (Zahler et al., 2004; Dassah et al., 2009).

Un segundo tipo de supresores informacionales esta relacionado con el splicing
alternativo. En este caso la mutacidén supresora induce la inclusion o eliminacién de
intrones y/o exones mediante eventos de splicing alternativo. El splicing del pre-ARNm
del gen ABSCISIC ACID INSENSITIVE3 (ABI3) genera dos transcritos alternativos que
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difieren en un intrén, que esta presente en la variante ABI3-a, que codifica la proteina
silvestre, y ausente de ABI3-3, que codifica una proteina truncada (Sugliani et al., 2010).
El alelo abi3-5 del gen ABI3 es portador de una delecion de un nucleétido, que altera la
pauta de lectura, apareciendo un codén de terminacion prematuro que trunca la proteina
(Sugliani et al., 2010). En una busqueda de supresores de abi3-5 se identifico el gen SUA
(SUPPRESSOR OF abi3-5), presunto ortdlogo de la RBM5 (RNA binding motif protein 5)
humana, que suprime el splicing del intron alternativo de ABI3 (Sugliani et al., 2010; Jin et
al., 2012). En los dobles mutantes abi3-5 sua-1, la combinacién de la delecién abi3-5y la
eliminacion del intrén alternativo de sua-1 restaura la pauta de lectura del ARNm de ABI3,

originando un transcrito ABI3- que codifica una proteina funcional (Sugliani et al., 2010).

[11.6.- Antecedentes y objetivos
[11.6.1.- Aislamiento de alelos agol hipomorfos

En el laboratorio de José Luis Micol se realizdé un escrutinio de mutantes de
morfologia foliar alterada tras una mutagénesis con metanosulfonato de etilo (EMS).
Once de estos mutantes fueron agrupados en la clase fenotipica INCURVATA (ICU), por
su limbo hiponastico, recurvado hacia el haz (Berna et al., 1999; Robles y Micol, 2001).
La clonacion posicional en el laboratorio de Maria Rosa Ponce de las mutaciones
recesivas inicialmente denominadas icu9-1 e icu9-2 reveld que eran nuevos alelos del
gen AGOL1, por lo que se renombraron como agol-51 y agol-52, respectivamente (Jover-
Gil et al., 2005; 2012). Tal como suele ser habitual en las mutaciones inducidas por el
EMS, agol-51 y agol-52 son transiciones G—A; las cuales modifican el splicing de
AGO1, alterando la pauta de lectura de su ARNm (Jover-Gil et al., 2012). La mutacion
agol-51 provoca la aparicién de dos transcritos aberrantes, de mayor y menor tamario
que el silvestre. La variante menor codifica una proteina truncada en la que falta todo el
dominio PIWI y parte del PAZ. La variante mas larga se traduce a una proteina que
pierde 13 aminoacidos del dominio PAZ (Jover-Gil et al., 2012). Por el contrario, en los
mutantes agol-52 solo se detectd inicialmente un transcrito que rinde una proteina
truncada, con 55 aminoacidos menos que la silvestre, entre ellos los tres ultimos del
dominio PIWI (Figura 9; Jover-Gil et al., 2012). Los mutantes agol-51 y agol-52 son
viables y relativamente fértiles y su fenotipo morfoldgico es claramente distinguible del

silvestre.
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NH,] ?\

AGO1 479 LPCLQVGNSNRPNYLPMEVCKIVEGQRYSKRLNERQITALLK
AGO1-51 splicing product 1 479 LPCLQV--———————————- CKIVEGQRYSKRLNERQITALLK
AGO1-51 splicing product 2 479 LPCLQVGNSNRPNYLPMEVTLKYVIRFY*

AGO1 969 YARCTRSVSIVPPAYYAHLAAFRARFYME
AGO1-52 969 YARCTRSVSIGYCSSPCILCTSSSF*

Figura 9.- Representacion esquematica de la proteina AGO1, con indicacion de los efectos de las
mutaciones agol-51 y agol-52 sobre su secuencia. Se destacan en negro los dominios PAZ y
PIWI. Se indican las consecuencias de las alteraciones del splicing que sufren los alelos agol-51y
agol-52. Los valores numéricos indican posiciones en la secuencia aminoacidica. Tomado de
Jover-Gil et al. (2012).

[11.6.2.- Busqueda de supresores del fenotipo morfolégico de ago1-52

En el laboratorio de M.R. Ponce se constatd que las combinaciones de alelos
hipomorfos o nulos de dos genes cualesquiera de la maquinaria de los mMIARN
manifiestan fenotipos sinérgicos (Jover-Gil et al., 2005). Esta observacion sugirié que la
mutagénesis de agol-51 o agol-52 con EMS rendiria dobles mutantes sinérgicos cuya
segunda mutacion afectaria a un gen modificador, de funcion relacionada con AGOL1. Se
identificaron 4.189 presuntos dobles mutantes en los que el fenotipo de agol-52 se
debilitaba 0 acentuaba, o manifestaron rasgos que la estirpe parental no mostraba (Micol-
Ponce et al., 2014). Solo 302 dobles mutantes completaron su ciclo de vida y resultaron
fértiles, 23 de los cuales manifestaron supresién, en algunos casos completa, del fenotipo
morfologico de agol1-52 (Figura 10, en la pagina 32). Estas mutaciones supresoras fueron

denominadas mas (morphology of argonautel-52 suppressed) (Micol-Ponce et al., 2014).

[11.6.3.- Objetivos

Tal como se ha comentado en el apartado 111.2.2.2.2 en la pagina 15, la
participaciéon de las proteinas SR en el splicing estd sobradamente demostrada en
diferentes sistemas bioldgicos. La clonacion posicional del gen MAS2 en el laboratorio de
M.R. Ponce revel6 que codifica una proteina homéloga de las NKAP (NF-kappa B
Activating Protein) de los metazoos. La NKAP humana presenta una region
aminoterminal a la que se ha considerado un dominio RS no canonico y se ha encontrado
asociada a diferentes complejos del spliceosoma.

El objetivo inicial de esta tesis fue caracterizar funcionalmente el gen MAS2 de

Arabidopsis. Se plante6 para ello (1) la identificacion del maximo numero posible de
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Figura 10.- Rosetas de las lineas supresoras identificadas tras una mutagénesis con EMS del
mutante ago1-52. Las lineas mutantes se denotan con su ndmero de protocolo, en la forma PN X.Y,
en donde PN indica el grupo parental de procedencia, X es el nimero de la placa de Petri en la que
se aislo el mutante M2, e Y es el ordinal que corresponde a cada uno de los mutantes encontrados
en una misma placa. Las fotografias fueron tomadas 21 dias después de la estratificacion. Las
barras de escala indican 1 mm. Tomado de Micol-Ponce et al. (2014).

presuntos alelos mas2 puntuales e insercionales, la realizacion de los correspondientes
ensayos de alelismo y la determinacion de su dominancia, recesividad y eventual
letalidad, (2) la obtencibn de mIARN artificiales amiR-MAS2 que produjesen una
insuficiencia genuina pero parcial de la funcién del gen MAS2, (3) la obtencién de
construcciones que permitiesen el rescate fenotipico de los mutantes mas2, la
visualizaciébn del patréon de expresion espacial y temporal del gen MAS2 y la
determinacion de la localizacion subcelular de la proteina MAS2, (4) la determinacion de
la naturaleza molecular del efecto supresor de las mutaciones mas2 sobre agol-52 y
otros alelos mutantes de AGO1, (5) la realizacién de los ensayos genéticos y moleculares

que se requiriesen para definir la funcién y las interacciones del gen MAS2 y la proteina
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MAS2, que en principio debian incluir al menos la obtencién y el estudio de dobles
mutantes y una busqueda de interactores de MAS2 basada en el ensayo del doble
hibrido de la levadura, y (6) la formulacién de una hipétesis sobre la funcién de MAS2, al
gue inicialmente suponiamos relacionado con alguna faceta del metabolismo del ARN.

La constatacién de que las mutaciones mas2 solo suprimen el fenotipo de los
alelos de AGO1 cuyo splicing esta alterado nos indujo a proponernos un objetivo
sobrevenido: el analisis de los productos del gen AGO1 en los dobles mutantes agol
mas2, tanto a nivel de transcritos como de proteinas. Los indicios de la relacién de MAS2
con los organizadores nucleolares y la regulacion de la expresién del ADNr 45S también
nos hicieron proponernos objetivos adicionales a los iniciales: la realizacion de ensayos
de hibridacién in situ fluorescente para establecer la eventual colocalizacion de MAS2 y
los genes del ADNr 45S y el estudio de la metilacién de las regiones reguladoras de estos

ultimos.
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Arabidopsis MAS2, an Essential Gene That Encodes a
Homolog of Animal NF-k B Activating Protein, Is
Involved in 45S Ribosomal DNA Silencing
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Ribosome biogenesis requires stoichiometric amounts of ribosomal proteins and rRNAs. Synthesis of rRNAs consumes most
of the transcriptional activity of eukaryotic cells, but its regulation remains largely unclear in plants. We conducted a screen
for ethyl methanesulfonate-induced suppressors of Arabidopsis thaliana ago1-52, a hypomorphic allele of AGO1
(ARGONAUTET1), a key gene in microRNA pathways. We identified nine extragenic suppressors as alleles of MAS2
(MORPHOLOGY OF AGO1-52 SUPPRESSED?2). Positional cloning showed that MAS2 encodes the putative ortholog of NKAP
(NF-x B activating protein), a conserved eukaryotic protein involved in transcriptional repression and splicing in animals. The
mas2 point mutations behave as informational suppressors of ago1 alleles that cause missplicing. MAS2 is a single-copy
gene whose insertional alleles are embryonic lethal. In yeast two-hybrid assays, MAS2 interacted with splicing and ribosome
biogenesis proteins, and fluorescence in situ hybridization showed that MAS2 colocalizes with the 45S rDNA at the nucleolar
organizer regions (NORs). The artificial microRNA amiR-MAS2 partially repressed MAS2 and caused hypomethylation of 45S
rDNA promoters as well as partial NOR decondensation, indicating that MAS2 negatively regulates 45S rDNA expression. Our

results thus reveal a key player in the regulation of rRNA synthesis in plants.

INTRODUCTION

The regulation of eukaryotic gene expression involves multiple
precisely controlled and coordinated transcriptional and post-
transcriptional processes. For example, nuclear rRNA genes
are tightly regulated, as transcription of rRNAs involves a vast
amount of cell resources, representing ~50% of transcription
in many eukaryotic cells (reviewed in Grummt, 2003). Assembly
of the ribosome requires stoichiometric amounts of rRNAs and
ribosomal proteins (Laferté et al., 2006). Arabidopsis thaliana
contains ~1000 tandemly arrayed copies of the 5S rRNA gene
and 570 to 750 copies of the 45S rRNA gene per haploid ge-
nome (Layat et al., 2012). Not all rRNA genes are transcribed
at a given cell; active genes are enriched in euchromatin and
silenced genes in heterochromatin (Lawrence et al., 2004).
Transcription of the genes in rDNA depends on the action of en-
zymes that regulate histone methylation and acetylation, DNA
methylation, and nucleosome positioning (Layat et al., 2012).
In humans, the NF-k B activating protein (NKAP) activates
nuclear factor-x B (Chen et al., 2003) and is a component of
the Notch corepressor complex (Pajerowski et al., 2009).
NOTCH proteins are transmembrane receptors involved in
several conserved pathways that regulate cellular differentiation,
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proliferation, and apoptosis in animals (Bray, 2006). Human
NKAP has also been found bound to different spliceosomal
complexes (Jurica and Moore, 2002; Bessonov et al., 2008,
2010; llagan et al., 2013) and to pre-mRNAs and spliced mRNAs
(Burgute et al., 2014). A role has been proposed for human
NKAP in regulating constitutive splicing. NKAP interacts with
several RNA binding proteins, including splicing factors; it binds
to exons in pre-mRNAs as well as to small nuclear RNAs, small
nucleolar RNAs, rRNAs, and long intergenic noncoding RNAs.
XIST (X-inactive-specific transcript) regulatory RNA, the major
effector of X chromosome epigenetic inactivation, has also been
found bound to NKAP (Burgute et al., 2014).

NKAP is a conserved eukaryotic protein that was first dis-
covered in Caenorhabditis elegans and named EO1A2.4 or LET-
504 (Howell and Rose, 1990). Based on the interactions of its
mutant alleles and their effects on vulvar development, let-504
was classified as a class B Synthetic Multivulva (SynMuv) gene
(Poulin et al., 2005); genes of this class encode proteins involved
in epigenetic repression of gene expression (Saffer et al., 2011).
The NKAP family is defined by the presence of a domain that
was initially named DUF926 and later SynMuv.

One posttranscriptional regulatory mechanism is mediated by
microRNAs, a class of eukaryotic endogenous small RNAs (20 to
24 nucleotides) that modulate a wide variety of processes (Jones-
Rhoades et al., 2006; Bartel, 2009; Voinnet, 2009). Plant microRNAs
play their regulatory role in the cytoplasm, through their selective
loading into an ARGONAUTE (AGO) protein, the best known of
which is AGO1 (Bartel, 2009; Mallory and Vaucheret, 2010). AGO
proteins form the core component of RNA-induced silencing com-
plexes (Voinnet, 2009; Rogers and Chen, 2013).

Here, we describe a characterization of MORPHOLOGY OF
AGO1-52 SUPPRESSED2 (MAS2), the Arabidopsis putative
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ortholog of human NKAP. We isolated 11 mas2 alleles, nine of
which behave as informational suppressors of two hypomorphic
ago1 alleles that exhibit missplicing. We found MAS2 to be an
essential gene whose protein product colocalizes with and
regulates expression of the 45S rDNA.

RESULTS

The mas2-1 Mutation Is an Extragenic Suppressor of
ago1-52

We previously isolated and studied ago7-52 (Berna et al., 1999;
Jover-Gil et al., 2005; Jover-Gil et al., 2012), a hypomorphic,
viable allele of AGO17. To study the regulation, action, and in-
teractions of AGO7, we conducted a genetic screen to identify
ethyl methanesulfonate (EMS)-induced second-site mutations
suppressing the morphological phenotype of ago7-52; we termed
these extragenic suppressors morphology of argonautei-52
suppressed (mas) mutations (Micol-Ponce et al., 2014). One of the
lines isolated was given the P2 11.1 protocol number and carried
a suppressor mutation that we named mas2-1.

The ago7-52 mutant exhibits a pleiotropic phenotype, con-
sisting of leaves with no clear boundary between petiole and
lamina, partial loss of adaxial-abaxial polarity in leaves and floral
organs, compact inflorescences, moderately low fertility, slow
growth, reduced plant size and number of vegetative leaves, and
late flowering (Jover-Gil et al., 2012; Micol-Ponce et al., 2014).
The ago1-52 mas2-1 plants were closer in phenotype to the
wild-type Landsberg erecta (Ler) than to the ago7-52 mutant. In
these double mutant plants, we observed a clear boundary
between leaf lamina and petiole (Figures 1A to 1D). Also, their
growth rate, height, flowering time, and fertility were in-
termediate between those of ago7-52 and Ler, and their general
body architecture, inflorescences, and fruits looked almost wild
type (Figures 1E to 1I).

To reduce the number of EMS-induced mutations, we back-
crossed P2 11.1 twice to Ler. In the progeny of these back-
crosses, the mas2-1 mutation did not cause any visible
phenotype on its own in an AGO1/AGO1 background (Figure
1B), and its suppressor effect seemed to be dominant.

MAS2 Encodes the Putative Arabidopsis Ortholog of
Human NKAP

To identify the MAS2 gene, we subjected the ago7-52 mas2-1
(P2 11.1) double mutant to iterative linkage analysis (Sup-
plemental Table 1), as previously described (Ponce et al., 1999,
2006). The results indicated that mas2-1 is a dominant mutation
that maps to the upper telomere of chromosome 4, within a
157-kb candidate region encompassing 39 annotated genes
(Supplemental Figure 1). A G—A mutation in the coding region
of one of the candidate genes, At4g02720, was present in
ago1-52 mas2-1 plants but absent from Ler and ago7-52
plants (Supplemental Figure 2).

At4g02720 is an intronless, single-copy gene that encodes
a protein of 422 amino acids, which contains the SynMuv domain
characteristic of NKAP family members. The G—A mutation
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Figure 1. Suppression of the Phenotype of ago7-52 by mas2-1.

(A) to (D) Rosettes of Ler (A), mas2-1 (B), ago7-52 (C), and ago1-52
mas2-1 (D) plants.

(E) Adult plants of Ler, mas2-1, ago1-52, and ago1-52 mas2-1.

(F) to (I) Inflorescences of Ler (F), mas2-1 (G), ago7-52 (H), and ago1-52
mas2-1 (l) plants.

Pictures were taken at 21 ([A] to [D]) and 48 (E) DAS. Bars = 1 mm (A) to
(D) and (F) to (I) and 1 cm in (E).



carried by mas2-1 is predicted to cause an Ala312—Trp sub-
stitution within the SynMuv domain (Figure 2). We also se-
quenced At4g02720 in the remaining 22 suppressor lines that
we isolated, finding that nine of them bore additional mas2
alleles, which we named mas2-4 to mas2-11. All these alleles,
except mas2-11, carry missense mutations mapping to a nar-
row (32 bp) region of At4g02720 encoding the SynMuv domain
(Figure 2A; Supplemental Figure 2). Such a large allelic series
found in a single genetic screen strongly supports the hy-
pothesis that At4g02720 (hereafter, MAS2) is the causal gene
for the suppression of the phenotype of ago7-52 exhibited by
P2 11.1.

All EMS-Induced mas2 Alleles Carry Point Mutations
Affecting Conserved Regions of MAS2

To ascertain whether the mas2 mutations affect residues con-
served among NKAP family members, we aligned MAS2 with
other NKAP proteins. Full-length MAS2 has 32.4% identity to
human NKAP, 30.0% to Drosophila melanogaster CG6066, and
33.5% to C. elegans LET-504. The SynMuv domain, which is
109 amino acids in the human NKAP, showed sequence
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Figure 2. MAS2 Gene Structure and Alleles.

(A) Schematic representation of the MAS2 (At4g02720) gene, showing
the nature and position of the mas2 mutant alleles. White and black
boxes represent untranslated and coding regions, respectively. The re-
gion encoding the SynMuv domain is shown in gray. Arrows indicate
nucleotide substitutions, and triangles indicate T-DNA insertions.

(B) and (C) Predicted effects of the mas2 mutations on the MAS2 protein.
Residues conserved among plants (B) or eukaryotes (C) are shaded
black (identical) and gray (similar). The full-length alignments are shown
in Supplemental Figures 3 and 4. The amino acids underlined belong to
the SynMuv domain.
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similarities of 81 to 82%. By selecting putative NKAPs from
a single representative of each of the supergroups identified in
recent phylogenies based on massive sequencing (He et al.,
2014), we only found conservation in the SynMuv domain: Its
identity was 43.2% between Arabidopsis and the fungus Mucor
circinelloides and 57.8% between Homo sapiens and the pro-
tozoan Eimeria mitis. All mas2 mutations, except mas2-11, af-
fected SynMuv domain residues that were highly conserved
among all eukaryotes (Figures 2B and 2C; Supplemental Figure
3).

We also found very high conservation in a multiple alignment
of several angiosperm NKAPs, to which we added that of the
moss Physcomitrella patens: Only four of the 106 amino acids of
the SynMuv domain differed between Arabidopsis and P. patens
or rice (Oryza sativa). We detected a short conserved region, at
the N terminus of MAS2 (residues 42 to 68), to which the mas2-
11 mutation maps (Pro64—Leu; Figure 2B; Supplemental Figure
4). The latter domain seems to be unique to moss and chloro-
phyta, as animals, red algae, and protists lack this domain. The
conservation of this region suggests its relevance for NKAP
function in plants.

mas2-1 Suppresses the Phenotype of Two ago7 Alleles That
Exhibit Missplicing

To ascertain if suppression of ago7-52 by mas2-1 is allele
specific, we crossed mas2-1 single mutant plants to the ago7-
25, ago1-27 (Morel et al., 2002), and ago7-51 (Jover-Gil et al.,
2012) single mutants. Both ago7-25 and ago7-27 carry mis-
sense mutations, whereas ago7-57 and ago7-52 exhibit mis-
splicing of the AGO1 pre-mRNA (Supplemental Figure 5).

The ago1-25 mas2-1 and ago1-27 mas2-1 double mutants
were indistinguishable from their ago7-25 and ago1-27 single
mutant F2 siblings (Figures 3A to 3D). By contrast, the ago7-51
mas2-1 double mutant exhibited suppression, though to a lesser
extent than that seen in ago7-52 mas2-1 plants (Figures 3E to
3H). For example, one of the most conspicuous traits of hypo-
morphic ago?1 mutants, the absence of a well-defined petiole
(Jover-Gil et al., 2012), is suppressed in ago1-51 mas2-1 leaves.
In addition, ago7-51 mas2-1 plants were slightly taller than the
ago1-51 plants, but the inflorescences and fruits of the double
mutant were less compact and longer, respectively, than those
of ago1-51 (Supplemental Figure 6). These results indicate that
mas2-1 suppresses the mutant phenotype of ago7-57 and
ago1-52, which carry mutations causing missplicing, but not
those of ago7-25 and ago7-27, which carry missense mutations.

The mas2 Mutations Modify the Ratio between Splice
Variants from ago7-51 and ago1-52

The G—A transition carried by ago7-517 and ago7-52
(Supplemental Figure 5) causes missplicing. Two abnormal
splice forms are detectable by RT-PCR from ago7-57 mRNA:
The short splice form (ago7-51.1) is 3468 nucleotides long and
lacks the last 39 nucleotides of the 7th exon and the 7th intron,
and the long form (ago7-51.2) is 3578 nucleotides long and in-
cludes the entire 7th intron. Translation of the short splice form
should produce an AGO1 protein similar to wild type but lacking
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ago;-25 mas2-1

ago1-27 mas2-1

Figure 3. Genetic Interactions of mas2-1 with ago1-25, ago1-27, ago1-
51, and ago7-52.

Rosettes of ago7-25 (A), ago1-25 mas2-1 (B), ago1-27 (C), ago1-27
mas2-1 (D), ago1-51 (E), ago1-51 mas2-1 (F), ago1-52 (G), and ago1-52
mas2-1 (H) plants. Pictures were taken at 21 DAS. Bars = 1 mm.

13 amino acids of the PAZ domain, but translation of the long
splice form should produce a truncated protein. A single splice
form of AGO1 was detected from ago7-52 RNA; this form is
3517 nucleotides long and includes 10 nucleotides of the 20th
intron (Jover-Gil et al., 2012).

The mas2-1 mutation suppresses the morphological pheno-
type of ago7-51 and ago1-52; therefore, we wondered if mas2-1
modifies the number and/or relative amounts of AGO7 splice
variants in these ago? mutants. We designed PCR primers to
amplify the wild type (abbreviated as wAGO7) and mutant (ago7-
51.1,ago1-51.2, and ago1-52) splice forms (Supplemental Table
2). Using primers designed to amplify all possible splice forms
(total AGOT mRNAs, abbreviated as tAGOT7), we could not de-
tect the wAGO1 splice form in ago7-57 plants by RT-PCR, as
previously reported (Jover-Gil et al., 2012) (Supplemental Figure
7A). However, using primers that selectively amplify wAGO1, we
did detect this splice form at a very low level in the ago7-51
mutant (Supplemental Figure 7A). We confirmed the presence of
the wAGO1, ago1-51.1, and ago7-51.2 mRNA variants by re-
verse transcription and quantitative PCR (RT-gPCR). These re-
sults indicated that the wAGO1 splice form represents 0.8 and

2.1% of tAGOT1 in ago1-51 and ago71-51 mas2-1 plants, re-
spectively (Figure 4A).

We also detected wAGO1 in ago7-52 and ago1-52 mas2-1
plants by RT-PCR using specific primers (Supplemental Figure
7B and Supplemental Table 2) and found by RT-gPCR that
WAGOT1 represents 2.5 and 14.8% of tAGO1 in ago1-52 and
ago1-52 mas2-1, respectively (Figure 4B).
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Figure 4. Effects of mas2-1 on the Levels of ago7-51 and ago1-52
mRNA and Protein Products.

(A) and (B) RT-gPCR analyses using primers to amplify all of the splice
forms of AGO71 (tAGOT) or specifically the wild-type AGO7T mRNA
(WAGOT). The percentages of WAGO1 and the mutant splice forms with
respect to tAGOT were estimated in Ler, mas2-1, ago1-51, and ago1-51
mas2-1 plants (A) and in Ler, mas2-1, ago1-52, and ago1-52 mas2-1
plants (B).

(C) Detection of AGO1 proteins by immunoblot using a primary antibody
against AGO1 (a-AGO1). Total proteins from Ler, mas2-1, ago1-52,
ago1-52 mas2-1, and ago1-52 amiR-MAS2.1 plants were used. Aster-
isks indicate the AGO1 (upper band) and the AGO1-52 (lower band)
proteins. a-RbcL was used as the loading control.



To study the effects of mas2-4 to mas2-11 on the splicing of
ago1-52 in all the ago7-52 mas2 lines isolated in our screen, we
used RT-gPCR to measure the ratio between the wAGO7 and
ago1-52 splice forms, which remained as in ago7-52 mas2-1.
The only exception was the P1 5.33 (ago7-52 mas2-5) line, in
which the ratio was the same as in the ago7-52 mutant
(Supplemental Figure 7C).

The mas2 Mutations Modify the Ratio between Protein
Variants Encoded by ago7-51 and ago7-52

The increased wAGOT1 level we observed in ago7-51 mas2-1
and ago1-52 mas2-1 plants compared with ago7-57 and ago1-
52, respectively, seemed to be too modest to explain the strong
phenotypic suppression observed. Hence, we performed im-
munoblot assays using an «-AGO1 antibody, extracting proteins
from plants carrying different ago1 alleles: the null ago7-2
(Bohmert et al., 1998) and the hypomorphic ago1-25, ago1-27
(Morel et al., 2002), ago1-51, and ago1-52 (Jover-Gil et al., 2012)
alleles. As expected, we detected no AGO1 protein in the ago7-2
mutant; a single protein of ~130 kD in ago7-25 and ago1-27,
likely the AGO1-25 and AGO1-27 proteins, respectively; and
~130- and ~60-kD proteins in ago7-51 plants, likely the AGO1-
51.1 and AGO1-51.2 mutant proteins, respectively (Supplemental
Figure 8). Due to the difference between the wild-type (AGO1) and
the AGO1-51.1 protein, which is only 13 amino acids smaller than
AGO1, we could not discriminate them in immunoblots. The
largest amount of protein corresponded to the ~130-kD band,
while the ~60-kD band was very weak (Supplemental Figure 8),
suggesting that the truncated AGO1-51.2 protein is degraded or
is less translatable than AGO1-51.1 or the wild-type protein. In
ago1-52 plants, two different proteins were also detected: one of
~130 kD, the size of the wild-type AGO1 protein, and another of
~125 kD, likely the AGO1-52 protein (Figure 4C; Supplemental
Figure 8). Both AGO1 and AGO1-52 proteins were present in
similar amounts in ago7-52 (Figure 4C; Supplemental Figure 8),
which suggests a greater translatability of the wild-type AGO7
splice form compared with the ago7-52 form or a higher stability
of AGO1 protein.

These results suggest that mas2-1 suppresses the pheno-
types of ago7-51 and ago7-52 by increasing the translatability of
wAGO1 mRNA and/or stability of AGO1 protein more than
modifying the splicing of ago7-57 and ago7-52 mRNAs. This
assumption is also consistent with our results with the other
mas2 suppressor alleles described above, because one of them
(mas2-5) does not change the ratio between wAGO1/ago1-52
splice forms in ago7-52 mas2-5 plants.

Overexpression of mas2-1, but Not MAS2, Suppresses
ago1-52 and ago1-51

To further examine the effect of mas2-1 on the phenotypes of
ago1-51 and ago1-52, and to compare the effects of the over-
expression of the MAS2 and mas2-1 alleles in wild-type AGO1/
AGO7 and mutant agoi/ago? backgrounds, we generated
35S,,,,MAS2 and 35S,,,;mas2-1 constructs, which were trans-
ferred into Ler, ago7-57, and ago7-52 plants. The 35S,,,,;MAS2,
35S,,;mas2-1, and Ler plants were indistinguishable (Supplemental
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Figures 9A to 9C), and the 35S,,,MAS2 transgene did not sup-
press the mutant phenotype of ago7-57 and ago7-52 plants
(Supplemental Figures 9E to 9H). By contrast, 35S, mas2-1
suppressed the mutant phenotype of ago7-52 (Supplemental
Figures 9l and 10) and ago7-57. Suppression of ago7-51 by
mas2-1 was stronger in the 35S, ;mas2-1 ago1-51 transgenic
plants (Supplemental Figures 9F and 11) than in the ago7-51
mas2-1 double mutant (Figure 3F). These results reconfirm that
mas2-1 is a true extragenic suppressor of ago7-57 and ago7-52
and that it is antimorphic, rather than hypermorphic, as suggested
by the absence of suppression seen in 35S,;MAS2 ago1 plants.

Insertional mas2 Alleles Are Embryonic Lethal

We also searched for insertional alleles of MAS2 and identified
three publicly available lines. The GABI_318G03 line (Sup-
plemental Figure 12A) was phenotypically wild type and not
studied further. SAIL_335_CO06, which we named mas2-2, is in
the Col-3 background and carries a T-DNA insertion 1074 bp
downstream of the translation start codon of At4g02720, in the
region encoding the SynMuv domain (Figure 2A). We found no
mas2-2/mas2-2 homozygotes among 274 T4 genotyped plants.
Aborted seeds accounted for 0.28% = 0.97% of seeds (n = 353,
n being the number of embryos from fertilized ovules) in the
siliques from six MAS2/MAS2 plants, where no unfertilized
ovules were seen. By contrast, the siliques of six MAS2/mas2-2
plants showed 29.78% = 8.38% aborted seeds (n = 339) and
3.42% = 4.68% unfertilized ovules (n = 351, n being the sum of
the number of unfertilized ovules plus the number of embryos
from fertilized ovules; Supplemental Figure 13).

We named the At4g02720 allele carried by CSHL_GT188551
(in a Ler background) mas2-3 and found the coding region in
mas2-3 is interrupted by a T-DNA insertion 233 bp downstream
of the translation start codon (Figure 2A). We genotyped 31
CSHL_GT188551 plants, none of which was mas2-3/mas2-3.
Aborted seeds were found in dissected siliques from five MAS2/
MAS2 (0.75% =+ 1.3%; n = 532) and five MAS2/mas2-3 plants
(26.33% = 5.19%; n = 433). No unfertilized ovules were found in
the mas2-3/MAS2 plants studied or in their MAS2/MAS2 sib-
lings. Taken together, these results suggest that MAS2 is an
essential gene whose null alleles are embryonic lethal.

Partial Silencing of MAS2 by amiR-MAS2 Causes
a Pleiotropic Phenotype

The recessive embryonic lethality exhibited by the null mas2-2
and mas2-3 alleles, together with the likely antimorphic effects
of the mas2 suppressor mutations, prompted us to attempt
to obtain viable plants with a partial loss of MAS2 function. To
this end, we designed and constructed a transgene carrying an
artificial microRNA targeting At4g02720 (35S,,,:amiR-MAS2),
which was transferred into wild-type Col-0, Ler, and En-2 plants,
producing 72, 15, and 13 independent T1 transformant lines,
respectively. Among these transformants, we identified 10 (Col-
0), 3 (Len), and 6 (En-2) plants with pointed and serrated leaves,
to a greater or lesser extent (Supplemental Figure 14; Figure 5B).
We analyzed by RT-gPCR the degree of MAS2 silencing in
several of these amiR-MAS2 lines in the Col-0 background.
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Figure 5. Phenotypic Effects of the amiR-MAS2.1 Transgene in the
Col-0 Background.

(A) and (B) Rosettes of Col-0 (A) and amiR-MAS2.1 (B) (in the Col-0
background) plants.

(C) and (D) Inflorescences of Col-0 (C) and amiR-MAS2.1 (D) plants.
(E) Adult Col-0 and amiR-MAS2.1 plants.

(F) and (G) Dissected siliques from Col-0 (F) and amiR-MAS2.1 (G)
plants. Red arrows indicate unfertilized ovules.

(H) MAS2 expression levels in Col-0 and amiR-MAS2.1 plants. Three
biological replicas with three technical replicas each were performed.
Error bars represent standard deviations.

Homozygous plants of the line that we termed amiR-MAS2.1
displayed the strongest mutant phenotype and also exhibited
a 5-fold reduction of MAS2 mRNA levels compared with the wild
type (Figure 5H); these were chosen for further studies.

First- and third-node leaves of amiR-MAS2.1 plants exhibited
a vein pattern with reduced complexity (Supplemental Figures
15A to 15D), an increased number of air spaces in the palisade
mesophyll (Supplemental Figures 15E to 15H), fewer vegetative
leaves (7.82 * 0.56 in amiR-MAS2.1 and 12.87 + 0.61 in Col-0,
scored at 27 d after stratification [DAS]; n = 47), and early
flowering (bolting was apparent in 51.3% of amiR-MAS2.1
plants and 2.1% of Col-0 at 20 DAS; n = 39). These transgenic
plants were also dwarfed, with thinner stems and fewer flowers
than Col-0 (Figures 5A to 5E). We dissected siliques from 10
amiR-MAS2.1 homozygous plants and found 18.46% =+ 16.87%
aborted seeds (n = 260) and 17.46% =+ 23.05% unfertilized
ovules (n = 315; Figure 5G).

The pleiotropic phenotype exhibited by amiR-MAS2.1 plants
suggests a role for MAS2 in Arabidopsis development. In par-
ticular, amiR-MAS2.1 leaves are reminiscent of the leaves of
mutants carrying loss-of-function alleles of genes encoding ri-
bosomal proteins (Van Lijsebettens et al., 1994; Ito et al., 2000;
Creff et al., 2010; Horiguchi et al., 2011; Casanova-Séaez et al.,
2014).

amiR-MAS2.1 Increases the Severity of the Mutant
Phenotype of ago1-52

To study the effects of MAS2 partial loss of function on the
phenotype of ago7-52, we crossed ago1-52/ago1-52 to amiR-
MAS2.1/amiR-MAS2.1 and sowed the F2 progeny on plates
supplemented with hygromycin. Only two phenotypic classes of
ago1-52/ago1-52 plants were obtained: (1) lethal seedlings that
only produced cotyledons and a few rod-like leaves (Figure 6C),
which we inferred to be ago7-52/ago1-52; amiR-MAS2.1/amiR-
MASZ2.1; and (2) viable seedlings that developed into plants with
narrow and strongly serrated leaves that exhibited fasciated
stems and aberrant flowers (Figures 6D to 6H) and yielded few
seeds, which we inferred to be ago71-52/ago1-52; amiR-MAS2.1.
In the F3 and F4 progeny of the latter plants, a 3:1 (Hyg":Hyg®)
segregation was observed, confirming that they were homozy-
gous for ago7-52 but hemizygous for amiR-MAS2.1. The phe-
notype of the ago7-52/ago1-52; amiR-MAS2.1/amiR-MAS2.1
lethal seedlings resembled that of plants homozygous for null
alleles of AGO1, whereas the ago7-52/ago1-52; amiR-MAS2.1
plants were very similar to those homozygous for the ago7-703
mutation, a very strong but viable allele of AGO7 (Fernandez-
Nohales et al., 2014).

We also quantified the percentage of AGO7T mRNAs in the
ago1-52/ago1-52; amiR-MAS2.1/amiR-MAS2.1 lethal seedlings.
In these plants, the wAGO7 and ago7-52 splice forms repre-
sented 0.7 and 99.3% of tAGOT1, respectively (Supplemental
Figure 16). The percentage of wAGO7 in ago1-52/ago1-52;
amiR-MAS2.1/amiR-MAS2.1 (0.7%) is almost half of that found

Pictures were taken at 21 ([A] and [B]) and 48 ([C] to [G]) DAS. Bars =
1 mm in (A) to (D), (F), and (G), and 1 cm in (E).



A
C =

01-52
_  amiR-MAS2.1 —  amiR-MAS2.1
E F /

Figure 6. Phenotypic Effects of the amiR-MAS2.1 Transgene in the
ago1-52 Background.

(A) to (C) Rosettes of ago1-52/ago1-52 (A), amiR-MAS2.1/amiR-MAS2.1
(B), and ago1-52/ago1-52; amiR-MAS2.1/amiR-MAS2.1 (C) plants.

(D) to (H) Rosette (D), stems ([E] and [F]), inflorescence (G), and flower
(H) of ago1-52/ago1-52; amiR-MAS2.1 plants.

Pictures in (A) to (D) were taken at 21 DAS. Bars = 1 mm.

in ago1-52 plants (1.2%) and could explain their extreme
phenotype.

We also detected both the AGO1 and AGO1-52 proteins in the
immunoblot assay of ago7-52 mas2-1 and ago7-52 amiR-MAS2.1
homozygous plants. The AGO1 protein was more abundant than
AGO1-52 in ago1-52 mas2-1 plants, whereas ago71-52 amiR-MAS2.1
plants displayed an opposite pattern, with the AGO1-52 protein
as the predominant variant (Figure 4C).

MAS?2 Interacts in a Yeast Two-Hybrid Assay with Proteins
Involved in Splicing and Translation

To better understand the function of MAS2, we decided to look
for its interactors in a yeast two-hybrid (Y2H) assay. Two Arabidopsis
cDNA libraries obtained from whole Arabidopsis plants, totaling
21 million prey clones, were used in the screening, which was
performed at PanBioNet (http://www.panbionet.com). The bait
contained the full-length coding region of MAS2. The screen
identified 91 prey clones, representing 14 different genes, and these
clones were confirmed by directed Y2H assays (Supplemental
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Table 3). These genes have not been previously studied in
Arabidopsis, except for At1g20920, but their annotated functions
are related to RNA processing and ribosome-related processes,
as indicated by sequence similarity to known proteins.

Three of the interactors were related to ribosome biogenesis,
including RPS24B, the second most represented interactor,
which is one of the two Arabidopsis S24-type proteins in the
40S ribosomal subunit. Two other interactors, the putative
ortholog of the Nucleolar protein 53 (NOP53) of Saccharomyces
cerevisiae and RRNA-processing Protein 7 (RRP7), are nucleolar
proteins involved in pre-rRNA processing and ribosome as-
sembly in yeast (Granato et al., 2008).

The most represented interactor in the Y2H-based screen, in
23 of the 55 clones (Supplemental Table 3), was CAX INTER-
ACTING PROTEIN4 (CXIP4), a protein of unknown function that
was previously identified as interacting with the high-affinity
vacuolar calcium antiporter CAX1 (Cheng et al., 2004). CXIP4
occurs exclusively in plants and 30 amino acids of its N-terminal
region show 70% similarity to the mammalian splicing factor
SREK1-interacting protein 1, as shown in the Aramemnon data-
base (http://aramemnon.botanik.uni-koeln.de/index.ep; Schwacke
et al.,, 2003). Other interactors were also involved in pre-mRNA
splicing (Supplemental Table 3), including REGULATOR OF CBF
GENE EXPRESSION1/RH42, a DEAD box RNA helicase (Guan
et al., 2013).

The interaction between MAS2 and the protein encoded by
At4g33690, annotated as an unknown protein, has also been
found among the more than 6200 Y2H interactions included in
the Arabidopsis interactome map (http://interactome.dfci.harvard.
edu/A_thaliana/index.php; Arabidopsis Interactome Mapping
Consortium, 2011).

Our results suggest a role for MAS2 in the regulation of pre-
mRNA alternative splicing and translation. Our results also agree
with those obtained with the mammalian NKAPs, which localize
to nuclear speckles and interact with nuclear ribonuclear pro-
teins, splicing factors, several RNA helicases, and other factors
involved in the maturation of 45S pre-rRNA and ribosome bio-
genesis (Burgute et al., 2014).

MAS2 Expression and MAS2 Nuclear Localization

To determine the spatial expression pattern of MAS2, we gen-
erated a MAS2,,,;GUS construct in which the MAS2 promoter
drives the expression of the B-glucuronidase gene and trans-
ferred this construct into Col-0. Homozygous MAS2,,:GUS
plants were selected and used to detect GUS activity, which
was found in roots, cotyledons, young vegetative and cauline
leaves, stems, and flower buds (Supplemental Figure 17). GUS
activity changed depending on the developmental stage, being
more intense in seedlings and young plants; we did not detect
GUS staining in vegetative leaves after bolting (48 DAS) or in
fully expanded cauline leaves (Supplemental Figures 17F and
17H). Additionally, we performed RT-qPCR amplifications using
cDNA from assorted organs of Ler and Col-0 and found that
MAS2 was expressed in all the studied tissues at similar levels
(Supplemental Figure 18).

To ascertain if MAS2 is nuclear, similar to all animal NKAP
proteins already studied, we generated 35S, ,MAS2:GFP and
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MAS2,,,;MAS2:GFP constructs, which we transformed into Col-
0 and Ler plants. As expected, we detected GFP signal in the
nucleus for both constructs (Figure 7; Supplemental Figures 19A
and 19B). MAS2 subcellular localization depended on the cell
cycle: In cells with a high rate of nuclear division, such as those
located at the root apex or emerging lateral roots, MAS2:GFP
occurred in a diffuse pattern throughout the nucleus (Figures 7A
to 7C). By contrast, in cells of the root elongation zone, MAS2:
GFP was nuclear with an exclusion zone at the nucleolus
(Supplemental Figure 20). Furthermore, MAS2:GFP had a punc-
tuate distribution (Figures 7D to 7F; Supplemental Figure 20),
which became more evident in differentiated cells where it ap-
peared only in discrete foci in the nucleus (Figures 7G to 7I).
These perinucleolar foci perfectly matched the heterochromatic
chromocenters, which were visualized as bright fluorescent dots
by 4’,6-diamidino-2-phenylindole (DAPI) staining. These regions
contain centromeric and other heterochromatic repeats, including
those corresponding to silent rRNA 45S genes (Costa-Nunes
et al., 2010). We obtained identical results with the 35S,,,;MAS2:
GFP and MAS2,, ;MAS2:GFP transgenes (Supplemental Figures
19A and 19B).

DAPI GFP Merge

zone Apex

cells

Differentiated Elongation

Figure 7. Subcellular Localization of the MAS2 Protein.

Confocal laser scanning microscopy of plants homozygous for the
35S,,,;MAS2:GFP transgene.

(A) to (I) Different root zones from root apex ([A] to [C]), root elongation
zone ([D] to [F]), and differentiated root cells ([G] to [I]). Fluorescence
signals are DAPI ([A], [D], and [G]), GFP ([B], [E], and [H]), and their
overlay ([C], [F], and [I]). Fluorescence and transmitted light contrast
images were merged in (A) to (I).

() to (L) Mitotic prophase nucleus from a flower bud cell showing the
fluorescent signals from a hybridized 45S rDNA probe (J), GFP (K), and
their overlay (L) with DAPI.

Bars = 30 pm in (A) to (I) and 50 pm in (J) to (L).

To ascertain if the subcellular localization of MAS2 is modified
by the mas2-1 mutation, we generated the MASZ,, ;mas2-1:
GFP construct, finding the fluorescent emission of MAS2-1:GFP
indistinguishable from that of MAS2:GFP (Supplemental Figures
19C and 19D). These results indicate that overexpression of
MAS2 and the mas2-1 mutation do not alter the nuclear locali-

zation of the MAS2 protein.

MAS2 Colocalizes with the 45S rDNA

In eukaryotes, tandem arrays of the genes encoding the four
classes of nuclear rRNAs occur in different clusters. In the
Arabidopsis Col-0 accession, the 5S rRNA genes occur within
the pericentromeric heterochromatin of chromosomes 3, 4, and
5 (Campbell, 1992), and the 45S rRNA genes occur in the nu-
cleolar organizer regions (NORs) at the tips of the short arms of
the acrocentric chromosomes 2 and 4 (NOR2 and NOR4) (Lam
et al., 2005; Layat et al., 2012). Transcription of the 5S rRNA
gene by RNA polymerase Il (Pol Ill) produces a 5S rRNA tran-
script (Cloix et al., 2002), and transcription of the 45S rRNA
gene by RNA polymerase | (Pol I) produces a long polycistronic
458 pre-rRNA that is processed into the 5.8S, 18S, and 25S
rRNA mature forms (Gruendler et al., 1989, 1991; Unfried et al.,
1989).

The nuclear localization of MAS2 in discrete foci, together with
the Y2H results, prompted us to analyze whether MAS2 colo-
calized with the 45S rRNA genes. To answer this question, we
performed a fluorescence in situ hybridization (FISH) assays with
plants expressing 35S,,,;MAS2:GFP. In the root cells of these
plants, the GFP signal perfectly matched the signal of a 45S
rDNA probe (Sanchez Moran et al., 2001), indicating that MAS2
colocalizes with 45S rDNA (Figures 7J to 7L).

mas2-1 and amiR-MAS2.1 Genetically Interact with nuc-L1

In Arabidopsis, HISTONE DEACETYLASE6 (HDA6) and
NUCLEOLIN-LIKE PROTEINT (NUC-L1; also known as PARALLEL 1
[PARL1]) have been implicated in nuclear organization and
transcriptional regulation of the 45S rDNA (Petricka and Nelson,
2007; Layat et al., 2012). The amiR-MAS2.1 plants share some
phenotypes, including reticulated and serrated leaves and al-
tered leaf vein patterning, with the nuc-L1 and par/1 mutants and
with mutants in genes encoding ribosomal proteins (Petricka
and Nelson, 2007; Pontvianne et al., 2007).

Based on our interaction, localization, and phenotypic data for
MAS2, we tested for a genetic interaction by crossing mas2-1
and amiR-MAS2.1 plants to the par/1-2 nucleolin mutant
(Petricka and Nelson, 2007). Although mas2-1/- plants show no
morphological phenotype, the mas2-1 parl1-2 double mutant
plants displayed a synergistic phenotype, with small rosettes
and pointed, serrated, and reticulated leaves resembling those
of strong loss-of-function alleles of genes encoding ribosomal
proteins (Van Lijsebettens et al., 1994; Ito et al., 2000; Creff
et al., 2010; Horiguchi et al., 2011; Casanova-Séaez et al., 2014)
(Figure 8E). Furthermore, the mas2-1 parl1-2 double mutant had
flowers with abnormal numbers of petals (5 to 6) and/or stamens
(4 to ), traits that we did not observe in either mas2-1 or parl1-2
single mutants (Figures 8J to 8L).



Figure 8. Genetic Interactions of mas2-1 and amiR-MAS2.1 with parl1-2
and hda6.

(A) to (I) Rosettes of Ler (A), mas2-1 (B), amiR-MAS2.1 (C), parl1-2 (D),
mas2-1 parl1-2 (E), amiR-MAS2.1/amiR-MAS2.1; PARL1/parl1-2 (F),
hda6-7 (G), mas2-1 hda6-7 (H), and amiR-MAS2.1 hda6-7 (l) plants.
() to (L) Flowers of mas2-1 (J), parl1-2 (K), and mas2-1 parl1-2 (L)
plants.

(M) to (O) Dissected siliques of amiR-MAS2.1 (M), parl1-2 (N), and amiR-
MAS2.1/amiR-MAS2.1; PARL1/parl1-2 (O) plants. Red arrows indicate
unfertilized ovules.

(P) to (R) amiR-MAS2.1/amiR-MAS2.1; PARL1/parl1-2 siliques exhibiting
interrupted septa.

Pictures in (A) to (I) were taken at 28 DAS. Bars = 1 mm in (A) to (I) and
0.5 mm in (J) to (R).

After genotyping 84 plants of different F2 and F3 families,
we did not find any amiR-MAS2.1/-; parl1-2/parl1-2 plant, and
the amiR-MAS2.1/amiR-MAS2.1; PARL1/parl1-2 and amiR-
MAS2.1/amiR-MAS2.1 plants were indistinguishable (Figures
8C and 8F). Since combined loss-of-function of MAS2 and
PARL1 seemed to be lethal, we dissected siliques of amiR-
MAS2.1/amiR-MAS2.1, parl1-2/parl1-2, and amiR-MAS2.1/
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amiR-MAS2.1; PARL1/parl1-2 plants (Figures 8M to 80), in
which the unfertilized ovules and undeveloped seeds repre-
sented 42.9, 31.5, and 33.7% of the total, respectively.
Moreover, around 25% of the siliques of amiR-MAS2.1/amiR-
MAS2.1; PARL1/parl1-2 plants displayed a disrupted septum
between the two valves, a trait that we never observed in amiR-
MAS2.1/- or parl1-2/parl1-2 plants (Figures 8P to 8R). These
results indicate that the combined loss of function of MAS2
and PARL1 is synergistic in amiR-MAS2.1; PARL1/parl1-2
plants.

We also found that mas2-1 hda6-7 leaves were strongly ser-
rated (Figure 8H), suggesting that HDA6 and MAS2 are func-
tionally related. The phenotype of mas2-1 hda6-7 leaves is
reminiscent of those of double mutants involving alleles of the
ASYMMETRIC LEAVES1 (AST1) or AS2 genes and axel-5, an-
other loss-of-function allele of HDA6 (Murfett et al., 2001).
HDAB, AS1, and AS2 form a complex to repress KNOX genes
and regulate leaf development (Luo et al., 2012). The morpho-
logical phenotype of hda6-7 was hard to distinguish from the
wild type in our growth conditions. The amiR-MAS2.1/amiR-
MAS2.1; hda6-7/hda6-7 and amiR-MAS2.1/amiR-MAS2.1 plants
were also indistinguishable (Figure 8l).

The phenotype of the mas2-1 par/1-2 double mutant and,
in particular, that of amiR-MAS2.1/amiR-MAS2.1; PARL1/
parl1-2 plants suggest that MAS2 and PARL1 are function-
ally related. The observation that both the mas2-1 allele and
the partial silencing of MAS2 caused by amiR-MAS2.1 syn-
ergistically interact with par/1-2 reinforces the hypothesis that
mas2-1 is an antimorphic rather than a gain-of-function allele of
MAS2.

amiR-MAS2.1 Alters Transcription of 45S rDNA, 45S
Pre-rRNA Processing, and NOR Condensation

In Arabidopsis, each 45S rDNA unit has an intergenic spacer
(IGS), two external transcribed spacers (ETSs), and the rRNA
genes (18S, 5.8S, and 25S), which are separated by two internal
transcribed spacers (ITSs) (Figure 9A). The IGS region separates
adjacent genes and includes three repeat elements containing
Sall restriction sites that are separated by two spacer promoters,
the promoter region, and the 5'ETS. The 3'ETS contains five
repeated sequences (R1-R5) whose polymorphisms generate
different variants of 45S rDNA genes (Abou-Ellail et al., 2011).
The number of these variants differs among Arabidopsis ac-
cessions, with four (VAR1-VAR4) in Col-0 and other related ac-
cessions (Abou-Ellail et al., 2011). VAR2, VARS, and VAR4 are
expressed in Col-0 adult plants, while VAR1 is only expressed in
germinating seeds or in mutants of genes involved in epigenetic
regulation of the expression of 45S rDNA, such as nuc-L1
and hda6 (Pontvianne et al., 2010). We examined the expres-
sion of the 45S rDNA variants in amiR-MAS2.1/amiR-MAS2.1
and mas2-1/mas2-1 plants using p3/p4 primers (Figure 9A;
Supplemental Table 2), which amplify the 3’ETS region of the 45S
pre-rRNA and allow detection of all VAR variants (Pontvianne
et al., 2010). RT-PCR amplifications showed no differences in the
number or amount of rRNA variants between amiR-MAS2.1/
amiR-MAS2.1 and mas2-1/mas2-1 plants and their respective
backgrounds, Col-0 and Ler (Figure 9B).
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Figure 9. Effects of the amiR-MAS2.1 Transgene on 45S Pre-rRNA Expression and NOR Condensation.

(A) Schematic representation of a 45S rDNA unit, modified from Pontvianne et al. (2010). GP, gene promoter; SP1 and SP2, spacer promoters; TIS,
transcription initiation site. Sall, repeat elements containing Sall restriction sites. Upwards arrows with tip rightwards, transcription initiation sites. ITS1
and ITS2, internal transcribed spacers. Horizontal arrows indicate the positions of primers (not drawn to scale) used to detect pre-rRNA sequences.
(B) RT-PCR analysis of the expression of the VAR1-VAR4 45S rRNA variants in Col-0, amiR-MAS2.1/amiR-MAS2.1, Ler, and mas2-1/mas2-1 plants
using the p3 and p4 primers (Supplemental Table 2).

(C) RT-PCR analysis of 45S pre-rRNA accumulation in Col-0, amiR-MAS2.1/amiR-MAS2-1, parl1-2, hda6-6, and hda6-7 plants using the +/—250-F and
+/—250-R primers.

(D) RT-gPCR analysis of unprocessed 45S pre-rBNAs in Col-0 and amiR-MAS2.1/amiR-MAS2.1 plants using the U1 and U2 primers.

(E) Quantitative PCR analysis of 45S rDNA gene promoter methylation in Col-0 and amiR-MAS2.1/amiR-MAS2.1 plants.

(D) and (E) Two biological replicas with three technical replicas each were performed. Error bars represent standard deviations.



In the nuc-L1 and hda6 mutants, NORs are decondensed
(Probst et al., 2004; Pontvianne et al., 2007) and 45S pre-rRNA
accumulates due to spurious transcription from the IGS region
by Pol | and Pol Il (Earley et al., 2010; Pontvianne et al., 2010),
which in turn leads to the overproduction of small interfering
RNAs (siRNAs) from the IGS region as a consequence of RNA-
directed DNA methylation (Earley et al., 2010; Pontvianne et al.,
2010). We also analyzed the accumulation of the 45S pre-rRNA
transcripts produced by spurious transcription from the IGS
region and the processing of these transcripts at the first step of
cleavage (P site; Figure 9A). To amplify the 45S pre-rRNA, we
used the +/—250-F and +/—250-R primers (Supplemental Table
2), which amplify the —250 to +250 region (Figure 9A; Earley
et al., 2010). The 45S pre-rRNA processing was analyzed with
the U1 + U2 primer pair (Supplemental Table 2), which amplify
the sequences flanking the P site at the 5'ETS (Figure 9A;
Shi et al., 2005). amiR-MAS2.1/amiR-MAS2.1 and Col-0 plants
accumulated comparable amounts of 45S pre-rRNA, while in
parl1-2 the level was far lower than that of hda6é mutants (Figure
9C). Additionally, RT-gPCR analysis revealed that amiR-MAS2.1/
amiR-MAS2.1 plants accumulated approximately twice the amount
of unprocessed 45S pre-rRNAs compared with Col-0 (Figure 9D).
Mature rRNAs from processed 45S pre-rRNA were similar in amiR-
MAS2.1 and Col-0 plants (Supplemental Figure 21).

To study the effects of the silencing on NOR condensation,
we analyzed NOR status in amiR-MAS2.1/amiR-MAS2.1 plants
by FISH assays, using a 45S rDNA probe (Sanchez Moran et al.,
2001). Similar to the phenotype observed in nuc-L1 and hda6
mutants, we observed NOR decondensation in amiR-MAS2.1
plants compared with Col-0 (Figures 9F to 9K).

amiR-MAS2.1 Affects Cytosine Methylation in the 45S
Pre-rRNA 5'ETS

DNA methylation and histone modification epigenetically regu-
late the levels of rRNAs (Lawrence et al., 2004). Loss of NUC-L1
and HDAG6 function in nuc-L1 and hda6 mutants leads to hy-
pomethylation at the 5’ETS region affecting mainly the CG and,
to a lesser extent, CHG contexts (where H indicates non-G
nucleotides) (Earley et al., 2010; Pontvianne et al., 2010). To
determine the DNA methylation status of the 5’ETS region in
amiR-MAS2.1 plants, we digested genomic DNA with the
methylation-sensitive endonuclease Hpall. Digested or non-
digested DNA was used as template for quantitative PCR am-
plification using primers that flank the restriction sites (p2f and
p2r) and hybridize downstream of the transcription initiation site
(Figure 9A; Harscoét et al., 2010). We found that the ratio be-
tween digested and nondigested DNA was strongly reduced in
amiR-MAS2.1/amiR-MAS2.1 plants compared with Col-0 (Fig-
ure 9E), indicating that the promoter was hypomethylated in
amiR-MAS2.1/amiR-MAS2.1 plants, as occurred in the nuc-L1
and hda6 mutants.
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DISCUSSION

Mutation of the SynMuv Domain of Arabidopsis MAS2
Causes Informational Suppression of ago1 Alleles That
Undergo Missplicing

The existence of SynMuv genes was first shown in C. elegans by
screens for mutants deficient in vulval development (Ferguson
and Horvitz, 1985, 1989; Ferguson et al., 1987; Howell and
Rose, 1990). SynMuv genes act redundantly to prevent in-
appropriate vulval development (Horvitz and Sulston, 1980;
Ferguson and Horvitz, 1989) and were initially classified into
SynMuv A and B categories, based on their genetic interactions.
SynMuv A and B single mutants are phenotypically wild type,
but the AB double mutant combinations exhibit a synergistic,
multivulva phenotype (Ferguson and Horvitz, 1989). Most
SynMuv B genes encode epigenetic repressors, such as LHP1,
the putative ortholog of Heterochromatin Protein 1, or are com-
ponents of the NUuRD (Nucleosome Remodeling Deacetylase) or
DREAM (2DP, Retinoblastoma, E2F, and MuvB) repressor com-
plexes (Saffer et al., 2011). The NuRD lysine deacetylase com-
plex acts in a wide variety of cells (Yildirim et al., 2011), while
DREAM is more specific and represses most cell cycle genes in
mammalian quiescent GO cells (Sadasivam and DeCaprio,
2013). Several genes encoding components of the splicing
machinery behave as SynMuv B genes; their role in this process
is still unknown (Ceron et al., 2007).

Second-site mutagenesis screens allow the identification of
genes functionally related to a given gene of interest; the phe-
notype caused by a mutation can be modified, enhanced, or
suppressed by a second-site mutation. One type of extragenic
modifier that can be isolated by second-site mutagenesis is
informational suppressors, mutations affecting any molecule
involved in the transmission of information from DNA to protein
(Prelich, 1999). Informational suppressors include those modi-
fying pre-mRNA splicing, which suppress the splicing defects of
some alleles of different genes. Some of these suppressors have
helped in the elucidation of the regulation of alternative splicing
in C. elegans (Hodgkin, 2005).

Here, we describe our characterization of the MAS2 gene,
which we identified from a second-site mutagenesis screen for
suppressors of the morphological phenotype of ago1-52. MAS2
is the putative Arabidopsis ortholog of human NKAP and let-504
(E01A2.4), a SynMuv B gene of C. elegans (Poulin et al., 2005).
MAS2 orthologs exist in almost all eukaryotes, and their se-
quence similarity is almost exclusively restricted to the SynMuv
domain. NKAP family members encode nuclear proteins and, in
most organisms except mammals, they exist as single-copy
genes. Eight out the nine mas2 suppressor mutations that we
isolated affect conserved residues within the SynMuv domain;
the remaining mas2 mutation maps to another conserved region
that seems to be exclusive to plants.

Figure 9. (continued).

(F) to (K) FISH assay. Representative mitotic prophase nuclei from Col-0 ([F] to [H]) and amiR-MAS2.1 ([l] to [K]) cells. Fluorescent emissions are DAPI
([F1 and [l]), hybridized 45S rDNA probe ([G] and [J]), and their overlay ([H] and [K]). Bars = 2.5 pm.
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We found that mas2 point alleles function as true extragenic
suppressors of ago1-52, partially correcting AGOT missplicing
in the mas2 ago1-52 double mutants, hence increasing the ratio
of AGO1 wild-type and mutant proteins. mas2-1 also partially
suppresses ago7-57 missplicing. Immunoblot assays using an
«-AGO1 antibody showed that the amount of wild-type AGO1
protein in ago7-57 and ago7-52 plants increased in the pres-
ence of mas2-1 and decreased in the presence of the amiR-
MAS2.1 transgene.

Human NKAP interacts with pre-mRNAs and intronless
mRNAs; it also interacts with FUSED IN SARCOMA (Burgute
et al., 2014), a multifunctional protein involved in the regulation
of alternative splicing and mRNA export from the nucleus to the
cytoplasm. Taking together the recent results on human NKAP
and our study of Arabidopsis MAS2, it seems plausible that
NKAPs function in the regulation of the translation of aberrant or
unspliced mRNAs, by regulating their nuclear export. This hy-
pothesis provides an explanation for the observed suppression
of ago1-51 and ago7-52 by the EMS-induced mas2 alleles
studied here, which seems to be due to partial correction of
missplicing.

MAS?2 Is an Essential Gene That Encodes
a Multifunctional Protein

Whereas mammalian genes encoding NKAPs have been studied
in some depth, little is known about NKAPs in C. elegans (LET-
504) and Drosophila (CG6066). Human NKAP seems to be
a multifunctional protein: It is a component of the Notch co-
repressor complex, it is required for proper T cell development
(Pajerowski et al., 2009), and it plays an unknown role in splicing
(Burgute et al., 2014).

Insertional disruption of the coding region of MAS2 in the
mas2-2 and mas2-3 lines caused embryonic lethality, as ex-
pected from the lethal phenotypes described for the lack-of-
function mutations of C. elegans, Drosophila, and mammalian
NKAP orthologs (Giot et al., 2003; Poulin et al., 2005; Pajerowski
et al.,, 2009). The generation of transgenic plants carrying an
artificial microRNA targeting MAS2 mRNA allowed us to study
the effects of the partial loss of function of MAS2; these plants
displayed altered leaf morphology, early flowering, dwarfism,
and partial loss of fertility. The embryonic lethality of mas2-2 and
mas2-3 and the pleiotropic phenotype of amiR-MAS2.1 plants
indicate that MAS2 is an essential gene required in multiple
developmental processes.

MAS?2 Is a Perinucleolar Protein That Interacts with Splicing
and Ribosome Biogenesis Factors and Negatively Regulates
45S rRNA Expression

We found expression of MAS2 was higher in cells un-
dergoing active division, which require a continuous pro-
vision of proteins. MAS2 localized to the nucleus in a pattern
that changed depending on the cell cycle: It was diffuse
through the entire nucleus in actively dividing cells but be-
came punctuate in differentiated cells. FISH analysis showed
that MAS2 is a perinucleolar protein that colocalizes with the
458 rDNA genes.

The nucleolus is a multifunctional cellular compartment. In
addition to ribosomal proteins, the Arabidopsis nucleolar pro-
teome includes factors involved in mRNA biogenesis, splicing
factors, and components of the exon-junction complex and the
nonsense-mediated decay pathway, which participate in the
degradation of aberrant mRNAs (Pendle et al., 2005). Aber-
rantly spliced mRNAs have been found to be enriched in the
Arabidopsis nucleolus (Kim et al., 2009).

Perinucleolar localization of MAS2 is in agreement with our
Y2H screen, which detected proteins predicted to function in
nucleolar processes (Supplemental Table 3); this finding re-
inforces the hypothesis of a role for MAS2 in ribosome bio-
genesis and splicing. An indirect role for MAS2 in splicing is also
plausible, as MAS2 interacts with factors directly acting in
splicing or in regulation of splicing. MAS2 might also participate
in MRNA quality control, preventing the translation of aberrant
mRNAs. Further research will be required to analyze these
possibilities.

The reduced methylation at the 45S rDNA promoters and the
accumulation of unprocessed 45S pre-rRNAs observed in amiR-
MAS2.1 plants suggest that MAS2 participates in the regulation
of 45S rDNA transcription and pre-45S rDNA processing. These
molecular phenotypes are shared by the nuc-L71 and hda6 mu-
tants; NUC-L1 and HDA6 participate in the silencing, tran-
scription, and processing of 45S rDNA genes (Probst et al.,
2004; Pontvianne et al., 2007; Earley et al., 2010; Pontvianne
et al., 2010).

In addition, the similarity of the phenotype of amiR-MAS2.1
plants and the phenotypes of mutants affecting ribosomal pro-
teins and nucleolin as well as the synergistic interactions of
mas2 alleles and nuc-L1 strongly suggest that MAS2 plays a key
role in ribosome biogenesis together with or in parallel to nu-
cleolin. The effects of amiR-MAS2.1 on the methylation and
accumulation of unprocessed 45S pre-rRNA were not as strong
as those observed in the nuc-L71 and hda6é mutants, probably
because MAS2 expression is not completely abolished in amiR-
MAS2.1 plants.

NUC-L2 is a partially redundant paralog of NUC-L1. In con-
trast to the consequences of loss of function of NUC-L1 and
MAS2, loss of NUC-L2 function causes hypermethylation of
the 45S rDNA (Durut et al., 2014). Since our results suggest
a functional relationship between MAS2 and NUC-L1, and since
loss of function of NUC-L2 causes late flowering, a phenotype
that is also opposite to that of amiR-MAS2.1 plants, it should be
interesting to examine whether MAS2 and NUC-L2 play antag-
onistic roles in the regulation of the expression of 45S rDNA and
perhaps in the control of the transcription of other genes regu-
lating flowering.

MAS2 and Human NKAP Likely Share DNA, RNA, and
Protein Binding Preferences

Several lines of evidence indicate that MAS2 and human NKAP
might share DNA, RNA, and protein binding preferences. A
chromatin immunoprecipitation sequencing analysis revealed
that human NKAP mainly binds to heterochromatic sequences,
including those of centromeres (Burgute et al., 2014). Our FISH
assays allowed us to visualize the colocalization of MAS2 and



the Arabidopsis NORs, which contain 45S rDNA linked to other
heterochromatic regions, including the telomeric ends.

With regard to RNA binding preferences, several noncoding
RNAs (ncRNAs), mainly small nucleolar RNAs and rRNAs, im-
munoprecipitate with human NKAP (Burgute et al., 2014). We
did not carry out RNA binding assays, but we found that our
suppressor mas2 mutations modified the splicing and/or trans-
lational efficiency of the different AGO7 or ago7 mRNAs present
in the ago7-51 and ago71-52 mutants. Additionally, MAS2 seems
to be involved in the methylation of the promoters of 45S rDNA
genes, which involves siRNAs (Earley et al., 2010). The SynMuv
domain of human NKAP binds to RNA, and it has been sug-
gested that the regulatory role of NKAP is mediated by its in-
teraction with ncRNAs (Burgute et al., 2014). Due to the high
sequence similarity between the SynMuv domains of MAS2 and
human NKAP, we think it likely that MAS2 binds rRNAs, siRNAs,
and other regulatory ncRNAs.

Finally, with regard to protein-protein interactions, human
NKAP interacts with several types of RNA binding proteins,
nuclear ribonuclear proteins, splicing factors, and RNA helicases
involved in rRNA processing and splicing (Burgute et al., 2014).
Our Y2H assays showed that MAS2 interacts with the previously
mentioned classes of proteins (Supplemental Table 3). NKAP
homologs have also been found in corepressor complexes in
Drosophila and mammals. Drosophila CG6066 interacts with the
ortholog of human CBF1-interacting corepressor (CIR) (CG6843)
(Hsieh et al., 1999), a Notch corepressor complex component.
NKAP associates with CIR and histone HDAC3 in human cells
and its repressor activity depends on the interaction between its
SynMuv domain and HDACS (Pajerowski et al., 2009). The Bi-
ological General Repository for Interaction Data sets (BioGRID;
http://thebiogrid.org/; Stark et al., 2006) includes the inter-
actions found in Y2H assays between E01A2.4, the C. elegans
NKAP ortholog, and CIR-1 and the ribosomal protein RPL-22
(Boxem et al., 2008). In agreement with these results, we found
that MAS2 physically interacts in a Y2H assay with a protein
containing a CIR domain (encoded by At2g44200) and with the
ribosomal protein RPS24B (Supplemental Table 3). Aithough we
have not detected any physical interaction between MAS2 and
any other protein with a known epigenetic role, our results
suggest that MAS2 functions in both epigenetic regulation and
splicing site selection or regulation of mMRNA translation.

In conclusion, our study shows that MAS2, the single NKAP
homolog present in the Arabidopsis genome, is a perinucleolar
protein that colocalizes with 45S rDNA repeats and regulates
45S rRNA expression. The functional similarity between human
NKAP and MAS2 seems to be very high. We consider that
our work contributes to the characterization of a conserved
factor that likely plays a key role in the regulation of plant gene
expression.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana Ler and Col-0 wild-type accessions were obtained
from the Nottingham Arabidopsis Stock Center (NASC) and then prop-
agated at our institute for further analysis. Seeds of the SAIL_335_C06
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and GABI_318G03 lines and the parl1-2, hda6-6, and hda6-7 mutants
were provided by NASC, and those of the CSHL_GT188551 line were
provided by R. Martienssen. Seed sterilization and sowing, plant cul-
ture, and crosses were performed as previously described (Ponce et al.,
1998; Berna et al., 1999). When required, culture media were supple-
mented with kanamycin (50 ug-mL~"), hygromycin (15 ug-mL~"), or Basta
(5 pg-mL7).

Positional Cloning and Molecular Characterization of MAS2 and Its
Mutant Alleles

Genomic DNA was extracted as described by Ponce et al. (2006). Fine
mapping of the mas2-1 mutation was performed by iterative linkage
analysis as previously described (Ponce et al., 1999, 2006) using the
primers listed in Supplemental Table 1. The mas2 point mutations were
identified by sequencing, using the At402720_F1, At402720_R1,
At402720_F2, and At402720_R2 primers (Supplemental Table 2). Se-
quencing reactions and electrophoresis were performed with ABI
PRISM BigDye Terminator Cycle Sequencing kits and on an ABI
PRISM 3130xI Genetic Analyzer (Applied Biosystems), respectively.
The presence of T-DNA insertions was verified by PCR using the
SAIL_LB1 and At402720_R2 primers (SAIL_335_C06; mas2-2) and
At402720_F1, Ds3_1, At402720_F1, and At402720_1R (CSHL_GT188551;
mas2-3) primers (Supplemental Table 2). Discrimination between MAS2
and mas2-1 alleles was done by PCR amplification with At402720_F2
and At402720_R1 primers followed by digestion with BsaHI, as the
mas2-1 mutation (GACGCC—GACACC) eliminates the BsaHI restriction
site.

RNA Isolation, Reverse Transcription, and RT-qPCR Analysis

Total RNA was isolated from 50 to 100 mg of rosettes with the TRI RNA
isolation reagent (Sigma-Aldrich). Since MAS2 lacks introns, prior to
cDNA synthesis the RNA was treated with TURBO DNase (Ambion).
Reverse transcription and RT-gPCR analyses were performed as de-
scribed by Jover-Gil et al. (2012). RT-gPCR ampilifications were performed
on a Step-One Real-Time PCR System (Applied Biosystems). The OTC
housekeeping gene (Quesada et al., 1999) was used as an internal control,
as previously described (Cnops et al., 2004).

Construction of Transgenes and Transgenic Lines

To generate constructs for Gateway cloning, we performed PCR
amplifications with the Phusion High-Fidelity DNA Polymerase
(Finnzymes) and primers containing the attB1 (forward) or attB2 (reverse)
sequences at their 5’ ends (Supplemental Table 2). Before being cloned
into the pGEM-T Easy221 entry vector, PCR products were purified with
the lllustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare
Bio-Sciences). The entry and destination clones were obtained in 2.5-p.L
reactions using 1 pL of the BP and LR Clonase Il kit (Life Technologies),
respectively. Chemically competent Escherichia coli DH5a cells were
transformed by the heat shock method; Agrobacterium tumefaciens
C58C1 cells carrying the pSOUP helper plasmid were electroporated.
To obtain the 35S,,:MAS2, 35S, mas2-1, and 35S, MAS2:GFP
overexpression constructs, the full-length coding sequences of MAS2
and mas2-1 were PCR amplified from Ler and ago7-52 mas2-1 plants,
respectively. The destination vector pMDC32 was used for 35S, :MAS2

pro*
and 35S,,;mas2-1, and pMDC85 for 35S, ;MAS2:GFP. A 1.1-kb DNA

ro*
region upstream of the translation start codcpm of the MAS2 gene was used
as promoter in the MAS2, ,:GUS and MAS2,,,:MAS2:GFP constructs.
The fragments were obtained by PCR and subcloned into the pMDC162
and pMDC111 destination vectors, respectively. To obtain GFP trans-
lational fusions, the coding regions of MAS2 and mas2-1 lacking their stop

codons were PCR amplified from Ler and ago7-52 mas2-1 plants,
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respectively. All constructs were sequence verified before being trans-
ferred into plants, which was performed by the floral dip method (Clough
and Bent, 1998). Primers used for obtaining these constructs and for
sequencing them are described in Supplemental Table 2.

Arabidopsis transgenic lines expressing the amiR-MAS2 artificial
microRNA (5’-UAUACGUUUACCUUGCUGGAC-3') were obtained as
described in Jover-Gil et al. (2014).

Plant Gross Morphology and Histology, and Histochemical Assays

Leaf venation diagrams were obtained from first- and third-node leaves as
described previously (Candela et al., 1999; Alonso-Peral et al., 2006). For
histological analyses, first- and third-node leaves were fixed with FAA/
Triton (1.85% formaldehyde, 45% ethanol, 5% acetic acid, and 1% Triton
X-100) as described by Serrano-Cartagena et al. (2000). After de-
hydration, tissues were embedded in Technovit 7100 resin (Heraeus
Kulzer) following the manufacturer’s instructions. Sections of 7-mm
thickness were cut on a Microm International HM350S microtome and
stained with 0.1% (w/v) Toluidine blue. GUS assays were performed as
described by Robles et al. (2010). In vivo visualization of MAS2 subcellular
localization was performed in root cells of plants carrying MAS2-GFP
fusion proteins. For nuclear staining, plant tissue was submerged in
1 ng-mL~" DAPI for 30 s and then rinsed in water. Micrographs were
taken on a Nikon D-Eclipse C1 confocal microscope.

Immunoblot Assay

Proteins were extracted with TRI reagent (Sigma-Aldrich) from 50 to 100
mg of material of plants collected at 15 DAS, precipitated with iso-
propanol, washed three times with 0.3 M guanidine-HCI (96% ethanol),
and resuspended into resuspension buffer (8 M urea, 40 mM Tris-HCI, pH
6.8, 0.1 mM EDTA, and 1% SDS). Each protein extract (160 pg) was
loaded in a 7% polyacrylamide gel. SDS-PAGE and electrotransfer to
nitrocellulose were performed as previously described (Esteve-Bruna
et al., 2013). Two primary antibodies were used: against AGO1 (Agrisera;
AS09 527P) at 1:500 dilution and against the large subunit of Rubisco
(Agrisera; AS03 037) at 1:500 to 1:2500 dilution.

FISH

Tissue preparation and FISH were performed as previously described
(Armstrong and Hultén, 1998; Fransz et al., 1998; Sanchez Moran et al.,
2001) with minor modifications. Flower buds were collected into a 50-mL
Falcon tube and kept in ice-cold water at 4°C for 64 h to accumulate cells
in mitotic metaphase. After three washes in citrate buffer (pH 4.5), tissue
was incubated with a mixture of 2% (w/v) Cellulase Onozuka R-10 and 2%
(w/v) Macerozyme R-10 (Duchefa Biochemie) in citrate buffer at 37°C for 2
hin a humid hybridization chamber before being macerated with a needle.
A biotin-labeled 45S rDNA probe (pTa71; Gerlach and Bedbrook, 1979)
and a 1:260 dilution of streptavidin-Cy3 (Roche) antibody in TNB buffer
(100 mM Tris-HCI, pH 7.5, 150 mM NaCl, and 0.5% nonfat dry milk as
a blocking reagent) were used. Confocal laser scanning microscopy
images were obtained and digitally processed using the EZ-C1 operation
software for a Nikon D-Eclipse C1 microscope.

Analysis of the Methylation Status of the 45S rDNA Promoter

Genomic DNA was extracted and digested with the methylation-sensitive
Hpall restriction endonuclease. Cleavage by Hpall of the 5'-CCGG-3’
tetranucleotide is blocked by the presence of 5-MeC at this site (5'-
CmeCGG-3'). Digested and nondigested DNA was used as template for
quantitative PCR amplifications using the p2f and p2r primers, which flank
the restriction sites (Supplemental Table 2; Harscoét et al., 2010). The 25S

rRNA gene was amplified with the 25SrRNA_F/R primer set and used as
an endogenous control for quantitative PCR experiments. Bars represent
the ratio between levels of PCR amplification products representing di-
gested and nondigested fragments.

Accession Numbers

Sequence data from this article can be found in The Arabidopsis In-
formation Resource (http://www.arabidopsis.org/) under the following
accession numbers: MAS2 (At4g02720), AGO1 (At1g48410), NUC-L1
(At1948920), and HDAG6 (At5g63110).
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Supplemental Figure 1. Positional cloning of the MAS2 gene.

The molecular markers used for linkage analysis, their map positions (in Mb) and the
number of informative recombinants identified (in parentheses) are indicated. F, mapping
populations were obtained from two P2 11.1 x Col-O crosses. A total of 319 F, plants,
exhibiting either the Ago1-52 suppressed or Ago1-52 phenotypes, were separately
subjected to linkage analysis. Linkage to the Ler alleles of the markers tested was detected
at the proximity to the AGOL1 locus (at chromosome 1), among plants from both phenotypic
classes. Unequivocal linkage to the Col-0 alleles of the markers under study was only seen
at the top of chromosome 4 in plants of the Ago1-52 class, as expected for the wild-type
allele (MAS2) of a dominant mutation (mas2-1; Micol-Ponce et al., 2014). The genotypes of
the Ago1-52 suppressed and Ago1-52 phenotypic classes were then inferred to be agol-
52/agol-52; mas2-1/- and agol-52/agol-52; MAS2/MAS?2, respectively.
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898

GCCAAGTTCTGCTTTTGGGAGAACACACCGAGTCCACCTAGAGATCAGAACGTTCAGCA
GCCAAGTTCTGCTTTTGGGAGAACACACTGAGTCCACCTAGAGATCAGTATGTTCAGCA

AGTTATGGTGGTGCTTTAAGACCCGGTGAAGGAGACGCCATAGCACAGTATGTTCAGCA
AGTTATGGTGGTGCTTTAAGACCCGGTGAAGGAGACACCATAGCACAGTATGTTCAGCA
AGTTATGGTGGTGCTTTAAGACCCGGTGAAGGAGACGTCATAGCACAGTATGTTCAGCA
AGTTATGGTGGTGCTTTAAGACCCAGTGAAGGAGACGCCATAGCACAGTATGTTCAGCA
AGTTATGGTGGTGCTTTAAGACCCGGTGAAGAAGACGCCATAGCACAGTATGTTCAGCA
AGTTATGGTGGTGCTTTAAGACCCGGTGAAGAAGACGCCATAGCACAGTATGTTCAGCA
AGTTATGGTGGTGCTTTAAGACCCGATGAAGGAGACGCCATAGCACAGTATGTTCAGCA
AGTTATAGTGGTGCTTTAAGACCCGGTGAAGGAGACGCCATAGCACAGTATGTTCAGCG
AGTTATGGTGGTGCTTTAAGACCCGATGAAGGAGACGCCATAGCACAGTATGTTCAGCA
AGTTATGGTGGTGCTTTAAGACCCGGTGAAGAAGACGCCATAGCACAGTATGTTCAGCA

Supplemental Figure 2. Molecular nature and position of mas2 point mutations.

Multiple alignment of the sequences of the regions of the MAS2 gene where the mas2 point
mutations map. Numbers (162 and 898) indicate nucleotide positions, counting from the start codon.
The mutated nucleotides are shown in red. Both protocol numbers (PX Y.Z) and allele names are
indicated for each suppressor line. The mas2-6 allele was isolated twice (mas2-6a and mas2-6b); it
was carried by two different suppressor lines (P6 65.2 and P6 66.2) obtained from seeds of the same
parental group (P6).
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Supplemental Figure 3. Sequence conservation among eukaryotic NKAPs.

Sequence alignment of full-length putative MAS2 orthologs from Mucor circinelloides (representing
Fungi), Phytophthora parasitica (Stramenopiles), Dictyostelium fasciculatum (Amoebozoa),
Arabidopsis thaliana (Viridiplantae), Reticulomyxa filosa (Rhizaria), Homo sapiens (Holozoa), and
Eimeria mitis (Alveolata). We found NKAP homologs in all of the eukaryotic supergroups except
Excavata. Bacteria do not have NKAP homologs. Identical or similar residues shared by at least 50%
of proteins are shaded black or gray, respectively. The order in which the sequences appear is
determined by the guide tree (Higgins et al., 1992). Numbers indicate residue positions. The SynMuv
domain (as described at NCBI) is indicated with a continuous black line under the consensus
sequence shown at the bottom of the alignment. Amino acid substitutions caused by the mas2
mutations are shown in red. Protein sequences were obtained using the BLASTP (Basic Local
Alignment Search Tool) at NCBI (Altschul et al., 1990). This alignment and that of Figure S4 were
obtained using ClustalW2 (Larkin et al., 2007) and shaded with Boxshade 3.21
(http://www.ch.embnet.org/software/BOX_form.html).
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Supplemental Figure 4. Sequence conservation among plant NKAPs.

Sequence alignment of full-length putative MAS2 orthologs from different angiosperm lineages,
as classified in Myburg et al. (2014), and mosses: Oryza sativa (representing Poales), Phoenix
dactylifera (Arecales), Populus trichocarpa (Malpighiales), Vitis vinifera (Vitales), Glycine max
(Fabids), Arabidopsis thaliana (Malvids), Nicotiana sylvestris (Asterids), and Physcomitrella
patens (Bryophyte). Identical or similar residues across all of sequences are shaded in black
and gray, respectively. Numbers indicates residues positions in each protein. The SynMuv
domain, the amino acid changes and the consensus sequences are marked as in Figure S3.



70 Publicaciones: Sanchez-Garcia et al. (2015)

Supplemental Data. Sanchez-Garcia et al. Plant Cell (2015) 10.1105/tpc.15.00135

At1g48410 (AGO1)
agol-2

PAZ PIWI Ei
I i

l l . o o

200 bp agol-51 agol-25 agol-52 agol-27
—_— (G—>A) (G—A) (G—A) (C->T)

Supplemental Figure 5. agol alleles used in this work.

Schematic representation of the AGO1 gene, with the position and molecular nature of the
mutations used in this work. Introns and exons are represented as black lines and boxes,
respectively. The regions encoding the PAZ and PIWI domains of the AGO1 protein are shaded
grey. The triangle indicates the T-DNA insertion carried by the agol-2 allele. The ago1-51 mutation
affects the PAZ domain of AGO1, and agol-25 and agol1-52 affect the PIWI domain; agol1-27 does
not affect any known domain.
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agol-5k mas2-1

Supplemental Figure 6. Morphological phenotype of agol-51
mas2-1 adult plants.

(A) Adult agol-51 and agol-51 mas2-1 plants. (B, C)
Inflorescences of (B) agol-51, and (C) agol-51 mas2-1 plants.
(D) Siliques of agol-51 and agol-51 mas2-1 plants. Pictures
were taken at 75 das. Scale bars: (A) 1 cm, and (B-D) 1 mm.
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Supplemental Figure 7. Effects of the mas2 mutations on the levels of AGO1 splice variants.
(A, B) RT-PCR analysis of RNA extracted from Ler, mas2-1, ago1-51, agol-52, ago1-51 mas2-
1 and agol-52 mas2-1 plants using primers (Table S2) designed to amplifiy (A) tAGO1 or
WAGO1 mRNAs, and (B) tAGO1, wAGOL1 or agol-52 mRNAs. Asterisk indicates the wAGO1
cDNA. (C) RT-gPCR analysis of the modification of the relative levels of WAGO1 and ago1-52
splice forms in the eight suppressor lines identified as described in Micol-Ponce et al. (2014),
other than P2 11.1 (ago1-52 mas2-1, whose analysis is shown in Figure 4). Error bars represent
standard deviations. RNA was extracted from plants collected at 15 das. Two biological replicas
with three technical replicas each were performed.
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Supplemental Figure 8. Visualization of AGO1 protein isoforms in agol mutants.
Detection of AGO1 proteins by immunoblot using a primary antibody against AGO1
(a-AGO1) in protein extracts from agol-25 and agol-27 (in the Col-0 genetic
background), ago1-2 (Ws-2), and ago1-51 and ago1-52 (Ler). Arrows indicate bands
matching the expected size for the AGO1-51.1, AGO1-51.2, and AGO1-52 isoforms.
The Rubisco (a-Rbcl) large subunit was used as a loading control. Proteins were
extracted from plants collected at 15 das.
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)
Supplemental Figure 9. Phenotypic effects of the overexpression of MAS2 and mas2-1 on the
Ler, ago1-51 and ago1-52 backgrounds at the rosette stage.

Rosettes of (A) Ler, (B, C) 35S,,:MAS2 and 35S,,;mas2-1, both in the Ler background, (D) agol-

51, (E) agol-51 35S,,,:MAS2, (F) agol-51 35S,,:mas2-1, (G) agol-52, (H) agol-52 35S,,:MAS2,
and (l) agol1-52 35S,,;mas2-1 plants. Pictures were taken at 21 das. Scale bars: 1 mm.
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Supplemental Figure 10. Phenotypic effects of the overexpression of mas2-1 on
the ago1-52 background in adult plants.

(A) Adult 35S,,mas2-1, agol-52 and 35S,,mas2-1 agol-52 plants. (B-G)
Inflorescences and flowers of (B, E) 35S,,,;mas2-1, (C, F) agol1-52, and (D, G)
35S,,,:mas2-1 agol-52 plants. (H) agol-52, 35S,,mas2-1 and 35S,,mas2-1
agol-52 siliques. Pictures were taken at 48 das. Scale bars: (A) 1 cm, and (B-H) 1
mm.
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Supplemental Figure 11. Phenotypic effects of the overexpression of
mas2-1 on the ago1-51 background in adult plants.

(A) Adult 35S, ,:mas2-1, ago1-51 and 35S,,:mas2-1 agol1-51 plants. (B-
D) Inflorescences of (B) 35S,,mas2-1, (C) agol-51, and (D)
35S,,,mas2-1 agol-51 plants. (E) From left to right: agol-51,
35S,,,:mas2-1 agol-51 and 35S,,:mas2-1 siliques. Pictures were taken
at 48 das. Scale bars: (A) 1 cm, and (B-E) 1 mm.
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Supplemental Figure 12. Analysis of the of GABI_318G03 insertional line.

(A) The T-DNA insertion carried by the GABI_318G03 line in the putative promoter region of
MAS?2 is represented by a triangle. Plants homozygous for this insertion were viable and
phenotypically wild type. The T-DNA insertion is located 103 bp upstream of the start codon
of MAS2, probably affecting its promoter region because its annotated leader is 53-nt long.
Its position was verified by amplification with the MAS2_F2 + RB-pAC161, and LB-pAC161
+ At4g02720_FR1 primer pairs (Table S2), followed of sequencing of the corresponding
PCR products. The promoter region and the 5’UTR of MAS2 are shown in black and red
lowercase letters, respectively. The coding region is shown in black capital letters and its
start codon is highlighted in bold. (B) RT-gPCR analysis of MAS2 expression in Col-0 and
homozygous GABI_318G03 plants, showing that the levels of MAS2 transcripts were not
reduced in this line. Error bars represent standard deviations. Three biological replicas with
three technical replicas each were performed.
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Supplemental Figure 13. Seeds and embryos of MAS2/mas2-2 plants.

(A, B) Dissected siliques of (A) MAS2/mas2-2, and (B) Col-0 plants. (C) Mature seeds of
MAS2/mas2-2 plants. Arrows indicate wrinkled and abnormal seeds. (D-F) Confocal
micrographs of (D) unfertilized or aborted ovules and (E, F) abnormal embryos arrested in the
(E) globular and (F) linear-cotyledon stages found in the siliques of MAS2/mas2-2 plants.
Scale bars: (A-C) 1 mm, and (D-F) 200 pm.
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Supplemental Figure 14. Morphological phenotypes caused by the amiR-
MAS?2 transgene in different genetic backgrounds.
Rosettes of (A) Col-0, (B) En-2, (C) Ler, (D) amiR-MAS2.1 (in a Col-0
background), (E) amiR-MAS2.2 (En-2), and (F) amiR-MAS2.3 (Ler) plants.
Pictures were taken at 28 das. Scale bars: 1 mm.
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Supplemental Figure 15. Histology of amiR-MAS2.1 leaves.

(A-D) Leaf venation pattern of amiR-MAS2.1 plants. The leaf margin is shown in orange. Diagrams were
drawn on micrographs taken from cleared (A, B) first- and (C, D) third-node leaves of (A, C) Col-0 and (B,
D) amiR-MAS2.1 plants. (E-H) Transverse sections of the (E, G) central and (F-H) marginal regions of
third-node leaf lamina of (E, F) Col-0 and (G, H) amiR-MAS2.1 plants. Asterisks highlight enlarged
intercellular air spaces. Micrographs of central transects were taken midway between the primary vein
and leaf margin. Plant material was collected at 21 das. Scale bars: (A-D) 1 mm, and (E-H) 50 ym.
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Supplemental Figure 16. Levels of the AGO1 splice variants in agol-52 amiR-MAS2.1
plants.

RT-gPCR analysis of Col-0, amiR.MAS2.1/amiR-MAS2.1, agol-52/agol-52; amiR-
MAS2.1/amiR-MAS2.1, agol-52/agol-52, and Ler plants using specific primers to amplify
cDNA from tAGO1 (black bars), wWAGOL1 (grey bars) and agol1-52 (white bars) mRNAs. Error
bars represent standard deviations. RNA was extracted from plants collected at 15 das. Two
biological replicas with three technical replicas each were performed.
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Supplemental Figure 17. Visualization of MAS2,,,:GUS activity in wild-type plants.

GUS staining of MAS2,,,:GUS transgenic plants in (A-C) rosettes collected (A) 14, (B) 21 and (C) 28 das,
(D) a cotyledon, (E) roots, (F) a mature vegetative leaf (48 das), (G) an expanding cauline leaf, and (H) a
shoot with a fully expanded cauline leaf and flower buds that are magnified in |. Scale bars: 1 mm.
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Supplemental Figure 18. Spatial pattern of
expression of MAS2.

RT-gPCR analysis of MAS2 expression in different
tissues. Total RNA was isolated from the tissues
indicated and used as a template. Error bars
represent standard deviations. Two biological
replicas with three technical replicas each were
performed.
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Supplemental Figure 19. Subcellular localization of the MAS2:GFP
and MAS2-1:GFP proteins.

Confocal laser scanning microscopy of roots from plants carrying the
(A, B) MAS2,,MAS2:GFP, and (C, D) MAS2,, mas2-1.GFP
transgenes. The green signal corresponds to the fluorescent GFP
emission in the root apex and root elongation zone (magnified in B,
D). Scale bars: 50 pym.
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Supplemental Figure 20. Subcellular localization of the MAS2:GFP
protein in cells of the root elongation zone from homozygous
35S,,,:MAS2:GFP plants.

Fluorescence signals are shown from (A, B) DAPI, (C, D) GFP, and
(E, F) their overlay. A, C and E images are magnified in B, D and F,
respectively. Arrows indicate nucleoli. Scale bars: (A, C, E) 50 um,

and (B, D, F) 10 ym.
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Supplemental Figure 21. Effects of amiR-MAS2.1 on 45S rRNA
processing.

Relative expression of mature rRNA products from the 45S rRNA
processing in Col-0 and homozygous amiR-MAS2.1 plants. rRNA
levels were analyzed by RT-gPCR using the 5.8SrRNA_F +
5.8SrRNA_R, 18SrRNA_F + 18SrRNA_R and 25SrRNA F +
25SrRNA_R primer pairs (Table S2). Relative expression levels of
5.8S, 18S and 25S rRNAs in amiR-MAS2.1 plants were compared to
the expression levels in Col-0 plants. Error bars represent standard
deviations. Three biological replicas with three technical replicas each
were performed.
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Analisis genético y molecular de los genes MAS de Arabidopsis thaliana

Sanchez-Garcia A.B., Jover-Gil, S., Aguilera V., Quinto P., Micol-Ponce R., Micol J.L., y
Ponce, M.R.

Instituto de Bioingenieria, Universidad Miguel Hernandez, Campus de Elche, 03202

Elche, Alicante

En Arabidopsis thaliana, el principal componente de los complejos del
silenciamiento génico inducido por ARN (RISC) es la proteina AGO1 (ARGONAUTEL),
cuya insuficiencia de funcién perturba numerosos procesos de desarrollo y suele causar
esterilidad o letalidad. Hemos aislado el mutante agol-52, que es viable, relativamente
fértil y portador de un alelo hipomorfo del gen AGOL1. Con el objetivo de identificar nuevos
genes implicados en la ruta del silenciamiento génico mediado por los microARN, hemos
mutagenizado semillas M; de agol-52 con metanosulfonato de etilo. Hemos sometido a
escrutinio 36.810 semillas M,, identificando 17 lineas en las que el fenotipo morfolégico
de agol-52 se suprime total o parcialmente. Hemos cartografiado hasta el momento 5
mutaciones supresoras y clonado tres de ellas, que hemos denominado mas (morphology
of argonautel-52 suppressed). Estamos obteniendo construcciones para la
sobreexpresion de los alelos mutantes y silvestres de los genes MAS, asi como para
visualizar sus patrones de expresion espacial y temporal, y para determinar la
localizacién subcelular de las proteinas MAS. También estamos intentando desentrafar
los mecanismos moleculares por los cuales masl-1, mas2-1 y mas3-1 suprimen el

fenotipo morfologico de agol1-52.

2010
X Reunion de Biologia Molecular de Plantas
Valencia
Péster presentado por A.B. Sanchez-Garcia
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En Arabidopsis thaliana, el principal componente de los complejos de silenciamiento
génico mediado por los microARN (RISC) es la proteina AGO1 (ARGONAUTE1), cuya
insuficiencia de funcién perturba numerosos procesos de desarrollo y suele causar
esterilidad o letalidad3. Con el objetivo de identificar nuevos genes implicados en el
silenciamiento génico mediado por los miARN, hemos mutagenizado con EMS semillas M,
de agol1-52, un mutante aislado anteriormente en nuestro laboratorio*.

Tras el escrutinio de 36.810 semillas M,, identificamos 4.189 presuntos dobles
mutantes (Tabla 1), muchos de los cuales fueron estériles y mostraron un fenotipo
Ago1-52 extremo. Sélo 302 presuntos dobles mutantes M, fueron fértiles y viables, y 21
de ellos mostraron una supresion parcial del fenotipo Ago1-52. Entre estos 21 mutantes, 4
presentaron una supresiéon muy débil y fueron descartados. Las 17 lineas restantes
mostraron un fenotipo muy similar al de la estirpe silvestre Ler. El porte y otros rasgos
morfolégicos del fenotipo Ago1-52 se normalizaron en la mayoria de estas lineas (Fig. 1).

Hemos cartografiado hasta el momento siete de estas mutaciones supresoras, a las
que hemos llamado mas (morphology of argonautel-52 suppressed), y hemos clonado
tres de ellas (Fig. 2). La clonacién posicional de la mutaciéon mas2-1 nos ha permitido
determinar que MAS2 es un gen de copia Unica, que codifica una proteina de funcién
desconocida y que esta conservada en animales y plantas. Nuestros resultados sugieren
gue mas2-1 es un alelo de ganancia de funcién, que contiene una mutacién puntual que
no causa un fenotipo visible en las plantas mas2-1/mas2-1;AGO1/AGO1. Hemos
identificado una linea portadora de una insercion de ADN-T en el gen MAS2 y la hemos
llamado mas2-2. MAS2 parece ser un gen esencial, ya que los embriones mas2-2/mas2-2
sufren letalidad (Fig. 3).

La expresion constitutiva de MAS2 no causa efectos fenotipicos en un fondo silvestre
pero es capaz de suprimir el fenotipo mutante de las plantas ago1-52 y hen1-13 (Fig. 3).
Estas observaciones confirman que mas2-1 es un alelo hipermorfo, capaz de suprimir los
fenotipos de la insuficiencia de funcién de los genes AGO1 y HEN1, que participan en las
rutas de los miARN y los ARN cortos interfentes (SiIARN). La sobreexpresion de mas2-1 en
un fondo silvestre no tiene efectos fenotipicos.

Otra aproximacion llevada a cabo para determinar la funcion de MAS2 ha sido la
generacion de plantas transgénicas portadoras de una construccién que contenia un
miARN artificial (amiARN) disefiado contra el ARNm de MAS2. La expresion de este
amiARN en plantas transgénicas causa un fenotipo de hojas aserradas, que muestran una
senescencia prematura (Fig. 3), lo que sugiere que MAS2 podria estar implicado en la
senescencia o la muerte celular en Arabidopsis.

Tabla 1.- Presuntos dobles mutantes identificados tras la mutagénesis de ago1-52 con EMS
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Figura 1.- Supresion del fenotipo de ago1-52 en cinco
de las lineas aisladas en nuestro escrutinio. Rosetas
de (A) la estirpe silvestre Ler, (D) el mutante ago1-52 y
los dobles mutantes (G) ago1-52 mas1-1, (J) ago1-52
mas2-1, (M) agol-52 mas4-1, (P) agol-52 mas3-1 y

M, M, (S) ago1-52 mas5-1. Detalles de las inflorescencias de
e s (B) Ler, (E) agol-52, (H) agol-52 masl-1, (K) agol-52
Letal Estériles Fértiles mas2-1, (N) agol-52 masd-1, (Q) agol-52 mas3-1 y
Total 3.366 521 302 92 (T) ago1-52 mas5-1. Porte de (C) Ler, (F) ago1-52, (1)
) agol-52 masl-1, (L) agol-52 mas2-1, (O) agol-52
Fenotipo Ago1-52 extremo 23 67 42 un mas4-1, (R) agol-52 mas3-1 y (U) agol-52 mas5-1.
Fenotipo Ago1-52 débil 29 91 93 21 Las fotografias se tomaron a los (A, D, G, J, M, Py S)
N 21, (B, C,EyF) 37, (H, 1) 54, (K, L) 41, (N, O, Ty U)
Sinergia 3.130 3 0 0 45y (Q, R) 48 dias después de la estratificacion (dde).
Otros fenotipos mutantes 184 360 167 60 Barras de escala: (A, B, D, E, G, H, J, K, M, N, P, Q, S
yT)1mmy (C,F L O, RyU)1cm.
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0,01 4 nga59 0,68 § nga1145 0,98 4+ AthCTR1 ™ é . |
hisS2 -+ MAs4 '\ ¥ 2 X
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19,70 21,51 -+ MNB8
24,70 - SNP10490 23,29 4 MUA2
27,35 = ngalll 26,92 - K8K14
-4 MAS5
30,60 Figura 3.- Rosetas de (A) el mutante mas2-1, (B) una planta Ler portadora del transgén 35S:mas2-1, (D) el
33,77 ’ mutante ago1-52, (E) una planta ago1-52 portadora del transgén 35S:MAS2, (G) el mutante hen1-13, (H) una

Figura 2.- Mapa fisico de 4 de los 5 cromosomas de Arabidopsis thaliana en el que se indican las posiciones de los siete genes
supresores que estamos analizando. La cartografia se realizo segln se describe en la referencia 6. Todos los nimeros indican Mb,
excepto los que aparecen sobre los cre Se ha omitido el cra 3.

planta hen1-13 portadora del transgén 35S:MAS2, (1) la estirpe silvestre Col-0 y (J) una planta Col-0 portadora
del transgén 35S:MAS2. (C) Detalles de las hojas de una planta transgénica que expresa un amiARN

disefiado contra MAS2. (F) Silicuas i de plantas MAS2/mas2-2 la letalidad i )
y (K) MAS2/MAS?2. Las fotos se tomaron (A, B, D, E, G, H, |, J) 15, (F, K) 28 y (C) 45 dde. Barras de escala:
1 mm.
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In Arabidopsis thaliana, the core component of the miRNA mediated silencing
complex (RISC) is encoded by the ARGONAUTE1 (AGO1) gene, whose agol loss-of-
function mutant alleles disturb many developmental processes and often cause lethality or
sterility. With a view to identify novel genes involved in miRNA-guided gene silencing, we
mutagenized with EMS M; seeds of the viable and fertile ago1-52 line, which had been
isolated in our laboratory. After screening 36,810 M, seeds, we identified 4,189 putative
double mutants, most of which were sterile and displayed a mutant phenotype stronger
than that of ago1-52. Only 302 M, putative double mutants were viable and fertile, 21 of
which displayed partial suppression of the Agol-52 phenotype. Four of them exhibited
only weak suppression and were discarded. Some of the remaining 17 were not easily
distinguishable from the Ler wild type. Plant body architecture and other morphological
traits of the Agol-52 phenotype became normalized in most of these lines carrying
suppressor mutations.

We have mapped so far seven of these suppressor mutations, which we named
mas (morphology of argonautel-52 suppressed), and positionally cloned three of them.
Positional cloning of the mas2-1 mutation allowed us to determine that MAS2 is a single-
copy gene encoding a protein of unknown function, conserved among plants and animals.
mas2-1 seems to be a gain-of-function allele and carries a point mutation that causes no
visible phenotype in mas2-1/mas2-1;AGO1/AGO1 plants. We identified a line carrying a
T-DNA insertion in the MAS2 gene, which we named mas2-2. MAS2 seems to be an
essential gene as suggested by lethality of mas2-2/mas2-2 embryos.

Constitutive expression of MAS2 had no phenotypic effects in a wild-type
background but suppressed the mutant phenotype in agol-52 and henl1-13 plants. This
observation confirms that gain of function of MAS2 is able to suppress the phenotypes of
loss-of-function mutations affecting the AGO1 and HEN1 genes, which participate in the

mMiRNA and short interfering RNA (siRNA) pathways. We have also obtained transgenic
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plants overexpressing mas2-1 in a wild-type background, which show a wild-type
phenotype.

Another approach taken to determine the function of MAS2 was the generation of
transgenic plants carrying a construct for the expression of an artificial mMiRNA (amiRNA)
designed to target MAS2 mRNA. These transgenic plants rendered a phenotype of
serrated leaves that exhibited premature senescence, suggesting that MAS2 might be

involved in senescence or cell death pathways in Arabidopsis.

2010
Plant Biology 2010 (Joint Annual Meeting of the American Society of Plant Biologists and
the Canadian Society of Plant Physiologists)
Montreal, Canada
Péster presentado por M.R. Ponce
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In Arabidopsis thaliana, the core component of the miRNA mediated silencing
complex (RISC) is encoded by the ARGONAUTEL (AGOL1) gene, whose agol loss-of-
function mutant alleles disturb many developmental processes and often cause lethality
or sterility!3. With a view to identify novel genes involved in miRNA-guided gene
silencing, we mutagenized with EMS M, seeds of the viable and fertile agol1-52 line,
which had been isolated in our laboratory*. After screening 36,810 M, seeds, we
identified 4,189 putative double mutants (Table 1), most of which were sterile and
displayed a mutant phenotype stronger than that of agol-52. Only 302 M, putative
double mutants were viable and fertile, 21 of which displayed partial suppression of the
Agol-52 phenotype. Four of them exhibited only weak suppression and were discarded.
Some of the remaining 17 were not easily distinguishable from the Ler wild type. Plant
body architecture and other morphological traits of the Agol-52 phenotype became
normalized in most of these lines carrying suppressor mutations (Fig. 1).

We have mapped so far seven of these suppressor mutations, which we named
mas (morphology of argonaute1-52 suppressed), and positionally cloned three of them
(Fig. 2). Positional cloning of the mas2-1 mutation allowed us to determine that MAS2 is
a single-copy gene encoding a protein of unknown function, conserved among plants
and animals. mas2-1 seems to be a gain-of-function allele and carries a point mutation
that causes no visible phenotype in mas2-1/mas2-1;AGO1/AGO1 plants. We identified a
line carrying a T-DNA insertion in the MAS2 gene, which we named mas2-2. MAS2
seems to be an essential gene as suggested by lethality of mas2-2/mas2-2 embryos
(Fig. 3).

Constitutive expression of MAS2 had no phenotypic effects in a wild-type
background but suppressed the mutant phenotype in agol-52 and henl-13 plants
(Fig. 3). This observation confirms the gain of function of MAS2 is able to suppress the
phenotypes of loss-of-function mutations affecting the AGO1 and HEN1 genes, which
participate in the miRNA and short interfering RNA (siRNA) pathways. We have also
obtained transgenic plants overexpressing mas2-1 in a wild-type background, which
show a wild-type phenotype.

Another approach taken to determine the function of MAS2 was the generation of
transgenic plants carrying a construct for the expression of an artificial miRNA (amiRNA)
designed to target MAS2 mRNA. These transgenic plants rendered a phenotype of
serrated leaves that exhibited premature senescence (Fig. 3), suggesting that MAS2
might be involved in senescence or cell death pathways in Arabidopsis.

Table 1.- Putative double mutants isolated in our screening
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Figure 1.- Partial suppression of the phenotype of
agol-52 in five of the lines isolated in our screen.
Rosettes are shown from (A) the Ler wild type, (D) the
ago1-52 mutant and (G) ago1-52 masl-1, (J) agol-52
mas2-1, (M) agol-52 mas4-1, (P) agol-52 mas3-1
and (S) ago1-52 mas5-1 doble mutants. Details of the

M2 M3 inflorescences of (B) Ler, (E) agol-52, (H) agol-52
Lethal Esterile Fertile masl-1, (K) agol-52 mas2-1, (N) agol-52 mas4-1,
(Q) ago1-52 mas3-1 and (T) agol-52 mas5-1. Plant
Total 3,366 521 302 92 body architecture in (C) Ler, (F) agol-52, (1) ago1-52
Extremed Agol-52 phenotype 23 67 42 11 masl-1, (L) agol-52 mas2-1, (O) ago1-52 mas4-1, (R)
N agol-52 mas3-1 and (U) agol-52 mas5-1. Pictures
Partially supressed Ago1-52 phenotype 29 91 93 21 were taken (A, D, G, J, M, P and S) 21, (B, C, E and F)
Synergistic 3,130 3 0 0 37, (H, ) 54, (K, L) 41, (N, O, T and U) 45 and (Q, R)
48 days after stratification. Scale bars: (A, B, D, E, G,
Other mutant phenotypes 184 360 167 60 H,J,K, M, N,P,Q Sand T) 1 mm, and (C, F, I, L, O,
Rand U) 1 cm.
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33.77 30.60 Figure 3.- Rosettes of (A) the mas2-1 mutant, (B) a Ler plant carrying a 35S:mas2-1 transgene, (D) the agol-

Figure 2.- Arabidopsis thaliana physical map with indication of the approximate positions of seven of the MAS genes whose
characterization is in progress. Low-resolution mapping was performed as described in reference 6. All figures indicate Mb, the only
being chr numbers. Chr 3 has been left out of the figure for simplicity.

52 mutant, (E) an ago1-52 plant carrying a 35S:MAS2 transgene, (G) the hen1-13 mutant, (H) a hen1-13 plant
carrying a 35S:MAS2 transgen, (1) the wild type Col-0 and (J) a Col-0 plant carrying a 35S:MAS2 trangene. (C)
Details of the leaves of a transgenic plant expressing an amiRNA designed against MAS2 in a Col-0
background. (F) Seeds of MAS2/mas2-2 and (K) MAS2/MAS2 plants. Pictures were taken at (A, B, D, E, G, H,
1,J) 15, (F, K) 28 and (C) 45 days after stratification. Scale bars: 1 mm.
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The Arabidopsis ARGONAUTEL (AGOL1) protein is the core component of the
RNA-induced silencing complex (RISC) that mediates the regulation of gene expression
by microRNAs (miRNAs). The agol loss-of-function alleles of the AGO1 gene alter many
developmental processes and often cause lethality or sterility. With a view to identify novel
genes involved in miRNA-guided gene silencing, we mutagenized with EMS M; seeds of
the viable and fertile agol-52 mutant, which had been isolated in our laboratory. We
screened 36,810 M, seeds and identified 17 lines in which the phenotype caused by
agol-52 is from partially to almost completely suppressed. We have already mapped five
of the suppressor mutations, which we named mas (morphology of argonautel-52
suppressed), and have positionally cloned three of them. We will present our results on

the genetic and molecular characterization of the MAS genes.

2010
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In Arabidopsis thaliana, the core component of the miRNA mediated silencing
complex (RISC) is encoded by the ARGONAUTE1 (AGO1) gene, whose agol loss-of-
function mutant alleles disturb many developmental processes and often cause lethality
or sterility3. With a view to identify novel genes involved in miRNA-guided gene
silencing, we mutagenized with EMS M, seeds of the viable and fertile ago1-52 line,
which had been isolated in our laboratory’. After screening 36,810 M, seeds, we
identified 4,189 putative double mutants (Table 1), most of which were sterile and
displayed a mutant phenotype stronger than that of agol-52. Only 302 M, putative
double mutants were viable and fertile, 21 of which displayed partial suppression of the
Ago1-52 phenotype. Four of them exhibited only weak suppression and were discarded.
Some of the remaining 17 were not easily distinguishable from the Ler wild type. Plant
body architecture and other morphological traits of the Agol-52 phenotype became
normalized in most of these lines carrying suppressor mutations (Fig. 1).

We have mapped so far seven of these suppressor mutations, which we named
mas (morphology of argonaute1-52 suppressed), and positionally cloned three of them
(Fig. 2). Positional cloning of the mas2-1 mutation allowed us to determine that MAS2 is
a single-copy gene encoding a protein of unknown function, conserved among plants
and animals. mas2-1 seems to be a gain-of-function allele and carries a point mutation
that causes no visible phenotype in mas2-1/mas2-1;AGO1/AGOL1 plants. We identified a
line carrying a T-DNA insertion in the MAS2 gene, which we named mas2-2. MAS2
seems to be an essential gene as suggested by lethality of mas2-2/mas2-2 embryos
(Fig. 3).

Constitutive expression of MAS2 had no phenotypic effects in a wild-type
background but suppressed the mutant phenotype in agol-52 and hen1-13 plants
(Fig. 3). This observation confirms the gain of function of MAS2 is able to suppress the
phenotypes of loss-of-function mutations affecting the AGO1 and HEN1 genes, which
participate in the miRNA and short interfering RNA (siRNA) pathways. We have also
obtained transgenic plants overexpressing mas2-1 in a wild-type background, which
show a wild-type phenotype.

Another approach taken to determine the function of MAS2 was the generation of
transgenic plants carrying a construct for the expression of an artificial miRNA (amiRNA)
designed to target MAS2 mRNA. These transgenic plants rendered a phenotype of
serrated leaves that exhibited premature senescence (Fig. 3), suggesting that MAS2
might be involved in senescence or cell death pathways in Arabidopsis.

Table 1.- Putative double mutants isolated in our screening
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Figure 1. Partial suppression of the phenotype of
agol-52 in five of the lines isolated in our screen.
Rosettes are shown from (A) the Ler wild type, (D) the
ago1-52 mutant and (G) ago1-52 masi-1, (J) ago1-52
mas2-1, (M) agol-52 mas4-1, (P) agol-52 mas3-1

M M. and (S) ago1-52 mas5-1 doble mutants. Details of the
2 = 3 inflorescences of (B) Ler, (E) agol-52, (H) agol-52
Lethal Esterile Fertile mas1-1, (K) agol-52 mas2-1, (N) agol-52 mas4-1,
(Q) agol1-52 mas3-1 and (T) agol-52 mas5-1. Plant
Total 3,366 521 302 92 body architecture in (C) Ler, (F) ago1-52, (1) ago1-52
Extremed Agol1-52 phenotype 23 67 42 11 mas1-1, (L) ago1-52 mas2-1, (O) ago1-52 mas4-1, (R)
. agol-52 mas3-1 and (U) agol-52 mas5-1. Pictures
Partially supressed Ago1-52 phenotype 29 91 93 21 were taken (A, D, G, J, M, P and S) 21, (B, C, E and F)
Synergistic 3,130 3 0 0 37, (H, 1) 54, (K, L) 41, (N, O, T and U) 45 and (Q, R)
48 days after stratification. Scale bars: (A, B, D, E, G,
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Rand U) 1 cm.
1 2 4 5 A mas2-1 D agol-52 G hen1-13 | @ Col-0
s \ = r
0.01 4 ngass 0.68 4 ngai14s 0.98 § AtcTRL é P
MAS2 -4 MAS4 S ¥ > .
: B ]
516 4 JV18/19 6.09 ngalill Ay g p g ey ) &
MAS3 - - — o - ‘-.'é
7.85 —§= SNP8895
BB o AUEAAC 1 s s B ame  @5Smas2-l E 35SMAS2  H J 355:MAS2
1156 4 SNP10026 10.31 AthF28J12 10.42 -~ nga76 ‘! “mas2-1 agol 52 Col-0
11.67 ¢ ngall26 f \
MAS7 1401 4 AhPHYC J %
16.23 4 F1I21 3
16.30 g ngal6s 16.44 nga1139 16.30 = MNF13 L g
i = y . - L =
18.72 == MCL19
20.63 =g~ ngal28 19.76
19.70 2151 - MNB8
2470 4 SNP10490 ez g
27.35 = ngalll 26.92 -§- K8K14
=~ MAS5
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33.77 52 mutant, (E) an ago1-52 plant carrying a 35S:MAS2 transgene, (G) the hen1-13 mutant, (H) a hen1-13 plant
carrying a 35S:MAS?2 transgen, (I) the wild type Col-0 and (J) a Col-0 plant carrying a 35S:MAS2 trangene. (C)
Figure 2.- Arabidopsis thaliana physical map with indication of the approximate positions of seven of the MAS genes whose Details of the leaves of a transgenic plant expressing an amiRNA designed against MAS2 in a Col-0
characterization is in progress. Low-resolution mapping was performed as described in reference 6. Al figures indicate Mb, the only (F) Seeds of 2-2 and (K) 2 plants. Pictures were taken at (A, B, D, E, G, H,
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In eukaryotes, small non-coding RNAs mediate transcriptional and post-
transcriptional gene silencing by binding to ARGONAUTE (AGO) proteins to form RNA-
Induced Silencing Complexes (RISCs). AGOL1 is the main component of the miRNA
pathway in Arabidopsis. We had previously isolated agol-52, a hypomorphic allele of
AGO1l. We isolated suppressor mutations that were named mas (morphology of
argonautel- 52 suppressed) after an EMS second-site mutagenesis of agol-52 plants.
Positional cloning of the MAS2 gene revealed that it is a single copy Arabidopsis gene
that encodes a protein of unknown function and conserved among plants and animals.
The mas2-1 point mutation causes an alanine-to-threonine substitution at a highly
conserved position of the MAS2 protein and has no visible phenotype by
its own. A T-DNA insertion that disrupts MAS2 (mas2-2) causes embryonic lethality. We
are obtaining transgenic plants expressing an artificial microRNA targeting MAS2.
Overexpression of the wild-type allele of MAS2 in agol-52 background suppressed the
mutant phenotype of agol-52. We have also obtained constructs that showed the
ubiquitous expression of MAS2 and the nuclear localization of its protein product, as

already known for its animal’s orthologs.
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In  eukaryotes, small non-coding RNAs mediate transcriptional and
post-transcriptional gene silencing by binding to ARGONAUTE (AGO) proteins to form
RNA-Induced Silencing Complexes (RISCs). AGO1 is the main component of the
microRNA pathway in Arabidopsis, which also participates in other small interfering
RNA-mediated pathways.

Aiming to identify novel genes functionally related to AGO1, we performed a
screen for suppressors of the phenotype of ago1-52, a hypomorphic allele of AGO1
previously isolated in our laboratoryl. We have named mas (morphology of
argonaute1-52 suppressed) the suppressor mutations isolated after an EMS second-site
mutagenesis of agol-52 plants, MAS2 to the mutated gene in the P2 11.1 line (Fig. 1)
and mas2-1 to its mutant allele.

Positional cloning of the MAS2 gene (Fig. 2A) revealed that it is a single copy
Arabidopsis gene that encodes a protein of unknown function and conserved among
plants and animals. The mas2-1 point mutation causes an alanine-to-threonine
substitution at a highly conserved position of the MAS2 protein (Fig. 2B) and has an
almost wild-type phenotype, consisting of wider apexes of the fruits and more roundish
leaves than those of the wild type (Fig. 3A-G).

We identified a T-DNA insertion that disrupts MAS2, which was named mas2-2 Figure 1.- Some phenotypic traits of the P2 11.1 (ago1-52 mas2-1) line. (A-C) Rosettes of (A) Ler, (B)

A . . . B . . agol-52 and (C) P2 11.1. (D) From left to right, adult plants of Ler, agol-52 and P2 11.1. (E-G)
(Fig. 2B). This insertional allele causes embryonic lethality (Fig. 3H-N), which suggests Inflorescences of (E) Ler, (F) agol-52 and (G) P2 11.1. Pictures were taken (A-C) 21 and (D-G) 43

that MAS2 is essential during embryogenesis. days after stratification (das). Scale bars: (A-C, E-G) 1 mm and (D) 1 cm.

o ke . L T

We obtained transgenic plants expressing an artificial microRNA targeting MAS2,

which allow us to study different degrees of loss of function of the MAS2 gene A

throughout the plant life cycle (Fig. 4). Dce T NA 20172 Dgaiiss Eg;rze 2.- Pt()zi)ti%nzl lsloning of the
gene. ed bars represent
We also obtained constructs that showed the ubiquitous expression of MAS2 ‘ i g S ! chromosome 2 segments, and blue
(Fig. 5A-l) and the nuclear localization of the MAS2 protein (Fig. 5J-L), as already SEnies 12 e

known for its animal’s orthologs. & 52 o o e ,'] - re%mn ?r- fe i
; o o G o w5

e ¥ & Gl & o0 X
| G@N’B‘ O@*"’S@“‘% G@?f’ﬁ o@?\""% G@”"({O shown between brackets. Low
resolution mapping indicated that
(03-3) (022) ?3? ?6? (111 %7? MAS? is flanked by the CER458010
and CER460616 markers. (B) MAS2
et T5)8 T4|9/ gene sequencing in double mutants
— e revealed the presence of a G A
transition that causes an aminoacid
B e change (alanine-to-threonine) in a
are ; oA highly conserved region of the MAS2
[ 1 t 4 protein. Low resolution mapping was
L as2-2 mas2-1 performed as described in Ponce et
©>n) al. (2006).
(Ala > Thr)

Figure 3.- (A, B) Rosettes of (A) Ler and (B) mas2-1. (C) From left to right, plants of Ler and mas2-1 collected at 45
das. (D, E) Inflorescences of (D) Ler and (E) mas2-1. (F, G) Siliques of (F) Ler and (G) mas2-1. (H-J) Seeds of (H)
mas2-1, (I) mas2-2 and (J) Ler. (K) Unfertilized ovule in a MAS2/mas2-2 plant. (L-N) Embryos of MAS2/mas2-2 plants
in (L) globular, (M) globular-heart and (N) mature stages. Scale bars: (A, B, and D-J) 1 mm, (C) 1 cm and (K-N) 200
pm.

A

Figura 4.- Transgenic T, plants carrying a
35S:amiR-MAS2 construct. Individuals were
classified according to the severity of their
phenotype in (A) wild type, (B) mutant and
(C) mutant with a extreme phenotype. (D-F)
Detail of (D, E) leaves of (D) a wild-type and ~ —
(E) a mutant plant, and (F) a dissected fruit )
of a mutant displaying the same phenotype D &
as in B. Red arrows indicate seeds with
arrested  embryo  development  and
unfertilized ovules. Pictures were taken
(A-E) 21 and (F) 54 das. Scale bars: 1 mm.

Figure 5.- Expression analysis of the MAS2 gene. (A-l) Detection of B-glucuronidase activity in T,
plants carrying a MAS2,,,:GUS construct. (A, D) Rosettes, (B, E) roots and (C, F) cotyledons of (A-C)
15 and (D-F) of plants collected at 28 das. (G) Leaf, (H) shoot and (1) inflorescence of a 48-das plant.
(J-L) Subcellular localization of the MAS2 protein. (J) Detection of the fluorescent emission of DAPI
(4',6-diamidino-2-phenylindole), (K) GFP and (L) their overlay in roots of transgenic plants expressing
a MAS2-GFP construct. Scale bars: (A-l) 1 mm and (J-L) 50 um.

METHODS
Plants were grown as described in ref. 3.
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El silenciamiento génico postranscripcional mediado por ARN pequefios no
codificantes tiene lugar en los eucariotas en complejos denominados RISC (RNA-Induced
Silencing Complexes), cuyo componente principal es un miembro de la familia
ARGONAUTE (AGO). En Arabidopsis existen 10 proteinas AGO, siendo AGO1 la méas
implicada en la regulacion génica mediada por los microARN (miARN). AGO1 también
participa en rutas mediadas por otros ARN pequefios interferentes (SiARN).

Pretendemos identificar nuevos genes implicados en las rutas de silenciamiento
génico en las que participa AGO1. Hemos llevado a cabo con este fin una busqueda de
supresores del fenotipo morfolégico de agol-52, una estirpe portadora de un alelo
hipomorfo de AGO1 anteriormente aislada en nuestro laboratorio. Hemos denominando
mas (morphology of argonaute1-52 suppressed) a las mutaciones supresoras que hemos
identificado tras la mutagénesis de agol1-52 con EMS.

La clonacion posicional de mas2-1 nos ha permitido determinar que MAS2 es un
gen de copia Unica en Arabidopsis, que codifica una proteina de funcién desconocida,
presente tanto en los animales como en las plantas. La mutacion puntual mas2-1 causa
un cambio de alanina por treonina en una posicion muy conservada de la proteina MAS2.

Hemos obtenido una insercion de ADN-T que interrumpe el Unico exon de MAS2,
a la que hemos denominado mas2-2. Su letalidad recesiva indica que MAS2 es un gen
esencial durante la embriogénesis. Hemos generado un microARN artificial para silenciar
MAS2, con el objetivo de estudiar los fenotipos de su insuficiencia parcial de funcion a lo
largo de todo el ciclo de la planta.

Hemos sobreexpresado el alelo silvestre del gen MAS2 en los mutantes ago1-52 y

henl-13. Este ultimo es portador de un alelo posiblemente nulo del gen HUA
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ENHANCER1 (HEN1), que codifica una metilasa que estabiliza los miARN y siARN. En
ambos casos se suprimieron los fenotipos mutantes. Hemos obtenido ademas
construcciones que nos han permitido establecer que el gen MAS2 se expresa
ubicuamente y que su producto proteico es nuclear, tal como ocurre con sus ortologos

animales.
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El silenciamiento génico postranscripcional mediado por pequefios ARN no
codificantes tiene lugar en los eucariotas en complejos denominados RISC
(RNA-Induced Silencing Complexes), cuyo componente principal es un miembro
de la familia ARGONAUTE (AGO). En Arabidopsis existen 10 proteinas AGO,
siendo AGO1 la méas implicada en la regulacién génica mediada por los microARN
(miARN). AGO1 también participa en rutas mediadas por otros pequefios ARN
interferentes.

Pretendemos identificar nuevos genes relacionados funcionalmente con
AGO1. Hemos llevado a cabo con este fin una bisqueda de supresores del
fenotipo morfolégico de ago1-52, una estirpe portadora de un alelo hipomorfo de
AGOL1 anteriormente aislada en nuestro laboratorio!. Hemos denominado mas
(morphology of argonautel-52 suppressed) a las mutaciones supresoras que
hemos identificado tras la mutagénesis de agol-52 con EMS, MAS2 al gen
mutado en la linea P2 11.1 (Fig. 1) y mas2-1 a su alelo mutante.

La clonacion posicional de mas2-1 (Fig. 2A) nos ha permitido determinar que
MAS2 es un gen de copia Unica en Arabidopsis, que codifica una proteina de
funcién desconocida, presente tanto en los animales como en las plantas. La
mutacién puntual mas2-1 causa un cambio de alanina por treonina en una
posicion muy conservada de la proteina (Fig. 2B). Sin embargo, las plantas
mas2-1 son practicamente silvestres (Fig. 3A-G).

Hemos obtenido una insercién de ADN-T que interrumpe el Unico exén de
MAS?2, a la que hemos denominado mas2-2 (Fig. 2B). La letalidad recesiva que
muestra este alelo (Fig. 3H-N) indica que MAS2 es un gen esencial durante la
embriogénesis.

También hemos generado diferentes construcciones que nos han permitido
establecer que el gen MAS2 se expresa ubicuamente (Fig. 4A-1) y que su producto
proteico es nuclear (Fig. 4J-L), tal como ocurre con sus ortélogos animales.

La generaci6én de un microARN artificial para silenciar MAS2 nos esta
permitiendo estudiar los efectos de la insuficiencia parcial de funcion de este gen
a lo largo de todo el ciclo de vida de la planta (Fig. 5).

2 =
Figura 3.- Rasgos fenotipicos de los mutantes mas2-1. (A, B) Rosetas de (A) Ler y (B) mas2-1. (C) De izquierda a derecha, plantas
adultas de Ler y mas2-1. (D, E) Inflorescencias de (D) Ler y (E) mas2-1. (F, G) Silicuas de (F) Ler y (G) mas2-1. (H-J) Semillas de (H)
mas2-1, (I) mas2-2 y (J) Ler. (K) Ovulo sin fecundar. (L-N) de la 6n de plantas 2 en
estadio (L) globular, (M) globular-corazén y (N) maduro. Las barras de escala indican (A, B y D-J) 1 mm, (C) 1 cm y (K-N) 200 pm.

A _ B C
Figura 5.- Plantas transgénicas T, portadoras de b, ’
la ion 35S:amiR-MAS2. Los indivi 3

se clasificaron seglin la severidad de su fenotipo %2

en (A) Silvestre, (B) Mutante y (C) Mutante gy

extremo. (D-F) Detalle de (D, E) hojas de :

individuos con fenotipo (D) Silvestre y (E) - — —_——

Mutante, y (F) de un fruto de un individuo

Mutante, como en B. Las flechas rojas sefalan D I E
semillas en las que el desarrollo del embrién se
interrumpi6 y 6vulos sin fecundar. Las barras de
escala indican 1 mm. Las fotografias se tomaron i
21 (AE) y 54 (F) dde. f

Figura 1.- Algunos rasgos fenotipicos de la linea P2 11.1 (ago1-52 mas2-1). (A-C) Rosetas de (A) Ler, (B) ago1-52 y
(C) P2 11.1. (D) De izquierda a derecha, plantas adultas de Ler, ago1-52 y P2 11.1. (E-G) Inflorescencias terminales
de (E) Ler, (F) ago1-52 y (G) P2 11.1. Las fotografias fueron tomadas (A-C) 21 y (D-G) 43 dias después de la
estratificacion (dde). Las barras de escala indican (A-C, E-G) 1 mmy (D) 1 cm.

A ngallll  AthF28J12 ngal139

Figura 2.- Clonacién posicional del gen
E 9.2 15.4Mb MAS?2. (A) Las barras rojas representan
] segmentos del cromosoma 2, y las
CER460616 ngal2 ngallll azules, los clones BAC que incluyen el
01 13 5 51 intervalo candidato a contener el gen
i ] MAS2. Se indica entre paréntesis el
80 @ AT £ N A6 nimero de individuos recombinantes
25 S e?*“%ﬂ% % " informativos obtenidos para  cada
9 o O % 9 O marcador. La cartografia de baja
01 05 06 09 11 13 resolucion indicé que MAS2 se localiza
@) @ @ © i) ) entre los marcadores CER458010 y
| CER460616. (B) La secuenciacin del
T10P11 ¢ 1518 TAIQ/ gen MAS2 en los individuos dobles
_|-__|— mutantes revel6 la presencia de una
transicion G>A que se traduce en un
B ADNT cambio de aminoacido (alanina por
=" T treonina) en una regién muy conservada
= Il 3 de la proteina MAS2. La cartografia se
t t realiz6 tal como se detalla en Ponce et

= mas2-2 mas21 al. (2006).

©>A)
(Ala > Thr)

Figura 4.- Andlisis de la expresion de MAS2. (A-l) Deteccion de la actividad B en plantas T, p

de la construccion MAS2,,,:GUS. (A, D) Rosetas, (B, E) raices y (C, ) cotiledones de plantas recolectadas (A-C) 15 y
(D-F) 28 dde. (G) Hoja vegetativa del tercer nudo, (H) tallo e (I inflorescencia apical del tallo de 48 dde. (J-L)

Localizacion subcelular de la proteina MAS2. (J) Deteccion de la emision de del DAPI (4',6-diamidir
phenylindole), (K) GFP y (L) DAPI y GFP solapadas con la emision de luz transmitida en raices de plantas T,
portadoras de la 6n MAS2-GFP en Las barras de escala indican (A-l) 1 mm y (J-L) 50 pm.
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La insuficiencia de funcion de la proteina ARGONAUTEL1 (AGO1), un elemento
clave de la ruta de los microARN, perturba numerosos procesos de desarrollo y suele
causar esterilidad o letalidad. Con el fin de identificar nuevos genes implicados en las
rutas de silenciamiento génico en las que participa AGO1, hemos llevado a cabo una
busqueda de supresores del fenotipo morfolégico de agol-52, un alelo hipomorfo de
AGO1, alos que hemos denominando mas (morphology of argonautel-52 suppressed).

La mutacion mas2-1 suprime totalmente el fenotipo de agol-52, pero carece de
fenotipo por si misma. Su clonacion posicional nos ha permitido establecer que MAS2 es
un gen de copia Unica en Arabidopsis, que codifica una proteina de funcién desconocida,
presente tanto en los animales como en las plantas. mas2-1 manifiesta un efecto
supresor dominante, y causa un cambio de alanina por treonina en una posicion muy
conservada de la proteina MAS2. Hemos identificado entre nuestros supresores 10 alelos
adicionales de MAS2, 9 de los cuales son portadores de cambios puntuales en una
region muy conservada de MAS2, de solo 13 pb, todos los cuales causan presuntamente
sustituciones de aminocidos.

La letalidad embrionaria de mas2-2, un alelo insercional de MAS2, indica que este
gen es esencial durante la embriogénesis. Hemos generado un microARN artificial para
silenciar MAS2, con el objetivo de estudiar los efectos de su insuficiencia de funcion
parcial. Hemos obtenido transgenes que nos han permitido establecer que el gen MAS2
se expresa en todos los tejidos y Organos estudiados, que su expresion constitutiva
suprime el fenotipo de agol-52, y que su producto proteico es nuclear, tal como ocurre
con sus ortélogos animales. Hemos demostrado mediante hibridacion in situ la

colocalizacion de MAS2 y los ADNr 45S, en los organizadores nucleolares.
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La insuficiencia de funcién de la proteina ARGONAUTE1l (AGO1), un
elemento clave de la ruta de los microARN, perturba numerosos procesos de
desarrollo y suele causar esterilidad o letalidad. Con el fin de identificar nuevos
genes implicados en las rutas de silenciamiento génico en las que participa AGO1,
hemos llevado a cabo una bisqueda de supresores del fenotipo morfolégico de
agol-52, un alelo hipomorfo de AGO1 aislado anteriormente en nuestro
laboratorio?, a los que hemos denominando mas (morphology of argonautel-52
suppressed).

La mutacién mas2-1 suprime en gran medida el fenotipo de ago1-52 (Fig. 1).
Su clonacién posicional (Fig. 2A) nos ha permitido establecer que MAS2 es un
gen de copia Unica en Arabidopsis y que codifica una proteina de funcion
desconocida, presente tanto en los animales como en las plantas. mas2-1
manifiesta un efecto supresor dominante, y causa un cambio de alanina por
treonina en una posicion muy conservada de la proteina MAS2 (Fig. 2B). Hemos
identificado entre nuestras 23 lineas supresoras 10 alelos adicionales de MAS2, 9
de los cuales son portadores de cambios puntuales en una regién muy estrecha,
de solo 13 pb, y que causan sustituciones de aminoacidos muy conservados
entre la proteina MAS2 y sus ortdlogas.

La letalidad embrionaria de mas2-2, un alelo insercional de MAS2 (Fig. 2B),
revela su papel esencial durante la embriogénesis (Fig. 3A-F). Hemos generado
un microARN artificial para silenciar MAS2 (amiR-MAS2) (Fig. 3G-l), con el
objetivo de estudiar los efectos de su insuficiencia de funcién parcial. Hemos
obtenido transgenes que nos han permitido establecer que el gen MAS2 se
expresa en todos los tejidos y érganos estudiados (Fig. 4A-l), que su expresion
constitutiva suprime el fenotipo de ago1-52, y que su producto proteico es nuclear
(Fig. 5A-D), tal como ocurre con sus ortélogos animales. Hemos demostrado
mediante hibridacion in situ la colocalizacion de MAS2 y los ADNr 45S, en los
organizadores nucleolares (Fig. 5A-D).

iguel Hernandez, Campus de Elche, 03202 Elche, Alicante.
http://genetica.umh.es

mrponce@umbh.es

amiR-MAS2  —— amiR-MAS2
Figura 3.- Algunos rasgos fenotipicos del mutante mas2-2 y la linea transgénica amiR-MAS2. (A, B)
Silicuas inmaduras de (A) mas2-2 y (B) Col-0. (C) Ovulo sin fecundar. (D-F) Embriones resultantes de la
autofecundacion de plantas MAS2/mas2-2 en estadio (D) globular, (E) globular-corazén y (F) maduro. (G)
Roseta de una planta transgénica T, amiR-MAS2, fotografiada 21 dde. (H) Hoja vegetativa del tercer nudo y

| (1) silicua inmadura de la planta representada en G. Las flechas rojas sefialan semillas abortivas y 6vulos
sin fecundar. Las barras de escala indican (A, B e I) 1 cm, (C-F) 200 pm y (G, H) 1 mm.

A \
e | mas2-1
= Ler
B
= mas2-1
C

agol-52 mas2-1
.
agol1-52

Figura 1.- Supresi6n del fenotipo de ago1-52 por mas: (A-D) Rosetas de (A) Ler, (B) mas2-1, (C) agol-52 mas2-1y
(D) ago1-52. (E) De izquierda a derecha, plantas adultas de Ler, mas2-1, ago1-52 mas2-1 y ago1-52. (F-I) Inflorescencias
terminales de (F) Ler, (G) mas2-1, (H) mas2-1 ago1-52 y (I) ago1-52. Las fotografias fueron tomadas (A-D) 15 y (E) 43
dias después de la estratificacion (dde). Las barras de escala indican (A-D, F-I) 1 mmy (E) 1 cm.

C

“A\

Figura 4.- Andlisis de la expresion de MAS2. (A-l) Deteccion de la actividad B-glucuronidasa en plantas T,
portadoras de la construccién MAS2,,,;GUS. (A, D) Rosetas, (B, E) raices y (C, F) cotiledones de plantas
recolectadas (A-C) 15 y (D-F) 28 dde. (G) Hoja vegetativa del tercer nudo, (H) tallo e (I) inflorescencia apical
del tallo, recolectados 48 dde. Las barras de escala indican 1 mm.

Figura 5.- Localizacién subcelular de la proteina MAS2 e hibridacién in situ fluorescente (FISH). Micrografias
confocales de (A) la raiz y (B-D) un nucleo en profase mitética de una planta en la que se expresa el

transgén 35S:MAS2:GFP. (A) Superposicion de la emision fluorescente de la GFP (verde) y del DAPI
(4',6-diamidino-2-fenilindol) (azul) con la imagen de la raiz en campo claro. (B-D) Emision fluorescente de (B)
la sonda pTa71 (deteccion de los ADNr 45S, Sanchez-Moran et al., 2001)* (rojo), la GFP (verde) y el DAPI
(azul) solapadas, (C) la sonda pTa71y (D) la GFP. Las barras de escala indican 50 pm.

La investigacion en el laboratorio de M.R.P. ha sido financiada por el Ministerio de Ciencia e Innovacion
(B102008-01900) y la Generalitat Valenciana (PROMETEO/2009/112). A.B.S.G. disfruta de un contrato predoctoral de
la Generalitat Valenciana.

Las plantas fueron cultivadas tal como se describe en la referencia 3, a 20+1°C y a 60-70% de humedad
relativa e iluminacién continua (5.000 Ix). El medio de cultivo para la seleccion de plantas transgénicas fue
con 25 pg/ml de higromicina.
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In eukaryotes, small non-coding RNAs mediate transcriptional and post-
transcriptional gene silencing by binding to ARGONAUTE (AGO) proteins to form RNA-
Induced Silencing Complexes (RISCs). In order to study the action and interactions of
AGO1 —a key component of the miRNA pathway in Arabidopsis— we first isolated agol
hypomorphic alleles of the AGO1l gene. A second-site mutagenesis screen for
suppressors of agol-52 allowed us to isolate a number of mas (morphology of
argonautel-52 suppressed) mutants. We identified in this way 11 alleles of the gene that
we termed MAS2, which was positionally cloned and found to encode a protein of
unknown function conserved among plants and animals. A total of 9 of these alleles cause
amino acid substitutions mapping within a 13-bp highly conserved region and have no
visible phenotype by their own. A T-DNA insertion that disrupts MAS2 (mas2-2), however,
causes embryonic lethality. In addition, we obtained transgenic plants expressing an
artificial microRNA targeting MAS2. The pleiotropic phenotype of these transgenic plants
indicates essential roles for MAS2 in many developmental stages. We have also shown
that MAS2 is broadly expressed and the nuclear localization of its protein product, as
already known for its animal orthologs. In situ hybridization (FISH) allowed us to

demonstrate that MAS2 co-localizes with 45S rDNA.
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In eukaryotes, small non-coding RNAs mediate transcriptional and post-
transcriptional gene silencing by binding to ARGONAUTE (AGO) proteins to form
RNA-Induced Silencing Complexes (RISCs). In order to study the action and
interactions of AGO1 —a key component of the miRNA pathway in Arabidopsis— we
first isolated agol hypomorphic alleles of the AGOI1 gene!?. A second-site
mutagenesis screen for suppressors of agol-52 allowed us to isolate 23 mas
(morphology of argonautel-52 suppressed) mutants (Fig. 1). We identified in this way
10 alleles of the gene that we termed MAS2, which was positionally cloned (Fig. 2)
and found to encode a protein of unknown function conserved among plants and
animals. A total of 9 of these alleles contain a mutation which causes amino acid
substitutions in a highly conserved region of the MAS2 protein. A T-DNA insertional
allele of MAS2 (mas2-2) causes embryonic lethality (Fig. 2B and Fig. 3).

In addition, we obtained transgenic plants expressing an artificial microRNA
targeting MAS2 (2x355p,0:amiR—MA52)5. The pleiotropic phenotype of these
transgenic plants indicate essential roles for MAS2 in several developmental
processes (Fig. 4). We have also shown that MAS2 is broadly expressed and the
nuclear localization of its protein product, as already known for its animal orthologs
(Fig. 5A-G). Fluorescent in situ hybridization (FISH) allowed us to demonstrate that

MAS?2 co-localizes with 45S rDNA (Fig. 5H-K).

A
ngallll AthF28113 ngall3s Figure 1.- (A-W) ago1-52 mas double mutants, (X) the ago1-52 single mutant, and (Y) the Ler wild type.
5'1 9'2 15 4' Mb Plants shown in A-C, F-H, Q, S, T and W carry mas2 alleles. Pictures were taken 21 days after stratification
L (das). Scale bars: 1 mm.
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mas2-1 mas2-4 mas2-6 mas2-8 Figure 3.- (A, B) Seeds of dissected siliques from (A) Col-0 and (B) MAS2/mas2-2 plants. (C) Aborted ovule
100 bp mas2-10 mas2-3 mas2-5 mas2-7 mas2-9 in a MAS2/mas2-2 plant. (D-F) Embryos from MAS2/mas2-2 siliques. (D, E) Abnormal embryos arrested in
the (D) globular and (E) globular-heart stages. (F) Phenotypically wild type mature embryo. Scale bars: (A,
Figure 2.- Positional cloning of the MAS2 gene. (A) Red bars represent chromosome 2 segments, and blue bars indicate B) 1 mm and (C-F) 200 um.

BAC clones that contain the candidate region for the MAS2 gene. The number of informative recombinants for each

marker is shown between brackets. (B) MAS2 gene structure with indication of the nature and position of the mas
mutations. The red box indicates the region that encodes the single domain of the MAS protein, which is highly conserved
in plants and animals. Low resolution mapping was performed as previosuly described>.

amiR-MAS2

MAS2 relative expression

0.2 I

Col-0 amiR-MAS2

Figure 5.- Expression pattern of the MAS2 gene and subcellular localization of the MAS2 protein. (A-D)
Detection of B-glucuronidase activity in T, plants carrying a MAS2,,,:GUS transgene: (A) Cotyledon, (B)
rosette, (C) roots and (D) inflorescence. (E-K) MAS2 subcellular localization. (E) Detection of the
fluorescent emission of DAPI (4',6-diamidino-2-phenylindole), (F) GFP and (G) their overlay in roots of
transgenic plants expressing a 2x355,,.,,;MAS2:GFP transgene. (H-K) Fluorescent in situ hibridization (FISH).

Figure 4.- Phenotypes caused by the 2x35Spro:amiR-MAS2 transgene. (A, B) Rosettes of (A) Col-0 and (B) amiR-MAS2. (C,
D) Inflorescences of (C) Col-0 and (D) amiR-MAS2. (E) Col-0 and amiR-MAS2 adult plants. (F, G) Seeds of (F) Col-0 and (G)
amiR-MAS2. Red arrows indicate aborted ovules and embryos arrested in early stages of development. (H) Expression of
MAS2 in Col-0 and amiR-MAS2 plants. Pictures were taken (A, B) 21 and (E) 48 das. Scale bars: (A-D, F, G) 1 mm and

()1 @ (H, 1) Overlay of DAPI, MAS2:GFP and a 45S rDNA probe (pTa71)*, (H) several nuclei and (1) magnification
REFERENCES of a mitotic prophase nucleus. (J-K) Fluorescent emission of (J) pTa71 probe and (K) MAS2-GFP shown in I.
1.- Jover-Gil, S., Candela, H., and Ponce, M.R. (2005). Int. J. Dev. Biol. 49, 733-744. Scale bars: (A-D) 1 mm, (E-G, I-K) 50 um, and (H) 25 um.
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We performed a second-site mutagenesis screen for extragenic suppressors of the
morphological phenotype of agol-52 in Arabidopsis. A total of 23 mas (morphology of
argonautel1-52 suppressed) lines were isolated, which exhibited suppression at a different
extent. We identified in this way 10 alleles of the gene that we termed MAS2, which was
positionally cloned and found to encode the human NKAP ortholog, a highly conserved
eukaryotic protein involved in transcriptional repression. Nine of these mas2 alleles cause
amino acid substitutions, map within a 13-bp highly conserved region and cause no visible
phenotype on their own. Two T-DNA insertions that disrupt MAS2 (mas2-2 and mas2-3),
however, cause embryonic lethality. We also obtained transgenic plants expressing an
artificial microRNA targeting MAS2 (amiR-MAS2); the pleiotropic phenotype of these
plants indicate essential roles for MAS2 in many developmental stages. We have also
shown that MAS2 is broadly expressed and the nuclear localization of its protein product,
as already known for its animal orthologs. We demonstrated by in situ hybridization (FISH)
that MAS2 co-localizes with 45S rDNA in wild-type plants. The molecular and genetic
analysis of amiR-MAS2 plants allowed us to uncover a role for MAS2 in the control of 45S

rDNA transcription.
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We performed a second-site mutagenesis screen for extragenic suppressors of
the morphological phenotype of agol-52 in Arabidopsis’. A total of 23 mas
(morphology of argonautel-52 suppressed) lines were isolated, which exhibited
suppression at a different extent2. We identified in this way 10 alleles of the gene that
we termed MAS2 (Fig. 1), which was positionally cloned and found to encode the
human NKAP ortholog, a highly conserved eukaryotic protein involved in
transcriptional repression. Nine of these mas2 alleles cause amino acid substitutions,
map within a 32-bp highly conserved region and cause no visible phenotype on their
own (Fig. 2). Two T-DNA insertions that disrupt MAS2 (mas2-2 and mas2-3), however,
cause embryonic lethality (Fig. 2 and 3).

We also obtained transgenic plants expressing an artificial microRNA targeting
MAS2 (amiR-MAS2)*; the pleiotropic phenotype of these plants indicate essential
roles for MAS2 in many developmental stages (Fig. 4). We have also shown that MAS2
is a nuclear protein, as already known for its animal orthologs (Fig. 5A-C).

We probed that MAS2 co-localizes with 45S rDNA (Fig. 5D-G). Further, mas2-1
and amiR-MAS2.1 plants interacted with mutant alleles of the NUCLEOLIN-LIKE
PROTEIN1 (AtNUC-L1) and HISTONE DEACETYLASE6 (HDAG6) genes, which are involved
in transcriptional regulation of 45S rDNA (Figure 6A-J). We found that amiR-MAS2.1
plants are deficient in cytosine methylation at the 45S rDNA promoter (Figure 6K).

A
= Ler
B
- mas2-1
C
— agol-52 mas2-1
D

Figure 1.- Supression of the Ago1-52 phenotype in agol-52 mas2-1 plants. (A-D) Rosettes tes of (A) Ler, (B) masZ 1, (C)
agol1-52 mas2-1 and (D) ago1-52. (E) Adult Ler, mas2-1, ago1-52 mas2-1 and ago1-52 plants. (F-I) Terminal region of the
inflorescences of (F) Ler, (G) mas2-1, (H) mas2-1 ago1-52 and (I) ago1-52. Pictures were taken (A-D) 15 and (E) 43 days after
stratification (das). Scale bars: (A-D, F-I) 1 mm and (E) 1 cm.

amiR-MAS2

amiR-MAS2

0.2 I

MAS2 relative expression

Col-0 amiR-MAS2
Figure 4.- Phenotypes caused by the 2x35Spro:amiR-MAS2 transgene. (A, B) Rosettes of (A) Col-0 and (B) amiR-MAS2. (C,
D) Terminal region of the inflorescences of (C) Col-0 and (D) amiR-MAS2. (E) Col-0 and amiR-MAS2 adult plants. (F, G)
Dissected siliques of (F) Col-0 and (G) amiR-MAS2. Red arrows indicate aborted ovules and embryos arrested in early stages
of development. (H) Expression of MAS2 in Col-0 and amiR-MAS2 plants. Pictures were taken (A, B) 21 and (E) 48 das. Scale
bars: (A-D, F, G) 1 mm and (E) 1 cm.
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Figure 2.- MAS2 gene structure with indication of the nature and position of the mas mutations. The red
box indicates the region that encodes the single domain of the MAS2 protein, which is highly conserved in
plants and animals. Low resolution mapping was performed as previosuly described?.

Figure 3.- (A, B) Seeds of dissected siliques from (A) Col-0 and (B) MAS2/mas2-2 plants. (C) Aborted ovule
in a MAS2/mas2-2 plant. (D-F) Embryos from MAS2/mas2-2 siliques. (D, E) Abnormal embryos arrested in
the (D) globular and (E) globular-heart stages. (F) Phenotypically wild type mature embryo. Scale bars: (A,
B) 1 mm and (C-F) 200 pm.

Figure 5.- Subcellular localization of the MAS2 protein. (A-C) Detection of the fluorescent emission of (A)
DAPI (4',6-diamidino-2-phenylindole), (B) GFP and (C) their overlay in roots of transgenic plants expressing
a 2x355,,,;MAS2:GFP transgene. (D-G) Fluorescent in situ hibridization (FISH): (D, E) Overlay of DAPI,
MAS2:GFP and a 45S rDNA probe (pTa71), (D) several nuclei and (E) magnification of a mitotic prophase
nucleus. (F-G) Fluorescent emission of (F) pTa71 probe and (G) MAS2-GFP. Scale bars: (A-C, E-G) 50 pm, and
(D) 25 pm.
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Figure 6.- Rosettes of (A) Ler, (B) mas2-1, (C) amiR-MAS2.1, (D) parl1-2 (carrying a mutant allele of AtNUC-
L1), (E) mas2-1 parl1-2, (F) amiR-MAS2;PARL1/parl1-2, (G) hda6-7, (H) mas2-1 hda6-7 and (1) amiR-MAS2
hda6-7. (J) Dissected siliques of amiR-MAS2;PARL1/parl1-2 plants. No amiR-MAS2;parl1-2/parl1-2 plants
were identified after genotyping 84 plants of different F, and F; families. (K) Quantification of DNA
methylation levels of the 45S rDNA gene promoter in Col-0 and amiR-MAS2.1 plants. The DNA methylation
status was analyzed by qPCR, using genomic DNA that was digested or not with the methylation-sensitive
Hpall endonuclease, which digests only non-methylated CCGG sequences. Bars represent the ratio
between digested and undigested amplification levels. Scale bars: (A-1) 1 mm and (J) 0.5 mm.
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We conducted a screen for suppressors of Arabidopsis thaliana agol-52, a
hypomorphic allele of AGO1 (ARGONAUTEL), a key gene in microRNA pathways. We
identified nine extragenic suppressors as alleles of MORPHOLOGY OF AGO1-52
SUPPRESSED 2 (MAS2). Positional cloning showed that MAS2 encodes the putative
ortholog of NKAP (NF-kappa B activating protein), a conserved eukaryotic protein
involved in transcriptional repression and splicing in animals. The mas2 mutations behave
as informational suppressors of agol alleles that cause missplicing. MAS2 is a single-
copy gene whose insertional alleles are embryonic lethal. The artificial microRNA amiR-
MAS?2 partially repressed MAS2 and synergistically interacted with a loss-of-function allele
of AtNuc-L1, which encodes NUCLEOLIN1, which affects epigenetic control of 45S rDNA
expression. 45S rDNA promoters were hypomethylated in amiR-MAS2 plants, indicating
that MAS2 negatively regulates 45S rDNA expression. In yeast two-hybrid assays, MAS2
interacted with splicing and ribosome biogenesis proteins, and fluorescence in situ
hybridization showed that MAS2 co-localized with 45S rDNA at the Nucleolar Organizer

Regions. Our results thus reveal a key player in the regulation of rRNA synthesis in plants.

2015
26" International Conference on Arabidopsis Research
Paris, Francia
Péster presentado por M.R. Ponce

115



116  Comunicaciones a Congresos

UNIVERSITAS

‘=
L]

g
=
g
=
)
o
2
=
L]
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Synthesis of rRNAs consumes most of the transcriptional activity of eukaryotic
cells, but its regulation remains largely unclear in plants. We conducted a screen
for EMS-induced suppressors of agol-52'2, a hypomorphic allele of AGO1
(ARGONAUTE1), a key gene in microRNA pathways (Fig. 1). We identified nine
extragenic suppressors as alleles of MAS2 (MORPHOLOGY OF AGO1-52
SUPPRESSED?2; Fig. 2). MAS2 encodes the putative ortholog of NKAP (NF-kappa B
activating protein), which is involved in transcriptional repression and splicing in
animals. The mas2 point mutations behave as informational suppressors of agol
alleles that cause missplicing. MAS2 is a single-copy gene whose insertional
alleles are embryonic lethal (Fig. 3). In yeast two-hybrid assays, MAS2 interacted
with splicing and ribosome biogenesis proteins, and fluorescence in situ
hybridization showed that MAS2 co-localizes with the 45S rDNA at the NORs
(Fig. 4). The artificial microRNA amiR-MAS2.1 partially repressed MAS2 (Fig. 5),
synergistically interacted with Atnuc-L1 mutations, and caused hypomethylation
of 455 rDNA promoters as well as partial NOR decondensation (Fig. 6), indicating
that MAS2 negatively regulates 45S rDNA expression. Our results thus reveal a
key player in the regulation of rRNA synthesis in plants.

agol1-52 mas2-1

agol-52

i
‘ago1-52 mas2-1

Figure 1.- Suppression of the phenotype of ago1-52 by mas2-1. (A-D) Rosettes of (A) Ler, (B) mas2-1, (C) ago1-52, and (D)
agol-52 mas2-1 plants. (E) adult plants of Ler, mas2-1, ago1-52, and ago1-52 mas2-1. (F-l) Inflorescences of (F) Ler, (G)
mas2-1, (H) ago1-52, and (1) ago1-52 mas2-1 plants. Pictures were taken at (A-D) 21 and (E) 48 days after stratification
(das). Scale bars: (A-D and F-I) 1 mm, and (E) 1 cm.

agol-52 mas2-1

amiR-MAS2.1 amiR-MAS2.1

amiR-MAS2.1

MAS2 relative expression
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Col-0  amiR-MAS2.1
Figure 5.- Phenotypic effects of the amiR-MAS2.1 transgene in the Col-0 background. (A, B) Rosettes of (A) Col-0 and (B)
amiR-MAS2.1 (in the Col-0 background) plants. (C, D) Inflorescences of (C) Col-0 and (D) amiR-MAS2.1 plants. (E) Adult Col-
0 and amiR-MAS2.1 plants. (F, G) Dissected siliques from (F) Col-0 and (G) amiR-MAS2.1 plants. Red arrows indicate
unfertilized ovules and aborted seeds. (H) MAS2 expression levels in Col-0 and amiR-MAS2.1 plants. Pictures were taken at
21 (A, B) and 48 (C-G) das. Scale bars: (A-D, F, G) 1 mm and (E) 1 cm.
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Figure 2.- Schematic representation of the MAS2 (At4g02720) gene, showing the position of the mas2
mutant alleles. Open and black boxes represent untranslated and coding regions, respectively. The region
encoding the SynMuv domain, which is highly conserved in eukaryotes, is shown in red. Triangles indicate
T-DNA insertions. Low resolution mapping was performed as previously described?.
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Figure 3.- (A, B) Seeds of dissected siliques from (A) Col-0 and (B) MAS2/mas2-2 plants. (C) Aborted ovule
in @ MAS2/mas2-2 plant. (D-F) Embryos from MAS2/mas2-2 siliques: (D, E) Abnormal embryos arrested in
the (D) globular and (E) globular-heart stages; (F) Phenotypically wild type mature embryo. Scale bars: (A,
B) 1 mm and (C-F) 200 pm.

Figure 4.- Subcellular localization of the MAS2 protein. (A-C) Detection of the fluorescent emission of (A)
DAPI (4',6-diamidino-2-phenylindole), (B) GFP and (C) their overlay in roots of transgenic plants expressing
a 2x35S,,,/MAS2:GFP transgene. (D-G) Fluorescent in situ hibridization (FISH): (D, E) Overlay of DAPI,
MAS2:GFP and a 45S rDNA probe (pTa71), (D) several nuclei and (E) magnification of a mitotic prophase
nucleus. (F-G) Fluorescent emission of (F) pTa71 probe and (G) MAS2-GFP. Scale bars: (A-C, E-G) 50 um, and
(D) 25 pm.
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Figure 6.- Rosettes of (A) parl1-2 (carrying a mutant allele of NUC-L1), (B) mas2-1 parl1-2, and (C) amiR-
MAS2;PARL1/parl1-2. (D) Dissected siliques of amiR-MAS2.1,PARL1/parl1-2 plants. No amiR-MAS2.1;parl1-
2/parl1-2 plants were identified after genotyping 84 plants of different F, and F; families. (E-J) FISH assay:
Representative mitotic prophase nuclei from (E-G) Col-0, and (H-J) amiR-MAS2.1 cells. Fluorescent
emissions are: (E, H) DAPI, (F, 1) hybridized 45S rDNA probe, and (G, J) their overlay. (K) Quantification of
DNA methylation levels of the 45S rDNA gene promoter in Col-0 and amiR-MAS2.1 plants. The DNA
methylation status was analyzed by gPCR, using genomic DNA that was digested or not with the Hpall
endonuclease, which digests only non-methylated CCGG sequences. Bars represent the ratio between
digested and undigested amplification levels. Scale bars: (A-C) 1 mm, (D) 0.5 mm and (E-J) 2.5 um.
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