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Resumo

Os smRNAs constituem uma peca fundamental dos mecanismos de regulacdo de expressao génica.
Estes RNAs de 21-24nt (siRNAs) medeiam o estabelecimento de marcas epigenéticas repressivas da
transcricdo, dirigindo complexos efectores a sequéncias de DNA homologas.

Neste trabalho pretende-se avaliar o papel desta via de modulagdo da cromatina no
estabelecimento da dominéncia nucleolar. Este fendémeno de silenciamento génico, mediado por
mecanismos epigenéticos, define a inactivagdo transcripcional preferencial da totalidade dos loci de
DNA ribossomal provenientes de um dos progenitores em espécies polipldides. O silenciamento dos
genes de rDNA estd correlacionado com o estabelecimento de marcas heterocrométicas nas suas
regides promotoras, nomeadamente metilacio de DNA e modificacdes pds-traducdo de histonas.
Foram identificados siRNAs (24nts) homdlogos ao promotor dos genes ribossomais, cuja biogénese
depende da polimerase PollV e de outras proteinas integrantes da via de siRNAs heterocromaticos em
Arabidopsis sp.. A identificacdo de transcritos de rDNA provenientes do genoma de A. thaliana,
normalmente silenciados no alopoliploide 4. suecica (A. thaliana x A. arenosa), em linhas “knock
down” destes genes demonstra pela primeira vez o envolvimento de siRNAs no estabelecimento da

dominancia nucleolar.

Palavras-chave: rDNA, siRNAs, pollV, dominancia nucleolar, Arabidopsis sp.




Abstract

The discovery of small RNAs has added a new level to our understanding of gene regulation
mechanisms. Small interfering RNAs (siRNAs) are involved in the establishment of repressive
epigenetic marks in a variety of organisms by guiding RNA induced silencing complexes to
homologous DNA sequences.

Could the endogenous siRNA heterochromatic pathway be linked to the establishment of nucleolar
dominance? The latter is a large scale manifestation of directed epigenetic gene silencing, resulting in
the transcriptional inactivation of the entire rRNA gene cluster from one parent in a hybrid species.
Inactivation of rRNA genes is linked to the establishment of heterochromatic marks, both at the DNA
and histone levels, in the promoter region. We were able to identify 24nt siRNAs homologous to the
rRNA gene promoter in Arabidopsis sp., whose biogenesis is dependent on nuclear RNA polymerase
IV and other known proteins of the endogenous siRNA pathway in Arabidopsis. RNAi mediated
knockdown of genes in this pathway in the natural allopolyploid hybrid A. suecica (A. thaliana x A.
arenosa) disrupted nucleolar dominance, causing the production of rRNA transcripts from the
underdominant A. thaliana rDNA genes. This observation implicates nuclear siRNAs in the

establishment of nucleolar dominance in 4. suecica.
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Resumo (portugués)

O fendmeno de dominancia nucleolar ¢ um dos mais importantes exemplos de modulagdo de
expressao génica mediada por mecanismos epigenéticos. Ocorre em espécies poliploides resultando no
silenciamento preferencial dos loci de rDNA de uma das espécies parentais, sendo os genes de rDNA
do complemento gendémico do progenitor dominante responsaveis pela transcricdo da totalidade do
rRNA ribossomal no nucleo hibrido. Apesar de o fenomeno de dominancia nucleolar ter sido
identificado em varias espécies hibridas, tanto em plantas como animais, ¢ ainda desconhecido o
completo mecanismo responsavel pelo estabelecimento da origem parental de rDNA silenciado.

Os genes de rDNA estdo organizados em Joci constituidos por centenas a milhares de copias
organizadas em série, sendo todas competentes para a transcrigdo do percursor dos RNAs ribossomais.
Determinante na actividade transcripcional dos genes ribossomais, dentro de um mesmo /ocus, sdo as
marcas epigenéticas associadas ao seu promotor (revisdo em Pikaard, 1999). Em Arabidopsis thaliana,
a cromatina dos promotores de genes activos € caracterizada por marcas caracteristicas de
eucromatina, nomeadamente baixos niveis de metilagio de DNA e nucleossomas compostos por
histonas acetiladas e histonas H3 tri-metilada na lisina 4 (H33mK4). Por sua vez, genes de rRNA
inactivos apresentam elevados niveis de metilacdo do DNA, baixo nivel de acetilacdo de histonas e a
histona H3 di-metilada na lisina 9 (H3°"K9), marcas epigenéticas caracteristicas de heterocromatina
(Lawrence et al., 2003; Earley et al., 2006).

No alopoliploide natural 4. suecica (n=26, A. thaliana x A. arenosa), a totalidade dos genes de
rDNA do complemento gendmico de A. thaliana encontram-se silenciados e associados a marcas
heterocromaticas. Por sua vez, os loci de rDNA de 4. arenosa apresentam uma fraccao dos seus genes
organizados como heterocromatina ¢ a restante em eucromatina, sendo estes ultimos os genes
responsaveis pela transcricdo do RNA ribossomal. O recurso a tratamentos com agentes que induzem
a hipometilagdo do DNA (5-azacitidina) ou a hiperacetilagdo de histonas (tricostatina-A, inibidor
quimico de desacetilases de histonas) resulta na reactivacdo de genes ribossomais de A. thaliana no
alopolipldide, o que demonsta a importancia destas marcas epigenéticas no estabelecimento da
dominancia nucleolar (Chen and Pikaard, 1997). A tecnologia de RNA de interferéncia permite
reduzir substancialmente os niveis de producdo de uma dada proteina alvo, através da degradacao
dirigida do seu RNA codificante, o que no contexto de um alopoliploide possibilita tornear problemas
originados por redundancia génica (Lawrence et al., 2003). Recorrendo a esta tecnologia procedeu-se
a identificacdo de duas desacetilases (HDT1 e HDAG6) (Lawrence et al., 2004; Earley et al., 2006) ¢

uma metiltranferase de DNA (DRM2) (Preuss et al., em preparacdo) necessarias para o
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estabelecimento da dominancia nucleolar. A desacetilase HDA6 (Aufsatz et al., 2002) e a
metiltransferase DRM2 (Cao et al., 2003) estdo ambas implicadas no processo de silenciamento
génico mediado por RNAi, um mecanismo enddgeno baseado no estabelecimento localizado de
marcas heterocromaticas dirigido por moléculas de RNA homologas a sequencia de DNA alvo.

A importancia, no contexto da dominancia nucleolar, de modifica¢des epigenéticas e do papel das
enzimas HDA6 e DRM?2 levanta a hipdtese dos mecanismos endogenos de RNA de interferéncia,
mediados por RNAs ndo-codificantes de 21 a 24 nucledtidos (smRNAs), contribuirem para a

determina¢do de qual o complemento de rDNA parental silenciado em espécies polipldides.

Identificagdo e mapeamento de smRNAs homdologos a genes de rDNA em Arabidopsis thaliana.

Por forma a avaliar o envolvimento da via de smRNAs endoégenos no estabelecimento da
dominancia nucleolar em A. suecica, procedeu-se a identificacdo, mapeamento e caracterizagdo de
smRNAs na espécie diploide A. thaliana. Recorrendo as bases de dados de smRNAs disponiveis em
Arabidopsis sp. (ASRP database www.asrp.cgrb.oregonstate.edu/db/; Gustafson et al., 2005) foi
possivel identificar um elevado nimero destes RNAs ndo codificantes (21-24nt) homologos a
sequéncia génica de rDNA 458S. Curiosamente, observou-se uma distribuicao discreta de smRNAs na
regido correspondente ao promotor dos genes ribossomais, tendo a validacdo por hibridagdo
RNA:RNA (Northern blot) demonstrado ser a classe de 24nt a mais abundante. A biogénese destes
smRNAs esta dependente da accdo da RNA polimerase RDR2 e da RNAse DCL3, duas proteinas
associadas a via de siRNAs heterocromaticos (RNAs de interferéncia da classe de 24nt) (Xie et al.,
2004) implicada na modulagdo da cromatina. Alelos nulos da RNA polimerase RDR6, associada a
biogénese de smRNAs que actuam em trans ou na via de silenciamento de transgenes, ndo afectam os
niveis de acumulacdo de siRNAs de 24nt. Finalmente, as RNAses DCLA4, responsavel pela biogénese
de siRNAs (classe 21nt), DCL1, associada a biogénese de micro RNAs (21-24nt) e DCL2, envolvida
na resposta a virus ou a stresses abidticos, nao estdo envolvidas na acumulacdo dos siRNAs
homologos a zona do promotor dos genes ribossomais.

A producdo de siRNAs endogenos implica a presenca de um percursor de RNA que funciona
como molde para a ac¢do da RDR2 e posterior processamento do RNA de dupla cadeia dai resultante
pela DCL3 em siRNAs de 24nts. Tendo sido identificados siRNAs tanto a montante como a jusante do
promotor dos genes de TDNA, procedeu-se a amplificagdo de RNAs potencialmente envolvidos na sua
biogénese por RT-PCR, recorrendo a uma combinacdo de primers que flanqueiam a regido de
acumulacdo de siRNAs. A sequenciacdo dos fragmentos de PCR obtidos demonstrou serem

homologos a zona do promotor, indicando que a unidade génica de rDNA ¢ em si mesma responsavel
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pela produgdo dos siRNAs identificados e que estes ndo sao o resultado da expressdo de um outro

locus.

Biogénese de siRNAs e seus efeitos na organizacdo da cromatina nos loci de rDNA.

O projecto de sequenciacdo do genoma de Arabidopsis sp. revelou dois novos genes que, pela
similaridade da sua sequéncia de DNA, poderiam codificar subunidades semelhantes as integrantes
das RNA polimerases I, II e III, responsaveis pela transcricao da totalidade dos genes de um genoma.
A sua funcdo demonstrou que estas subunidades sdo constituintes de uma nova RNA polimerase
especifica de plantas cuja fungdo ¢ determinante na biogénese de siRNAs heterocromaticos (24nt),
eliminados em plantas contendo alelos ndo funcionais destas subunidades. A auséncia de siRNAs
traduz-se na hipometilagdo de sequéncias de DNA alvo, como sejam os genes que codificam o RNA
ribossomal 5S ou os retrotransposdes AtSNI (Herr et al., 2005; Onodera et al., 2005). As duas novas
subunidades, NRPD2a e NRPDl1a, sdo parte integrante da agora denominada PollVa. Esta nova RNA
polimerase, bem como uma outra forma posteriormente identificada, PollVb (NRPD2a+NRPD1b)
(Kanno et al., 2005; Pontier et al., 2005), sio membros da via envolvida na biogénese dos siRNA
heterocromaticos, conjuntamente com a proteina remodeladora de cromatina DRD1 (Kanno et al.,
2004), a metiltransferase DRM2 (Cao et al., 2003), a AGO4 (Zilberman et al., 2003), proteina que se
liga a siRNAs de 24nts e que dirige o “targeting” do complexo efector para a sequéncia de DNA alvo,
e finalmente a RNA metilase HEN1 (Yang et al., 2006), responsavel pela estabilizagdo dos smRNAs.
Todas estas proteinas demonstraram estar envolvidas na biogénese dos siRNAs homodlogos a regiao
promotora do rDNA, colocando-os como potenciais factores envolvidos no estabelecimento da
cromatina ribossomal. Curiosamente, um outro SmRNA homologo a regido intergénica dos genes de
rDNA, siR759, apresenta um mecanismo de biogénese diverso do acima descrito. A ac¢do das
proteinas DRD1 e DRM2, neste caso, ¢ substituida pela proteina remodeladora de cromatina DDM1 e
pela metiltransferase METI1. Estas ultimas estdo envolvidas no estabelecimento de marcas
heterocromaticas transmissiveis, como a metilacio de manutencdo do DNA no contexto CG, sendo
por exemplo responsaveis pela metilagdo de sequéncias centroméricas e intimamente ligadas ao
estabelecimento de heterocromatina constitutiva (Jeddeloh et al., 1999; Soppe et al., 2002). Ambas
estao também implicadas na via de siRNAs heterocromaticos (Lippman et al., 2003). Verificou-se, a
semelhanca do observado para siRNAs homologos a sequéncias centroméricas, que embora em linhas
ddml e metl a metilagdo CG nos genes de rDNA seja fortemente reduzida nas regides homologas aos
siRNAs, o mesmo fenoétipo de alteracdo da metilagdo ndo ¢ observado em linhas com alelos nulos de

outros membros da via de siRNAs heterocromaticos.




Apesar de nao terem sido observadas alteragdes significativas nos niveis de expressao dos genes
ribossomais em consequéncia da disrup¢ao da via de siRNAs, sdo no entanto observaveis, ao nivel do
fenotipo nuclear, alteragdes na organizagdo da cromatina ribossomal. Todas as mutagdes em qualquer
dos genes da via analisada produzem descondensacdo do bloco heterocromatico caracteristico dos /oci

de rDNA em 4. thaliana.

Influéncia da via de siRNAs heterocromadticos no estabelecimento da domindncia nucleolar.

Uma vez estabelecida a zona de potencial ac¢do dos siRNAs de rDNA e a sua inclusdo na via
heterocromatica dependente de siRNAs endogenos no diploide A. thaliana, procedeu-se a andalise do
papel desta via no estabelecimento da dominancia nucleolar no alopoliploéide 4. suecica. As regides
promotoras dos genes de rDNA de A4. thaliana e A. arenosa, embora homologas no intervalo entre as
posicdes -10 a +30 (tomando +1 como o local de inicio da transcrigdo do percursor dos RNAs
ribossomais), possuem suficiente polimorfismo nas sequéncias imediatamente adjacentes para o
desenho de sondas de RNA especificas de cada genoma parental. Numa primeira analise, procedeu-se
a caracterizagdo dos siRNAs parentais nas linhas LC1 e 9502 do alopolipldides natural 4. suecica, Na
linha 9502 ndo se observa dominancia nucleolar (Pontes er al.,, 2003), assim como nas linhas
trangénicas de A. suecica LC1: DRM2-RNAi1, HDT1-RNAi e HDA6-RNAi. Desde logo se tornou
evidente que os siRNAs de 4. thaliana se acumulam a niveis substancialmente reduzidos em
comparagdo com os observados na espécie dipldoide. As espécies predominantes de siRNAs de rtDNA
em A. suecica provém de sequéncias de rDNA de A4. arenosa, que curiosamente s6 sdo detectados com
um sonda de RNA homologa a regiao -40 a -10 do promotor de rDNA, ndo se sobrepondo ao local de
inicio de transcri¢do (+1). Tanto em A. suecica 9502 como em AsDRM2-RNAi observa-se uma
reducdo nos niveis de siRNAs, indiciando o envolvimento do mecanismo de siRNA heterocromaticos
na dominancia nucleolar. Por outro lado, AsHDT1-RNAi ndo mostra qualquer efeito na biogénese dos
siRNAs e em AsHDA6-RNAIi observa-se mesmo uma maior acumulacdo de siRNAs de ambos os
progenitores, levantando a hipotese de a via dos siRNAs nao serd o seu unico factor determinante,
embora importante para o estabelecimento da dominancia nucleolar,.

De forma a melhor compreender a funcdo deste mecanismo epigenético mediado por RNA,
procedeu-se ao “knock down” em A. suecica LC1 dos genes NRPD2a, DCL3, AGO4, RDR2 e HENI.
Verificou-se que em todos os casos foi possivel associar decréscimos de acumulagdo de transcritos dos
genes alvo a redugdo de metilacdo do DNA de uma sequéncia endégena controle (AzSNI) e a reducao
dos niveis de acumulacdo de siRNAs. A andlise dos transcritos de TDNA provenientes de cada
genoma parental demonstrou o envolvimento desta via no estabelecimento da dominancia nucleolar,

uma vez que foram identificados transcritos provenientes de genes de rDNA do complemento
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genomico de A. thaliana. A reactivagdo dos genes de rDNA de A. thaliana ¢ acompanhada por
alteragdes ao nivel da organizagdo da cromatina ribossomal no nucleo polipléide, excepto em plantas
transgénicas 4sAGO4-RNA.I. Esta alteragdo no fenoétipo nuclear, passando os /oci de rDNA de um ou
dois blocos condensado na periferia nucleolar caracteristicos em A. suecica LC1, para uma
organizacdo mais descondensada, encontra-se associada a reactivacao dos genes ribossomais de A.

thaliana (Pontes et al., 2003; Lawrence ef al., 2004; Earley et al., 2006).

Em conclusao, os resultados obtidos no decurso do trabalho apresentado demonstram o papel da
via de siRNAs heterocromaticos na modulagdo da cromatina ribossomal em Arabidopsis sp.. Embora
ndo se tenham identificado alteragdes ao nivel da metilacdo de sequéncias de DNA ou analisado as
marcas pos-traducdo de histonas, foi estabelecida uma correlagdo directa entre siRNAs homologos a
regido promotora dos genes de rDNA e a deteccdo de alteragdes ao nivel dos padrdes de organizagao
da cromatina ribossomal em ntcleos interfasicos. A reactivagao dos genes de rDNA do complemento
genomico de A. thaliana no alopoliploéide A. suecica demonstra a importancia da via de siRNAs
heterocromaticos no estabelecimento da dominancia nucleolar, abrindo caminho a estudos futuros que

nos poderdo aproximar da compreensao global do controlo deste fendmeno epigenético.
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1.1 The eukaryotic nucleus

Eukaryotes store their genetic information in a specialized cellular structure, the nucleus. In this
cellular compartment, DNA molecules are associated with structural proteins, especially histones, to
form chromatin and higher order structures that overcome the spatial constraints in the nucleus
(Ridgway and Almouzni, 2001). The basic chromatin unit is the nucleosome, consisting of 147 base
pairs (bp) of DNA tightly wrapped 1.7 times around a protein octamer composed of two each of
histones H2a, H2b, H3 and H4. Adjacent nucleosomes are connected by 30-40 base pairs of linker
DNA (Luger et al., 1997). The nucleosome array, which resembles as “beads on a string” when
viewed by electron microscopy is further folded with the participation of histone H1 into a 30 nm
chromatin fiber. At this level, DNA is ~30 to 40 folds more compact than in its linear dimension, with
further levels of chromatin folding leading to poorly understood organizations into large chromatin
domains and chromosome territories (Belmont et al., 1999).

Chromatin is a dynamic structure that can be modulated to correspond to the cell's demands at a
given time for a particular set of genes. The organization of DNA and the histone octamer into
nucleosomes and the regulation of the higher-order condensation of chromatin not only play a role in
transcriptional activation and repression, but are required for stable silencing and differentiation
(Francis and Kingston, 2001; Horn and Peterson, 2002). This plasticity enables responses to
environmental stress or to adapt the transcriptome to developmental needs, ensuring that a cell
maximizes its resources to efficiently respond to its particular context. Chromatin organization is also
important in fundamental nuclear processes including replication, recombination and repair.
Chromatin can adopt different structural and functional states tightly linked to changes in gene
activity, related to changes in the folding of the nucleosome array (Eberharter and Becker, 2002) as
well as to changes in covalent modification of the core histone proteins (Strahl and Allis, 2000).

In recent years a new mechanism for chromatin modulation has been identified, and with it the
notion that chromatin modifications can be targeted with high specificity. The major player is RNA
and this realization has revolutionized the way we interpret transcriptional and post-transcriptional

silencing, stress responses, development and chromatin modulation.
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I.1.1. Heterochromation and euchromatin

The first reference to the different properties of chromatin states termed heterochromatin and
euchromatin was made by Heitz (1928). The author observed differential staining of chromosomes in
interphase nuclei, revealing segments that remained condensed at all times and displayed a more
intense staining, which he referred to as positive heteropycnosis. The differential staining led to the
notion that chromosomes are organized in two distinct chromatin environments, euchromatin and
heterochromatin. The term heterochromatin refers to highly packaged DNA that remains condensed
throughout the cell cycle in a structure relatively inaccessible to DNA-modifying factors. By contrast,
euchromatin is decondensed during interphase and tends to be transcriptionally active (Cremer and
Cremer, 2001). Hetero- and euchromatin differ in gene density, content of repetitive DNA sequences,
chromatin composition, nucleosome spacing and accessibility to nucleases (Henikoff, 2000).

Typical heterochromatin is late replicating during S phase (Henikoff, 2000; Karpen and Allshire,
1997) and can act as a matchmaker in recognition, pairing and proper segregation of homologous
chromosomes at meiosis (Dernburg et al., 1996). Protein components of heterochromatin, such as HP1
(Heterochromatin Protein 1) and related proteins were shown to be essential for correct chromosome
segregation (Bernard et al., 2001; Eissenberg and Elgin, 2000; Ekwall et al., 1995; Kellum and
Alberts, 1995; Nonaka et al., 2001). Heterochromatin is a feature of constitutively condensed and
largely inactive telomeres, centromeres and pericentromeric regions, which therefore compose what is
known as constitutive heterochromatin (Henikoff, 2000). Facultative heterochromatin defines domains
that are transcriptionally inactive in certain cell lineages or developmental stages but active in others
(Grewal and Elgin, 2002), being the silencing of euchromatic regions due to chromatin structural
changes leading to its heterochromatinization (Breszki and Jerzmanowski, 2003; 2004). Most
importantly, heterochromatin can be transmitted through mitosis, thus forming a basis for epigenetic
inheritance and cellular memory. Increasing evidence indicates that the initiation and maintenance of
silenced heterochromatin involves repetitive sequences (Fourel et al., 2002), the abundant chromatin
histone proteins and RNA interference pathways that will be discussed in more detail below (Hannon,

2002; Lippman et al., 2003; Onodera et al., 2005).

I.1.2. Histone post-translational modifications mark chromatin states

Histones have been conserved during evolution. However, in contrast to the universal nature of
DNA, they are dynamically altered by post-translational modifications. The central part of a histone
molecule is a globular domain formed by three helices, also known as the histone fold (Luger et al.,
1997). Histone N-terminal ‘tails’ contain large numbers of the basic amino acids lysine and arginine,

resulting in a positive net charge of the tail at physiological pH, and mediate internucleosomal contacts




I — Introduction.

(Luger et al., 1997). Amino acid residues at specific positions within histone tails are subject to a
number of post-translational modifications, which cause structural and functional rearrangements in
chromatin and define what has been called the ‘epigenetic histone code’ (Jenuwein and Allis, 2001;
Turner, 2002). The histone code is thought to dictate nucleosomal interactions and the association of
proteins that collectively influence chromatin packaging and gene regulation (Rice and Allis, 2001;
Strahl and Allis, 2000; Turner, 2000). The modification states of the N-terminal tails of histones H3

and H4 appear to play a major role in heterochromatin formation (Richards and Elgin, 2002).

1.1.2.1. Histone Acetylation

The reversible acetylation of N-terminal lysine residues at positions 5, 8, 12, and 16 of histone H4
and positions 9, 14, 18, and 23 of histone H3 mediates decondensation of the nucleosome structure
(Garcia-Ramirez et al., 1995; Loidl, 1994), alters histone—DNA interactions (Hong et al., 1993), and
facilitates access and binding of transcription factors to genes transcribed by RNA polymerases II or
IIT (Vettese-Dadey et al., 1996). Histone acetylation is correlated with transcriptional activity
(Csordas, 1990; Grunstein, 1997; Loidl, 1994; Struhl, 1998; Turner et al., 1992) and deacetylation is
associated with transcriptional silencing (Grunstein, 1997; 1998; Spencer and Davie, 1999).
Accordingly, transcriptionally silenced heterochromatic domains are usually less acetylated than
euchromatin. Histone hypoacetylation and heterochromatin assembly can be mediated by the Sir-
protein complex in a step-wise process (Hall et al., 2002; Grewal and Jia, 2007; Grunstein, 1998;
Volpe et al., 2002). In female mammals, the inactivated X chromosome is organized into facultative
heterochromatin and is largely free of acetylated histones (Jeppesen and Turner, 1993; Heard, 2005).

The histone acetylation level on chromatin results from a balance between histone
acetyltransferase (HAT) and histone deacetylases (HDAC) activities (Vogelauer et al., 2000). HATs
and HDAC: basically fulfill similar functions in all eukaryotes, forming a large family for which many
members have been shown to be responsible for the reversible and dynamic changes of histone tails
(Loidl, 2004). In general, HDACs are correlated with transcriptional repression and gene silencing,
cooperating with histone methyltransferases (HMTs) and DNA methyltransferases (Pikaard and
Lawrence, 2002). Mutations in the gene encoding the Arabidopsis HDAC HDAG6, revealed its
involvement in transgene silencing (Aufsatz et al., 2002; Murfett et al., 2001) and HDAC function is
implicated in the global control of gene regulation in plants (Gao et al., 2003; Pipal et al., 2003; Rossi
et al.,2003; Wu et al., 2000).
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1.1.2.2. Histone Methylation

Evidence for histone methylation was first demonstrated by Murray (1964). Histone methylation
occurs on arginine (R2, R17, R26 of H3, and R3 of H4) and lysine residues (K4, K9, K27 and K79 of
H3, also K20 of H4 in mammals). Mono- or dimethylated arginines and mono-, di-or trimethylated
lysines have been reported (Bannister et al., 2002), and are correlated with transcriptional regulation
(Zhang and Reinberg, 2001). Functional differences arise from different histone methylation
modifications (Dutnall, 2003). In mammalian cells, trimethylated H3K9 is preferentially localized to
pericentromeric heterochromatin, di- and trimethylated to facultative heterochromatin while
monomethylated and dimethylated H3K9 are localized to euchromatin (Peters et al., 2003; Rice et al.,
2003). In Neurospora, silent loci are also associated with H3™™™'K9 (Tamaru et al., 2003). In
Arabidopsis, both monomethylated and dimethylated H3K9 are found at silent Joci, but H3"™"™'K9
has not been detected (Jackson et al., 2004).

Rea et al. (2000) have shown that mammalian homologues of Drosophila SUPPRESSOR OF
VARIEGATION39 (SUV39), encodes H3K9-specific methyltransferases (Lachner and Jenuwein,
2002). The methyltransferase activity of SUV39 is directed against lysine 9 of histone H3 and its
catalytic domain resides within a highly conserved structure, the SET domain, common to a protein
family that can influence gene expression through histone methylation. Methylated H3K9 recruits the
highly conserved protein HP1 (Bannister et al., 2001; Jackson et al., 2002; Lachner et al., 2001) and is
thereby involved in heterochromatin assembly (Nakayama et al., 2001; Zhang and Reinberg, 2001).
On the other hand, lysine-specific demethylase activity of histones has been recently reported in
humans. LSDI is required for demethylation of both H3K4 and H3K9 from dimethylated to an
unmethylated form. Its specificity for each of the post-translational modifications, and hence its ability
to influence silencing or transcriptional activation, is dependent on interaction with protein cofactors
(Lee et al., 2005; Metzger et al., 2005; Shi et al., 2004; Shi et al., 2005). Additionally, H3""™"™'K9 is
the substrate for the action of the demethylase JMJD2b (Fodor et al., 2006).

I.1.3. DNA methylation

Cytosine methylation on carbon 5 of the pyrimidine ring is the most common DNA modification
in eukaryotes, playing an important role in gene regulation and genome stability. DNA methylation is
associated with processes such as X chromosome inactivation and imprinting in vertebrates and
immobilization of transposable elements in higher plants (Finnegan et al., 1998; 2000). DNA
methylation is also associated with silencing protein-coding genes in plant polyploids (Lee and Chen,
2001) and regulating excess RNA polymerase [-transcribed ribosomal RNA genes (Chen and Pikaard,
1997a).
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The distribution of methylcytosine is not random; most methylated residues occur within repetitive
DNA found in heterochromatin (Bennetzen, 1996; Bennetzen et al., 1998; Guseinov et al., 1975).
However, methylcytosine is also found in single-copy genes where it is implicated in regulating gene
expression and its distribution is linked to RNA polymerase activity (Zilberman et al., 2007).
Methylcytosine can occur in any sequence context in plant DNA (Meyer et al., 1994) but is most
common in the CpG and CpNpG symmetric contexts (Gruenbaum et al., 1981; Zilberman et al., 2007,
Zhang et al., 2000).

The methylation of DNA strands requires specific DNA methylases. Arabidopsis DNA
METHYLTRANSFERASE1 (MET1), the homolog of mammalian DNMT]1, is responsible for the
maintenance of DNA methylation at CpG sites (Cao et al., 2000; Goodrich et al., 1997; Lehnertz et
al., 2003; Saze et al., 2003), which forms the majority of methylated sites, but is also needed for
CpNpG methylation to a lesser extent. Hypomethylated met/ plants display a wide range of
pleiotropic effects (Finnegan et al., 1998; 2000; Finnegan and Kovak, 2000; Goodrich et al., 1997),
which are similar to those of Arabidopsis plants with suppressed histone deacetylase activity.
CHROMOMETHYLASE3 (CMT3), which is unique to plants (Meyerowitz, 2002), maintains mostly
methylation of CpNpG with a lesser effect on asymmetric (CNN) sites (Birve et al., 2001; Yadegari et
al., 2000). ¢mt3 mutations affect methylation of a subgroup of genes, such as SUPERMAN or
PHOSPHORIBOSYLANTHRANILATE-2 (PAI2), and retrotransposons (Birve ef al., 2001; Yadegari et
al., 2000). DOMAINS-REARRANGED METHYLASE2 (DRM2 - the homolog of the human
DNMT3 methyltransferases) acts as a de novo methyltransferase in genome defense (Cao and
Jacobsen, 2002) and has partially overlapping and redundant function with CMT3 with respect to
CpNpG methylation (Bartee et al., 2001; Lindroth et al., 2001). It is intimately associated with RNAi
in the establishment of repressive epigenetic marks at small-RNA targeted DNA regions in plants (Cao
et al., 2003; Chan et al., 2004).

To counteract DNA methyltransferases plants rely on the activity of DNA demethylases and
therefore are not dependent on DNA replication to remove methylation. DEMETER and
REPRESSOR OF SILENCING 1 (ROSI1) are known examples of DNA glycosylases involved in
demethylating DNA(Agius et al. 2006; Morales-Ruiz et al., 2006) and might confer plasticity to the

genome in responding to biotic and abiotic stresses.

1.1.4 The Epigenome and coordination of epigenetic marks

The control of gene transcriptional activity, and the establishment of euchromatin or
heterochromatin, results from the coordination of various epigenetic marks. Histone deacetylation and

DNA methylation are intimately associated with gene repression (Richards and Elgin, 2002). In
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animals, the two processes are mechanistically linked via proteins that contain methylcytosine-binding
domains (MBD), such as methyl-CpG-binding protein (MeCP2) and MBD1-4. These proteins bind to
methylated DNA and recruit HDACs (Ogas et al., 2000). The epigenetic information may also flow
from the histone to the cytosine methylation system. The HDAC inhibitor TSA leads to cytosine
hypomethylation in Neurospora (Selker, 1998), and a similar effect has been noted in mammalian
cells (Cervoni and Szyf, 2001) and plants (Lawrence ef al., 2004). Silencing of one X chromosome in
mammalian females is intimately associated with histone deacetylation, H3K9 and DNA methylation
in a process triggered by long non-coding RNAs which act in cis (Heard, 2005; Penny ef al., 1996). S.
pombe, which is unable to methylate DNA, relies on its RNAi machinery to induce H3K9 methylation
and histone deacetylation at centromeric sequences, thus inducing heterochromatin formation (Grewal
and Jia, 2007). Furthermore, deacetylation of specific lysines such as H3K9 is a prerequisite for H3K9
methylation and subsequent recruitment of proteins (HP1) that are involved in heterochromatin
formation (Lachner and Jenuwein, 2002; Rice and Allis, 2001). Some histone methyltransferases
contain predicted methylcytosine-binding domains (MBDs), which indicate that DNA methylation can
also direct histone methylation (Zhang and Reinberg, 2001).

L.2. RNA mediated post-transcriptional and epigenetic silencing mechanisms

RNA based silencing mechanisms are diverse yet highly conserved phenomena that mediate gene
silencing in a sequence-specific manner. RNA interference (RNAi) was first described in the
nematode Caenorhabditis elegans (Fire et al., 1998) and in transgenic plants (Baulcombe, 2004), and
is known to be a posttranscriptional gene silencing (PTGS) mechanism triggered by double-stranded
RNAs (dsRNAs). Since the first discovery of RNAi our knowledge of RNA mediated silencing
pathways has increased immensely and is now known to comprise a set of highly diversified pathways
in multicellular organisms.

Small RNAs (smRNAs) are short single-stranded RNA molecules with sizes ranging between 21
and 28 nucleotides (nt). They can be found in organisms as diverse as fungi (Schizosaccharomyces
pombe), protists (Tetrahymena thermophila), plants (Arabidopsis sp.) and animals (Drosophila sp. and
mammals) and are known to be involved in transcriptional (TGS) and post-transcriptional gene
silencing (PTGS) pathways resulting in such processes as heterochromatin assembly (fission yeast,
plants flies, mammals) programmed DNA elimination (7efrahymena) or translational arrest (worms,
flies, plants, animals). In these ways, RNA silencing mechanisms function in host genome defense
against viruses and transposable elements, and in diverse cellular processes such as spatial and
temporal developmental regulation or regulation of chromosome structure (Bartel, 2004; Baulcombe,

2004; Bernstein and Allis, 2005; Grewal and Jia, 2007; Hannon, 2002; Waterhouse et al., 2004).
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Central to smRNA function is a role in guiding effector complexes to both DNA and/or RNA targets
in a homology dependent manner, hence conferring specificity to the various mechanisms in which
smRNAs are involved (Ambros, 2004; Bartel, 2004; He and Sontheimer, 2004; Kidner and
Martienssen, 2004; 2005).

Whole genome approaches have characterized the distribution and abundance of smRNAs in
Arabidopsis thaliana (Llave et al., 2002; Lu et al., 2005). The major sources for siRNAs (small
interfering RNAs of RNAi-related pathways) are intergenic regions, transposable and retro-
transposable elements, centromeric regions and rDNA. In contrast, few smRNA originate from protein
coding genes. A significant study was conducted in S. pombe where the distribution of smRNAs
correlated closely with the distribution of histone H3 methylated at lysine 9, revealing a mechanism
whereby smRNAs can direct heterochromatic modifications to specific chromosomal regions (Cam et

al., 2005).

I.2.1. Small interfering RNAs and Micro RNAs

Small RNA biogenesis is initiated from dsRNA precursors. Depending on the origin and length of
these precursors distinct types of small RNA classes have been defined in RNA-mediated silencing
pathways. The best-known forms are micro RNAs (miRNAs) and small interfering RNAs (siRNAs),
which are produced by similar pathways and have similar modes of action (Ambros, 2004; Bartel,
2004; He et al., 2005). The former are produced through processing of short endogenous hairpin
precursor transcripts, targeting other loci with similar but not identical sequences for translational
repression or target perfectly homologous mRNAs for degradation (Yekta et al., 2004). By contrast
siRNAs are usually produced from longer double-stranded RNAs, such as viral replication
intermediates, bidirectionally transcribed endogenous repetitive sequences, or RNAs whose
complementary strands are generated by an RNA-dependent RNA polymerase. In addition to roles in
PTGS, siRNAs can also direct transcriptional gene silencing, acting at the genome level to direct
epigenetic modifications, namely DNA and histone methylation, to homologous DNA sequences
(Volpe et al., 2002; 2003; Hall et al., 2003).

Another distinguishable feature in the biogenesis of the two smRNA classes is the number of
distinct smRNA molecules produced from the precursor dsRNA. Typically, processing of miRNA
hairpin precursors gives rise to a single and defined miRNA molecule whereas siRNA dsRNA
precursor processing produces multiple species in both sense and antisense orientation, sometimes in a
perfect tandem arrangement (Allen ef al., 2005; Gasciolli et al., 2005; Vasquez et al., 2004). Stability
of these smRNA molecules in Arabidopsis is dependent on the methylation of the 3’ terminal

nucleotide (conversion of 2’-OH to 2’-O-CHj3) by the action of HEN1 (HUA ENHANCERI);
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accumulation levels of smRNAs in senl mutants are substantially reduced. The HEN1 methylation
activity, exerted on smRNA duplexes prior to unwinding into the functional single stranded molecules,
was shown to protect SmRNAs duplexes from uridylation (Li et al., 2005), which is speculated to
trigger smRNA degradation. 3’ end methylation may also be an important determinant of smRNA

stability in mammals (Amarzguioui ef al., 2003).

1.2.2. Dicer enzymes

Although some variations have been found among organisms, from plants to animals, RNA
mediated silencing is typically initiated by the processing of dsRNAs by Dicer RNase-IlI-like
endonucleases. DsSRNA precursors are converted into ~21-28 bp molecules that contain 2nt 3’ end
overhangs with free hydroxyl groups and are phosphorylated at both 5’ ends (Beirnstein et al., 2001,
Carmell and Hannon, 2004; Kurihara and Watanabe, 2004). Dicer enzymes are complex
multifunctional proteins containing an RNA helicase domain, a PAZ RNA binding domain as well as
the canonical RNase IlI-like ribonuclease and dsRNA binding motifs (Schauer et al., 2002; Song et
al., 2003). Diverse Dicer-like (DCL) enzymes have been characterized, suggesting multiple activities.
Many animals, including Caenorhabditis elegans, have a single Dicer enzyme that mediates all the
required processing of dsRNAs into both siRNA and miRNAs (Grishok et al., 2001; Ketting et al.,
2001; Knight and Bass, 2001). In contrast, there are two Dicer paralogues in Drosophila
melanogaster where one is responsible for miRNA biogenesis and the other for siRNA production
(Lee et al., 2004; Pham et al., 2004; Tjisterman and Plasterk, 2004). In the filamentous fungus
Neurospora crassa two Dicer proteins are functionally redundant in siRNA biogenesis (Catanalotto et
al., 2004). The A. thaliana genome encodes four DCL enzymes (Schauer et al., 2002) which
participate in distinct SmRNA pathways, with some pathways requiring the activity of more than one
DICER. DICER-LIKE 1 (DCL1) (Papp et al., 2003) is involved in the processing of miRNA
precursors (Bartell, 2004). DCL2 is required for producing 22nt viral small interfering RNAs and
natural antisense siRNAs (nat-siRNAs) (Borsani et al., 2005; Xie et al., 2004). DCL4 is needed in the
generation of 2Int trans-acting siRNAs (ta-siRNAs), which are siRNAs that regulate, in trans,
endogenous genes by targeting homologous mRNAs in a manner very similar to miRNAs (Gasciolli et
al., 2005). This pathway is dependent on miRNAs, and hence on the activity of DCL1, to set the phase
for ta-siRNA biogenesis. Finally, DCL3 (Xie et al., 2004) is exclusively involved in the production of
the 24nt siRNA class specifically involved in RNA mediated chromatin modifications by directing
RISC-like complexes (RNA-Induced Silencing Complexes) to homologous DNA regions, in a
pathway termed RNA-dependent DNA Methylation (RdADM) (Mette et al., 2002).
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1.2.3. The Argonaute protein family

The smRNAs generated by DICER activity are loaded directly into Argonaute proteins (AGO) that
form the core of active RISC complexes (Chendrimada et al., 2005; Hammond et al., 2001; Tabara et
al., 2002). These complexes then carry out the identification and silencing of the target sequence
matching the sSmRNA (Caudy et al., 2002; Hannon, 2002; Silva et al., 2002). In mammals, AGO2 is
the slicer protein of RISC that is directly responsible for mRNA cleavage (Liu et al., 2004; Song et al.,
2004). Through genetic, biochemical and crystal structure analyses, it was shown that the AGO2 PIWI
domain is closely related to RNase H family members and transposases, allowing AGO proteins to
cleave their RNA targets in sSmRNA/mRNA hybrids (Carmell et al., 2002; Song et al., 2004). Further
cytological analysis demonstrated that AGO-containing RISC mRNA cleavage takes place in
cytoplasmic P-bodies (Liu et al., 2005a; 2005b). C. elegans contains 27 AGO genes that have been
proposed to act in two distinct steps of smRNA biogenesis. Translation arrest mediated by miRNAs is
thus far restricted to the action of ALG-1 and ALG-2 (Grishok and Mello, 2002), but response to both
endogenous and exogenous RNA triggers involves a more complex pathway. Primary siRNAs are
loaded into ERGO-1 and RDE-1 (Tabara et al., 1999), respectively, which target homologous mRNAs
for cleavage and create RNA templates for secondary siRNA biogenesis. These secondary siRNAs
direct gene silencing through the redundant action of at least 3 other AGO proteins that are apparently
depleted of slicer activity (Yigit et al., 2006).

In Arabidopsis sp., ten Argonaute proteins have been identified, suggesting evolutionary
specialization of these proteins to non-redundant roles in RNA silencing mechanisms (Fagard et al.,
2000; Morel et al., 2002). However, members of the Argonaute family in Arabidopsis other than
AGO1 and AGO4 lack functional characterization. AGO7 has been implicated in the ta-siRNA
pathway, specifically in PTGS mediated by the TAS3 locus, as ago7 mutants display abnormal leaf
development (Adenot et al., 2006). AGOI1 was isolated through genetic screens and is required for
posttranscriptional gene silencing (Bohmert et al., 1998; Fagard et al., 2000). Biochemical analysis
showed that AGO1 co-immunoprecipitates with miRNAs and ta-siRNAs (Baumberger and
Baulcombe, 2005; Qi et al., 2006), which are small RNAs involved in mRNA target cleavage.
Furthermore, in agol null mutants, decreased miRNA levels are accompanied by target mRNA
accumulation (Vaucheret et al., 2004). AGO1 was the first Argonaute protein shown to have slicing
activity (Baumberger and Baulcombe, 2005; Qi and Hannon, 2005). In addition to its contribution to
mRNA cleavage, AGO1 and another family member, AGO4, are involved in gene expression
regulation by chromatin modification (Chan et al., 2004; Lippman et al., 2003; Lippman et al., 2004;
Morel et al., 2002; Zilberman et al., 2003; Zilberman et al., 2004). AGO4 is required for 24nt siRNA
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production and DNA methylation of some endogenous /loci, but does not affect miRNA production
(Chan et al., 2004; Lippman et al., 2003; Lippman et al., 2004; Zilberman et al., 2003; Zilberman et
al., 2004). This Argonaute was shown to co-immunoprecipitate with 23-24nt siRNAs (Li et al., 2006;
Qi et al., 2006) and also displays slicer activity (Qi et al., 2006); a function that does not impair its
siRNA mediated targeting function although in some target sequences downstream DNA methylation
is somewhat impaired. It has been proposed that AGO4 slicer activity might be important for
generation of secondary siRNAs, following the same principle involved in ta-siRNAs (Gasciolli ef al.,
2005) or siRNAs in S. pombe and C. elegans (Yigit et al., 2006), in order to reinforce the silencing
signal. AGO6 has been recently implicated in RADM, playing a partially redundant role with AGO4 at
some target loci (Zheng et al., 2007).Theoretically, seven other AGO proteins are predicted to have
the catalytic active site of a slicer (Qi et al., 2005; Sigova et al., 2004) and the determination of their

function is likely to render new insights to the RNAi pathways in Arabidopsis.

I.2.4. RNA dependent RNA polymerases

Some organisms have genes for RNA-dependent RNA polymerases (RARP), which can synthesize
dsRNA from single stranded RNAs and can play roles in the initiation and/or amplification of siRNA
production (Baulcombe, 2004; Makeyev and Bamford, 2002; Schielbel et al, 1993). Genome
sequence data analysis has revealed that C. elegans, N. crassa and A. thaliana contain several RARPs,
but no equivalent proteins are found in D. melanogaster or mammals (Maine, 2001; Schwarz et al.,
2002). Rdpl in S. pombe encodes an RARP involved in the amplification of the siRNA signal required
for centromeric heterochromatin establishment (Motamedi et al., 2004). RRF-1 (Smardon et al., 2000)
and RRF-3 (Simmer et al., 2002) are required for PTGS in C. elegans, and are also involved in
secondary siRNA biogenesis in endogenous or exogenous RNAi pathways, respectively, following
slicing by the primary Argonautes RDE-1 and ERGO-1. 4. thaliana has six predicted RARPs but thus
far only RDR6 (Mourrin et al, 2000) and RDR?2 (Xie et al., 2004) have determined functions. RDR6 is
required for viral and transgene silencing (Allen ef al., 2005; Balcoumbe, 2004; Dalmay et al., 2000;
Mourrin et al, 2000; Peragine et al., 2004; Xie et al., 2004) as well as for biogenesis of ta-siRNAs
(Adenot et al., 2006; Gasciolli ef al., 2005) and nat-siRNAs (Borsani et al., 2005). Similar to what is
observed in S. pombe and C. elegans, RDR6 might be responsible for generation of secondary RNAs,
thus amplifying the silencing signal, if one considers the biogenesis of ta-siRNAs as an RDR6
trademark. In this case, after targeted cleavage of a non-coding RNA by a miRNA loaded RISC,
RDR6 is involved in the generation of secondary dsRNA precursors that will act as substrates for
DCLA4 processing into 21nt smRNA duplexes (Axtell et al., 2006; Gasciolli et al., 2005). This RARP

is also involved in developmental processes; rdr6 mutant lines undergo precocious transition from
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juvenile to adult stage and link the RNA mediated PTGS pathway to the temporal control of shoot
development in plants (Peragine ef al., 2004). siRNA-dependent chromatin modification requires the
specialized role of RDR2 (Xie et al., 2004). This RARP has thus far been exclusively linked to RdADM,
together with DCL3. Heterochromatic siRNAs (24nt class) are essentially eliminated in rdr2 mutants,
resulting in transcriptional up-regulation, depletion of DNA methylation and enrichment of
euchromatic post-translational histone modifications in target genes (Herr et al., 2005; Xie et al.,

2004).

I.2.5. siRNA-induced heterochromatin formation in S. pombe

The link between siRNA-specific targeting and methylated H3K9 has been studied in great detail
in Schizosaccharomyces pombe, the system in which RNA-mediated heterochromatin formation was
first described (Grewal and Rice, 2004; Volpe et al., 2002). In S. pombe, dcrl (Dicer homolog) and
agol (Argonaute homolog) mutations were shown to reduce centromeric-repeat H3K9 methylation,
which is necessary to maintain centromere function (Volpe et al., 2002). DCR1-processed siRNAs
corresponding to centromeric repeats interact with AGO1, the chromodomain protein CHP1 and an
uncharacterized protein, TAS1, to form the RNA-induced initiator of transcriptional gene silencing
(RITS), which guides siRNAs to complementary sites on the genome (Verdel et al., 2004). The RITS
complex, and specifically AGO1 and CHP1, then recruits the chromatin-modifying factors Swi6, an
HP1 homolog, and the histone methyltransferase CLR4 in order to silence target regions. The presence
of siRNAs in RITS also requires an RNA-directed RNA polymerase complex (RDRC), which consists
of the S. pombe RARP, RDRPI, the putative helicase HRR1 (helicase required for RNA-mediated
heterochromatin assembly 1) and CIDI2, a 38-kDa protein involved in mRNA polyadenylation
(Motamedi ef al., 2004). The RDRC complex is likely critical not only for RITS stability but also for
triggering secondary dsRNAs production and in this way amplifying siRNAs and the silencing signal
(Motamedi et al., 2004). SiRNA heterochromatin formation in S. pombe also requires RNA
polymerase II activity (pol II), suggesting a direct link between target locus transcription and siRNA
pathway initiation (Kato et al., 2005; Schramke et al., 2005). However it remains elusive how pol 11
transcription is coupled to siRNA production to guide chromatin modifications. Two models have
been proposed: direct RNA-DNA pairing (DNA-recognition model) or pairing of siRNAs and a
nascent transcript from the target locus (RNA-RNA recognition model) (Grewal and Moazed, 2003;
Matzke and Birchler, 2005). In the first model, a transcript homologous to the target gene remains
associated with the gene, acting as a local address to allow siRNA guided chromatin modification
complexes, access the target gene. Alternatively in the sSiIRNA/DNA model, RNA pol II might unwind
the target DNA enough to allow siRNAs and the RNAi machinery access to the target promoter.
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I.2.6. The plant specific RNA-dependent DNA methylation pathway

In contrast to S. pombe, in which there is no detectable DNA methylation, plant RNA silencing is
frequently accompanied by DNA cytosine methylation, usually coupled to H3K9 methylation (Jackson
et al., 2002; Malagnac et al., 2002; Soppe et al., 2002). Through RADM, 24nts siRNAs lead to de novo
methylation of cytosines in all sequence contexts within a region of RNA-DNA sequence homology at
endogenous loci.

This mechanism requires the presence of RDR2, which presumably produces dsRNAs from single
stranded templates, dicing of 24nt siRNAs by DCL3, and AGO4 as the siRNA-binding protein that
presumably targets corresponding loci for heterochromatic modifications (Cao and Jacobsen, 2002;
Cao et al., 2003; Xie et al., 2004). Target-site establishment of de novo DNA methylation requires
DRM2, which can methylate cytosines in any sequence context in a process still not fully understood
(Cao et al., 2003). Surprisingly, the maintenance cytosine methyltransferasel, MET1 and DDM1
(DECREASE IN DNA METHYLATION 1), a SWI2/SNF2-family chromatin-remodeling factor are
also required for siRNA production at certain loci (Lippman et al., 2003; Zilberman et al., 2004).
Therefore, siRNA targeting of epigenetic modifications sustains siRNA production, likely as part of a
positive feedback loop reinforcing silencing through continuous siRNAs biogenesis. In turn, MET1
can be responsible for the inheritance of a silent heterochromatic state in the absence of siRNAs
through maintenance methylation, mostly at CpG sites, but also at CpNpG sites, at each round of DNA
replication (Aufsatz et al., 2004; Cao et al., 2003).

A recently discovered activity required for siRNA-directed DNA methylation is plant-specific
nuclear RNA polymerase IV (pol 1V), (Herr et al., 2005; Onodera et al., 2005; Pontier et al., 2005;
The Arabidopsis genome Initiative, 2000; this study). Reverse and forward genetic studies identified
two pol IV largest subunits, designated NRPDla and NRPDIb, and two potential second-largest
subunits, NRPD2a and NRPD2b (Herr et al., 2005; Kato et al., 2005; Onodera et al., 2005). However,
only the second largest subunit encoded by NRPDZ2a is transcribed, with NRPD2b being a non-
functional allele (Onodera et al., 2005). NRPDla and NRPD2a are both required for siRNA
accumulation and DNA methylation at heterochromatic loci (Herr ef al., 2005; Onodera et al., 2005).
By contrast, an nrpd b mutant allele leads to loss of DNA methylation, but this subunit is not essential
for siRNA production (Kanno et al., 2005). Therefore, the two functional forms of pol IV, pol IVa and
pol IVb, both of which use NRPD2a as their second-largest subunit, appear to play distinct roles in
RNA silencing. Pol [Va is upstream in the pathway, likely providing transcripts used as substrates by
RDR2, whereas pol IVb transcription might play a role in guiding RNA-dependent DNA methylation

(or histone modification) complexes to chromatin targets (Herr ez al., 2005; Kanno et al., 2005; Pontes
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et al. 2006). The precise roles of RNA polymerase IVa and IVb in siRNA-mediated chromatin
modifying pathways remains largely unclear but several structural differences suggest atypical
functions for pol IV. Although pol IV largest and second-largest subunits are similar to catalytic
subunits of RNA polymerases I, II and III, in vitro assays failed to detected a DNA-dependent RNA
polymerase activity (Onodera et al., 2005). Moreover, the active sites in NRPDla and NRPD1b
suggest a modified RNA polymerase activity, possibly using methylated DNA or dsRNA as a template
(Herr et al., 2005; Onodera et al., 2005). In addition, NRPD1b has a large C-terminal domain (CTD)
reminiscent of the one found in pol II largest subunit. In the latter, the CTD domain is a binding site
for other proteins and a target for phosphorylation, helping promote pol II transition from a pre-
initiation to an elongation state (Dahmus, 1996; Hampsey and Reinberg, 2003). Recently, it was found
that a stable interaction occurs between pol IVb and AGO4, via the NRPD1b CTD-domain, strongly
suggesting that a pol IVb-RISC complex might be important for locus targeting (Li et al., 2006).

SiRNA-directed DNA methylation also requires the activity of the SWI2/SNF2-like chromatin
remodeling protein DRD1 (DEFECTIVE IN RNA-DIRECTED DNA METHYLATION) that, like pol
IVDb, is not required for siRNA biogenesis but is necessary for de novo DNA methylation of target
sequences in CpG and non-CpG contexts. DRD1 might function by opening the chromatin structure to
make DNA accessible to RNA signals, facilitating de novo methylation by DNA methyltransferases or
demethylation (Kanno et al., 2004; Kanno et al., 2005).

The siRNA heterochromatic pathway in Arabidopsis is hypothesized to be a circular nuclear
process that initiates with pol IVa activity at target DNA sites, which are typically localized in the
chromocenter peripheries (Onodera et al., 2005; Pontes et al., 2006). RNA generated by pol IVa
moves to a siRNA processing center in the nucleolus (Pontes et al., 2006), that is suspected to be a
Cajal body-like structure (Li et al., 2006), where it is converted to dsSRNA by RDR2 and diced by
DCL3 to generate 24nt siRNAs. Within the nucleolar processing center, siRNAs are loaded into an
effector complex that includes AGO4 and NRPD1b which then leaves the nucleolus and guides the
effector complex to target DNA /oci. In a sequence of events still not well understood, NRPD2a
associates with the effector complex to form functional pol IVb and DRD1 and DRM2 proteins are
then needed, in addition to pol IVb, to impose heterochromatic marks to the target chromatin (Li et

al., 2006; Pontes et al., 2006).

L.3. Nucleolous organizer regions (NORs)

Ribosomal rRNA gene /oci (NORSs) transcription is specifically dependent on the activity of RNA
polymerase I (pol I) (Albert et al., 1999; Grummt and Pikaard, 2003; Hannan et al., 1998; Saez-
Vasquez and Pikaard, 1997). The pol I transcription activity in the NORs results in the most prominent
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feature of the interphase nucleus, the nucleolus, a compartmentalized domain with low chromatin
density. The nucleolus is where assembly of ribosomal particles takes place from the four ribosomal
RNAs (rRNAs) transcribed by pol I (18S, 5.8S and 25S rRNAs) and RNA polymerase III (5S rRNA),
and approximately 85 proteins whose mRNAs are transcribed by RNA polymerase II (Scheer and
Weisenberger, 1994; Shaw and Jordan, 1995). The ultrastructural organization of the nucleolus is
characterized by three distinct regions visible by electron microscopy: the fibrillar center, the dense
fibrillar component, and the granular component (Melese and Xue, 1995; Olson et al., 2000; Scheer
and Hock, 1999). In the morphologically distinct fibrillar center, the rRNA genes are transcribed
exclusively by pol I (Carmo-Fonseca et al., 2000; Paule and White, 2000; Shaw and Jordan, 1995).

I.3.1. ribosomal RNA genes

In all eukaryotic cells, rRNA genes are organized as head-to-tail clusters on one or several
chromosome /oci. NORs contain a subset of active rRNA genes, that give rise to a secondary
constriction on metaphase chromosomes, and silent genes that are compacted in heterochromatin. An
intergenic spacer separates the standard rRNA gene transcription unit (Brown and Dawid, 1969;
Reeder, 1974), being oriented such that the direction of transcription is toward the centromere
(Copenhaver and Pikaard, 1996a and 1996b; Lin et al., 1999; Mayer et al., 1999; The Arabidopsis
Genome Initiative, 2000). The first primary transcript of rRNA genes is a large 45-48S rRNA
precursor, which is cleaved to give rise to 18S, 5.8S and 25-28S functional rRNAs.

Unlike most other gene families that evolve independently, every rRNA gene remains virtually
identical within a population (Pikaard, 2000; Pikaard and Lawrence 2002). However, even in closely
related species rRNA gene sequences can vary substantially, especially the non-coding regions such as
intergenic spacers. In eukaryotes, TRNA gene intergenic spacers are typically dominated by the
presence of repeated elements. Functional elements include the gene promoter, transcription
terminators, repetitive enhancer elements and duplications of the gene promoter that are known as
“spacer promoters” (Reeder, 1989). rRNA gene promoter activity measured in 4. thaliana protoplasts
showed that sequences between —33 upstream and +6 downstream of the transcription start site
(defined as +1) are sufficient to program accurate pol I transcription in vivo (Doelling et al., 1993;
Doelling and Pikaard, 1995). In plants, the rRNA gene start site consists of the highly conserved
TATATA(A/G)GGG sequence motif. Mutations on this consensus region abolish or severely inhibit
transcription initiation suggesting that the conserved core sequence plays a role in both start site
selection and promoter strength (Doelling and Pikaard, 1995). Duplications of the gene promoter are
found upstream in the intergenic spacer of Xenopus laevis (Moss and Birnstiel, 1979), Drosophila,

Arabidopsis, and mouse, and program transcription initiation that in Xenopus and flies has a positive
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effect on pol I transcriptional activity at the downstream gene promoter. However, in 4. thaliana, no
significant enhancer activity was observed as a result of these promoter duplications (Doelling et al.,
1993; Doelling and Pikaard, 1995).

The rRNA gene sequence uniformity within a species but sequence divergence across species
boundaries is known as concerted evolution (Dover and Flavell, 1984; Flavell, 1986; Gerbi, 1986).
Unequal crossing over and/or gene conversion events are thought to be the mechanisms responsible
for rRNA gene homogenization and concerted evolution (Dover, 1982), an idea for which there is
some supporting evidence, especially in yeast (Petes, 1980; Szostak and Wu, 1980). However, with
the exception of closely related species, eukaryotic rRNA promoter sequences have diverged
significantly. Consistent with this sequence disparity, rRNA transcription is generally specific to
taxonomic orders, the promoter of one group not being recognized by the transcription machinery of
the others (Grummt ez al., 1982; Voit and Grummt, 1995).

In the case of 4. thaliana, the fine structure of the NORs was deduced by two-dimensional pulsed-
field gel electrophoresis, adding important insights into how gene homogenization and concerted
evolution must proceed. Based on relative locations, at least four classes of rRNA gene variants exist
in the ecotype Landsberg (Copenhaver and Pikaard, 1996b), defined by differences in the lengths of
their intergenic spacers and the presence of a polymorphic HindIII restriction endonuclease site. All
the genes at NOR2 were found to have a single intergenic spacer length whereas NOR4 is composed
of three spacer length variant classes. These different variants at NOR4 are not intermingled or
randomly distributed throughout the NOR. Instead, variants are clustered, with long variants at one
end of the NOR, short variants at the other and intermediate-length variants in the middle. These
observations suggest that the homogenization processes responsible for concerted evolution tend to act
at short-range, leading to local spreading of rRNA gene variants (Copenhaver and Pikaard, 1996b).
However, occasional gene conversion and/or unequal crossing over events between NORs must occur

to allow for the concerted evolution of all rRNA sequences within the genome.

1.3.2. rRNA transcription and chromatin structure

Depending on the cell’s need to manufacture ribosomes and produce proteins, rRNA synthesis can
account for as much as 40-50% of the total transcription activity in actively growing cells, (Jacob,
1995, Warner, 1999), whereas in non-growing cells rRNA gene transcription is extremely reduced and
is barely detected. Changes in pol I transcriptional activity are believed to mediate regulation of
ribosome particle production and thus the potential of a cell to proliferate. Several reports indicate that
in growing cells one subset of rRNA genes displays regularly spaced nucleosomes, corresponding to

inactive gene copies, while others are in a transcriptionally open chromatin conformation. Regulation
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of pol I transcription occurs at these transcriptionally competent rRNA gene copies mediated by
changes of transcription rate (Grummt and Pikaard, 2003). Studies performed in two yeast strains
demonstrated that overall mRNA transcriptional level remained unchanged despite one strain
possessing three times more copies of rRNA genes than the other. The latter compensated for the
reduced number of rRNA genes with a higher occupancy of pol I polymerases per gene (French et al.,
2003). A dramatic example of rRNA dosage control was reported in chicken cells that although
polysomic for NOR bearing chromosomes displayed the same level of rRNA synthesis (Muscarella et
al., 1985).

By in vivo psoralen crosslinking, transcriptionally active and inactive genes were distinguished in
exponentially growing mammalian cells that synthesize high levels of pre-rRNA. Only half of the
rRNA genes are transcriptionally active in an open chromatin conformation, while the other half
corresponding to inactive gene copies resides in a compact nucleosomal structure. The percentage of
open, psoralen-accessible genes is reduced as cells enter stationary phase (Dammann et al., 1993;
Sandmeier ef al., 2002). A basal transcription factor Rrn3, a yeast protein homologue of mammalian
transcription initiator factor TIF-IA (Dammann et al., 1993; Sandmeier et al., 2002) has been indicated
as a player in the regulation of rRNA transcription during stationary phase. Rrn3 is thought to have a
central role in the growth-dependent regulation of rRNA gene transcription, directly binding to pol I
and thereby rendering pol I competent for initiation (Grummt and Pikaard, 2003). The complex of
Rm3-pol T is required for at least partly bridging pol I to the core factor that is bound to the gene
promoter (Peyroche et al., 2000). Although it is not clear how yeast cells select the ribosomal genes to
be active or inactive, occurrence of the open chromatin structure on the coding region requires actively
transcribing pol I molecules (Dammann et al., 1995). It was proposed that disruption of the chromatin
structure at active genes is mediated by pol I molecules as they advanced through the rRNA gene
template (Grummt and Pikaard, 2003). This was supported by studies which show that in silent rRNA
genes repeats, the entire transcription unit is packaged in compact nucleosomal cores, whereas in
transcribed genes, the chromatin structure is extended (Prior et al., 1983). All four core histones
remain associated with the transcribed region, but in contrast with those associated with intergenic
spacers or silent rRNA gene copies, the nucleosomes are unfolded. It is not understood why the
process of transcription leads to unfolding of nucleosomes on pol I transcribed genes, whereas passage
of RNA polymerase II (pol II) only causes a transient loss of one H2A/H2B dimer (Kireeva et al.,
2002).

In mammalian cells, rTRNA genes are extensively methylated (Santoro and Grummt, 2001;
Stancheva et al., 1997). Transcription initiation complex formation requires binding of UBF, which is

impaired if a single DNA base position (-133) is methylated (Santoro and Grummt, 2001).
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Heterochromatinization of excess rRNA genes copies is achieved by action of NoRC, a complex
containing TIPS and the ATPase SNF2 (Strohner et al, 2001). NoRC, through the TIPS
bromodomain, binds H4***'K 16, recruits DNA methyltransferase DNMT]1 and the histone deacetylase
HDACI (Santoro et al., 2002) to promote deacetylation of residues K5, K8 and K12 on histone H4
and DNA methylation (Zhou and Grummt, 2005). The latter is restricted to promoter regions which
might be related to RNA mediated targeting. TIPS was shown to bind RNA and to interact with a
~150nt RNA encoded in the intergenic spacer of rRNA genes. Failure to bind RNA is thought to
impair TIPS localization to rRNA gene promoters (Mayer et al., 2005). Finally, NoRC function
promotes alterations in nucleosomal positioning in the promoter region. In active rRNA genes,
promoter bound nucleosomes cover position -157 to -2 (+1 as transcription start site). Action of NoRC
apparently shifts the promoter associated nucleosome 25 nucleotides downstream, over the
transcription start site, impairing transcription complex formation (Li et al., 2006).

Arabidopsis displays two classes of TRNA genes, with one set having high levels of DNA
methylation and the other being unmethylated and associated with pol I and constituting the expressed
fraction (Lawrence ef al., 2004). This is a common trait of highly expressed genes in this organism,
which include rRNA genes, and it is hypothesized that high occupancy of polymerases engaged in
transcription per gene unit reduce chances for DNA methylation to occur (Zilberman et al., 2007).
Further chromatin marks associated with the active class of RNA genes include enrichment in
H3"™eMYK 4 whereas silent genes display H3™"™'K9 and are compacted in a perinucleolar domain as

part of the NOR bearing chromosome’s chromocenter (Lawrence et al., 2004).

1.3.3. Nucleolar dominance, an epigenetic phenomenon

The first description of the phenomenon that has come to be known as nucleolar dominance
resulted from the observation in Crepis sp. hybrids that after crossing different species, the secondary
constriction at NORs of one progenitor were lost (Navashin, 1934). Heitz showed that secondary
constriction and satellite formation at metaphase was related to nucleolus formation during interphase
and that nucleoli form at or very near the constrictions (Heitz, 1931). Subsequent convincing evidence
was provided by McClintock, who first used the term ‘nucleolar organizer’ to describe those regions
(McClintock, 1934). Nearly forty years later, NORs were shown to be sites where rRNA genes are
clustered in hundreds or thousands of copies (Phillips et al., 1971; Wallace and Birnstiel, 1966), with
secondary constrictions representing the transcribed genes (Wallace and Langridge, 1971) and the
adjacent heterochromatin composed of excess inactive rRNA genes. In fact, secondary constrictions

are now known to correspond to the set of rRNA transcribed genes. The physical association of rRNA
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genes with structural components of the nucleolus impedes chromosome condensation in that region
(Wallace and Langridge, 1971).

Nucleolar dominance is a widespread phenomenon in nature, occurring in plants, insects and
mammals (Pikaard, 2000). In short, when two species are crossed to form an interspecific hybrid, only
the NORs of one progenitor will form nucleoli, resulting from the transcription of its ribosomal RNA
genes set. This mitotically stable, but reversible state of the underdominant class is not caused by
alterations in rRNA gene sequences and is thus a classic example of an epigenetic phenomenon.
Studies on the ribosomal gene family have been conducted in polyploids at both the structure and
expression levels. At the structural level NORs are a useful marker for systematic (White et al., 1990)
as well as for genome evolution studies (Hamby and Zimmer, 1992). Although the biochemical and
genetic mechanisms responsible for establishment and maintenance of nucleolar dominance are only
beginning to be understood, there is no single hypothesis that can explain the phenomenon.
Hypotheses include the idea that species-specific differences in rRNA gene sequences and/or pol I
transcription factors lead to the preferential activation of only one set of rRNA genes (Grummt, 2003;
Russel and Zomerdijk, 2005). Alternative hypotheses suggest that one set of rRNA genes is singled
out for repression, involving chromosomal influences not specified simply by rRNA gene sequences
(Chen and Pikaard, 1997).

The study of nucleolar dominance, especially in genetic hybrids provides further useful insights of
how metabolically active cells control rRNA gene transcription in response to both general
metabolism and specific environmental changes. Recent studies in Brassica (Chen and Pikaard, 1997a;
1997b) and in Arabidopsis (Chen et al., 1998) provided an empirical demonstration of a causal
relationship between allopolyploidy, epigenetic modification and changes in gene expression in plants.
It was inferred that cytosine methylation and histone deacetylation are implicated as partners in the
enforcement and selective silencing of rRNA genes in nucleolar dominance (Chen and Pikaard, 1997a;
1997b; Lawrence et al., 2004). However, the critical targets of these chromatin modifications are
unclear. Possibilities include the individual rRNA genes, the large chromosomal domains that
encompass rRNA gene clusters (Lewis ef al., 2004), or other, possibly unlinked regulatory /oci such as
genes encoding trans-acting factors (Pikaard, 2000). Although it is not clear how sequences adjacent
to a NOR can influence rRNA gene activity, the underdominant genes are selectively repressed by
mechanisms acting at the chromosomal level. Underdominant rRNA genes can be transiently
expressed in a hybrid cell upon transfecting a plasmid containing copies of the underdominant set,
even though their chromosomal counterparts are repressed (Chen et al, 1998), also pointing to
mechanisms selectively acting on the chromosomally encoded genes. Furthermore, rRNA genes

silenced in vegetative tissues are derepressed in reproductive organs, indicating not only a reversibility
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of the phenomenon but also differential expression during development. However, the mechanism by
which dominant and under-dominant rRNA genes are discriminated in newly formed hybrids, leading
to the initial establishment of nucleolar dominance, is even less understood. Nevertheless, the
involvement of chromatin covalent modifications, such as DNA methylation and histone post-
translational modifications suggest that chromatin remodeling is involved in the re-establishment of
repressive chromatin states following hybridization and allopolyploidy (Chen ef al., 1998; Chen and
Pikaard, 1997a).

In 4. suecica hybrids silent rDNA genes of A. thaliana display uniformly methylated promoters

3 dimethyl

associated with H K9 and appear as condensed heterochomatin in interphase nuclei. On the

other hand A. arenosa NORs are organized in two ways; the active subset is unmethylated and

. . trimethyl
associated with H3"™"Y

K4 and the silent class has methylated promoter regions and is associated
with H34™"/K 9. Disruption of nucleolar dominance, by either the histone deacetylase inhibitor TSA
or by induced DNA demethylation caused by incorporation of 5-Aza-dC, is accompanied by an

wimetyig 4, which correlates with

association between a subset of A. thaliana TDNA promoters with H3
transcriptional activation (Lawrence et al., 2004). The role of histone deacetylation was further
analysed by resorting to RNAi knockdown of potential histone deacetylases in Arabidopsis, including
RPD3-like and SIR2-like HDACs as well as the plant specific HDT family. In the hybrid species
context, RNAI is a powerful tool to analyze gene function as it allows targeting of specific genes and
bypasses the problems of gene redundancy in polyploidy species (Lawrence et al., 2003). Both HDT1
and HDAG6 histone deacetylases were found to be involved in the establishment of nucleolar
dominance. Knock-down of both genes caused reactivation of silent A. thaliana TRNA genes by
reducing DNA methylation levels at promoter sequences, shifting their association from H349mYIK9 to
an association with H3"™™™'K4 and acetylated histones. Reactivation of A. thaliana NORs is
accompanied by decondensation of the heterochromatic region of the NOR in interphase nuclei,
further linking this cytological behavior with rDNA gene expression (Earley ef al., 2006; Lawrence et
al., 2004; Pontes et al., 2004). Despite our increasing knowledge of the nucleolar dominance

phenomenon in A. suecica, the choice mechanism that marks A. thaliana NORs for targeted silencing

is still elusive.
1.4. Arabidopsis as model system

1.4.1. Arabidopsis thaliana

Arabidopsis thaliana (L.) Heynhold (2n=2x=10, where n=the number of chromosomes in gametes

and x=the fundamental chromosome number) is presently the leading plant system for genetic and
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molecular studies. Major advantages include its small plant size and short generation time and its
propagation by self-fertilization. Complete genomic DNA sequence is available (The-Arabidopsis-
Genome-Initiative, 2000) as well as extensive publicly available data on its transcriptome and
methylome (Yamada et al.. 2003; Lu et al. 2006; Tran et al., 2005; Wang et al., 2005; Zhang et al.,
2006; Zilberman et al., 2007). More recently, great effort has been made by a number of research
groups in characterizing RNAi1 metabolism and databases for Arabidopsis smRNA populations are
available (Gustafson et al., 2005; Lu et al., 2006). Furthermore, extensive projects generating loss of
function mutants through mutagenesis or transgenesis have knocked out the function of the majority of
f A. thaliana genes, providing a valuable resource for conducting studies on gene function (Alonso et
al., 2003).

Until few years ago, Arabidopsis received very little attention for cytogenetic research in spite of
its simple five chromosome karyotype, as described by Laybach (1907). The advent of molecular
cytogenetics and the use of DNA-specific fluorochromes and specific DNA probes for direct detection
of gene sequences on chromosomal targets make this system suitable for studies of chromosomal
organization in interphase nuclei (Heslop-Harrison, 1998; Heslop-Harrison et al., 2003; Fransz et al.,
2002). FISH analysis of Arabidopsis chromosome domains have demonstrated that individual
interphase chromosomes are organized as heterochromatic chromocenters with emanating euchromatic
loops (Fransz et al., 2002). The chromocenters contain all major tandem repeats, including rRNA
genes, and the majority of the dispersed pericentric repeats, including transposon and non-transposon
repeats. In contrast, euchromatin is gene-rich and forms 0.2 — 2 Mbp sized loops that emanate from the
chromocenter. The territory of an Arabidopsis chromosome, comprising on average 25 Mb of DNA
with 5200 genes (The Arabidopsis Genome Initiative, 2000), contrasts with human chromosomes,
which are larger but have a lower gene density due to higher heterochromatic content (Fransz et al.,

2003).

1.4.2. Arabidopsis suecica as a model allopolyploid

The emergence of A. thaliana as a model species for plant genetics has created interest in
Arabidopsis suecica as a model allopolyploid, a selfing species native to northern Europe. The
parental origin of the A.suecica chromosomes was demonstrated by DNA sequence analyses (Kamm
et al., 1995; O’Kane et al., 1996; Price et al., 1994) and by in situ hybridization to the repeat
sequences of either A. thaliana or A. arenosa (also known as Cardaminopsis arenosa). The 26
chromosomes of allotetraploid A. suecica include a diploid A. thaliana genome chromosome
complement (10 chromosomes) and a 2x chromosome complement (16 chromosomes) from the

closely related autotetraploid, 4. arenosa (2n=4x=32). Although very closely related in some aspects,
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these two faxa nonetheless exhibit 5 to 8% divergence of nucleotide sequence in protein-coding genes
(Hanfstingl et al., 1994; Henikoff and Comai, 1998a) and 30 to 40% divergence in the 180-bp
centromeric repeats (Martinez-Zapater et al., 1986; Round et al., 1997; Vongs et al., 1993).

In A. suecica nucleolar dominance results in the silencing of the A. thaliana fRNA gene subset
(Chen et al., 1998; Lewis and Pikaard, 2001). Interestingly, nucleolar dominance is not independent of
ploidy or gene dosage. Though the normal 2:2 dosage of progenitor genomes is correlated with the
silencing of the A. thaliana rRNA genes (Chen et al., 1998) backcrossing 4. suecica to tetraploid 4.
thaliana yields progeny which have a 3:1 dosage of 4. thaliana: A. arenosa genomes and show a
reversal in the direction of nucleolar dominance such that 4. aremosa rRNA genes become
underdominant (Chen ef al., 1998). The reversal in the direction of nucleolar dominance and silencing
of A. arenosa genes argues against the hypothesis that A. arenosa rRNA genes having a higher binding
affinity for one or more transcription factors and argues instead for alternative mechanisms that dictate
which NORs can be activated. In A. suecica the three protein coding genes adjacent to NOR4, the
nearest of which is only 3.1 Kb away, remain active in hybrids (Lewis and Pikaard, 2001). This
indicates that the mechanisms responsible for nucleolar dominance are restricted to the NORs and do
not act on larger segments of NOR-bearing chromosomes. Moreover, genetic analyses point to NORs

as the units of regulation in nucleolar dominance (Lewis et al, 2004).
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L5. Aims of this work

Our understanding of nucleolar dominance as an epigenetic phenomenon has been advanced by
numerous studies published in recent years. Nevertheless, little is known of the choice mechanism
responsible for the determination of which parental set of rRNA genes to silence. The endogenous
RNAi1 machinery provides the basis for an attractive hypothesis to explore due to the potential for
targeting specificity and the involvement of siRNAs in the establishment of epigenetic marks. The
allopolyploid Arabidopsis suecica is the ideal model system for this study as it benefits from the
available resources available for A. thaliana as well as transformation methods to induce knock-down
of candidate genes by RNAi (Waterhouse et al. 2003; Lawrence and Pikaard, 2003).

The major aim of my study has been to test the hypothesis that smRNAs are required for the
establishment of nucleolar dominance in 4. suecica. To accomplish the proposed task my study
focused on:

1. Identifying rRNA gene-homologous smRNAs, the genes responsible for their biogenesis and the
RNAi-related pathway involved.

2. Using RNAi mediated knock-down to evaluate the function of genes involved in biogenesis of
smRNAs corresponding to rRNA genes and their possible modulation of nucleolar dominance in

A. suecica.
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II — Materials and Methods.
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I1.1. Plant material and growth conditions.

11.1.1. A. thaliana lines

A. thaliana ecotypes (WT):
» Columbia (Col-0); Arabidopsis Biological Resource Center (ABRC) stock center.
» Landsberg erecta (Ler) ; ABRC stock center.
« Nossen (No-0); ABRC stock center.
» Wassilewskija (WS); ABRC stock center.
A. thaliana mutant lines, in [ ] genomic background:
1) Argonaute protein family members:
* ago4-1 [Ler]; At2g27040; made available by Steve Jacobsen (Zilberman ef al., 2003).
2) DICER-like enzymes:
» dcll-7 [Ler]; Atl1g01040; made available by James Carrington (Golden et al., 2002).
* dcl2-1[Col-0]; At3g03300; made available by James Carrington (Xie et al., 2004).
« dcl3-1[Col-0]; At3g43920; made available by James Carrington (Xie et al., 2004).
* dcl4-1[Col-0]; At5g20320; made available by Hervé Vaucheret (Gasciolli et al., 2005).
3) Chromatin remodellers:
* ddmli-2 [Col-0]; At5g66750; made available by Eric Richards (Jeddeloh et al., 1999).
« drdl-6[Col-0]; At2g16390; made available by Marjorie Matzke (Kanno et al., 2004).
4) DNA methyltransferases:
o drml/drm2 [WS]; made available by Steve Jacobsen (Cao et al., 2003).
* metl-1[Col-0]; At5g49160; made available by Eric Richards (Vongs ef al., 1993).
5) RNA polymerase IV subunits:
« nrpdla-3,8 [Col-0]; Atlg63020; SALK 128428, 083051 — ABRC stock center
(Onodera et al., 2005).
* nrpdlb-11 [Col-0]; At2g40030 ; SALK 029919 — ABRC stock center (Pontes et al.,
20006).
o nrpd2a-2/nrpd2b-1 [Col-0]; At3g23780 / At3g18090; SALK 046208 / SALK 008535
(Onodera et al., 2005).
6) RNA dependent RNA polymerases:
« rdri-1[Col-0]; Atlg14790; made available by James Carrington (Xie et al., 2004).
* rdr2-1[Col-0]; At4g11130; made available by James Carrington (Xie et al., 2004).
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» sgs2-1 (rdr6) [Col-0]; At3g49500; made available by Hervé Vaucheret (Mourrin ef al.,
2000).

7) Other:

« axel-5 (hda6) [DRS5]; At5g63110; made available by Tom Guilfoyle (Murfett et al.,
2001).

* henl-I [Ler]; At4g20910; made available by James Carrington (Chen et al., 2002).

« rnpsi-1[Col-0]; Atlgl6610; SALK 004132 - ABRC stock center.

« RNPSI1-FLAG [Col-0]; 35S driven full cDNA clone of RNPSI with N-FLAG protein
tag, available at Craig Pikaard’s lab.

« smd3-1[Col-0]; At1g76300; SALK 025193 - ABRC stock center.

« xrn4-5 [Col-0]; At1g54490; SAIL 847 - ABRC stock center (Souret ef al., 2004).

I1.1.2. A. suecica lines

LC1; made available by Luca Comai (Chen et al., 1998).

9502; derived from accession 90-10-085-10, originating in Finland (Pontes ef al., 2003).
AGO4-RNAIi [LC1]; generated in this study.

DCL3-RNAi [LC1]; generated in this study.

DRM2-RNAIi [LC1]; generated by S. Preuss, Craig Pikaard lab.

HDAG6-RNAI [LC1]; (Earley et al., 20006).

HDT1-RNAIi [LC1]; (Lawrence ef al., 2004).

HENI1-RNAIi [LC1]; generated in this study.

NRPD2-RNAIi [LC1]; generated in this study.

RDR2-RNAIi [LC1]; generated in this study.

11.1.3. A. arenosa line

3651; natural accession, originating from Poland; made available by Steve O'Kane.

I1.1.4. Germination, growth conditions and selection

Plants were grown on soil or germination media according to particular requirements of each line

and downstream application of the plant material. Plants were either grown in the greenhouse or in

growth chambers under controlled ambient conditions (25°C; 16 hours light; 8 hours dark).

Germination was induced and synchronized at 4°C for 2-3 days in the absence of light.
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Seed sterilization.

Seeds to be sterilized were placed in a sterile microfuge tube; typically 50ul of seed were used. 1
ml of 1/5 mixture of commercial bleach and absolute ethanol was added and tubes inverted
occasionally during a period of 10 min. Sterilization solution was removed and 1 ml of absolute
ethanol added to remove traces of bleach. The washing step was repeated and tubes were moved to a
laminar flow hood. Absolute ethanol was removed and tubes were left open overnight in order to
allow seeds to dry. Seeds could then be used immediately or stored at room temperature for several

months.

Sterile culture of Arabidopsis plants.

The culture germination medium was prepared by weighing 4.4 mg/ml of Murashige-Skoog basal
medium with Gamborg’s vitamins (SIGMA) in sterile distilled water, pH was adjusted to 5.7-5.8 using
a solution of IM KOH and 3-4 mg/ml of agar (AgarGel™, SIGMA) added to the solution. The
suspension was autoclaved (121°C; 20 minutes) cooled to =55°C in a waterbath and poured into Petri
dishes in a laminar flow hood. For plants requiring selection, selective growth medium was obtained
by adding antibiotic stock solution to the desired final concentration. The majority of transgenic plants
used in this study were selected with kanamycin (50ug/ml). HDA6-RNAI transformants were selected
with hygromycin (25ug/ml), HDT1- and DRM2-RNAi with Finale™ herbicide (5ul/ml). Antibiotic
stock solutions (x1000) were stored at -20°C. After 2-3 weeks, where applicable, plants were

transplanted to soil.
I11.2. Generation of A. suecica RNAi lines.

I1.2.1. Preparation of RNAI construct for transgenesis.

Synthesis of ¢cDNA from A. thaliana Col-0 RNA extracts (500ng) was performed using
SuperScript™ III reverse transcriptase (Invitrogen) with 250ng of random primers d(N)y (New
England Biolabs), according to the manufacturer's instructions. 1ul of cDNA was used as template in
the subsequent RT-PCR reaction. Amplification reactions were analyzed by gel electrophoresis (1%
agarose; 5S0mM TAE — Sambrook and Russel, 2001). The mRNA regions for RNAi mediated knock-
down of the targeted genes were selected after sequence alignment of its mRNA sequence to the
sequences of other gene family members. Only mRNA regions displaying low homology scores were
used for RNAI vector construction.

Amplicons were gel purified with GeneClean™ Turbo (Q-BIOgene) and cloned into pENTR-

TOPO vectors (Invitrogen) according to the manufacturer's protocols. Following bacterial
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transformation, transformant selection (kanamycin 50ug/ml) and plasmid DNA extraction (QIAprep®
Miniprep — QIAGEN), plasmid clones were sequenced in order to confirm DNA insert identity.
Clones showing 100% homology to the selected mRNA region of each gene to be targeted (The

Arabidopsis Genome Initiative, 2001) were selected for subsequent cloning steps.

Table 2.1 — Gene specific primers used for amplification of cDNA of selected genes for the
generation of RNAI1 constructs. To all forward primers CACC was added to the 5’end in order to allow

directional cloning into de pENTR-TOPO vector.

Forward (5°—=3’) Reverse (5°—3’) Amplicon length
NRPD2a  GTCTGGCTCCTCTTCTTTGCGCTA ~ AATGCTCAATAGGCTTCAAATCACCAT 490bp
RDR2 CTCAATGCGCTTGTTCATGC AAATCCGAGACATGCTCTGC 349bp
DCL3 GCCACCTTTCAGGCTTAT CGGATGAGGTATTGCACTGA 490bp
HENI1 GCTGAAGCTTTGATTTTGGC AACCTCTAAGCAAGTGCCGA 453bp
AGO4 ACTTGCTGAGAAGAAGGGGC CCGCATAGCTGATCTCCACT 458bp

DNA inserts were recombined into pHELLSGATE 8 (Syngenta; Helliwell et al., 2002; Wesley et
al., 2001) with LR clonase (Invitrogen) according to the manufacturer's instructions, transformed into
DH5a competent cells and selected with spectinomycin (100ug/ml) in solid medium (Luria Bertani
medium, according to Sambrook and Russel, 2001). Plasmid DNA was extracted from obtained
bacterial colonies (QIAprep® Miniprep — QIAGEN) and digested with BamHI or Xhol in order to
screen for correct orientation of the PDK intron sequence, which could become inverted as a result of
insert exchange at the two recombination sites of pHellsgate 8 and no longer be recognized by the
endogenous intron-splicing machinery (Helliwell et al, 2002). Finally, selected clones were
sequenced with pHELLSGATE 8 specific primers (27-5 (fwd): GGG ATG ACG CAC AAT CC; 27-3
(rev): GAG CTA CAC ATG CTC AGGQG) to reconfirm sequence identity and orientation of recombined

inserts
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11.2.2. Agrobacterium mediated A. suecica plant transformation.

Agrobacterium transformation.

Recombined pHELLSGATE 8 was transformed into GV3101 competent cells by electroporation
using 2ul of plasmid prep / 50ul of GV3101 liquid stock, at 250uFD (capacitance); 4002 (ohms);
1.5volt. All procedures were performed on ice or using ice chilled materials.

Immediately after electroporation, 1ml of LB medium was added to the cuvettes, transferred to a
15ml culture tube and incubated at 28°C; 200rpm for 2h30min. 80ul of the liquid culture were spread
on YEP solid medium (50ug/ml gentamicin; 10ug/ml rifamicin; 100ug/ml spectinomycin) (Sambrook

and Russel, 2001). Transformed colonies were allowed to grow for 2 days at 28°C.

A. suecica LC1 transformation.

LC1 plants were grown on soil (1 plant/pot) until reaching the 8-10 true leaf stage. Pots were
transferred to a cold room (4°C + light) for a period of 2 weeks in order to induce and synchronize
flowering. LC1 plants were subsequently transferred to the greenhouse. Once the stem of the first
inflorescence reached 3-5cm, the inflorescence was excised in order to induce lateral shoots to emerge
and maximize the number of inflorescences to transform, typically 2 weeks after excision. Ideally, in
order to maximize plant transformation efficiency, plants to be transformed should present immature
inflorescences and not many pollinated flowers or fertilized siliques.

Agrobacterium 2ml cultures (YEP medium; 50ug/ml gentamicin; 10ug/ml rifampicin; 100ug/ml
spectinomycin), transformed with the RNAi vector, were grown overnight (28°C; 200rpm) and
transferred to 2.5 liter flasks containing 400ml of the exact same liquid medium and selection
conditions. These cultures were allowed to grow overnight until dense cloud-like swirls of cells
become visible. Cultures were centrifuged for 10min, 2,500rpm at 4°C and resuspended in 300ml of
5% (w/v) sucrose solution. Immediately before dipping, Silwet™ L-77 detergent was added to a final
concentration of 0.05% (v/v) to aid wetting of plant surfaces. Inflorescences were immersed in the
Agrobacterium suspension with gentle agitation (Clough and Bent, 1998). Dipped plants (T() were
transferred to the greenhouse in order to complete their life cycle and progeny (seed) was collected
(Ty). Typically, 4-5 LC1 plants were dipped for each RNAi construct. Following sowing the T1 seeds,

transformants were selected (50ug/ml kanamycin) as described in section II.1.4.
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11.3. Analysis of genomic DNA methylation levels.

I1.3.1. Genomic DNA extraction.

2x CTAB buffer:

« 2.8ml 5M NaCl

« 0.2g CTAB (hexadecyltrimethylammonium bromide)
« 1ml IM TRIS-HCI, pH8.0

 distilled H,0 to 10ml

before use, add B-Mercaptoethanol to a final concentration of 1% (v/v).

1)

2)

3)

4)

S)

1 gram of leaf tissue was ground with liquid nitrogen until a fine powder was obtained. Plant
material was transferred to a 15ml FALCON™ centrifuge tube and 5ml of 2x CTAB buffer
was added. Mixture was vortexed and incubated at 65°C for 30min.

Following incubation, two sequential chloroform:isoamyl alcohol (IAA) (24:1) extractions
were performed, each followed by centrifugation at 8,000rpm; 10min.

gDNA was precipitated in a pre-chilled 15ml FALCON™ with 0.8vol isopropanol;0.1vol 3M
CH;COONa and mixing by gently inverting tubes several times.

Following a 30min incubation (-20°C) and 30min centrifugation (8,000rpm; 0°C), pellets were
washed twice with 70% ethanol (r.t.) and resuspended in Sml of 1xTE buffer (Sambrook and
Russel, 2001) containing RNAse A (10ug/ml).

After lhour at 37°C, in order to achieve complete RNA degradation, the sample was
sequentially extracted with phenol:chloroform:IAA (25:24:1) and chloroform:TAA (24:1).
gDNA was precipitated with 3vol 100% ethanol; 0.1vol 3M CH3;COONa (-20°C; 30min),
washed with 70% ethanol (r.t.) and resuspended in 200ul of 1xTE buffer. gDNA samples were
stored at 4°C.

I1.3.2. Southern blot hybridization.

Capillary blot.

Genomic DNA (1ug) was digested overnight according to the specific requirements of the

restriction endonucleases used. Samples were separated on a 1.5-2.0% EtBr (Ethidium Bromide)

stained agarose gel (1xXTAE). Once electrophoresis was complete, gels were depurinated for 10min

by immersion in a 0.25M HCI solution, with gentle agitation. Gels were rinsed in dH,O. In-gel

denaturation of DNA was performed with 3M NaCl; 0.4M NaOH (2x30min). Transfer of DNA to
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a positively charged Zeta-Probe nylon membrane (Bio-Rad) was performed by overnight alkaline
downward transfer (§mM NaOH; 3M NaCl). Finally, the membrane was rinsed in 2xSSC; 0.1%
SDS and UV crosslinked. Membranes were stored at -20°C until used.

DNA probe labeling.

A 5S rRNA complete repeat was used as probe. PCR was used to amplify the 5S rRNA insert from
the pCT4.2 plasmid (Campell et al., 1992). The amplicon was gel purified with GeneClean™
Turbo (Q-BIOgene) and stored at -20°C until used.
Probe labeling was performed according to the following protocol:
1) 2ul of 5S rRNA purified amplicon
Lul of dN(6) random primers (1ng/ul) (New England Biolabs)
dH,O to 10ul
Mixture was denatured (95°C) for S5min and transferred to a waterbath at 37°C.
2) Following the denaturation step. the following were added:
3ul of ImM dNTP mix (no dCTP)
5ul of a-**P dCTP (3,000Ci/mmol)
2ul 10x Exo-Klenow buffer
Lul of Exo-Klenow (5u/ul)
were added to the mixture. Labeling reaction was performed at 37°C for at least 1 hour.
3) Unincorporated nucleotides were removed with Performa® DTR gel filtration cartridges (Edge

Bio). Labeled probe was immediately used for Southern blot hybridization.

DNA:DNA hybridization
Nylon membranes were pre-hybridized at 60°C in 0.25M Sodium Phosphate Buffer (pH7.2); ImM

EDTA; 7% SDS (see Sambrook and Russel, 2001 for preparation of stock solutions) in a hybridization
chamber for 1 hour. Labeled probe was then added directly to pre-hybridization mixture and
hybridization performed overnight at 60°C.

Blots were sequentially washed (60°C) for Smin in 2xSSC, 2xSSC; 0.1% SDS (2x 10min) and
finally with 0.1xSSC; 0.1% SDS for 10min. Blots were removed from hybridization bottles, rinsed in
0.1xSSC; 0.1% SDS and wrapped in Saran-Wrap®. Blots were exposed to BioMax MS film (Kodak)
at -80°C.
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I1.3.3. AtSNI methylation assay.

AtSNI methylation assays were performed on ~50ng of gDNA digested with Haelll. Semi-
quantitative PCR conditions were 2 min at 94°C; 94°C for 30s, 53°C for 30s, and 72°C for 30s (32
cycles);  72°C  for 2min. with  A#SNI  primers: 5’-ACTTAATTAGCACTCAA
ATTAAACAAAATAAGT-3" and 5’-TTTAAACATAAGAAGAAGTTCCTTTTTCATCTAC-3’. A
region of the At2g19920 /locus was used as control (a /ocus not cut by Haelll) and amplified with the
gene specific primers 5’-CACCCGAACAGTTGGAAGAAGAG-3’ and 5’-GTGAGGAACCGG
TCCATTATTGCT-3’. PCR reactions were resolved and visualized by EtBr staining following
agarose gel electrophoresis (1.5% agarose; 1XTAE) (Onodera et al., 2005).

11.4. Protocols for RNA analysis.

For information on how to handle and prepare materials and solutions for RNA work consult

Sambrook and Russel, 2001.

I1.4.1. RNA extraction.

RNA was extracted using the mirVana® miRNA Isolation kit (Ambion) according to the
manufacturer’s instructions. Variations of the protocol allow purification of total RNA or high
molecular weight (HMW) (>500nt) and low molecular weight (LMW) (<500nt) RNAs. Typically,
RNA extractions were performed with 250-300mg of plant tissue. According to the downstream
application of the RNA, leaf or immature inflorescence tissue was used. Inflorescence tissue RNA was

used only for A. thaliana smRNA analysis. RNA samples were stored at -80°C.

11.4.2. RT-PCR.

DNase treatment of RNA samples and cDNA synthesis.

RNA to be used for the generation of cDNA was pretreated with RQ1 DNase (Promega). 10ug of
RNA was incubated with the DNase at 37°C for 1 hour, 2.5ul of RQI1 stop buffer (Promega) was
added, followed by a 10min (65°C) incubation to inactivate the enzyme. The final reaction volume
(50ul) was adapted from the manufacturer’s instructions.

RNA was further purified by adding 10vol of Trizol (SIGMA). Samples were mixed by inverting
tubes and incubated 5min at r.t. 0.2vol of chloroform was then added to the mixture, vortexed and
centrifuged for 10min at 10,000rpm. The aqueous phase was transferred to a new 1.5ml centrifuge
tube and precipitated with 1.25vol of 100% ethanol (30min on ice). Finally, RNA was recovered by a
30min; 13,000rpm spin, washed with 80% ethanol and resuspended in 20ul of RNAse free MilliQ
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H,0O. RNA integrity was checked on an agarose gel (rRNAs should be readily visible and no smear
should be apparent). The final concentration of RNA was measured in a ND-1000 spectrophotometer
(NanoDrop).

Synthesis of cDNA was performed using SuperScript™ III reverse transcriptase (Invitrogen) with
250ng of random primers d(N)y (New England Biolabs) or custom made oligo d(T),s according to the
manufacturer’s protocol. 500ng of DNase treated RNA were used per reaction. No-RT controls were

prepared alongside reactions to which reverse transcriptase was added.

Identification of transcripts overlapping the 45S rRNA core promoter region.

A set of primers was designed in order to amplify RNA species overlapping the 45S rRNA core
promoter (table 2.2). Additionally, a set of primers was also designed to evaluate the transcription
status of locus At3g43160, found to possess a predicted intron sequence with high homology to the
45S rRNA core promoter region (see also chapter III). RT-PCR reactions were performed with
Platinum Pfx Taq polymerase (Invitrogen) according to the manufacturer’s instructions. The reaction
mix was supplemented with DMSO to a final concentration of 5%. PCR conditions used were: For the
45S rRNA promoter - 94°C 2min; 94°C 30s, 50°C 30s, 68°C 30s (35 cycles); 68°C 2min. For the
At3g43160 locus - 94°C 2min; 94°C 30s, 58°C 30s, 68°C 30s (35 cycles); 68°C 2min. Actin2
(At3g18780) mRNA was also amplified as a control.

Table 2.2 — Primers designed to screen RNAs which overlap the 45S rRNA core promoter region
(see also figure II1.5 — chapter I11)

forward (5°—3’) Reverse (5°—3°) Primer pair
45S rRNA GGCACCAACAGACATTGAAATGTC A
core CAAATGACCTAGCTAGAGGTGTC CACCCCCCTATATAGCTTAATAGC B
promoter
region AAAGGGGGTTCCCCACGGACTG E
At3g43160 CGAGGATTCATCGACCAGGAATT AGTCAGTCGGACGGTCGGTTGGT
ACT2 GTTCTCTCCTTGTACGCCAGTGG GTGCAACGACCTTAATCTTCATG

Evaluation of 45S rRNA Joci expression levels in A. thaliana RN A1 pathway mutants.

Total RNA extracted from the 2" and 3™ pairs of true leaves of individual plants was used for
cDNA synthesis. Two plants for each genotype were analyzed; individuals were at the 4™ leaf stage

when plant material was collected.
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Quantitative real-time RT-PCR was performed with Tagman® probes (Applied Biosystems) in an
Real-Time PCR system (Applied Biosystems model 7500). PCR reactions were multiplexed in order
to amplify both 45S rRNA and Actin in the same reaction, the latter to serve as an endogenous control.

cDNA input corresponds to a 10-fold dilution of a cDNA synthesis reaction with 500ng of RNA input.

Table 2.3 — Primers and probes used for quantitative analysis of 45S rRNA gene expression levels

in RNAi pathway mutants.
Target Fwd primer Taqman probe Rev primer
455 rRNA (ET Sregion) 5’-TGACATGGATTCTTCG/Z](:Z;E;:?;ATAACTTGTTCGCATGATATT_?\/[’-EQLC]}:QCACGCCCATTCTCTTCG-3’
ACT? 5-TCGGTGGTTCCATTCT-3’ 5-GCTTTTTAAGCCTTTGATCTTGAGAG-3’
NED-AGCACATTCCAGATGTGGATCTCCAA-MGB-NFQ
Reaction mix PCR program
cDNA 1.0ul 1% step: 50.0°C — 2min
JumpStart™ Taq ReadyMix™ 12.5ul 2" step: 95.0°C — 10min
(SIGMA)
Reference dye (SIGMA) 0.25ul 3" step: 95.0°C — 15sec
45S rRNA (ETS) probe 0.0625ul 60.0°C — 1min (x40)
Actin probe 0.0625ul
ETS primers (10pmol/ul) 0.4ul
Actin primers (10pmol/ul) 0.4ul
MgCl, 50mM 1.0ul
dNTPs 10mM 0.5ul
MQ-H,0O 8.825ul >=25ul

Results were analyzed with 7500 System SDS software (Applied Biosystems).

Evaluation of target mRNA knock-down levels in A.suecica RNAI lines.

In order to evaluate knock-down efficiency of RNAI targeted genes in 4. suecica LC1, primers
flanking the RNALI targeted region of the mRNA were designed.
Semi-quantitative RT-PCR reactions were performed with Platinium Taq (Invitrogen) according to

the manufacturer’s instructions. PFK was used as an endogenous control (6-phosphofructokinase;
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At4g04040). Typically, cDNA input for PFK RT-PCR reactions corresponded to a 10-fold dilution of
the input used for target gene knock-down evaluation. RT-PCR reactions were resolved and analyzed

by gel electrophoresis (1% agarose; 1xTAE; EtBr staining).

Table 2.4 — Primers used for semi-quantitative analysis of RNAi mediated knock-down efficiency

in 4. suecica LC1 transgenic lines.

Forward (5°—3’) Reverse (5°—3’)
NRPD2 GGGCTGAGAAGGTGTTTATAGC GGTGCGGATATCTAGCATCTCC
RDR2 GATTGATGCATTTCTTCTCAAGCTG GCATTTGCGGGAAGCTTGCTCC
DCL3 TCATCTTCATCGGCTGCAGGTTC TGGTTCTGTCTTCACAACCATCTC
HEN1 AAGCAATGAAGAGATGGAGTCTG CTCAACAGATGAAGCTTCCCGTC
AGO4 CGATAAACTCAAAGGAGATGGATTC CAAGCAAGCAACCTTGTCTAGC
PFK CGCCGGAATTTCGATCAATCCT CGCCACGAAAACCAAACAGAC

I1.4.3. S1 nuclease protection assay.

Probe labeling.
Plasmids pAtl and Asupl.7 (Chen et al., 1997a), containing both IGS and ETS regions of 45S

rRNA genes of A. thaliana and A. arenosa, were digested with EcoRV and BspEIl restriction
endonucleases, respectively. 5°- restriction ends were dephosphorilated with Antarctic Phosphatase
(New England Biolabs) according to the manufacturer’s instructions. Plasmid DNA was precipitated
with 1vol of CH;COONa 3M; 2.5vol 100% ethanol and resuspended in water.

Approximately 3ug of linearized plasmid DNA were 5’-end labeled (y-°P ATP) with T4
polynucleotide kinase (New England Biolabs) according to the manufacturer’s instructions. DNA was
precipitated with 1/2vol of CH;COONH4 7.5M; 3vol 100% ethanol, pelleted by centrifugation, washed
twice with 70% ethanol and resuspended in 30ul of Sphl reaction mix (New England Biolabs). 10u of
Sphl endonuclease were added to the solution and the cleavage reaction performed for 3hours at 37°C.

The digestion reaction was resolved in a 5% polyacrylamide (Accugel 19:1 — GeneFlow Ltd.);
100mM TBE gel. Bands corresponding to the IGS:ETS regions of A. thaliana and A. arenosa 45S
rRNA genes were identified by exposing the gel to X-ray film, excised with a razor blade and

transferred to a 1.5ml centrifuge tube containing 1ml of 1xTE buffer. Elution of gel purified bands was
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performed overnight at 37°C. y—32P ATP incorporation was measured in a scintillation counter and

1X10°pm (counts per minute) was used per hybridization reaction.

S1 nuclease protection assay.

For the analysis of parental specific 45S rRNA gene transcription activity in A. suecica lines, 20ug
of HMW (>500nt) RNA was precipitated together with A. thaliana and A. arenosa specific
radioactively labeled probes (in separate tubes) by addition of 1/3vol CH3COONH,4 7.5M and 2.5vol
of 100% ethanol. Samples were centrifuged at 13,000rpm for 20min (4°C), pellets washed in 70%
ethanol and resuspended in 30ul of S1 hybridization buffer (40mM PIPES pH6.4; 400mM NaCl; 1mM
EDTA; 80% deionized formamide). Samples were incubated at 90°C for 15min and immediately
transferred to a 37°C water-bath. RNA-DNA hybridization was allowed to occur overnight.

270ul of pre-warmed (37°C) S1 digestion buffer (5% glycerol; ImM ZnSOy4; 30mM CH3COONa;
50mM NaCl; pH4.5) containing 200u of S1 nuclease (Roche) was added to each reaction tube and
incubation was performed for 45min. Reactions were stopped by adding 10ul of S1 stop buffer (10%
SDS; 0.5mM EDTA) followed by a brief vortexing step. DNA/RNA hybrids were precipitated with
30ul of CH3COONH4 7.5M and Iml of cold absolute ethanol (-20°C) followed by a 20min
centrifugation (13,000rpm; 4°C). Pellets were washed in 70% ethanol and resuspended in 6ul of S1
loading buffer (90% deionized formamide; 10mM NaOH; 1mM EDTA; 0.1% (v/v) Bromophenol blue
(Img/ml); 0.1% (v/v) Xylene cyanol (1mg/ml)). Samples were boiled for 3min, chilled on ice and
separated by polyacrylamide gel electrophoresis (10% polyacrilamyde (Accugel 29:1 — GeneFlow
Ltd.); 100mM TBE; 7M Urea).

Finally, gels were vacuum dried for 2hours (80°C) and exposed overnight to a phosphor screen

and analyzed using a Personal Molecular Imager FX™ system (BioRad).

11.4.4. RT-PCR CAPS (Cleaved amplified length polymorphism).

By taking advantage of a polymorphism in the ITS1 regions of 4. arenosa and A. thaliana 45S
rRNA genes, creating an extra Hha I restriction site in the A. arenosa genes, Lewis and Pikaard (2001)
developed a CAPS based method to evaluate parental specific 45S rRNA transcription status in A.
suecica.

cDNA, equivalent to 5ng of HMW RNA input, was amplified with Platinum Taq (Invitrogen)
according to the manufacturer’s instructions (Invitrogen). Semi-quantitative RT-PCR reactions were
as follows: 95°C 2min; 95°C 30s, 60°C 30s, 68°C 45s (29 cycles); 68°C 10min, with forward primer
5’-GCGCTACACTGATGTATTCAACGAG-3> and reverse primer 5’-CGCACCTTGCGTTCA
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AAGACTCGA-3" (25ul reactions). Sul of the amplification reaction were separated on a 1xTAE
agarose gel to verify amplification results.

20ul of 2x reaction mix with 10u of Hhal restriction endonuclease were added to the remainder of
the PCR reaction and incubated at 37°C for 3hours. Finally, reactions were resolved in a 2% agarose;

0.5xTBE; EtBr gel.

I1.4.5. Northern blot — smRNA analysis

Transfer of LMW RNA by semi-dry electroblotting.
Inflorescence or leaf LMW (<500nt) RNA samples (8-10ug) were mixed with 1vol of 2x Gel

Loading Buffer II (Ambion), incubated 80°C for Smin, placed on ice and separated by polyacrylamide
gel electrophoresis (20% polyacrylamide: bisacrylamide (Accugel 29:1 — GeneFlow Ltd.); S0mM
TBE; 7M Urea). RNA was transferred to a MAGNACHARGE nylon membrane (0.22um) (GE
Osmonics) by semi-dry electroblotting (50mM TBE buffer) at 2.0mA/cm2 for 2 hours. Membranes
were rinsed in 2xSSC; 0.1% SDS and UV crosslinked. Membranes were stored moist at -20°C until

use.

RNA probe synthesis and labeling.

All probes used for smRNA northern hybridization were derived from custom made DNA
oligonucleotides designed according to the instructions of the mirVana™ miRNA probe construction
kit (Ambion). DNA oligonucleotides are designed to include in their 3’-ends the CCTGTCTC
nucleotide motif which hybridizes with an oligonucleotide containing a T7 RNA polymerase
promoter. Following incubation with DNA polymerase and dNTPs to fill in resulting 3' ends, a T7
driven transcription reaction generates a labeled RNA probe (o-**P CTP) which is subsequently used
for RNA:RNA hybridization. After generating the RNA probe, according to the manufacturer’s
instructions, unincorporated nucleotides were removed with Performa® DTR gel filtration cartridges

(Edge Bio). Probe was stored at -20°C until use.
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Table 2.5 — Oligonucleotides used for the generation of RNA probes for 45S rRNA core promoter

region smRNA mapping. Where indicated, the position is numbered relative to the 45S rRNA

transcription start site.

Probe

5’-Sequence - CCTGTCTC-3’

Atr(-150-100) sense
Atr(-150-100) antisense
Atr(-100-50) sense
Atr(-100-50) antisense
Atr(-50+1) sense
Atr(-50+1) antisense
Atr(+1+50) sense
Atr(+1+50) antisense
Atr(+50+100) sense
Atr(+50+100) antisense
Atr(+100+150) sense
Atr(+100+150) antisense

A

B
siR435
C

D
siR1192
E
Atr(+40)

TACCAGAAAATAGGATTTAGTATCCTTATGATGCATGCCAAAAAGAATTT
AAATTCTTTTTGGCATGCATCATAAGGATACTAAATCCTATTTTCTGGTA
TCAAATTCCAAGTATTTCTTTTTTCTTGGCACCGGTGTCTCCTCAGACAT
ATGTCTGAGGAGACACCGGTGCCAAGAAAAAAGAAATACTTGGAATTTGA
TTCAATGTCTGTTGGTGCCAAGAGGGAAAAGGGCTATTAAGCTATATAGG
CCTATATAGCTTAATAGCCCTTTTCCCTCTTGGCACCAACAGACATTGAA
GGGGTGGGTGTTGAGGGAGTCTGGGCAGTCCGTGGGGAACCCCCTTTTTC
GAAAAAGGGGGTTCCCCACGGACTGCCCAGACTCCCTCAACACCCACCCC
GGTTCGGACTTGGGTAGCGATCGAGGGATGGTATCGGATATCGGCACGAG
CTCGTGCCGATATCCGATACCATCCCTCGATCGCTACCCAAGTCCGAACC
GAATGACCGACCGTCCGGCCGCCGGGATTTTCGCCGGAAAACTTTTCCGG
CCGGAAAAGTTTTCCGGCGAAAATCCCGGCGGCCGGACGGTCGGTCATTC

position
GAAATGTCTGAGGAGACACCGGTG -69 to -45
CAACAGACATTGAAATGTCTG -55to-35
CCTCTTGGCACCAACAGACATT -44 to -23
AGCCCTTTTCCCTCTTGGCAC -33to-13
CCTATATAGCTTAATAGCCCTTTT -22to +3
AACACCCACCCCCCTATATAGCTT -9 to +15
CCAGACTCCCTCAACACCCACCCC +3 to +26
CGAACCGAAAAAGGGGGTTCCCCACGGACT +28 to +57
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Table 2.6 — Other oligonucleotides used for the generation of RNA probes used in smRNA
northern blot hybridization. Where indicated, position numbers are relative to the 45S rRNA

transcription start site. (*) denotes probe will detect smRNA species in sense orientation.

Probe Position 5’- Sequence - CCTGTCTC-3’

Atr(-10)* -46 to -10 CAATGTCTGTTGGTGCCAAGAGGGAAAAGGGCTATT
Atr(-10) -46t0-10  AATAGCCCTTTTCCCTCTTGGCACCAACAGACATTG
Aar(-10) -46t0-10 TTTGTCCATTTTTGGGTCTGGCACCAGTGGAGATGC

Atr(-10+30) -14+28 CCCAGACTCCCTCAACACCCACCCCCCTATATAGCTTAATAG

25SrRNA  (25S 3’-end) TTCAATGTCTGTTGGTGCCAAGAGGGAAAAGGGCTATTAAGCTATATAGG

siR759 (45S rRNA) GAAGTCTCGGACCTGGTCGACGAA

siR1003 (5S rRNA)  AGACCGTGAGGCCAAACTTGGCAT

siR255 (ta-siRNA) TTCTAAGTCCAACATAGCGTA

AthCEN  (CEN 180bp) TGTATGATTGAGTATAAGAACTTAAAACGCAACCGCATCTTAAAAGCCTAAG
TAGTATTTC

AtSNI CCTCTATCTGAGAGATTTACCACTGGGCCAACAACACGTTGG

AtCOPIA TTATTGGAACCCGGTTAGGA

miR159 TTTGGATTGAAGGGAGCTCTA

miR163 TTGAAGAGGACTTGGAACTTCGAT

miR 164 TGGAAAGTGACTACATCGGGG

miR171 TGATTGAGCCGCGCCAATATC

miR172 AGAATCTTGATGATGCTGCAT

Northern blot hybridization.
Membranes were pre-hybridized at 42°C in 50% deionized formamide; 0.25M Na,HPO, (pH7.2);
0.25M NaCl; 7% SDS (Sambrook and Russel, 2001) in an hybridization chamber for 1 hour. Labeled

probe was denatured (90°C, Smin) and added directly to the pre-hybridization mixture. Hybridization
was performed overnight at 42°C.

Blots were sequentially washed (42°C) for 2min in 2xSSC, 2xSSC; 0.1% SDS (2x 10min),
0.5xSSC; 0.1% SDS (15min) and finally with 0.1xSSC; 1% SDS for 10min. Blots were removed from
hybridization bottles, rinsed in 0.5xSSC; 0.1% SDS and wrapped in Saran-Wrap®. Blots were
exposed to BioMax MS film (Kodak) at -80°C.
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Membranes were stripped with 50% deionized formamide; 0.1xSSC; 0.1% SDS at 65°C for 2hours

before further use.

IL.5. Cytological analysis.

I1.5.1. Leaf nucleus extraction

Nuclear extraction buffer (NEB)

1)

2)
3)
4)
S)
6)

7)

10 mM Tris-HC1 pH 9.5
10 mM KCI

0.5 M sucrose

4 mM spermidine

10 mM spermine

0.1% Mercaptoethanol

Chop 1g fresh tissue in 1-2 ml of NEB until a fine suspension is achieved. Transfer suspension
to a centrifuge tube and fix plant material for 20 min, on ice, by adding 1vol of formaldehyde
(8% formaldehyde solution, pH7.0).

Filter the suspension sequentially through a 100-50-20um mesh filter (Miracloth, Calbiochem).
Centrifuge 3 min 2.5rpm, 4°C.

Resuspended pellet with 40ul of NEB.

Apply 3 ul onto a glass slide.

Check nuclei quality by adding a drop of DAPI (4'-6-Diamidino-2-phenylindole in
CITIFLUOR antifade solution (1ug/ul)) and cover with a coverslip.

Slides can be stored at 4°C for up to a month.

I1.5.2. Immunostaining of proteins in plant nuclei

10xKPBS

1.28M NaCl

20mM KCl

80mM Na,HPO,

20mM KH,POy, (pH 7.2)
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Primary antibody incubation

1) Re-fix preparations in formaldehyde 30 min and wash 3X 5min in 1xKPBS; 0.1% Triton X-
100.

2) Block preparation by placing 200 ul blocking solution (2% BSA; 1xKPBS; 0.1% Triton X-
100) onto the slide and cover with a 22x22mm coverslip in a humid chamber for 30 min at
37°C.

3) Wash blocking solution 3X 5min in 1xKPBS; 0.1% Triton X-100.

4) Add primary antibody solution (50-100ul per slide - typically 1:200 dilution) in blocking
solution (2% BSA; 1xKPBS; 0.1% Triton X-100). For the RNPS1-FLAG protein mouse anti-
flag (SIGMA) was used. H3"™™'K9 was detected with a rabbit polyclonal H3%™™'K9
antibody (AbCam). Cover with a 22x22mm coverslip and place in the humid chamber

overnight at 4°C.

Detection, Counterstaining and Mounting

1) Wash 3X 5 min in 1xKPBS; 0.1% Triton X-100.

2) Preparations were incubated with blocking solution for 30 min in a humid chamber 37°C (2%
BSA; 1xXKPBS; 0.1% Triton X-100).

3) Anti-mouse TRITC (for detection of RNPS1-FLAG) or anti-rabbit FITC (for H3%™"'K9)
(SIGMA) secondary antibody was diluted, typically 1:1000, in 1xKPBS; 0.1% Triton X-100,
added to the slides, covered with 22x22 mm coverslip and incubate for 2h at 37°C.

4) Wash 3X 10 min in KPBS and mount the slides in DAPI (1ug/ul in CITIFLUOR) and cover

with a coverslip 22x40 mm. Keep at 4°C.

I1.5.3. DNA:DNA Fluorescent in situ hibridization (FISH)
Solutions and reagents
- Pepsin (10 mg/ ml in 10 mM HCl)
- RNAse A (100ug/ml in 10 mM Tris.HCI, pH8.0)
- 20X SSC (3M NaCl; 0.3M Sodium Citrate; pH7.5)

DNA probe labeling

A. thaliana specific 45S rRNA probe was obtained by labeling the plasmid pAt.2 (Pontes ef al.,
2003) with biotin 16 - dUTP (Roche) by nick translation (Roche Kit) according to the manufacturer’s

instructions.
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Pretreatment of chromosome preparations

1) Following immunolocalization, slides were re-fixed with 4% FAA (50% ethanol; 5%
formaldehyde; 10% acetic acid).

2) Incubate slides for 10 min at 37°C, in a humid chamber, with 200 ul pepsin/each with a
22x22mm coverslip, wash 3X in 2xSSC for Smin.

3) Add 200ul of RNAse A to each slide, cover with a coverslip, incubate in a humid chamber for
1h at 37°C. Finally, wash 3X in 2XSSC for 5Smin.

4) Incubate 10min at room temperature in 4% formaldehyde. After this treatment wash the slides
3X in 2XSSC.

5) Dehydrate slides through a 70%, 90% and 100% ethanol series, 3 min each, and air-dry.

In situ hybridization solution and hybridization conditions

Table 2.7 - DNA:DNA in situ hybridization mixture.

Reagents Final concentration in mixture
100% formamide 50%

20XSSC 2X

50% dextran sulfate (w/v) 8%

10% SDS (w/v) 0.1%

Salmon sperm (10ug/ml) 1.5ug/ul

DNA probe 200-250ng per slide

dH,O Adjusted to a final volume of 30ul

Add 30ul hybridization mixture to each slide and immediately cover preparation with a 22x22mm
coverslip. Denature slides at 80°C for 5 min on a thermocycler (MJ Research PCT-100; BioRad).
Slides were allowed to cool to 37°C with Smin incubations at 70°C, 60°C, 50°C. Transfer the slides to

a humid chamber and incubate overnight at 37°C.
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Post-hybridization washes and detection

1) Slides were rinsed in 2xSSC for 3min and subsequently with 20% (v/v) formamide; 0.1xSSC
at 42°C for 10 min.

2) 2x 5min washes in 2xSSC at 42°C, and 2x 4xSSC; 0.2% Tween-20 at room temperature were
performed.

3) Slides were blocked for 15 min at room temperature with 200ul/slide of blocking solution (5%
BSA; 4X SSC; 0.2% Tween20).

4) Primary detection was performed with mouse anti-digoxigenin antibody (Roche) (1:250 in 5%
BSA; 4X SSC; 0.2% Tween20) with the incubation performed in a humid chamber for 1h at
37°C.

5) Slides were washed with 2xSSC; 0.2% Tween 20, 2X for 3min.

6) Secondary detection was performed with rabbit anti-mouse antibody conjugated to Alexa 488
(1:400 in 5% BSA; 4X SSC; 0.2% Tween20) (Molecular Probes).

7) Slides were washed as in step 5.

8) Finally, one drop of DAPI (Iug/ul in CITIFLUOR antifade solution) was applied and

preparations covered with a 22x40 mm coverslip. Slides were stored at 4°C.

I1.5.4. RNA:RNA Fluorescent in situ hybridization (FISH)

RNA probe synthesis and labeling

RNA probes were labeled by in vitro T7 polymerase transcription (mirVana™ miRNA probe
construction kit - Ambion) with digoxigenin-11-UTP RNA labeling mix (Roche) according to the

manufacturer’s instructions.

In situ hybridization solution and hybridization conditions

RNA:RNA hybridization was performed immediately after the last wash in the protein

immunodetection protocol. Therefore slides had not been previously mounted with DAPI.
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Table 2.8 - RNA:RNA in situ hybridization mixture.

1)
2)

3)

4)

5)

6)
7)

8)
9)

Reagents Final concentration in mixture
IM PIPES, pHS8.0 0.1M

0.5M EDTA 10mM

50% dextran sulfate (w/v) 10%

5M Na(Cl 3M

Yeast tRNA (25ug/ul) Sug

RNA probe lug per slide

dH,O Adjusted to a final volume of 50ul

After adding hybridization mix, slides were incubated overnight at 42°C in a humid chamber.
Slides were washed in 2xSSC for Smin (42°C) followed by a 10min wash with 1xSSC; 50%
formamide at 50°C.

2x 5min washes in 2xSSC at 42°C, and 2x 4xSSC; 0.2% Tween-20 at room temperature were
performed.

Slides were blocked for 15 min at room temperature with 200ul of blocking solution (5% BSA;
4X SSC; 0.2% Tween20) per slide.

Primary detection was performed with streptavidin-Cy3 (SIGMA) (1:200 in 5% BSA; 4X SSC;
0.2% Tween20) for 1h at 37°C.

Slides were washed as in step 3.

Secondary detection was performed with biotinylated anti-streptavidin (Vector Laboratories)
(1:200 in 5% BSA; 4X SSC; 0.2% Tween20) for 1h at 37°C.

Slides were washed as in step 3.

Tertiary detection was performed with streptavidin Alexa 546 (Molecular Probes) (1:400 in 5%
BSA; 4X SSC; 0.2% Tween20) for 1h at 37°C.

10) Slides were washed as in step 3.

11) Finally, one drop of DAPI (lug/uwl in CITIFLUOR antifade solution) was applied and

preparations covered with a 22x40 mm coverslip. Slides were stored at 4°C.
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I1.5.5. Microscopy

Preparations were examined using a Nikon Eclipse E800i epifluorescence microscope, with
images collected using a Photometrics Coolsnap ES Mono digital camera. Images were pseudocolored

and processed with Adobe Photoshop software (Adobe systems).
I1.6. Characterization of rnspl and smd3 SALK lines.

I1.6.1. Genotyping

gDNA was extracted from leaf tissue and PCR amplified with Extract-N-Amp ~ Plant PCR Kit
(SIGMA) according to the manufacturer’s instructions.

SALK 004132 (rnpsi-1) was genotyped with primers fwd 5-AAACCAAGTCGTGG
CCGTCGTTC-3’, or rev 5-CGTTGAGGAGATGTCTCTCTTGG-3" in combination with the left
border primer of the T-DNA insertion LBal 5’- GCGTGGACCGCTTGCTGCAACT (SALK
Institute).

SALK 025193 (smd3-1) was genotyped with fwd 5’-GCAAGGGAAAGAGCGCTTCACTAGG-
3’, rev 5’-TCTCTCTTCCCTCCATGTAGAG-3’ in combination with the left border primer of the T-
DNA insertion LBal 5’- GCGTGGACCGCTTGCTGCAACT (SALK Institute).

11.6.2. Evaluation of mRNA levels

In order to evaluate if T-DNA insertion resulted in knock-out of the target gene, RT-PCR was used
in order to determine mRNA levels in the homozygous (-/-) T-DNA lines.

For identification of smD3 transcripts, primers fwd 5’-GCAAGGGAAAGAGCGCTTCACTAGG-
3> and rev 5’-TCTCTCTTCCCTCCATGTCTTCGCG-3" were used. Target mRNA sequence is
located downstream of T-DNA insertion.

For identification of rnpsl/ transcripts primers, fwd 5’-AAACCAAGTCGTGGCCGTCGTTC-3’
(A) and rev 5’-CGTTGAGGAGATGTCTCTCTTGG-3’ were used to amplify target sequences
upstream of the T-DNA insertion site. Primers fwd 5’-TATAGATCTCCTCCAAGGGGCTC-3’ and
rev 5’-CTCTCAGTGGCCTCTTAGGACTG-3’ (B) were used to amplify RNPS1 mRNA downstream
of the T-DNA insertion site. Finally, combination of primers A and B allowed analysis of mRNA

species on either side of the T-DNA insertion site.
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III — Identification and mapping of rRNA gene-derived smRNASs in

Arabidopsis thaliana.
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II1.1. Database survey for smRNAs homologous to the rRNA gene sequence.

I11.1.1. rDNA-homologous smRNAs in the ASRP database

In order to identify and characterize the distribution of siRNAs homologous to the complete DNA
sequence of the rRNA gene unit we initially searched the ASRP database (Arabidopsis small RNA
Project; www.asrp.cgrb.oregonstate.edu/db/; Gustafson et al., 2005), a publicly available Arabidopsis
thaliana smRNA database. A total of 8,954 smRNA hits to the rRNA gene query sequence were
obtained, ranging from 21 to 25nt in size and having no more than 2 nucleotide mismatches or 2 G:U
pairs, which allowed for the possibility of small sequence variation within potential rRNA gene
variants.

The great majority of the retrieved rRNA gene smRNA hits (94.7%) are in the sense orientation
and, except for the 25nt class, the different size classes are similarly represented. In contrast, antisense
smRNAs are less frequent and each size class encompasses a higher degree of nucleotide mismatch

when compared to sense SmRNAs (Table 3.1).

Table 3.1 — Frequency of rRNA gene homologous smRNAs according to size class and orientation. In
parentheses is the percentage of SmRNAs containing mismatches relative to the total number of hits in

each class (data source: ASRP database).

21nt 22nt 23nt 24nt 25nt Total (n)
Sense (%) 22.4 0.0 21.0 0.8 21.4 a3 22.2 24 13.0 3.9 8486
Antisense (%) 41.2 6.6) 22.4 13.3) 12.4 (10.3) 22.7 (10.4) 1.3 (0.0 468
Total (n) 2094 1885 1874 1989 1112 8954

The distribution of the smRNA hits to the rDNA sequence revealed that the great majority
correspond to the 45S rRNA primary transcript (98.5%) region and are in the sense orientation; almost
no antisense SmMRNA hits were identified in the various ASRP libraries. SmRNAs homologous to the
intergenic spacer (IGS) region of the gene, which accounts for almost one third of the rRNA gene
sequence, represent only 2.4% of the total (table 3.2).

When a characterization by size class and gene region is performed the predominance of sense
versus antisense SMRNAs in the 45S rRNA region is striking (fig. 3.1). It is also noteworthy that the
number of identified hits for each of the 21 to 24nt size class sense sSmRNAs is very similar (table 3.3)
and reflects the fact that in most cases for any given sequence position all SmRNA size classes are

represented. This observation is not true in the IGS region or with respect to antisense SmMRNA hits.
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Most likely, the smRNAs matching the region that corresponds to the 45S pre-rRNA result from

rRNA degradation, explaining their sense orientation.

Table 3.2 — Frequency of rRNA gene homologous smRNAs according to gene region and orientation

(data source: ASRP database).

IGS ETS 18 ITS1 58S ITS2 258 45S | Total (n)
Sense (%) 1.5 2.5 35.4 0.7 3.0 0.5 56.2 | 985 8486
Antisense (%) 179 135 231 1.7 3.2 32 374 | 82.1 468
Total (%) 24 3.0 35.1 24 1.6 0.8 54.7 | 97.6 8954

Table 3.3 — Distribution of SmRNA hits by size class and rRNA gene region. (-) denotes antisense
smRNAs. In parentheses is the ratio between sequence length / number of smRNA hits for a given

region of the rRNA gene unit.

-25nt  -24nt -23nt -22nt -2Int 2Int 22nt 23nt 24nt 25nt rRl-\IA
region
2 40 25 12 5 14 10 34 65 4 IGS
(1446.5)  (72.3) (115.7)  (241.1)  (578.6)  (206.6)  (289.3) (85.0) (44.5) (723.0) 2893bp
0 26 11 8 18 42 37 44 63 23 ETS
© (74.0)  (1748)  (240.4)  (106.8)  (457) (5200 (437  (30.5)  (83.6) 1923bp
2 11 7 30 58 675 646 651 633 402 18S
(947.0)  (172.0)  (270.6) (63.1) (32.7) 2.8) 2.9) (2.9) (3.0) 4.7) 1894bp
0 0 1 2 5 28 6 8 14 3 ITS1
© ©) (268.0)  (1340)  (53.6) (9.6) (447) (335 (19.1)  (89.3) 268bp
0 4 2 3 6 57 51 59 61 39 5.8S
) (41.0) (82.0) (54.7) (27.3) 2.9) (3.2) (2.8) 2.7 4.2) 164bp
1 2 2 3 7 15 10 7 10 4 ITS2
(190.0) (95.0) (95.0) (63.3) 27.1) (12.7) (19.0) 27.1) (19.0) (47.5) 190bp
1 23 10 47 94 1070 1020 1013 1037 631 25S
(3277.0)  (142.5)  (327.7)  (69.7)  (34.9) 3.1 (3.2) (3.2) (3.2) (5.2) 3277bp
n=8954 (X) 10525bp

Interestingly, the region that includes the core promoter of each rRNA gene (Doelling and Pikaard,
1993; 1995) is a location at which numerous smRNA hits occur, in both sense and antisense
orientation, contrasting with the otherwise sparse distribution of smRNAs elsewhere in the IGS.

Furthermore, by examining smRNA libraries originating from mutants defective for the four DICER-
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Figure 3.1- Distribution of smRNA species according to size and orientation in a A) A. thaliana
45S rRNA gene repeat; B) 45S rRNA core promoter; C) 45S rRNA partial coding sequence. Data was
retrieved from the ASRP database and queries were manually performed by searching for matches to a
complete rRNA gene repeat. The search was restricted to 21 to 25nt smRNAs with no more than 2
nucleotide mismatches or 2 G:U RNA pairing hybrids. 3’ ends were used to determine nucleotide

positions of sSmRNA species for the purposes of the graphic display.
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like enzymes or different RNA Dependent RNA polymerases, it is apparent that RDR2 and DCL3 are
involved in the biogenesis of the rRNA promoter region 23-24nt class smRNAs (fig. 3.2). In rdr2
mutants, almost no smRNAs corresponding to the IGS and ETS regions accumulate, revealing an
important role for this RARP in rDNA promoter smRNA biogenesis. This contrasts with the minimal
involvement of RDR6. DCL1 and DCL4, both of which are responsible for the biogenesis of 21nt
smRNAs, have little to no effect on promoter smRNA accumulation. The loss of DCL2 activity affects
the 22nt size class but has no effect on 23-24nt promoter smRNAs. In contrast, sSnRNA accumulation
in the 458 region is not visibly affected in any of the mutant lines, consistent with the hypothesis that

these smRNAs are primarily due to rRNA turnover (not shown).

IT1.1.2. Quantitative analysis of rDNA homologous smRNA

The limited number of smRNA hits to the rDNA gene repeat from the ASRP database provides
relatively little quantitative information on the abundance of each smRNA identified. The use of
Massively Parallel Signature Sequencing (MPSS) technology (Brenner ef al., 2000), and its adaptation
to libraries enriched for smRNA (20-30nts) provides a better basis for estimating the abundance of
different smRNAs, although in this case no size information is available as only 17nt per molecule are

sequenced by this approach (Lu ef al., 2006).

Table 3.4 — Total number of smRNA hits by orientation and rRNA gene region. (-) denotes antisense;

(+) sense orientation.

IGS ETS 18S ITS1 58S ITS2 25S | Total (n)

WT + 394 75 315 28 30 7 580 1429
- 393 77 63 20 12 3 272 840
+ 23 57 610 35 51 7 803 1586
rdr2
- 23 56 76 14 28 4 266 467

Access to WT (Col-0) and rdr2-1 mutant line MPSS data allowed the identification of distinct
domains of RDR2-dependent smRNA accumulation in the IGS region (fig. 3.3a). A cluster of
smRNAs matching the core promoter of rRNA genes was again observed, in agreement with the
ASRP data described above. Additional regions of smRNA accumulation are found in the vicinity of
the spacer promoters that are highly homologous to the gene promoter. Both sense and antisense
smRNA species accumulate to similar levels and locate to the same regions of the rDNA IGS. The
presence of siRNAs corresponding to both strands is consistent with the generation of siRNAs from

dsRNA precursors, unlike sSmRNAs that might be derived from degradation of RNA coding
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Figure 3.2- Distribution of smRNA species according to size and orientation in the A. thaliana
rRNA gene core promoter region in SmRNA libraries from mutant lines of known RNAi pathway
genes. The graphic display shows 3kb, including the 3’ end of the IGS and 5° end of ETS regions
corresponding to an rRNA gene of NOR2, on the tip of chromosome 2. The transcription start site of
the 45S rRNA is indicated (+1). Knockout of RDR?2 essentially eliminates all smRNAs matching the
core promoter. DCL3 is also involved in 23-24nt smRNA biogenesis. DCL2 is responsible for 22nt
smRNA biogenesis. RDR6, DCL1 and DCL4 have no apparent role on production of core promoter
smRNAs. No rRNA homologous miRNAs were found. Data were retrieved from the ASRP database
(www.asrp.cgrb.oregonstate.edu/db/).
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111 — Identification and mapping of rRNA gene-derived smRNAs in Arabidopsis thaliana.

sequences, which would be in the sense orientation only. Importantly, SmRNA accumulation in the
IGS is strongly reduced in the rdr2 library demonstrating that rRNA IGS smRNA biogenesis is
dependent on this RARP. In contrast, RDR2 is not involved in smRNA biogenesis of the 45S region
(fig. 3.3b; table 3.4). In general smRNAs exist throughout the entire coding sequence without any
discrete preferential points of accumulation but with a clear trend towards higher smRNA
accumulation levels in the sense orientation. It is interesting that the rdr2 library actually shows an
increase in sense smRNA accumulation especially in the regions corresponding to the functional
rRNA subunits (table 3.4). Because RDR2 is the RARP responsible for 24nt siRNA biogenesis one
might speculate that the observed enrichment is a consequence of the reduction of RDR2 dependent
smRNAs in the library such that the proportion of smRNAs generated by other pathways are over-

represented.

111.2. Validation of rDNA promoter region homologous smRNAs

The analysis of the distribution of smRNAs homologous to the rDNA genes revealed a cluster of
smRNAs overlapping the rRNA gene promoter. In order to validate this observation northern blot
hybridization was performed using low molecular weight RNA fractions (<500 nt) purified from wild-
type A. thaliana ecotype Columbia. As a first step 50nt oligonucleotide probes were designed, in both
sense and antisense orientation, homologous to 50 nt stretches of the rRNA gene sequence between
positions -150 and +150 (with +1 defined as the transcription start site) (fig. 3.4a). The set of probes
spanning -50 to +50 on both strands hybridized to 23-24nt smRNA species indicating that these are
the predominant smRNAs size classes. Signal intensity was reduced between -100 and -50 and
between +50 to +100 and was absent upstream of -100 or downstream of +100. Collectively, the data
indicate that a 100bp region centered over the transcription start site, is a hotspot for smRNA
accumulation.

To further characterize the smRNA population over the gene promoter, 22nt probes were designed,
overlapping each other by 11nt, spanning positions -60 to +30. Two probes homologous to siR435 and
siR1192, identified in the initial ASRP database screen, were used to set the phase for probe design.
The 24nt siR1192, or siR1192-like smRNAs, was readily identified by northern blot hybridization (fig.
3.4b) but in contrast the siR435 probe failed to validate this 22nt siRNA; instead, the latter identified a
24nt smRNAs in agreement with the observation in figure 3.4a that 24nt siRNAs are the predominant
size class. In the regions upstream the rRNA gene transcription start site, it is possible that the
smRNAs are phased, such that not all 22nt probes are equally able to hybridize to smRNAs in this
region whereas in the vicinity of the start site the smRNAs overlap each other such that all probes are

equally effective. An additional probe covering positions +30 to +55 (Atr(+40)) did not hybridize
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Figure 3.3- Accumulation levels and distribution of sense and antisense SmRNA molecules in the
A. thaliana TRNA gene repeat in WT and rdr2-1 genetic backgrounds. A) The IGS region includes
four locations where RDR2-dependent smRNAs accumulate in both the sense and antisense
orientation. The three clusters located upstream of the core promoter (+1) correspond to a repetitive
region located in the IGS where spacer promoters also localize (SP). The other discrete cluster
overlaps the core promoter region and extends downstream into the ETS. B) Distribution and
accumulation of smRNAs in the 45S rRNA coding sequence extending from the beginning of the 18S
to the end of the 25S rRNA. Accumulation levels are higher in sense orientation and are evenly
distributed. Nevertheless, regions near the 3’ and 5° ends of 18S, 5.8S and 25S coding RNAs are
regions for which corresponding smRNAs are particularly abundant. The data are derived from 17bp
sequences of 20-30nt smRNA fractions obtained by Massively Parallel Signature Sequencing (MPSS)
(http://mpss.udel.edu/at/; see also Acknowledgement section). The quantitative unit, TPQ (Transcripts
per Quarter Million) is used to calculate the abundance of a given smRNA in each library in order to

normalize results between different libraries (Gustafson ef al., 2005).
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111 — Identification and mapping of rRNA gene-derived smRNAs in Arabidopsis thaliana.

strongly to 24nt smRNA species (fig. 3.4c). One can conclude that the interval between -60 and +30 is
the preferential site for rRNA promoter smRNAs biogenesis.

The distribution of smRNA over the rRNA gene promoter in sSmRNA libraries of different genetic
mutant backgrounds, specifically mutants of the RARPs and DICER-/ike enzymes known to function
in A. thaliana RNAi pathways, indicated that RDR2 and DCL3 are required for the production of the
abundant siRNAs corresponding to the rRNA gene promoter. As shown in Fig. 3.4 (panel C), DCL3 is
the main DICER-/ike RNase responsible for rRNA gene promoter smRNA accumulation. As
previously observed, the abundant 23-24nt smRNA corresponding to the gene promoter are essentially
eliminated in the dc/3-1 mutant line. In the dc/3 mutant, low levels of 21-22nt smRNA molecules are
observed and are likely due to the activity of other DICERs acting on the dsRNA precursors normally
diced by DCL3. On the other hand, no significant alteration in smRNA accumulation was observed in
dcl2-1 relative to WT indicating no function for DCL2 in 24nt rRNA smRNA biogenesis. Likewise,
dcll-7 and dcl4-1 are not appreciably involved in the production of the 23-24nt size class rRNA
siRNAs. Analysis of additional mutants validated the direct role of RDR2, and the non-involvement of
RDR6, in rRNA promoter snRNA biogenesis (fig 3.4c). Of the analyzed RDR genes, only in rdr2-1
was a loss of smRNAs observed in both sense and antisense orientation. Therefore, figure 3.4 shows
that two principal RNAi pathway players involved in rRNA gene promoter siRNA biogenesis are
RDR2 and DCL3.

SiR759, or related smRNAs with 1-2 mismatches relative to SiR759 sequence, are highly
represented in vicinity of spacer promoter regions. Northern blot analyses similar to those shown in
figure 3.4 showed that these IGS smRNAs also require RDR2 and DCL3 for their biogenesis.

Northern blot hybridization failed to validate smRNA species corresponding to 25S coding region
antisense SmRNAs (fig. 3.4c). One would expect that the high accumulation levels of coding region
smRNAs relative to rRNA promoter siRNAs would allow the coding region smRNAs to be readily
identified. Such was not the case, which may be due to the fact that coding region sSmRNAs are
generated randomly, such that no one sequence is consistently generated. XRN4, the Arabidopsis
homolog of XRNPIp of S. cerevisae, which is known to be involved in degradation of rRNA
processing intermediates (Stevens ef al., 1991), seems to be involved in rRNA turnover in Arabidopsis
as well because 21nt smRNA species corresponding to the 25S rRNA accumulated in xrn4 mutants
(fig. 3.4c). The same is not observed for IGS or ETS derived smRNAs, again suggesting that IGS and

coding region smRNAs are generated in different ways.
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Figure 3.4- Validation of rRNA smRNAs by northern blot hybridization using radioactively
labeled RNA probes. A) Tandem 50nt probes in sense and antisense orientation spanning the core
promoter region from -150 to +150 (+1; transcription start site) validate the presence of smRNA
species in this region. 23-24nt size class SmRNAs are predominant, accumulate in both orientations
and are most abundant in the -50 to +50 sequence interval. B) Probes against antisense smRNA
species are 22-24nt in length and overlap each other by 11nt (for exact probe sequence coordinates see
Chapter II). siR435 (22nt — see text in II1.2.) and siR1192 (24nt), identified in the ASRP database,
were used to set the phasing of the probes. Results indicate -60 to +30 as the major region of sSmRNA
accumulation, with highest smRNA levels near the +1 transcription start site, which is overlapped by
siR1192. C) RDR2 and DCL3 were validated as key players in rRNA homologous siRNA biogenesis.
Both core promoter (Atr(-10) and Atr(-50+1)) and spacer promoter (siR759) siRNAs are essentially
eliminated in rdr2-1 and dcl3-1 mutant lines. RDR6 and the other dicers are not involved in their
biogenesis. Failure to identify 24nt siRNAs with probe Atr(+40) (homologous to positions +27 to +55)
suggests that most siRNAs accumulate upstream, nearer the rRNA gene core promoter as determined
in A) and B). 25S homologous siRNAs were not detected by RNA blotting except that the
accumulation of 21nt smRNA species occurred in xrn4. MiR163 and siR255 are shown as loading

controls.
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II1.3. smRNA precursors originate from rRNA genes

The biogenesis of siRNAs implies the existence of a precursor RNA to serve as template for RNA
dependent RNA polymerase activity and the dicing of the generated dsSRNA molecule by DICER-/ike
enzymes into 21 to 24nt short dsSRNAs. The unwinding of this short dsRNA is the final step in the
biogenesis of the functional single stranded smRNA molecule. If there are siRNAs overlapping the
45S rRNA gene promoter region it necessarily means that transcripts are being generated that
encompass homologous upstream and downstream sequences of the transcription start site of rRNA
genes.

Comparison of siR435 and siR1192 sequences against the Arabidopsis genome identified three
other locations that could potentially be sources of RNA precursors for siRNAs homologous to the
rDNA promoter region. BAC F21A14 on chromosome 3 contains an almost complete and highly
homologous (97%) 45S rRNA gene repeat but with a truncated IGS restricted to the 550bp
immediately upstream of the transcription start site. This truncated insertion is flanked by rearranged
portions of IGS and 25S coding sequence. An intron of the At3g43160 locus is also highly
homologous to the rRNA gene promoter and curiously has an annotated putative splicing site 17bp
upstream of a homologous 45S rRNA transcription start site. Finally, BAC F14M2 (chromosome 1)
consists of rearranged portions of IGS and ETS sequences (60-80% homologous to rDNA) but still
conserves almost identical sequences to the rDNA promoter region. Therefore, besides NOR2 and
NOR4, the NORs on chromosomes 2 and 4, respectively, other regions could potentially transcribe an
rRNA precursor capable of triggering rRNA promoter derived siRNA biogenesis.

In order to identify RNAs overlapping the 45S rRNA transcription start site and their possible
origin, primers flanking the 45s rRNA gene core promoter and the validated sites of siRNA
accumulation were used in RT-PCR reactions (fig 3.5a). The amplicons obtained were gel purified and
sequenced to verify which of the candidate /oci could be responsible for transcribing the precursor
RNA for rRNA siRNA biogenesis. The retrieved sequenced data showed near perfect homology to the
rRNA sequences found in both NOR2 and NOR4 repeat clusters as well as the locus in BAC F21A14
(>98%), but not to BAC F14M2 or the At3g43160 loci (fig. 3.5¢). For the latter, specific primers were
designed in exons unrelated to rRNA sequences and flanking the intron whose sequence is
homologous to the rRNA gene promoter. No RT-PCR product was obtained as a result of
transcriptional activity of this gene leading to the conclusion that it is likely silenced (fig. 3.5b). As for
the rDNA /ocus in BAC F14M2, the validation of 24nt siRNA similar to the annotated siR435 (fig.
3.4b), and the lack of homologous DNA sequence for this particular smRNA in the F14M2 sequence
makes it unlikely that this locus is contributing for the 45S rRNA smRNA pool (fig. 3.5¢). Although
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Figure 3.5- Identification of RNAs overlapping the 45SrRNA transcription start site. Truncated
NOR-homologous DNA sequences are present in other locations in the Arabidopsis genome and could
be potential sources of siRNA precursor RNAs A) RT-PCR of transcripts overlapping the
transcription start site of 45S rDNA genes in A. thaliana ecotype Col-0; the primer positions are
indicated in diagram. B) RT-PCR of At3g43160 failed to identify any transcripts (400bp) from this
locus indicating that it is unlikely to be a source of precursor transcripts for 45S rDNA-homologous
siRNAs shaded area in C corresponds to a putative exon). C) Sequence alignment of the RT-PCR
amplicon obtained with the primer E and the different /oci containing core promoter-related

sequences. Highlighted is the position of siR435 in the core promoter sequence.
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we are unable to distinguish NOR2 and NOR4 rRNA gene transcripts from potential transcripts
generated from the truncated single rRNA gene in BAC F21A14, it is likely that the NORs are the

source of the transcripts giving rise to the identified smRNAs.

111.4. Discussion

The identification and mapping of smRNA molecules homologous to the rRNA gene sequence
revealed a discrete interval overlapping the gene promoter within which 23-24nt siRNAs are abundant.
The biogenesis of these siRNAs is dependent on the RNA dependent RNA polymerase RDR2 which is
thought to generate the dsRNA precursors sliced by DCL3 into 24nt siRNA duplexes. These
observations indicate that the 45S rDNA promoter-homologous smRNAs are generated by the same
pathway that generates siRNAs from 5S rRNA /oci (siR1003) or AtSNI retroelements (Llave et al,.
2002; Xi et al,. 2004). These so-called heterochromatic siRNAs are involved in mediating DNA
methylation at homologous /loci and, in the case of AtSNI, at least, induce transcriptional gene
silencing because higher levels of transcript accumulation are observed in rdr2 mutant lines (Herr et
al., 2005).

Queries of both the ASRP and MPSS Arabidopsis databases using the complete sequence of a 45S
ribosomal gene unit retrieved a high number of smRNA molecules homologous to the rRNA genes.
Taken together, both databases reveal similar distributions of hits across the rRNA gene sequence and
the datasets complement each other, with size class information provided by the ASRP data and
quantitative information provided by the MPSS data.

The 45S rRNA coding sequence displays a high density of overlapping smRNA hits, frequently
displaying sense smRNAs for all the analyzed size classes (21-25nts). This high diversity and density
in smRNA molecules is not paralleled in the antisense orientation where SmRNA hits are scattered and
accumulate to lower levels than their sense orientation counterparts. 45S rRNA coding region
smRNAs are quantitatively more abundant than ETS and IGS siRNAs. Curiously, regions near the 3’
and 5’ ends of the 18S, 5.8S and 25S structural rRNAs seem to be regions for which smRNAs are
especially abundant. Coding region smRNAs are not dependent on known RNAi pathways, as
evidenced by the fact that there accumulation is unaffected by mutations in any of the four dicers.
Northern blot analysis with probes homologous to the 18S (not shown) and 25S coding regions failed
to validate the occurrence of homologous smRNA molecules. The long 45S rRNA is transcribed and
processed in the nucleolus by excision of transcribed spacers to produce the functional 18S, 5.8S and
25S rRNAs. Transcribed spacers are rapidly degraded and don’t accumulate whereas the functional
ribosomal RNAs constitute the major fraction of a cell's RNA pool and are the major bands observed

upon resolving total RNA in an agarose gel and staining with ethidium bromide. The observed bias
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between sense and antisense SmMRNAs both in size class population and accumulation is indication that
these coding region smRNA molecules are likely to be degradation products. This conclusion is
supported by the non-involvement of RDR6 in their biogenesis (not shown) and the enrichment of 45S
rRNA homologous smRNAs in rdr2 mutants in which depletion of the 24nt species might allow for
relative enrichment of other smRNA species, including miRNAs and 21-22nt siRNAs (Lu et al.,
2006). Furthermore, the accumulation of 25S coding sequence homologous 21nt smRNAs in x7n4 also
points to a cytoplasmic rRNA degradation pathway. XRN4 encodes a homologue of the S. cerevisae
XRNPIp exoribonuclease involved in RNA degradation (Hsu and Stevens, 1993; Kastenmayer and
Green, 2000; Muhlrad and Parker, 1994). In Arabidopsis sp. this exoribonuclease localizes in the
cytoplasm (Kastenmayer and Green, 2000) where it is involved in mRNA degradation and is
implicated in the degradation of 3’ end products of miRNA mediated cleavage (Souret et al., 2004).
The accumulation of 21nt smRNAs in xrn4 mutants might indicate that loss of function of XRN4 could
trigger an alternative pathway for rRNA turnover or that the exoribonuclease normally act on 21Int
smRNA substrates originating from an upstream step of rRNA degradation. Importantly, core
promoter and ETS smRNAs accumulation was not significantly affected by this cytoplasmic
exoribonuclease. Accumulation of smRNAs in both sense and antisense orientation relative to the 45S
rRNA coding sequences points to the existence of dSRNAs, which might be generated by the action of
rdRPs, and/or cryptic promoters on both strands. Whole genome approaches to evaluate transcriptional
activity in Arabidopsis (Lu et al., 2006) have identified 45S rRNA antisense transcripts that could be
the source of the identified antisense smRNA molecules.

The IGS region of rRNA genes displays discrete domains of smRNA accumulation in both sense
and antisense orientation. One domain corresponds to repeated regions in the IGS upstream of spacer
promoters and another is approximately 500bp upstream of the core promoter (note the distribution of
smRNA species in figure 3.3a). A distinct domain is localized in the core promoter region where
smRNA species overlap the transcription start site. As validated by northern blot hybridization, the
24nt size class rRNA promoter siRNAs are predominant and essentially eliminated in rdr2 and dci3
mutant lines. RDR6 does not participate in their biogenesis nor do DCL1, DCL2 or DCL4 DICER-like
enzymes. This observation eliminates the possibility that promoter siRNAs are dependent of the
convergence of multiple pathways as is the case for ta-siRNAs (Gasciolli et al., 2005). DCL2 is not
required for the generation of the 24nt class although this dicer is apparently involved in the
biogenesis of rRNA 22nt siRNAs. Validation of 24nt species identified a discrete interval overlapping
the rRNA core promoter and covering the region between -60 to +30 (+1 transcription start site). Read
through transcripts were identified overlapping the transcription start site and are likely to originate

from rRNA gene units in the NORs and not from other ribosomal sequences elsewhere in the genome.
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Spacer promoter sequences are highly diverged from the core promoter except in the -90 to +13 region
where near perfect sequence homology exists (not shown) indicating that siRNA species downstream
of the transcription start site are core promoter specific and that the former are probably not the source
of RNA precursors.

RDR2 and DCL3 were found to colocalize with siRNAs in the nucleolus (Pontes et al., 2006). The
siRNA nucleolar processing center is a discrete dot-like domain where siRNAs originating from 45S
and 5S rRNA genes as well as AtSNI and AfCOPIA retroelements were found to accumulate.
Disruption of RDR2 dependent dsSRNA precursor synthesis results in delocalization of DCL3 from the
nucleolus whereas the opposite is not observed. This is strong evidence that the nucleolar processing
center is in fact the nuclear structure where 24nt siRNA biogenesis occurs although it still remains to
be verified if RNA precursors are imported as single or dSRNA molecules (Pontes ef al., 2006). Core
promoter siRNAs validated in this study were also found to localize to the nucleolar processing center
and to be essentially eliminated from this nucleolar domain in rdr2-1 and dc/3-1 mutant lines, further
indicating that they belong to the heterochromatic siRNA class. Probe Atr(+40) failed to identify any
significant accumulation of rRNA siRNAs and defined the downstream border of the core promoter
siRNA interval. Supporting evidence for the northern blot data was obtained by RNA in situ
hybridization with a version of this probe designed to identify sense smRNAs. Atr(+40)* hybridized
with 45S pre-rRNA transcripts, essentially occupying the entirety of the nucleolus, but the
hybridization signal was excluded from the siRNA processing center (Pontes et al., 2006). These
observations raise the question of what specifies the RNAs to be used as substrate for siRNA
biogenesis. 45S rRNA precursor processing occurs in the nucleolus but does not result in siRNA
accumulation. In contrast, sSiIRNAs homologous to the core promoter region are readily identified even
though expression levels of transcripts overlapping the transcription start site are much lower. In
mammals, IGS derived transcripts are 100 fold less abundant than 45S rRNAs (Mayer ef al., 2006). In
Arabidopsis sp., S1 nuclease protection assays with DNA probes overlapping the transcription start
site hybridizes to 45S rRNA transcripts, an approach that actually determined the exact position of
transcription initiation by pol I, and to a lesser extent read-through transcripts at ~10% of the level of
transcripts initiating at +1 (Doelling and Pikaard, 1993; 1995). It is likely that NOR promoter siRNAs
originate from the processing of a dSRNA whose sense strand originates upstream in the IGS and
which hybridizes with an antisense RNA originating from a cryptic promoter downstream of the 45S
rRNA transcription start site. It is not clear why the siRNA accumulation is so restricted as RNAs
overlapping the core promoter extend beyond the determined interval, but it is possible that it results
from cleavage of precursor RNAs before siRNA biogenesis occurs. Active rRNA genes are localized

in the nucleolus where there is some evidence that mRNA and tRNA processing also occurs. It can be
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speculated that the action of RNA processing machinery, also involved in 45S rRNA maturation,
could target and cleave a siRNA dsRNA precursor.

In mammals, epigenetic control of rRNA gene activity is proposed to involve a 150-300nt RNA
homologous to the rDNA promoter and generated from a 2kb upstream spacer promoter (Mayer ef al.,
2006). Association with this non-coding RNA apparently guides NoRC (Nucleolar Remodeling
Complex) to the rDNA promoter and triggers H3K9 and H4K20 methylation and HP1 recruitment,
hence promoting gene silencing (Santoro et al., 2002; Santoro and Grummt, 2005). Epigenetic
regulation of A. thaliana TRNA genes is also dependent on DNA methylation and histone post-
translational modifications (Chen and Pikaard 1997a; Lawrence et al., 2004). Active genes are

trimethyl

essentially demethylated in the promoter region, associated with H3 K4 and acetylated histones

and, importantly RNA polymerase I. Approximately 80% of the rRNA genes are densely methylated

and associated with H34™""!

K9 and are likely to account for the inactive set (Lawrence et al., 2004).
In plants, the 24nt siRNA class is involved in sequence specific DNA methylation of homologous
regions in the process known as RNA directed DNA methylation (RdADM) (Mette et al., 2000). The
siRNA induced epigenetic silencing also involves methylation of H3K9 leading to establishment of a
heterochromatic state at the targeted chromatin (Chan et al., 2006; Lippman et al., 2003; Volpe et al.,
2003). Targeting of the 45S rRNA promoter and establishment of heterochromatic marks could inhibit
pol I binding and transcription initiation. Therefore, it is feasible to raise the hypothesis that the 24nt

siRNAs homologous to the promoter could play an important role in rRNA gene epigenetic control.
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1V.1. The plant specific RNA polymerase IV.

Analysis of the Arabidopsis genome sequencing data revealed four genes displaying similarity to
the largest and second largest subunits (two genes each) of the nuclear DNA dependent RNA
polymerases I, II and III, suggesting the existence of a still uncharacterized fourth class of RNA
polymerases in plants (pol 1V). Initial evidence pointed to pol IV involvement in the heterochromatic
siRNA pathway (Onodera et al., 2005). In order to test this hypothesis smRNA levels were analyzed
in distinct T-DNA insertion lines for each of the largest and second largest subunits of this new RNA
polymerase. For NRPD1a, encoding the largest subunit of Pol IVa, alleles nrpdla-3 (SALK 128428)
and nrpdla-8 (SALK 083051 — not shown) were analyzed. In the case of the second largest subunit,
nrpd2a-1 (SALK 095689 — not shown) and a double mutant nrpd2a-2/nrpd2b-1 (SALK 046208 and
SALK 008535, respectively) were used. Existing evidence points to NRPD2b being a non-expressed
pseudogene (Onodera et al., 2005) but in order to rule out any possible functional redundancy with
NRPD2a the double mutant was used for subsequent studies in this work.

Initial evidence for an involvement of pol IV in heterochromatin assembly resulted from the
observation that this polymerase was required for DNA methylation of 4¢tSNI and 5S rRNA loci. As
shown in fig. 4.1a, loss of 5S rRNA gene DNA methylation in the CpNpNp sequence context can be
evaluated by digestion of genomic DNA with the methylation sensitive endonuclease Haelll. Except
for dci3-1, loss of function mutations in all of the known players of the 24nt siRNA heterochromatic
pathway result in demethylation of 5S gene sequences when compared to WT. This loss of
methylation phenotype is also observed in mutants defining pol IVa and pol IVb. Loss of function
mutations alleles of DDM1I and METI, which are required for maintenance methylation in CpG and
CpNpGp sites but are not involved in 24nt 5S rRNA siRNA biogenesis, display higher levels of DNA
methylation. Likewise, DCLI, required for miRNA biogenesis, is not involved in 24nt siRNA
biogenesis and does not affect DNA methylation at 5S rRNA loci. Together, these results confirm the
involvement of pol IV in the RADM pathway (Herr et al., 2005; Kanno et al., 2005; Onodera et al.,
2005).

Knock-out of NRPDIa and NRPD2a in all analyzed T-DNA lines eliminates 24nt siRNAs derived
from AtSNI retro-elements, 5S rDNA intergenic spacers and 45S rDNA promoter regions (fig. 4.1b).
The 21-22nt AtSNI siRNAs detected in nrpd2a-2/nrpd2b-1 homozygous lines was found not to be
reproducible (see also fig. 4.2). Evaluation of miRNA accumulation levels (figlV.1b) showed that pol

IV is not involved in their biogenesis and thus plays no role in the miRNA pathway. However, pol IVa
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Figure 4.1 — A) Analysis of 5S rRNA gene repeat methylation levels in pol IVa (nrpdla-3;
nrpd2a-2/nrpd2b-1), RADM pathway, microRNA pathway (dcl/l-7) and methylation mutants (ddm-2;
metl-1). Genomic DNA was digested with Hae III and hybridized to a 5S rRNA gene probe. Southern
blot results reflect alterations of DNA methylation levels in a CpNpN sequence context. B) Biogenesis
of 24nt siRNAs derived from 45S and 5S (probes Atr(-10) and siR1003 respectively) rRNAs and
AtSNI retroelements is compromised in nrpdla-3 and nrpd2a-2/nrpad2b-1 homozygous mutants (-/-)
relative to WT siblings (+/+). Loss of function mutations in pol IVa subunits do not affect miRNA

accumulation.
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function is not restricted solely to the 24nt siRNA biogenesis pathway as it as been implicated in nat-

siRNA production (Borsani et al., 2005).

1V.2. 455 rRNA 24nt siRNA biogenesis is dependent on two distinct pathways.

Biogenesis of 24nt siRNAs homologous to the 45S rRNA IGS and core promoter are dependent on
RDR?2 and DCL3 (see chapter I1I) and the plant specific pol IVa. These observations are indicative that
45S rRNA siRNAs are products of the endogenous siRNA heterochromatic pathway in Arabidopsis.
To further characterize their biogenesis, other known players involved in heterochromatic siRNA
biogenesis were analyzed and their effects on 45S rRNA siRNAs were compared to AtSNI, 5S rRNA,
centromere repeats and AfCOPIA derived siRNAs (fig. 4.2).

All analyzed 24nt siRNA species were found to be dependent on the activity of DCL3, RDR2, pol
IVa and pol IVb confirming previous observations (Herr ef al., 2005; Onodera et al., 2005; Pontes et
al., 2006, Xie et al., 2004). AGO4 was found to have a mild effect on 45S rRNA core promoter and 5S
rRNA siRNAs, contrasting with the strong dependency on this protein for siRNA biogenesis from
AtSNI, AtCOPIA and centromere repeats. siR759, representative of 45S rRNA IGS derived siRNAs,
was found to increase its accumulation levels in ago4-1. HENI, involved in smRNA stability (Li et
al., 2005), is required for accumulation of all siRNA species analyzed. Typically, siRNA accumulation
levels are reduced in henl-1 and a size shift is observed, as illustrated by the identification of 25nt
siRNA species (compare hybridization patterns on siR759, Atr(-10) and siR1003 between WT Ler and
henl-1 in fig. 4.2).

DRM2 is the main DNA methyltransferase involved in heterochromatic siRNA biogenesis (Cao et
al.,2004). MET1 was found to be required for centromere derived siRNA production (fig. 4.2) (May
et al., 2005; this study). 45S rRNA core promoter siRNAs were found to depend on DRM2 for its
biogenesis, being essentially eliminated in drmi/drm2. In contrast IGS homologous siRNAs (siR759)
are dependent on MET1 activity, apparently sharing the same siRNA pathway required for centromere
siRNA production. Curiously, the DNA methyltransferases display opposite effects at some /oci.
Specifically, siR1003 accumulates to higher levels in the met/-1 mutant while siR759 presents the
same phenotype in a drm1/drm2 background.

Finally, effects of chromatin remodeller activities were also evaluated. DRD1 (Kanno et al., 2004)
is part of the RdADM pathway in Arabidopsis and found to be involved in 45S rRNA promoter siRNA
biogenesis. In contrast, siR759 accumulation is not dependent on this protein but on DDM1 activity
(fig. 4.2). This observation is further evidence that 45S rRNA core promoter and IGS siRNAs

biogenesis is dependent on two distinct pathways. Core promoter siRNAs are part of the same
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Figure 4.2 — Analysis of RNAi pathway members involved in the biogenesis of 45S rRNA
homologous siRNAs. 45S rRNA core promoter siRNAs (Atr(-10)) require activity of the same
pathway members responsible for 5S rRNA, AtSNI and AtCOPIA siRNA biogenesis, including DRM?2
and DRDI. 458 spacer promoter siRNA (siR759) biogenesis is dependent on DDM1 and MET1 but
not on DRM2 and DRDI activity, as is the also the case for siRNAs homologous to 180bp centromeric
repeats. All 24nt siRNA species analyzed by Northern blot are dependent on activity of pol IVa and
pol IVb, RDR2, DCL3 and HENI. EtBr stain of 5S rRNA is shown as loading control.
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pathway as siR1003, AzSNI and AtCOPIA siRNAs that are involved in RADM by a DRM2 and DRD1-
dependent pathway. In contrast, IGS derived siRNAs require activity of MET1 and DDMI for their

biogenesis, similar to centromere repeats.

1V.3. The RdDM pathway is involved in interphase organization of NORs.

45S and 5S rRNA interphase organization is altered in an nrpd2a-2/nrpd2b-1 mutant background
(Onodera et al., 2005). DNA in situ hybridization was performed in loss of function mutants of the
Arabidopsis RADM pathway to further evaluate the role of the endogenous heterochromatic siRNA
pathway in the modulation of NOR nuclear organization. Discrete in sifu hybridization signals were
considered and if more than one hybridization signal was identifiable in a cluster each was scored
individually. As presented in table 4.1, WT nuclei of the different ecotypes analyzed preferentially
display three discrete and compact NOR foci (>60% of nuclei examined), perfectly overlapped with
the DAPI positive chromocenter, in agreement with previous observations (fig. 4.3a&b) (Fransz et al.,
2002). DDM1 and METI were previously shown not to be involved in NOR interphase organization in
A. thaliana (Soppe et al., 2002). The obtained results (table 4.1) do not display a significant alteration
of the number of foci observed in ddmli-1 and metl-1 when compared to WT Col-0, although
interphase NOR foci display a small level of decondensation which is apparent as a fuzzy
hybridization signal in the mutant backgrounds (fig. 4.3a). With the exception of ago4-1, all other
analyzed RdDM pathway mutants displayed significantly altered NOR interphase organization
patterns (table IV.1). Amongst the observed phenotypes, FISH signals were frequently diffuse, 45S
rRNA loci were disrupted into multiple foci and, to some degree, association of NORs with
chromocenters was lost (fig. 4.3a&b).

Despite significant alterations in the number of foci, RADM mutants do not affect association
patterns of NORs in interphase nuclei, as three NOR foci were most frequently observed in the
mutants, as in wild-type. Therefore, an increase in the number of foci can be interpreted as an
alteration in the organization of the NORs.

Distribution of frequencies amongst WT ecotypes was found not to be significantly different
(x2=7.32; d.f.=3; p<0.2) enabling direct comparison between NOR chromatin organization in RdADM
pathway mutants with different genetic backgrounds. Interestingly, three different groups of genes
were found to mediate significantly different NOR interphase organization patterns. Pol IV subunit
mutants and drmi/drm2 cluster in one group (x°<2.79; d.f.=2; p<1) which is significantly different
from a second group composed of rdr2-1 and dci3-1 (nrpdla vs dcl3-1: ¥*=9.74; d.£=2; p<0.01 / rdr2-
1 vs dcl3-1: y*=3.14; d.£=2; p<1 ). One explanation for this observation could come from the fact that
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Figure 4.3 — A) & B) Analysis of NOR chromatin organization in leaf interphase nuclei of WT
and RNAi pathway mutant lines involved in the biogenesis of 45S rRNA homologous siRNAs by

fluorescent in situ hybridization (FISH). 45S rDNA probe (red). DNA was counterstained with DAPI
(size bar = Sum).
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1V — RNAi mediated chromatin modifications in Arabidopsis thaliana ribosomal genes.

the latter are specific components of the 24nt siRNA heterochromatic pathway whereas the former
have been implicated in RNAi based stress response mechanisms. The third group has a single
member, henl-1. HENI, required for smRNA stability, is involved in all known RNAi pathways in
Arabidopsis. henl-1 mutant plants display cumulative defects in development, post transcriptional
gene silencing and RdADM which could explain why the distribution amongst the assigned classes is
significantly different from the one observed for all other analyzed mutant lines (nrpdla vs henl-1:

v*=6.04; d.f=2; p<0.05 / rdr2-1 vs henl-I: ¥*=8.99; d.f.=2; p<0.025) .

Table 4.1 — Frequency (%) of interphase nuclei displaying a distinct number of NOR foci, following
in situ hybridization with an A. thaliana 45S rDNA probe. x’-test was used to compare NOR patterns
observed in mutant genotypes to patterns in WT backgrounds (d.f.=2). The null hypothesis (no

difference) was not rejected if p>0.5.

45S rDNA foci number (%)
<2 3 >4 r n

Col-0 (wt) 19 65 16 167
ddml-2 21 64 15 0.09 (p=<1) 73
metl-1 15 71 14 1.07 (p<1) 98
nrpdla-3 17 45 38 19.94 (p<0.001) 147
nrpd2a 28 41 31 17.22 (p<0.001) 134
nrpdlb-11 23 38 39 29.44 (p<0.001) 189
rdr2-1 4 59 37 23.46 (p<0.001) 97
dcl3-1 8 63 29 11.66 (p<0.01) 116
WS (wt) 17 75 8 112
drml1/drm?2 19 49 32 20.24 (p<0.001) 103
Ler (wt) 20 61 19 143
ago4-1 15 62 23 1.61 (p<1) 143
henl-1 9 41 50 30.59 (p=<0.001) 125

1V.4. 458 rRNA transcript levels are not modulated by the 24nt siRNA pathway.

45S rRNA core promoter siRNAs require for their biogenesis all known members of the RADM
pathway and NOR interphase organization is altered in mutants defining this pathway. In order to
evaluate if a correlation exists between these observations and the transcription rate of 45S rRNA

genes, multiplex Real Time Quantitative RT-PCR was performed. As presented in figure 4.4a, no
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Figure 4.4 — A) Evaluation of transcription levels of 45S rRNA genes in nrpdla-3, dci3-1, drdl-1,
nrpdlb-11 and rdr2-1 mutant lines. Two-step multiplex Real-Time Quantitative RT-PCR was
performed with Taqgman probes homologous to the 45 rRNA ETS region and Actin (4CT72). Relative
quantification was normalized to Col-0 (WT). Results presented correspond to three independent
experiments and two biological replicates. Error bars depict standard deviation. B) Same as in A),
dilution series of cDNA input demonstrating that relative quantification data is comparable between

independent reactions for the same cDNA input. Results in A) correspond to 1/5 dilution.
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significant changes in 45S rRNA transcript levels were observed between WT and mutant
backgrounds.

In order to eliminate the possibility of experimental error due to PCR conditions, a dilution series
was performed (fig. 4.4b). Although ratios (RQ) of target sequence (45S rRNA) to endogenous control
(ACT2) were observed in different experiments, results for WT and dc/3-1 mutants do not significantly

differ for a given template input.

1V.5. Arabidopsis RNPS1 is involved in 24nt siRNA accumulation.

Biogenesis of heterochromatic siRNA was found to occur in the nucleolus (Pontes et al., 2006).
Identification and localization of proteins involved in mRNA maturation demonstrated accumulation
of an Arabidopsis protein similar to RNPSI (Atlgl6610), a member of the exon-joinning complex in
mammals, in a discrete nucleolar focus (Pendle et al., 2005). Arabidopsis RNPSI was found to
colocalize with the siRNA nucleolar processing center (fig. 4.5a), indicating a possible link between
smRNA precursors and the RNA processing machinery. Additionally, the Arabidopsis homolog of the
small nuclear RNA binding protein SmD3 (At1g76300) was shown to colocalize in a Cajal body with
AGO4 (Li et al., 2006), the Argonaute protein involved in the siRNA heterochromatic pathway. SmD3
is a core protein of the small nuclear ribonucleoproteins which are central components of the
spliceossome (Khusial ef al., 2005). These observations raise the hypothesis that RNA maturation or
surveillance mechanisms could be involved in signaling mRNAs to become precursors for siRNA

biogenesis.

IV.5.1. Analysis of T-DNA loss of function alleles of SmD3 and RNPS1

In order to evaluate the potential role of RNA processing pathways in smRNA biogenesis, we
obtained T-DNA insertion, loss of function SmD3 and RNPSI alleles. SALK 025193 proved to be a
SmD3 null mutant (smd3-1) as determined by RT-PCR with primers designed to amplify the 3° end of
the mRNA downstream of the T-DNA insertion site (fig. 4.5a). Three different T-DNA lines were
analyzed for RNPSI. Homozygous mutants were recovered in SALK 004132 (rnpsi-1) whereas in the
other screened transgenic lines only hemizygous or WT siblings were recovered in the progeny of
hemizygous plants (SALK 018237: SALK 149423 - not shown). One explanation for these
observations is that rnps/-1 may be a weak allele whereas the other T-DNA insertion lines might
result in complete loss of function leading to lethality. RT-PCR identified rnpsi-1 derived transcripts
both at the 5’ and 3’ ends of the gene relative to the T-DNA insertion site, although at lower levels
than displayed by the WT allele (fig. 4.5a). Combination of the 5’ forward with the 3’ reverse primer
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readily amplified the expected WT 1.2kb amplicon but no amplification product was observed in the
homozygous mutant. The rnpsi-1 allele is therefore transcribed but is likely to be translated into a

truncated or altered protein whose function, likely compromised, is still sufficient to allow viability.

IV.5.2. Analysis of 24nt siRNA biogenesis in rupsl and smD3 mutants

Northern blot analysis was performed in order to determine the potential effect of RNPSI and
SmD3 genes in the biogenesis of endogenous smRNA species. SmD3 plays no role in 24nt siRNA
accumulation derived from the different loci analyzed (fig. 4.5b). Failure to observe accumulation of
siRNAs homologous to probe Atr(+40) could be a further indication that RNA splicing is not involved
in generating the precursor rRNA gene-derived species to be processed by the siRNA heterochromatic
pathway (not shown). One could predict that failure to splice non coding RNAs overlapping the core
promoter of 45S rRNA genes at position +17 (relative to the 45S rRNA transcription start site) would
extend the siRNA accumulation interval further downstream, beyond its determined 3’border (see
Chapter III). These results demonstrate that the putative splicing site located downstream of the core
promoter of 45S rRNA genes has no function in siRNA biogenesis at this locus (see also Chapter III).
In contrast, decreased 24nt siRNA accumulation was observed in rups/-1 mutants for 45S and 5S
rRNA genes and AtCOPIA transposable elements (fig. IV.5b). These genes showed no effect in either
miRNA or ta-siRNA biogenesis. Collectively, the results implicate RNPS1 specifically in 24nt siRNA

biogenesis.

IV.5.3. DNA methylation of target loci is unaffected in rnpsI-1 mutant line

Heterochromatic siRNAs act as guides for sequence homology-based targeting of effector
complexes to DNA sequences. Heterochromatinization of target DNA sites is achieved by DNA
methylation and histone modification. Pol IVa is required for siRNA-directed DNA methylation of
AtSNI and 5S rRNA genes (Herr et al, 2005; Onodera et al., 2005). The involvement of RNPSI1 in
24nt siRNA accumulation prompted an evaluation of DNA methylation levels at these /oci (fig. 4.5¢).
Loss of DNA methylation was readily observed for both DNA sequences in pol IVa mutant lines,
confirming previous results. SmD3 and XRN4, shown not to be involved in 24nt siRNA biogenesis
(see also Chapter III), had no effect on A£SNI or 5S rRNA /oci methylation levels. Such was also the
case for rnpsi-1, where both methylation in the CpNpNp context in 4£SNI and CpG and CpNpNp in
5S rRNA genes were essentially unaffected. One possible explanation is that rnpsi-I1, which is
probably not a complete loss of function allele, only displays mild effects on siR1003 accumulation

levels and that the remaining siRNA pool is still sufficient to guide RADM.
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Figure 4.5 — A) Double immunolocalization and RNA FISH in A. thaliana leaf interphase nuclei.
A 35S driven RNPSI-FLAG c¢DNA construct was immunolocalized using anti-FLAG (red). A
digoxigenin labeled RNA probe was used for localization of siR1003 (green). DNA was couterstained
with DAPIL. B) Two-step RT-PCR was used to evaluate knock-out of smd3 and rnpsi T-DNA lines.
For SALK 025193 (SmD3), primers were designed to amplify transcription products located
downstream of the T-DNA insertion but within the ORF. Genomic DNA was amplified as a control. In
the case of SALK 004132 (RNPSI), primer pairs to amplify both 5’ and 3’ ends of the ORF were
designed relative to T-DNA insertion. Additionally, forward primer used for 5’-end amplification was
combined with reverse primer for 3’-end amplification (T-overlap) in order to identify possible
aberrant RNPSI RNAs overlapping the T-DNA insertion site. C) Northern blot detection of 45S (Atr(-
10)), 5S (siR1003) rRNAs and AtCOPIA siRNAs, miR159 and siR255 in smd3-1 and rnpsi-1 mutant
backgrounds. EtBr stain of 5S rRNA is shown as loading control. D) DNA methylation analysis at
AtSNI and 5S rRNA /oci in pollVa mutant lines and xrn4-5, smd3-1 and rnpsi-1. For AtSNI, gDNA
was digested with Haelll (CpNpN) and PCR amplified with primers specific for A4tSNI or a control
gene lacking Haelll restriction sites. 5S rRNA methylation analysis was performed by Southern blot
hybridization of gDNA digested with Haelll and Hpall (CpG). E) rnpsi-1 plants display
morphological phenotypes including reduced growth rate and altered leaf morphology when compared

to WT Col-0.
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IV.5.4. rnpsI-1 mutant lines display morphological phenotypes

No visible morphological phenotype was observed for smd3-1 homozygous plants (not shown). In
contrast, rnpsi-1 plants display morphological phenotypes in leaf shape, flowering time and plant
development. Seed viability and germination time were unaffected when compared to WT plants. First
and second pairs of true leafs display loss of symmetry which results in a curled leaf phenotype (fig.
4.5d). Leaf phenotypes also include serrated margins (most visible at emergence), altered shape and
growth rate (fig. 4.5d). rnpsi-1 plants displayed reduced leaf growth rate when compared to WT Col-0
but at 5 weeks after germination both genotypes displayed the same plant diameter (table 4.2).
Flowering time is also affected in these mutants (16hours light; 25°C). Three weeks after germination
9/9 Col-0 WT plants had flowered whereas rnpsi-1 inflorescences emerged 5-7 days later.
Furthermore, 4/11 mutant plants presented 10 true leafs at flowering whereas all (9/9) Col-0 individual
plants displayed 8 true leaves at the same developmental stage, as did the remainder of rupsi-1

individuals analyzed (7/11).

Table 4.2. — Comparison of rupsi-1 and Col-0 WT plant diameter (cm) during vegetative growth. The
Student T significance test (k=18) of two unknown means and unknown standard deviations was used
to compare both populations. 3 weeks after germination rupsi-1 and Col-0 (WT) plants displayed
significantly different plant diameters (t.,.=14.483; p<0.001). 5 weeks after germination, plant
diameter of both genotypes was found not to be significantly different (t.,=0.649; P=0.736).

0 (cm) rapsl-1 Col-0 (WT)

1| 3.13 5.02

3 weeks 5
c 0.07 0.10
a 8.71 8.61

S weeks 5
c 0.54 0.24

n 11 9

1V.6. Discussion.

Our understanding of the plant specific heterochromatic siRNA pathway has been substantially
increased due to recent studies made by a number of research groups in identifying and characterizing
key elements of the pathway. As a result of the research conducted in three laboratories (Herr et al.,

2005; Onodera et al., 2005, Pontier et al., 2005), and in part to results obtained in this study, a new
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player in the form of RNA polymerase IV was identified. NRPDIa and NRPD2a encode the largest
and second largest subunits of pol IVa and loss of function mutations in any of these genes results in
total loss of endogenous 24nt siRNA species (fig. 4.1b), a phenotype only paralleled in rdr2 mutants
(Xie et al., 2004). RDR2 was believed to be the primary RNA dependent RNA polymerase responsible
for generating RNA precursors to feed the 24nt siRNA pathway (Xie et al., 2004). It has been
demonstrated that pol IVa is in fact the upstream factor of the pathway and that RDR2 will act on an
RNA template resulting from pol [Va activity (Pontes et al., 2006). However, pol IVa's exact function
is still unknown. The largest and second-largest subunits are known to interact with each other (Pontes
et al., 2006; Pontier et al., 2005) and association of these subunits is expected to form a functional
catalytic domain similar to the conventional DNA dependent RNA polymerases I, II and IIIL.
Formation of the catalytic domain using two subunits is a hallmark of DNA-dependent RNA
polymerases, which suggests that pol IV should most likely act on a DNA template (Bushnell et al.,
2002). In vitro transcription assays have failed to validate this hypothesis (Onodera et al., 2005),
which together with the observation that nuclear localization of pol IVa subunits is more affected by
RNAse treatment than DNAse treatment (Pontes et al., 2006) points to the possible requirement of an
RNA template. In S. pombe, pol II transcription is required for targeting of the RITS and RdRC
complexes to centromeric regions and establishment of heterochromatic marks (Biihler et al., 2006;
Djupedal et al., 2005).

Pol IVa was found to localize essentially to the periphery of the chromocenters and to be required
for establishment of heterochromatin (Onodera et al., 2005). The accumulation of the pol IVa complex
in discrete nuclear foci not only suggests that it acts on very specific loci and/or RNA substrates. Pol
II, which is responsible for the transcription of all mRNAs, is localized throughout the nucleus but
essentially excluded from chromocenters and the nucleolus (Pontes et al., 2006). If pol IVa would act
on all RNA species, similar nuclear localization would be expected. Furthermore, RNA substrates for
pol IV might result from the transcriptional activity of any of the DNA dependent RNA polymerases.
In this regard, it is interesting that pol IVa is involved in the biogenesis of siRNAs derived from 45S
rRNA genes transcribed by pol I, 5S rRNA genes and A#SNI retroelements transcribed by pol III and
AtCOPIA transposable elements transcribed by pol II. A feasible possibility is that pol IVa RNA
substrates could be non-coding RNAs resulting from the transcription of methylated DNA templates.
In support of this hypothesis, DNA methyltransferase activity is required for siRNA biogenesis, with
DRM?2 involved in the accumulation of some siRNA species and MET1 involved in others (fig. 4.2)
(Cao et al., 2003; May et al., 2005; Lippman et al., 2003). Methylated DNA is thought to impair DNA
dependent RNA polymerase elongation (Rountree and Selker, 1997; Zilberman et al., 2007). Hence,
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stalling or detachment of the transcription complex from its DNA template when finding DNA
methylated regions would result in truncated transcripts that might be recognized as substrates for pol
IVa activity and might subsequently be processed by the RNAi machinery. The resulting siRNAs, by
guiding effector complexes to homologous DNA regions, would increase DNA methylation density
leading to the generation of more aberrant RNAs until ultimately transcription would be shut down
after consecutive rounds of this circular pathway. In A. thaliana, both methylated genes and
transposable elements are preferentially located near centromeric regions (Zilberman et al., 2007).
One could postulate that preferential localization of pol IVa to chromocenter periphery (Onodera et
al., 2005) results from the fact that these regions are likely the major sources of pol IVa RNA
templates.

SiRNAs that require MET1 activity for their accumulation apparently do not follow the same rules
as DRM-dependent siRNAs. Both siR759, representative of 45S rRNA IGS siRNAs, and 180bp
centromeric repeat-derived siRNAs require MET1 and DDMI1 for their biogenesis, rather than DRM2.
The pathway involving DRM2 and DRDI is characterized by promoting DNA methylation, as is
observed by loss of methylation in target sequences if any of the players is knocked-out in
Arabidopsis. This is not observed in the case of siR759 or centromeric siRNAs (not shown). METI
and DDM 1 were shown to be involved in DNA methylation in CpG and CpNpG sequence contexts.
Loss of function mutants for either of these genes results in demethylation of centromeric repeats
(Jeddeloh et al., 1999; Kakutani et al., 1995), a phenotype that is not observed in nrpdla and nrpd2a
mutant lines (Onodera et al., 2005) or as a result of the knock-out of the other players in the siRNA
heterochromatic pathway (not shown). In the case of the 45S rRNA IGS siRNA, siR759, the cloned
siRNA sequence includes an Aci I restriction site (CGCC). This endonuclease is methylation sensitive
and will not cut DNA if any of the cytosines is methylated. Evaluation of the methylation status of this
site by Southern blot hybridization indicated that it is fundamentally controlled by MET1 and DDM1
activity. It was only found to be unmethylated in a ddm -2 and met -1 mutant background whereas all
other siRNA heterochromatic pathway mutants displayed WT methylation patterns (not shown). These
results, although failing to assign a function to 24nt siRNAs dependent on METI and DDM|1, support
the hypothesis that a DNA methylated template is required for siRNA precursor synthesis.
Methylation of DNA in CpG and CpNpG sequence contexts is apparently required for transcription of
RNA precursors of 24nt siRNAs. Loss of function mutants in met/ and ddml display increased levels
of transcription of centromeric repeats that, nevertheless, are not recognized by pol IVa as a substrate.
This conclusion is supported by the observation that mutations in rdr2 and dcl3 were found not to

significantly alter transcription of these repeats (May et al., 2005). Furthermore, an increase in 5S
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derived siRNAs (siR1003) is observed in metl-1 and ddmi-2 mutant lines, where 5S rRNA loci are
known to decondense and to be partially excluded from chromocenters (Mathieu et al., 2003). This
suggests that loss of methylation leads to increased 5S gene expression, leading to increased siRNA
production. Curiously, DNA methylation levels at the CpNpN sequence context, which is presumably
due to DRM2, was found to increase in these mutants probably due to increased RADM (fig. 4.1a). In
contrast, CpG and CpNpG methylation is reduced in siRNA pathway mutants, indicating that 5S
rRNA Joci organization requires a balance between the RdADM pathway, involving DRM2, and MET1
and DDMI1 activity. This tendency is not observed for all analyzed siRNA species but is observable to
a lesser extent in 45S rRNA core promoter derived siRNAs (Atr(-10), fig. 4.2). The opposite is also
true, as siR759 accumulates to higher levels in a drml/drm2 mutant background, while being
dependent on MET1 for its biogenesis.

The 24nt siRNA heterochromatic pathway in Arabidopsis is thought to be fundamentally involved
in transcriptional control of the genome by reestablishing gene transcription patterns after each round
of replication. Epigenetic marks of constitutive heterochromatin are transmissible between mother and
daughter cells by reestablishment of DNA methylation patterns at CpG and CpNpG symmetrical
sequence contexts in a process known to involve DDMI1 and MET1 and CMT3 activity. It is also
hypothesized that histone post-translational modifications and cell-cycle specific histone isoforms
(Ahmad and Henikoff, 2002; Mito et al., 2005), are transmissible and linked to the ability of a
daughter cell to reassemble its constitutive heterochromatin fraction. When cells enter S phase DNA
replication occurs and nucleosomes are reassembled with both the original as well as newly
incorporated histone dimers, partially maintaining heterochromatic marks. 24nt siRNA pathway
mutants do not alter the basic nuclear organization as centromere structure is not significantly
disturbed (Onodera et al., 2005; Pontes et al., 2006), indicating that this pathway is not required for
constitutive heterochromatin formation. Nevertheless, a fraction of 5S and 45S rRNA loci are found to
lose association to the chromocenter (Onodera et al., 2005; Pontes et al., 2006; this study). Together
with immunolocalization of pol IVa (Onodera et al., 2005) and of pol IVb (Pontes et al., 2006) to the
chromocenter periphery it is likely that the 24nt siRNA pathway is required for facultative
heterochromatin establishment. Nevertheless, pol IV function is apparently intimately associated with
heterochromatic transmissible marks and new evidence strongly supports this idea. Pol IVa was found
to be required for the production of >90% of all siRNAs in A. thaliana (Zhang et al., 2007).
Importantly, the authors found that by crossing nrpdla/nrpd1b and nrpd2a/nrpd2b double mutants the
resulting F1, carrying a WT copy of each allele, faithfully reestablished 24nt siRNA species found in
WT plants. This result clearly indicates that epigenetic marks required for generation of pol [Va RNA
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precursors are maintained independently of the functioning of the 24nt siRNA heterochromatic
pathway.

The characterization of 45S rRNA gene-derived smRNAs identified 24nt siRNAs clustered in
discrete domains of the IGS region. Biogenesis of these smRNA species is dependent on RDR2 and
DCL3 indicating that they are part of the endogenous siRNA heterochromatic pathway (see Chapter
IIT). In order to further characterize their biogenesis, accumulation of 24nt siRNAs was evaluated in
loss of function mutants of other known players of this pathway (fig. 4.2). Both 45 rRNA spacer
(siR759) and core promoter region-homologous siRNAs depend on activity of pol IVa, HENI and pol
IVDb but otherwise require distinct players for their biogenesis. Spacer promoter siRNAs (siR759) are
strongly dependent on DDM1 and MET1 whereas core promoter homologous species (Atr(-10))
require DRM2 and DRDI1 for their accumulation. AGO4, which by binding 24nt siRNAs targets
effector complexes to homologous DNA sequences (Pontes ef al., 2006), also displays different effects
on NOR derived siRNAs. Although required for centromere repeats, AtSNI and AtCOPIA siRNA
biogenesis, as well as other loci (Qi et al., 2006; Zilberman et al., 2003; 2004), AGO4 shows a weak
effect on rRNA derived siRNAs. Both siR1003 (5S rRNA) and 45S gene core promoter siRNA
accumulation levels are only slightly reduced in an ago4-1 mutant background. In the case of siR759
the opposite is observed, with higher accumulation levels in the mutant when compared to WT (fig
IV.2). Two different interpretations will necessarily arise from these observations: 1) The A. thaliana
genome encodes ten Argonaute proteins (Morel ef al., 2002) and only four have known function.
AGO6 has been recently implicated in 24nt siRNA biogenesis and DNA methylation, being
functionally redundant with AGO4 at some loci (Zheng et al., 2007). 5S rRNA genes are demethylated
in ago4-1 (fig. IV.1a) (Zilberman et al., 2003) but the same phenotype is not observed in an ago6-1
background where siR1003 accumulation is also unaffected (Zheng et al., 2007). This observation
opens the possibility that other Argonaute proteins are required for an intermediary amplification steps
in the case of rRNA /oci. The resulting 24nt siRNAs loaded in AGO4 and included in the effector
complex will finally direct DNA methylation in a two step pathway. 2) Spacer promoter 45S rRNA
derived siRNAs were found to be dependent on MET1 and DDMI activity for their biogenesis.
According to the previously discussed hypothesis, establishment of epigenetic marks by these two
proteins is required for siRNA precursor synthesis. The increased accumulation of siR759 in ago4-1
and drml/drm2 mutant backgrounds points to the requirement of the RADM pathway in reducing
overall transcription rate of precursor RNAs and reinforcement of the heterochromatic state. Targeting
of effector complexes guided by 24nt siRNAs loaded on AGO4 would be necessary for DRM?2

recruitment, which by methylating asymmetric cytosine residues would silence transcription units
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responsible for RNA precursor synthesis. To substantiate this hypothesis a more thorough evaluation
of DNA methylation levels in spacer promoter regions is required.

NOR nuclear organization is dependent on the siRNA heterochromatic pathway (fig. 4.3a&b).
Knock-out of ddm1 and metI do not significantly alter the number of 45S rRNA foci observed arguing
against spacer promoter siRNAs (e.g. siR759) playing a significant role in NOR nuclear organization
in A. thaliana. The same is true for AGO4 because in an ago4-1 mutant background NORs displayed
WT interphase organization patterns. This Argonaute was also found to not significantly affect core
promoter siRNA biogenesis. NOR interphase organization is altered in mutant backgrounds for all
other nuclear siRNA pathway members that are required for 45S rRNA core promoter siRNA
biogenesis. Nevertheless, pol IVa, pol [IVb, DRM2 and HEN1 were shown to be significantly different
from RDR2 and DCL3 in their effects. This indicates that other functions performed by the former
also impact chromatin organization independently of the RdDM pathway via a still unknown
mechanism.

Although 24nt siRNAs homologous to the rRNA genes core promoter are identified and are able to
modulate NOR heterochromatin organization in the cell nucleus, no changes in transcription were
observed as a result of the knock-out of the RNAi pathway members (fig. 4.4a). 45S rRNA gene
transcription rate is controlled not by the number of transcriptionally competent genes in the loci but
by the available nuclear pool of pol I complexes engaged in transcription. Studies performed in two
strains of S. cereviseae, with different copy numbers of rRNA genes, demonstrated that the overall
transcription rate of ribosomal RNA was the same despite one strain possessing roughly half the
number of gene copies present in the other. The strain with the fewest rRNA genes compensated this
deficiency by increasing pol I density on each gene (French ef al., 2003).

Establishment of heterochromatic marks has been linked to transcription (Zilberman et al., 2007).
Highly transcribed genes are less likely to become methylated suggesting that RNA polymerase transit
and density on a given coding sequence impairs silencing complexes from binding chromatin. The
Zilberman et al. (2007) study was based on wide genome profiling of pol II but some evidence exists
that their model is applicable to 45S rRNA gene transcription by pol 1. Pre-rRNA synthesis in the cell
nucleus is reduced as a result of differentiation and correlates with decreased levels of pol I and an
increase in the number of gene units associated with heterochromatic marks (Li et al., 2006). Hence,
although the knock-out of members of the endogenous siRNA heterochromatic pathway might result
in an increased number of transcriptionally competent 45S rRNA genes, as suggested by interphase
nuclear organization, overall pol I transcription rate might be maintained. In the light of current

knowledge and of the obtained results one might hypothesize that what is altered is the number of pol I
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complexes engaged in transcription of a given gene unit. 45S rRNA genes are highly conserved in
sequence which makes it virtually impossible to identify activation of a new set of rRNA genes within
a locus. The polyploid 4. suecica, in which nucleolar dominance occurs, is the perfect model system
for this analysis and is the subject of chapter V.

Finally, a new potential factor in the 24nt siRNA heterochromatic pathway arises in the form of
RNPSI, a constituent of the exon junction complex (EJC) (Le Hir et al., 2000; Lykke-Anderson et al.,
2001; Maquat, 2005; Sakashita et al., 2004). The EJC is involved in pre-RNA processing and linked to
nonsense mediated decay (NMD) in mammalian cells. NMD is thought to be required not only to
degrade transcripts that are abnormal and hence to encode potentially harmful proteins but also to
achieve proper levels of gene expression (Maquat, 2005). In 4. thaliana, RNPS1 was found to localize
to the nucleolus in a discrete foci (Pendle et al., 2005), colocalizing with siR1003 (fig. 4.5a), thereby
associating this protein with the siRNA nucleolar processing center (Pontes et al., 2006). rnpsi-1,
shown not to be a silent allele (fig. 4.5b), displayed decreased levels of 24nt siRNA accumulation but
had no effect in microRNA or ta-siRNA biogenesis (fig. 4.5¢). These results, although encouraging
and indicating a role for RNPS1 specifically in the 24nt siRNA heterochromatic pathway, did not
correlate with DNA demethylation at bona fide 24nt siRNA target loci (fig. 4.5d). Further work is
required to better understand the role of this protein in modulating heterochromatic marks but one
could hypothesize that RNPS1 could act on pol IVa generated siRNA RNA precursors and, by its
transport to the siRNA nucleolar processing center, participate in its recognition by RDR2 as a

substrate.
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V - Role of RNAi pathway genes in the modulation of nucleolar
dominance in Arabidopsis suecica.
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V.1. Analysis of parental specific 458 rRNA homologous siRNAs- correlations with
nucleolar dominance.

A. suecica LC1 displays nucleolar dominance as a result of the silencing of 4. thaliana NORs,
with 45S rRNA precursors transcribed almost exclusively from A. arenosa 45S rRNA genes. Although
the 45S rRNA coding sequence of both parental genomes show a high degree of homology they are
sufficiently divergent in sequence in the vicinity of the transcription start site to allow the design of
parental specific RNA probes (fig. 5.1a). Evaluation of 45S rRNA core promoter siRNAs in 4.
arenosa was performed in the natural accession A. arenosa 3651 and demonstrated that in this species
the accumulation of promoter homologous siRNAs is restricted to a smaller interval than is the case in
A. thaliana (fig. 4.1b; see also Chapter III). 4. arenosa 24nt siRNA species homologous to the region
between -40 and -10 (detected with Aar (-10) RNA probe; all sequence coordinates are relative to the
45S rRNA transcription start site) were readily identified. Aar (-10) and the A. thaliana specific probe
Atr (-10) are species-specific probes, as no cross reactivity was observed in Northern hybridization
(fig. 5.1b). The difference between A. thaliana and A. arenosa siRNA accumulation intervals is that,
unlike 4. thaliana, no significant accumulation of A. arenosa 45S rRNA core promoter region siRNAs
were observed between positions -10 to +30 (fig. V.1b; Atr(-10+30) probe). Both genomes display
highly homologous DNA sequence in the analyzed interval (87.5%), as illustrated in fig. 5.1a, making
it unlikely that the Atr (-10+30) probe would not hybridize with A. arenosa derived siRNAs. Northern
blot hybridization with RNA probes homologous to regions -100 to -60 and +30 to +60 also failed to
identify accumulation of 24nt siRNA species in A. arenosa 3651 (not shown) indicating the 45S rRNA
gene region between -40 to -7 as the main interval of A. arenosa 45S rRNA core promoter siRNA
accumulation.

Having identified specific 45S rRNA core promoter homologous siRNAs in A. arenosa, parental
siRNA accumulation levels were evaluated in A. suecica in the context of nucleolar dominance.
Natural accession 4. suecica 9502 (Pontes et al., 2003) and transgenic A. suecica lines, in an LC1
genomic background, in which HDA6 (Earley et al., 2006), HDTI (Lawrence et al., 2004) or DRM?2
(Preuss and Pikaard, personal communication) are knocked-down through RNAI all display nucleolar
dominance disruption. 45S rRNA core promoter siRNA accumulation levels were evaluated in these
lines and compared to 4. suecica LC1, in which nucleolar dominance occurs (fig. 5.1b). It
immediately became apparent that siRNA species originating from 4. arenosa 45S rRNA genes are
more abundant than their 4. thaliana counterparts. Furthermore, A. thaliana 45S rRNA siRNAs are

strongly reduced in 4. suecica relative to the diploid A. thaliana, an observation not paralleled in the
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Figure 5.1 — A) Schematic representation of the DNA sequence of the 45S rRNA core promoter
region indicating smRNA probe locations. Polymorphisms in the DNA sequence between A. thaliana
and A. arenosa derived rRNA genes are highlighted and enabled the design of species-specific RNA
probes Atr(-10) and Aar(-10), respectively. B) Northern blot hybridization of low molecular weight
(<500nt) leaf RNA. Species-specificity of RNA probes was verified as no significant cross
hybridization was observed between parental lines 4. arenosa 3651 (Aa 3651) and A4. thaliana No-0
(Ath No-0). Accumulation of 45S rRNA promoter homologous siRNAs was evaluated in A. suecica
LC1 (As LC1 (WT)), in which nucleolar dominance occurs, and compared to 4. suecica lines in which
nucleolar dominance is disrupted. Knock-out of 4da6 (axel-5) leads to increased levels of 45S rRNA
homologous smRNA accumulation in 4. thaliana, a phenotype replicated in A. suecica by RNAi
mediated knock down of HDA6 mRNA. miR163 and EtBr stained 5S rRNA are shown as loading
controls. C) S1 nuclease protection assay demonstrating that nucleolar dominance is disrupted in the

analyzed 4. suecica lines but observed in wild-type (non-transgenic) 4. suecica LCI.
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case of 5S rRNA homologous siRNAs (siR1003). Curiously, siR1003 does not accumulate in 4.
arenosa 3651 despite being homologous to the 5S rRNA gene repeats (not shown) and miR163 was
also not identified in the tetraploid.

A. suecica 9502 displays decreased accumulation of all analyzed siRNAs relative to LC1 (fig.
5.1b), a phenotype that is unique amongst all other A. suecica lines studied. DRM2-RNAI lines
showed decreased accumulation levels of 45S rRNA derived siRNAs but such was not the case for
siR1003 (5S rRNA). HDT1-RNA.i lines displayed wild-type siRNA accumulation levels indicating
that this putative histone deacetylase (Pandey et al., 2002) is not involved in 24nt siRNA biogenesis.
Finally, HDA6-RNAI lines display a substantial increase in accumulation levels of rRNA-derived
siRNAs independent of their parental origin. In order to further evaluate the effect of HDAG6 loss of
function on rRNA homologous siRNAs, the null allele axel-5, in an A. thaliana genomic background,
was analyzed. As presented in fig. 5.1b, the same increases in rRNA siRNA accumulation levels
relative to WT were readily observed. Preferential accumulation of a new 2Int siRNA species
homologous to the siR759 RNA probe was also identified (see Chapter IV). Also significant is the
identification by Northern hybridization of a 24nt siRNA with probe Atr (+40) indicating that in a
axel-5 mutant background the discrete interval of 24nt siRNA accumulation at the 45S rRNA core
promoter region is altered (see also Chapter III).

To validate the performed siRNA analysis presented in fig. 5.1b in the context of nucleolar
dominance, high molecular weight RNA fractions (>500nt), extracted from the same leaf lysate used
for smRNA blots (<500nt), were used in S1 protection assays (fig. 5.1c). Identification of A. thaliana
derived 45S rRNA precursor transcripts in 4. suecica 9502, HDT1-RNAi and DRM2-RNAI indicates

that nucleolar dominance is in fact disrupted in these lines.

V.2. The 24nt heterochromatic siRNA pathway and nucleolar dominance in A.

suecica.

As described in Chapter II, WT A. suecica LC1 was transformed in order to achieve knock-down
of genes known to be involved in the 24nt siRNA heterochromatic pathway in A. thaliana. Progeny
(T)) of transformed WT plants (T,) were grown on selective medium and viable T; transformants were
screened for knock-down levels of the target genes as well as effects on DNA methylation levels at
AtSNI loci, a bona fide target of RADM (Herr et al., 2005; Onodera et al., 2005; Xie et al., 2004). As
expected, RNAi1 mediated knock-down efficiency varied amongst T, individuals (fig 5.2-6a) but in
general was found to correlate with the observed levels in 4tSNI DNA methylation (fig 5.2-6b). RNAi

transformants were then analyzed for nucleolar dominance disruption (fig 5.2-6¢,d) and rRNA
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homologous 24nt siRNA accumulation levels (fig 5.2-6e). Evaluation of the transcription status of
parental 45S rRNA genes was performed by using an S1 nuclease protection assay (Chen et al., 1997a;

Doelling et al., 1993) and CAPS (Lewis and Pikaard, 2001).

V.2.1. A. suecica LC1 NRPD2-RNAi

Analysis of NRPD2a mRNA levels in NRPD2-RNAi T, transformants revealed that only
individuals /7 and 44 did not show significant knock-down of the target mRNA, and for individual 44
no alterations in AzSNI DNA methylation levels were observed when compared to WT (fig. 5.2a;b).
Individuals 2/ and 3/ display an approximately 0.5 fold reduction in NRPD2a transcript
accumulation, which translates into a slight decrease in AzSNI loci methylation. In contrast, individual
22, although displaying target gene knock-down to a similar level as in individual 21/, displays a strong
reduction in DNA methylation levels. Transformants 4/-43 show a substantial knock-down of
NRPD2a which correlates well with the degree of and demethylation of AzSNI DNA sequences.

NRPD2-RNAIi T1 transformants typically showed a mild degree of reactivation of A. thaliana 45S
rRNA genes when compared to WT LC1, with transformant 4/ being an exception that showed strong
reactivation of 4. thaliana rRNA genes in both assays (fig. 5.2¢;d). Taking into account the NRPD2
mRNA knock-down levels and the effect on AtSNI loci DNA methylation one could expect individuals
41, 42 and 43 would display similar levels of 4. thaliana 45S rRNA reactivation, but this was not
observed. Intriguing is the observation of disruption of nucleolar dominance in transformant // which
does not display significant NRPD2 mRNA knock-down. A possible interpretation for this observation
is that it is due to an artifact derived of transgene(s) integration site or that RNAi may interfere with
translation rather than simply cause mRNA target degradation.

NRPD2-RNAI line 3/ displays a moderate knock-down of the target mRNA, A¢SNI demethylation
and does not disrupt nucleolar dominance. As shown in figure 5.2e, 45S and 5S rRNA siRNA
biogenesis is not compromised relative to wild type LC1 in this transformant. In contrast 4/, 42 and 43
show a strong decrease in 24nt siRNA accumulation levels correlating with the observed NRPD2a
knock-down levels. Transformant 4/ shows the strongest effect being also the one where A. thaliana
45S rRNA transcripts are more abundant. Individuals 42 and 43 display an intermediate effect in

siRNA accumulation and a low level of 4. thaliana 45S rRNA gene reactivation.

V.2.2. A. suecica LC1 RDR2-RNAi

A. suecica RDR2-RNAIi T, plants show diverse RNAI efficiency ranging from no visible effect (21
and 44) to severe knock-down of endogenous RDR2 transcript levels (47-43). Effects on AtSNI DNA

methylation ranged from essentially not observable (44 and 45) to a significant decrease obtained for
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Figure 5.2 — Screen of RNAi knock-down efficiency, 24nt siRNA heterochromatic pathway
targets and nucleolar dominance disruption in 4. suecica NRPD2-RNAi T, transformants (numbered).
A) Semi-quantitative RT-PCR with NRPD2a specific primers was used to verify knock-down levels of
target transcripts. B) DNA methylation analysis at AtSNI loci in A. suecica. Semi-quantitative PCR of
gDNA digested with Haelll (CpNpN) was performed with primers specific for AzSNI loci or a control
gene lacking Haelll restriction sites. C, D) Evaluation of nucleolar dominance disruption as a result of
RNAi mediated knock-down of NRPD2a mRNA in A. suecica LC1 by C) S1 nuclease protection
assay and D) CAPS. E) Analysis of 45S (Atr(-10); Aar(-10)) and 5S (siR1003) rRNA homologous
smRNAs, miR163 and siR255 (ta-siRNA) accumulation levels in RNAI individual T; transformants.
EtBr stain of 5S rRNA is shown as RNA loading control.
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Figure 5.3 — Screen of RNAi knock-down efficiency, 24nt siRNA heterochromatic pathway
targets and nucleolar dominance disruption in A. suecica RDR2-RNAi T, transformants (numbered).
A) Semi-quantitative RT-PCR with RDR2 specific primers was used to verify knock-down level of
target transcript. B) DNA methylation analysis at AtSNI loci in A. suecica. Semi-quantitative PCR of
gDNA digested with Haelll (CpNpN) was performed with primers specific for AzSNI loci or a control
gene lacking Haelll restriction sites. C, D) Evaluation of nucleolar dominance disruption as a result of
RNAi mediated knock-down of RDR2 mRNA in A. suecica LC1 by C) S1 nuclease protection assay
and D) CAPS. E) Analysis of 45S rRNA (Atr(-10); Aar(-10)) homologous smRNAs, miR163 and
siR255 (ta-siRNA) accumulation levels in RNAi individual T, transformants. EtBr stained 5S rRNA is

shown as RNA loading control.
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individual 43. Transformants 4/ and 42, despite displaying around 0.5 fold reduction in RDR2 mRNA
levels, show a limited effect on 4tSNI methylation when compared to individual 43 (fig 5.3a;b).

Individual plant 43, whose significant RDR2 knock-down correlates with A#SNI loci
demethylation, also displays 4. thaliana derived 45S rRNA gene reactivation (fig. 5.3c;d). Other
analyzed individual transformants show reduced to no reactivation of A. thaliana genes despite the
fact that some display efficient target gene knock-down which in turn is sufficient to, at a limited
degree, impair AtSNI DNA methylation. The observed results suggest that only in the case of
transformant 43 is the RDR2 knock-down level sufficient to compromise gene function to a significant
level.

RDR? is required for 24nt siRNA biogenesis in A. thaliana and knock-out of this gene results in
elimination of all 24nt siRNA species (Xie et al., 2004). None of the analyzed transformants replicated
this phenotype in A. suecica RDR2-RNAI lines indicating that, despite the knock-down of the target
gene, the remaining RDR2 RNA pool is still sufficient to mediate 24nt biogenesis. Nevertheless,
transformant 43 displays a significant reduction in rRNA siRNA accumulation, especially in the case

of A. thaliana derived species (fig. 5.3¢).

V.2.3. A. suecica LC1 DCL3-RNAIi

Although only four transgenic DCL3-RNAi T, transformants were recovered from the selection
screen all display significant decreases in DCL3 mRNA accumulation when compared to WT LCI
(fig. 5.4a). Individual 4/ is apparently the one with the least efficient knock-down. DCL3 does not
severely affect DNA methylation at AtSNI loci in A. thaliana (Onodera et al., 2005) and, with the
exception of transformant 32, no significant alterations in DNA methylation at these loci were
observed in T, plants (fig. 5.4b).

Analysis of parental specific 45S rRNA gene expression readily identified A. thaliana derived
transcripts in all analyzed transformants (fig. 5.4¢;d), implicating DCL3 in the modulation of nucleolar
dominance.

A dcl3-1 like siRNA hybridization pattern (Pontes et al., 2006; Xie et al., 2004; this study) is
observed in individual 32 but not in the other analyzed transformants. Nevertheless, a decrease in 24nt
siRNA accumulation levels is observed for individuals 3/ and 33 relative to WT LCI1 (fig. 5.4e).
Transformant 47, shown to have the least efficient DCL3 knock-down, does not display any effect on
siRNA accumulation. Both miR163 and siR255 accumulation levels, which in A. thaliana are
dependent on DCL1 and DCLI1+DCL4 activity, respectively, were not affected in DCL3-RNAi

transformants relative to WT LC1.
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Figure 5.4 — Screen of RNAi knock-down efficiency, 24nt siRNA heterochromatic pathway and
nucleolar dominance disruption in A. suecica DCL3-RNAi T, transformants (numbered). A) Semi-
quantitative RT-PCR with DCL3 specific primers was used to verify knock-down level of target
transcript. B) DNA methylation analysis at AtSNI loci in A. suecica. Semi-quantitative PCR of gDNA
digested with Haelll (CpNpN) was performed with primers specific for AtSNI loci or a control gene
lacking Haelll restriction sites. C, D) Evaluation of nucleolar dominance disruption as a result of
RNAi mediated knock-down of DCL3 mRNA in 4. suecica LC1 by C) S1 nuclease protection assay
and D) CAPS. E) Analysis of 45S (Atr(-10); Aar(-10)) and 5S (siR1003) rRNA homologous smRNAs,
miR163 and siR255 (ta-siRNA) accumulation levels in RNAi individual T; transformants. EtBr
stained 5S rRNA is shown as RNA loading control.
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V.2.4. A. suecica LC1 HEN1-RNAi

HEN1-RNAI T, transformants recovered from the selective screen demonstrate significant degrees
of HEN1 mRNA knock-down (fig. 5.5a). HENI has no severe effect in A£SNI methylation levels in the
diploid A. thaliana (Onodera et al., 2005), as is also observed in fig. 5.5b, although some decrease is
apparent in individuals /4 and 42 when compared to WT LCI1.

Except in the case of individual 22, all other analyzed HEN1-RNAi T; transformants display
reactivation of A. thaliana 45S rRNA genes, with the strongest reactivation of the underdominant
rRNA class observed in transformants /2, /4 and 21/ (fig. 5.5¢;d).

SmRNA analysis in HEN1-RNAi T, transformants demonstrated the efficiency of the RNAi
mediated knock-down of this gene, as microRNA accumulation was severely impaired. Nevertheless,
only transformant /4 displays equivalent effects on both 24nt siRNAs and tasiRNAs when compared
to WT (fig. 5.5¢e). This result is somewhat unexpected as hen/ mutant lines in an 4. thaliana genomic
background display reduced accumulation levels of all smRNA species independently of their

biogenesis pathway (Xie et al., 2004; Yang ef al., 2006; in this study).

V.2.5. A. suecica LC1 AGO4-RNAIi

AGO4 is a major player in RADM at AtSNI loci in A. thaliana, with both homologous siRNA
biogenesis and DNA methylation strongly dependent on AGO4 activity (Herr et al., 2005; Yigit et al.,
2006; Zilberman et al., 2003). Such also seems to be the case in 4. suecica as a strong correlation was
observed between knock-down levels of AGO4 mRNA and A#SNI methylation levels in the analyzed
AGO-RNAI transformants (fig. 5.6a;b). Transformants /4 and 2/ which display low levels of target
gene knockdown were also found to essentially display WT A£SNI methylation levels. In contrast, all
other T, individuals show strong gene knock-down levels correlated with severe reduction of DNA
methylation (fig. 5.6a;b).

Despite an apparent highly efficient knock-down of AGO4 mRNA only transformants 2/ and 3/
display disruption of nucleolar dominance (fig. 5.6¢;d). The case of transformant 2/ is unexpected
because if low levels of AGO4 mRNA knock-down were sufficient to reactivate A. thaliana 45S
rRNA genes, all transformants shown to efficiently impair target mRNA accumulation should display
the same if not stronger reactivation phenotype.

LC1 AGO4-RNAI individual 3/ displays disruption of nucleolar dominance and was also found to
be the transformant in which 24nt siRNA accumulation levels were most severely affected (fig. 5.6e).

Although only a mild effect is observed in the case of rRNA derived siRNAs, agreeing with previous
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Figure 5.5 — Screen of RNAi knock-down efficiency, 24nt siRNA heterochromatic pathway and
nucleolar dominance disruption in A. suecica HEN1-RNAi T, transformants (numbered). A) Semi-
quantitative RT-PCR with HENT1 specific primers was used to verify knock-down level of target
transcript. B) DNA methylation analysis at AtSNI loci in A. suecica. Semi-quantitative PCR of gDNA
digested with Haelll (CpNpN) was performed with primers specific for AtSNI loci or a control gene
lacking Haelll restriction sites. C, D) Evaluation of nucleolar dominance disruption as a result of
RNAi mediated knock-down of HEN1 mRNA in A. suecica LC1 by C) S1 nuclease protection assay
and D) CAPS. E) Analysis of 45S (Atr(-10); Aar(-10)) and 5S (siR1003) rRNA homologous smRNAs,
miR163 and siR255 (ta-siRNA) accumulation levels in RNAi individual T; transformants. EtBr
stained 5S rRNA is shown as RNA loading control.
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Figure 5.6 — Screen of RNAi knock-down efficiency, 24nt siRNA heterochromatic pathway and
nucleolar dominance disruption in 4. suecica AGO4-RNAi T, transformants (numbered). A) Semi-
quantitative RT-PCR with AGO4 specific primers was used to verify knock-down levels of target
transcript. B) DNA methylation analysis at AtSNI loci in A. suecica. Semi-quantitative PCR of gDNA
digested with Haelll (CpNpN) was performed with primers specific for AtSNI loci or a control gene
lacking Haelll restriction sites. C, D) Evaluation of nucleolar dominance disruption as a result of
RNAi mediated knock-down of AGO4 mRNA in A. suecica LC1 by C) S1 nuclease protection assay
and D) CAPS. E) Analysis of 45S rRNA (Atr(-10); Aar(-10)), A4tCOPIA homologous smRNAs,
miR163 and siR255 (ta-siRNA) accumulation levels in RNAi individual T; transformants. EtBr
stained 5S rRNA is shown as RNA loading control.
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V - Role of RNAi pathway genes in the modulation of nucleolar dominance in Arabidopsis suecica.

observations in the 4. thaliana ago4-1 mutant line (Chapter 1V), individual 3/ also displays the most
severe effect in the accumulation of 4t1COPIA-derived siRNAs amongst the analyzed transformants
(fig. 5.6¢e). Due to lack of hybridization signal in LC1 WT it is impossible to evaluate, at this point, to
what extent knock-down of AGO4 compromises AtCOPIA siRNA biogenesis.

V.3. Interphase heterochromatin organization in A. suecica is modulated by RNAi

pathway genes.

3 dimethyl

In A. thaliana, null alleles of nrpdia and nrpd2a display altered H K9 patterns in interphase

nuclei (Onodera et al., 2005). In order to assess if heterochromatin organization is modulated by the

imethyl . . .
3dimethylg 9 interphase organization was

endogenous heterochromatic RNA1 pathway in A. suecica, H
determined in the progeny of selected T, transformants by in situ immunolocalization (table 5.1; fig.
5.7). T; transformants which showed the best correlation between target mRNA knock-down, AtSNI
loci demethylation and deleterious effects on smRNA accumulation were selected for the analysis. The
H349™ ™K 9 interphase organization observed in WT LCI nuclei agree with previously published
results (Earley et al., 2006; Lawrence et al., 2004). In the majority of analyzed nuclei (84.4%)
H39m™IK 9 overlaps chromocenters organized in condensed and discrete foci. This interphase pattern
was also observed in AGO4-RNAI nuclei indicating that AGO4 does not play a significant role in
heterochromatin organization. In contrast, RDR2-, NRPD2- and HEN1-RNAI1 lines display significant
alterations in H3"™™K9 interphase organization patterns (table 5.1; fig 5.7). Typically, the WT
discrete and condensed immunolocalization signal is disrupted into a decondensed and fuzzy pattern.
Importantly, the H34meyIKg signal is no longer restricted to the DAPI positive chromocenters but
extends into the nucleoplasm in these transgenic lines.

3dimethylirg interphase organization

Table 5.1 - Frequency (%) of nuclei observed with distinct H
patterns in A. suecica LC1 (LC1) and progeny of T, transformants for RDR2-RNAi (43), NRPD2a-
RNAi (41), AGO4-RNAi (31) and HENI-RNAi (14) lines. H3%™™'K9 WT pattern is defined according
to Lawrence ef al. (2004). x*-test was used to compare distributions between transgenic lines and WT

(d.£.=2). Null hypothesis was not rejected if p>0.5.

Genotype
LC1 NRPD2a RDR?2 AGO4 HENI
H3m2K9 WT 84.4 8.8 52.0 76.8 47.1
pattern Disturbed 15.6 91.2 48.0 23.2 52.9
2 218.4 50.1 34 63.6
£ (p<0.001)  (p<0.001) (p<0.1) (p=0.001)
n 173 205 304 198 295
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Figure 5.7 — Immunolocalization of histone H3 dimethylated on lysine 9 (green) in leaf interphase
nuclei of 4. suecica LC1 and NRPD2-, RDR2-, AGO4- and HEN1-RNAIi lines. Images shown are
representative of the H3*™"™'K9 pattern more frequently observed in each of the analyzed lines (see

also table V.1 for quantitative data). DNA was counterstained with DAPI. (size bar = Sum).
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V - Role of RNAi pathway genes in the modulation of nucleolar dominance in Arabidopsis suecica.

Reactivation of A. thaliana 45S rRNA genes in A. suecica has been linked to locus decondensation
and loss of association with the H3*™"'K9 heterochromatic mark (Earley et al., 2006; Lawrence et
al., 2004). It was previously observed that, in an 4. thaliana genomic background, NOR chromatin is
decondensed in rdr2-1 and nrpd2a/nrpd2b mutant backgrounds (Chapter IV). RNAi mediated knock-
down of RDR2 and NRPD2 mRNAs in A. suecica LCI1 results in decondensation of A. thaliana
NORs, shifting from highly condensed foci observed in WT nuclei to a disrupted chromatin
organization where more than three rRNA foci are frequently identified (>58.6%) (table 5.2; fig. 5.8).

3 dimethyl

Importantly, NOR /oci partially loose association with H K9 in the majority of interphase nuclei

analyzed by double immunolocalization; DNA:DNA in situ hybridization.

Table 5.2 - Frequency (%) of nuclei observed with distinct numbers of 4. thaliana rRNA FISH signals
in A. suecica LC1 (LCI) and progeny of T, transformants of 4. suecica RDR2-RNAi (43) and A.
suecica NRPD2-RNAi (41) lines. A. thaliana NORs are considered partially colocalized with
H349™ ™K 9 when decondensed (>3 foci) and colocalized when condensed (<2 foci). x*-test was used
to compare distributions between transgenic lines and WT (d.f.=2). Null hypothesis was not rejected if

p>0.5.

45S rDNA foci number (%)

<2 =2 >3 b4 n
LC1 (wt) 18.3 67.1 14.6 82
NRPD2-RNAi 10.8 24.6 64.6 42.3 (p<0.001) 175
RDR2-RNAIi 14.0 27.4 58.6 57.4 (p=<0.001) 128
total partial

H3m2K9 vs 45S rDNA foci colocalization
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Figure 5.8 — Double immunolocalization and DNA FISH in leaf interphase nuclei of 4. suecica
LC1 (LC1) NRPD2a- and RDR2-RNAi. Images reflect the most frequently observed organization
patterns observed for H3™™'K9 (green) and 4. thaliana derived 45S rDNA loci (red) (see also table
V.2 for quantitative data). 45S rDNA was hybridized with a biotin labeled A4. thaliana specific 45S
rDNA IGS probe (pAt.2). In merged images yellow signals correspond to regions where A. thaliana
45S rDNA chromatin is associated with H3*™™'K9. DNA was counterstained with DAPI. (size bar =
Sum).
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V - Role of RNAi pathway genes in the modulation of nucleolar dominance in Arabidopsis suecica.

V.4. Discussion.

In A. suecica, nucleolar dominance is linked to the epigenetic silencing of A. thaliana derived 45S
rRNA genes. Erasure, or impairment, of DNA methylation or histone deacetylation in the 45S rRNA
gene promoter region correlates with disruption of nucleolar dominance (Chen et al, 1997a), a
phenotype also observed upon RNAi mediated knock-down of the DNA methyltransferase DRM?2
(Preuss and Pikaard, personal communication) or the histone deacetylases HDA6 or HDTI (Earley et
al., 2006; Lawrence et al., 2004). Importantly MET1- and DDM1-RNAi knock-down lines do not
display reactivation of 4. thaliana 45S rRNA genes indicating that DNA methylation of cytosines in
symmetric sequence contexts is not relevant for the epigenetic control of rRNA genes (Lawrence,
Preuss and Pikaard, personal communication). Furthermore, nucleolar dominance is developmentally
regulated and occurs in leaf tissue in Arabidopsis and Brassica sp. but not in floral tissues or
cotyledons (Chen and Pikaard, 1997, Lawrence, Pontes, Viegas and Pikaard, personal
communication). 45S rRNA gene activity is associated with the metabolic needs of the cell and,
whereas rapidly dividing undifferentiated cells of fast growing shoots or meristems require higher
transcription rates of rRNA for ribosome assembly, in differentiated cells the demand for 45S rRNA
precursors can be lower. Differentiation leads to a reduction of the number of rRNA genes that are in
an open chromatin state and therefore able to support transcription by pol I, in a process possibly also
modulated by the available pool (Li ef al., 2006) and gene occupancy density of pol I at a given gene
unit (Zilberman et al., 2007). This mechanism of rRNA gene control renders irrelevant 45S rRNA
copy number in a diploid genome or in an autopolyploid context (Muscarella et al., 1985; Rivin et al.,
1986). Together these observations suggest that a subset of 45S rRNA genes is epigenetically
controlled to be in an “on” or “off” state which, in 4. suecica, requires the activity of DRM2 and
histone deacetylases HDT1 and HDAG6.

Nucleolar dominance is a phenomenon observed in interspecific hybrids, including allopolyploids.
In plant hybrids nucleolar dominance is epigenetically regulated by an unknown choice mechanism
which selects one parental 45S rRNA gene subset for silencing (Chen et al., 1997a; Chen et al., 1998;
Earley et al., 2006; Lawrence et al., 2004; Neves et al., 1995; Vieira et al., 1990). In A. suecica,
nucleolar dominance is intimately associated with genome evolution. Newly formed synthetic
allopolyploids display variability between the expression balance of A. thaliana and A. arenosa 45S
rRNA genes, ranging from bidirectional nucleolar dominance to codominance (Chen et al., 1998).
These observations can be partially explained by an also variable number of parental NOR /oci in the
evolving hybrid genome (Pontes ef al., 2004). Backcross of a natural 4. suecica line to the diploid A.

thaliana also results in nucleolar dominance disruption (Chen ef al., 1998). Together with the fact that
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A. thaliana / A. arenosa NOR balance in the natural A. suecica tetraploid hybrid genome is 2/6 (Pontes
et al., 2003), this indicates that parental gene dosage influences nucleolar dominance establishment in
Arabidopsis. It is nevertheless insufficient, as two A. suecica natural accessions with high degree of
genomic similarity and the same parental NOR /Joci balance display distinct NOR transcription
regulation: A. suecica LC1 displays nucleolar dominance whereas A. thaliana derived 45S rRNA
transcripts are readily detected in 4. suecica 9502 (Pontes et al., 2003).

DNA sequence polymorphisms in the upstream region relative to the 45S rRNA transcription start
site between A. arenosa and A. thaliana tDNA loci allow the distinction of parental specific SmRNA
species. The evaluation of siRNA accumulation levels in A. suecica lines displaying nucleolar
dominance disruption demonstrates that the endogenous heterochromatic siRNA pathway is not the
sole mechanism involved in the establishment of this epigenetic phenomenon. This conclusion arises
from the observation that HDT1-RNAI lines display WT 24nt siRNA accumulation levels. In contrast,
HDAG6-RNAi shows a dramatic increase in rRNA-homologous 21 and 24nt siRNAs, as is also
observed in A. thaliana axel-5 (hda6) mutants. This histone deacetylase has been linked to
endogenous RNA mediated gene silencing pathways (Aufsatz et al., 2002; Murfett et al., 2001) as is
required for rDNA Jocus chromatin organization and DNA methylation in both A. thaliana and A.
suecica (Earley et al., 2006; Probst et al., 2004). HDAG®6 is apparently able to deacetylate multiple (and
possibly all) acetylated lysines in H3 and H4 tails in vitro as well as in vivo (Earley et al., 2006) which
points to a potentially broad spectrum of chromatin related mechanisms that may or may not be
related to RNAi. Histone acetylation has been linked to active transcription (Workman and Kingston,
1998) and to potentiate loosening of inter- or intra-nucleossomal DNA-histone interactions making
acetylated histones easier to displace from DNA (Reinke and Horz, 2003; Zhao et al., 2005).
Deacetylation is required to maintain chromatin in a stable conformation which in turn is repressive
for RNA polymerase initiation complex formation and transcription. In HDA6-RNAI lines, histone
hyperacetylation occurs, which could allow cryptic promoter-like sequences to function as
transcription start sites, as has been documented in yeast (Earley et al., 2006; Carrozza et al., 2005;
Joshi and Struhl, 2005). Hence, the increase in accumulation levels of sSiRNAs in axel/-5 and HDA6-
RNAI plants could be the result of an overall increase in the transcription rate of non-coding RNAs
which, in turn, feed into endogenous RNA1 pathways. In the context of nucleolar dominance, failure to
deacetylate histones in the A. thaliana 45S rRNA gene promoter region would lead to the inability of
repressive complexes to silence this parental subset of rRNA genes, thereby translating into nucleolar
dominance disruption, likely independently or upstream of RNAi pathway mechanisms.

The endogenous heterochromatic siRNA pathway is apparently also implicated in nucleolar

dominance. DRM?2 is a member of the pathway required for 45S rRNA core promoter-homologous
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24nt siRNAs in A. thaliana (Chapter IV; Pontes et al. 2006). Knock-down of this DNA
methyltransferase in 4. suecica disrupts nucleolar dominance which correlates with reduced
accumulation of both 4. thaliana and A. arenosa homologous siRNAs. Importantly, the same smRNA
phenotype is also observed in the natural accession 9502 which also displays a strong reduction in
siR1003 (5S rRNA) accumulation levels. Disruption of nucleolar dominance in this natural accession
has been previously associated with A. thaliana NOR decondensation during interphase (Pontes et al.,
2003), a nuclear phenotype intimately associated with 4. thaliana 45S rRNA gene reactivation in A.
suecica (Earley et al., 2006; Lawrence et al., 2004; Pontes et al., 2003). Furthermore, altered nuclear
chromatin organization is observed as a consequence of disrupting the 24nt siRNA pathway in 4.
thaliana (Onodera et al., 2005), in which NOR decondensation also occurs (Chapter IV). It is
therefore feasible to consider that the heterochromatic RNAi pathway is involved in the establishment
or maintenance of nucleolar dominance.

According to the S1 nuclease protection assay results, only a subset of 45S rRNA genes is
apparently under the control of RNAi silencing mechanisms. Nevertheless, it substantiates the
challenging hypothesis that the heterochromatic RNAi pathway is part of the choice mechanism which
dictates the parental set targeted for silencing in nucleolar dominance. Unfortunately, the effort to
disrupt the 24nt endogenous RNAi pathway in A. suecica, by RNAi induced knock-down of identified
players involved in 45S rRNA siRNA biogenesis (Chapter IV), was insufficient to definitely correlate
this pathway with the establishment of nucleolar dominance. Analysis of more transgenic RNAI lines,
or knock-down mediated using artificial miRNAs rather than double-stranded hairpin RNA triggers,
will be necessary to better evaluate the role of the heterochromatic siRNA pathway in nucleolar
dominance. Nevertheless, the observation that for all analyzed knock-down targets, higher levels of A.
thaliana 45S precursor rRNAs were always identified in transformants which combine good knock-
down efficiency with DNA demethylation of AtSNI loci and reduction of 24nt siRNA accumulation is
encouraging. Furthermore, cytological analysis of interphase nuclei also demonstrated that these same

transformants affect H34me™!

K9 organization patterns and, importantly, that 4. thaliana NORs
partially lose association to this heterochromatic mark in RDR2- and NRPD2-RNAi transformants.
The same interphase phenotype is also observed in HDA6-RNAI linking it to nucleolar dominance
disruption (Earley et al., 2006).

It is possible that the variability of the effects observed within each RNAi knock-down line
generated for this study is the result of the inherent particularities of the 24nt siRNA pathway. This
multi-step pathway is self-reinforcing which indicates that multiple rounds of RNA precursor

transcription and processing are required to efficiently establish the heterochromatic state at target

genome regions. Hence it is feasible that knock-down efficiency, which does not equate the effect of
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null alleles, mainly delays the effectiveness of the silencing pathway as a whole. In such a scenario,
the replication of the experiment in A. suecica 9502 instead of an LC1 genomic background could
provide more conclusive evidence of the involvement of the siRNA heterochromatic pathway in
nucleolar dominance. The reduced levels of rRNA homologous siRNAs in 9502 indicate that its
biogenesis is compromised. In light of the analysis performed in 4. thaliana (Chapter IV) showing that
ago4-1 displays a mild effect on siRNA species homologous to 5S and 45S rRNA genes, it is apparent
that an amplification step occurs before siRNA loading into AGO4, possibly involving another, and
yet to be determined, Argonaute family member. This hypothesis would not be unique in the context
of our present knowledge of endogenous RNAi pathways, as a requirement for at least two distinct
Argonaute proteins for the biogenesis of specific sSmRNA species have been reported in C. elegans and
A. thaliana (Adenot et al., 2006; Gasciolli et al., 2005; Qi et al., 2006). AGO4 is also known to play
two distinct functions related to its ability to bind 23-24nt smRNAs (Li ef al., 2006; Qi et al., 2006); in
some cases acting as an RNA slicer in addition to targeting DNA modifications and silencing of
target loci (Yigit et al., 2006). Therefore, replication of the RNA1 induced knock-down of 24nt siRNA
heterochromatic pathway genes in 4. suecica 9502 could result in further impairment of the pathway,
as two steps would be affected. The additive effect obtained would be expected to severely
compromise siRNA biogenesis and produce a stronger correlation between 45S rRNA siRNAs and
nucleolar dominance, if such hypothesis is proven correct.

Could siRNA mediated gene silencing be required for parent-specific silencing of NORs in the
context of nucleolar dominance in A. suecica? One interesting difference in the IGS regions of 4.
thaliana and A. arenosa 45S rRNA genes is that A. thaliana possesses three putative pol I promoter
regions for each gene unit (two spacer promoters in addition to the gene promoter) whereas 4.
arenosa only has one, the 45S rRNA core promoter. This characteristic of the IGS regions could
potentiate a higher tendency of 4. thaliana TRNA genes to be subjected to heterochromatinization by a
siRNA based targeting mechanism if spacer promoters provide RNA transcripts that give rise to
siRNAs targeting regulatory elements in the spacer. Alternatively, other sequence differences may
lead to higher densities of heterochromatin like regions in the 4. thaliana 45S rRNA IGS, when
compared to the single restricted core promoter region in A. arenosa based on a siRNA-mediated
mechanism. The downstream effect in terms of nucleolar dominance establishment would be the result
of the higher capability of 4. arenosa derived rRNA genes to compete for the available transcription

machinery.
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VI — Conclusions and future prospects.
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The heterochromatic siRNA pathway is required to establish heterochromatic marks in a
mechanism involving DNA methylation and histone post-translational modifications. Central to this
epigenetic silencing pathway are the 24nt siRNA molecules which guide silencing complexes in a
sequence specific manner to DNA target regions. Biogenesis of these small non-coding RNAs is
exclusively dependent on processing of RNA precursors by RDR2 and DCL3 (Xie ef al., 2004) in a
step that distinguishes this pathway from all other endogenous RNA1 pathways that are know to occur
in a plant cell. Both pol IVa and pol IVb, AGO4 and DRDI are also required for the proper
functioning of the 24nt siRNA pathway, with pol IVa primarily responsible for the generation of RNA
precursors and the other activities participating in targeting and establishment of epigenetic marks in
the chromatin (Herr et al., 2005; Kanno et al., 2004; 2005; Onodera et al., 2005; Pontes et al., 2006;
Zilberman et al., 2003; 2004).

In Arabidopsis sp, 45S rRNA genes are under epigenetic regulation, which in the diploid A.
thaliana functions as a dosage control mechanism and in the tetraploid 4. suecica can lead to the
establishment of nucleolar dominance (Lawrence et al., 2004). Characterization of smRNAs
homologous to 45S rRNA genes allowed the identification of a discrete interval of preferential
accumulation of 24nt siRNA species overlapping the core promoter region. Biogenesis of these
smRNA species is dependent on the activity of all the genes implicated in the 24nt siRNA
heterochromatic pathway. Core promoter siRNAs associate with AGO4 (Pontes et al., 2006) and
siRNA accumulation is strongly impaired in drm2 mutants indicating that the potential for siRNA-
directed DNA methylation of 45S rRNA promoter regions exists. The obtained results regarding
nuclear interphase organization of 45S rRNA Joci demonstrate that the endogenous 24nt siRNA
pathway participates in higher order chromatin organization, as also observed for 5S rRNA /oci
(Onodera et al., 2005), but no correlation with DNA methylation levels or changes in 45S rRNA
transcript levels were obtained in this study. CHIP-based (Chromatin Immunoprecipitation) assays
may provide the missing piece of the puzzle based on our current understanding that the number of pol
I complexes engaged in transcription as well as the number of genes in the “on” state dictates overall
pre-rRNA transcript levels. It has been shown that chemically induced DNA hypomethylation and
histone deacetylation increase the set of 45S rRNA genes in a transcriptionally competent chromatin
conformation (Earley et al., 2006, Lawrence et al., 2004) and that pol I preferentially associates with
DNA-hypomethylated and H3"™"'K4 enriched promoters (Lawrence et al., 2004). One could expect
that the pol I pool could be redistributed by a larger set of rRNA genes as a result of knock-out of the
RNAi pathway in A. thaliana and that chromatin pull-downs targeting pol I complexes would

demonstrate a decrease in the density of 45S rRNA promoter occupancy while an enrichment in the
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euchromatic H3"™"™'K4 mark would be expected to occur. DNA methylation levels on 45S rRNA
gene promoters could also be assessed by use of CHIP-CHOP PCR (Lawrence et al., 2004) and
directly correlated with transcriptional status by combining the analysis with immunoprecipitation of
chromatin using an anti-pol I antibody.

Nucleosome remodeling has also been linked to the modulation of rRNA gene expression. NoRC -
mediated nucleosome remodeling activity in mammals was shown to re-position nucleosomes over the
rRNA gene transcription start site. Active genes have nucleotides from -157 to -2 wrapped around the
promoter bound nucleosome. NoRC activity slides the nucleosome 25 nucleotides downstream,
resulting in rRNA silencing (Li et al., 2006). It would be interesting to determine nucleosome
positioning in active vs inactive rRNA genes in A. thaliana and to see if any correlation exists between
the 24nt siRNA heterochromatic pathway (which includes the putative chromatin remodeller DRD1),
the discrete distribution of 45S rRNA core promoter homologous siRNAs, and nucleosome
positioning.

In order to understand the role of 24nt siRNAs in modulating 45S rRNA gene expression in the
context of nucleolar dominance, RNAi mediated knock-down of the endogenous RNA dependent
heterochromatic pathway was performed in the tetraploid A. suecica LC1, in which nucleolar
dominance occurs. The analysis of RNAi lines known to display nucleolar dominance disruption
(Earley et al., 2006; Lawrence et al., 2004; Preuss and Pikaard, unpublished) and the A. suecica
natural accession 9502 (Pontes et al., 2003) demonstrated that, although not its sole determinant, 24nt
siRNAs are likely involved in the modulation of this epigenetic phenomenon. Both 9502 and DRM2-
RNAI display reduced levels of 45S rRNA homologous 24nt siRNAs, a phenotype that was also
observed in T, transformants where RNA1 induced knock-down of NRPD2a, RDR2, DCL3 and HENI
mRNA was most efficient These lines displayed nucleolar dominance disruption, AtSNI DNA
demethylation, interphase decondensation and, in the case of NRPD2- and RDR2-RNAI individuals,
loss of complete association of the H3%™™K9 heterochromatic mark with A. thaliana 45S rRNA loci.
This latter interphase organization phenotype was previously associated with A. thaliana 45S rRNA
gene transcriptional activity (Earley et al., 2006). Nevertheless, the great variability encountered
between T, transformants indicates that further analysis is required to definitely implicate the 24nt
siRNA heterochromatic pathway in nucleolar dominance establishment. Replication of the experiment
with recently available tools which rely on the miRNA machinery to efficiently induce target mRNA
decay (Schwab et al., 2006) could provide the further insights required.

The presented results also underline the possible requirement of other Argonaute proteins for the

biogenesis of 45S rRNA homologous 24nt siRNAs. In A. thaliana, ago4-1 displays near WT siRNA
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accumulation levels and such is also the case for 5S rRNA-derived siRNAs (note that AGO4 is
required for DNA methylation of 5S rRNA genes), a phenotype not observed in loss of function
mutants of other pathway members or for other /oci where AGO4 is determinant in siRNA biogenesis
(e.g. AtSNI). Further characterization of other Argonaute proteins is required and, apart from resorting
to loss of function mutants in an A. thaliana background, A. suecica 9502 can also prove to be a useful
tool in this analysis. Both 5S and 45S rRNA-derived siRNA accumulation is strongly compromised in
this line and evaluation of the expression levels and characterization of Argonaute genes in an A.
suecica genomic background could help determine which of the other known nine Argonaute family

members is required for rRNA siRNA biogenesis and accumulation.
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VII — Conclusées e perspectivas futuras.
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A via endogena de siRNAs heterocromaticos participa na modulagdo da heterocromatina pelo
estabelecimento de marcas de metilagdo no DNA e modificagdes pos-tradugao de histonas. Os siRNAs
de 24nt constituem um peca fundamental nesta via de silenciamento epigenético dirigido por serem
responsaveis pelo encaminhamento dos complexos silenciadores a regides de DNA de sequéncia
nucleotidica homologa a sua. A biogénese destas moléculas de RNA ndo-codificante depende
exclusivamente do processamento de percursores de RNA por parte das proteinas RDR2 e DCL3 (Xie
et al., 2004), num passo que distingue esta via heterocromatica de todos os outros mecanismos de
RNA de interferéncia que ocorrem numa célula vegetal. Entre outros membros identificados incluem-
se os complexos pol IVa e pol IVb e as proteinas AGO4 e DRDI, sendo o complexo pol IVa
responsavel pela sintese da molécula de RNA precursora, enquanto os outros membros participam no
estabelecimento de marcas epigenéticas ao nivel da cromatina alvo (Herr et al., 2005; Kanno et al.,
2004; 2005; Onodera et al., 2005; Pontes et al., 2006; Zilberman et al., 2003; 2004).

Em Arabidopsis sp., a expressdo dos genes ribossomais (45S) encontra-se sobre regulagdo
epigenética, funcionando como mecanismo de controlo de dosagem no diploide 4. thaliana e sendo
responsavel pelo estabelecimento da dominancia nucleolar no tetrapldide A. suecica (Lawrence et al.,
2004). A caracterizagdo de moléculas de smRNAs homologas aos genes 45S permitiu a identificacao
de uma regido discreta de acumulagdo preferencial de siRNAs de 24nt correspondente a regido do
promotor dos genes de rDNA. Estes smRNAs associam-se com AGO4 (Pontes et al. 2006) e a sua
biogénese ¢ fortemente comprometida em linhas mutantes drm2, indiciando que os siRNAs
homologos a regido do promotor serdo potenciais moduladores do controlo epigenético dos genes
ribossomais. Os resultados obtidos demonstram que a via de siRNAs heterocromaticos participa na
conformagdo da cromatina ribossomal, como anteriormente documentado relativamente aos genes
ribossomais 5S (Onodera et al., 2005). No entanto, as alteragdes na organizagdo interfasica da
cromatina ndo apresentam uma correlagdo directa com alteracdes nos niveis de metilagdo de DNA na
regido do promotor nem com alteracdes a nivel global de acumulacdo de transcritos provenientes dos
genes 45S. O recurso a técnicas de immuno-precepitagdo de cromatina (CHIP) podera fornecer a
prova defenitiva da importancia das moléculas de siRNAs na modulacido epigenética dos genes
ribossomais. O nivel de expressao enddgeno dos genes ribossomais 45S resulta de um balango entre o
numero de genes transcripcionalmente competentes e a “pool” de pol I disponivel para a sua
transcrigdo. O uso de agentes quimicos que induzem hipometilagido de DNA ou hiperacetilagdo de
histonas resulta no aumento do numero de genes ribossomais associados a marcas eucromaticas
(Earley et al., 2006; Lawrence et al., 2004), fraccdo a que se associam os complexos de pol I

(Lawrence et al., 2004). O bloqueamento da via de siRNAs heterocromaticos, embora aumente a
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frac¢do de genes ribossomais eucromaticos, poderd resultar na redistribuicdo de complexos pol I sem
afectar necessariamente os niveis totais de transcricdo do pré-rRNA. Sendo esta interpretagdo correcta,
por immunoprecipitagdo da cromatina ribossomal via pol I, deverd ser possivel observar um
decréscimo na densidade de ocupagdo desta RNA polimerase nos promotores dos genes 45S e um
enriquecimento no nivel de associagdo destas regides a marcas eucromaticas (via imuno-precipitagao
com um anticorpo anti-H3"™ %K 4). Alteracdes nos niveis de metilagio da regido do promotor, e sua
correlacdo com marcas epigenéticas ou associacdo a pol I, poderdo ser também avaliadas pela
combinagdo de imuno-precipitacdo com digestdo enzimatica de DNA metilado (CHIP-CHOP PCR;
Lawrence et al., 2004).

O posicionamento dos nucleossomas esta também associado a regulacao da expressao génica dos
genes ribossomais. A actividade remodeladora do complexo repressivo NoRC em mamiferos
reposiciona nucleossomas por forma a que estes englobem o local de inicio de transcricdo do rRNA
percursor (45S). Nos genes ribossomais activos, o nucleossoma engloba a sequéncia de DNA entre as
posigoes -152 a -2. A actividade do NoRC desloca o nucleossoma 25bp a jusante, bloqueando a
acessibilidade de factores de transcricdo / pol I ao promotor, resultando no silenciamento do gene
ribossomal (Li et al., 2006). Seria interessante determinar o posicionamento dos nucleossomas na
regido promotora de genes ribossomais activos e inactivos por forma a averiguar se existe alguma
correlagdo entre este posicionamente, a via de siRNAs heterocromaticos (da qual faz parte a proteina
remodeladora de cromatina DRDI1) e a distribuicao de siRNAs homologos ao promotor dos genes de
rDNA 458S.

Por forma a estudar o papel dos siRNAs (24nt) na modulagdo da expressdo génica dos genes
ribossomais no contexto da dominancia nucleolar, utilizou-se a tecnologia de RNA de interferéncia
para induzir o “knock-down” de genes pertencentes a via de siRNAs heterocromaticos no hibrido A.
suecica. A andlise de linhas transgénicas HDT1-, HDA6-, DRM2-RNAi (Earley et al., 2006;
Lawrence et al., 2004; Preuss and Pikaard, comunicagdo) e do tetraploide natural 4. suecica 9502, em
que nao se observa dominancia nucleolar, demonstrou que a via de siRNAs heterocromaticos esta
também envolvida no estabelecimento deste fenomeno epigenético, embora nao sendo o seu unico
factor determinante. 4. suecica 9502 ¢ DRM2-RNAI apresentam niveis de acumulagdo reduzidos de
siRNAs homologos as regides promotoras dos genes ribossomais. O mesmo fenodtipo de reduzida
acumulagdo de siRNAs e do ndo estabelecimento de dominancia nucleolar ¢ também observado em
plantas transgénicas NRPD2-, RDR2-, DCL3- e HENI1-RNAIi onde, a um eficiente “knock-down” do
mRNA do gene alvo, se associa a redu¢do dos niveis de metilagdo nos loci AtSNI e descondensacao

dos NORs de A. thaliana em interfase. No caso de transgénicos NRPD2- e RDR2-RNAi, a
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descondensa¢do da cromatina ribossomal em interfase resulta numa perda de associagdo de genes de
DNA a H3%™®K9 um fenodtipo interfasico associado & reactivagdo de genes ribossomais de A.
thaliana em A. suecica (Earley et al., 2006). No entanto, e devido a variabilidade encontrada entre
transformantes de um mesmo “knock-down” (ex. RDR2-RNAI), mais estudos serdo necessarios para
correlacionar a via de siRNAs heterocromaticos com o estabelecimento da dominancia nucleolar em
A. suecica. A repetigdo da abordagem realizada recorrendo a novas ferramentas de RNAi, que
dependem da via endogena de miRNAs (Schwab et al., 2006) para induzir o “knock down” dos genes
alvo, podera proporcionar a prova defenitiva.

Os resultados obtidos evidenciam que outra proteina da familia Argonauta podera estar envolvida
na biogénese de siRNAs homologos a genes ribossomais. Em A4. thaliana, mutagdes no gene AGO4
(ago4-1) ndo resultam num decréscimo assinalavel dos niveis de acumulacdo de siRNAs de 24nt
derivados dos genes de rDNA 45S e 5S, embora para o ltimo se verifique o consequente decréscimo
nos niveis de metilacdo do DNA. Este fenotipo nao € observado em linhas de A. thaliana com alelos
nulos de outros membros da via de siRNAs (24nt) ou no caso de siRNAs fortemente dependentes da
funcdo da AGO4 (ex. AtSNI). A caracterizagdo do papel de outras Argonautas na biogénese de
siRNAs de genes ribossomais ¢ portanto necessaria de forma a identificar que outro membro desta
familia podera estar envolvido. Esta andlise podera nao ser restringida aos recursos genéticos
disponiveis no background gendmico de 4. thaliana, englobando também A. suecica 9502. Este
hibrido apresenta uma forte redu¢do nos niveis de acumulagdo de siRNA homoélogos a genes de rDNA
(5S e 45S) e a avaliagdo dos niveis de expressdo e/ou caracterizagdo de genes AGO neste contexto
genomico poderd ajudar a determinar qual dos outros nove membros desta familia ¢ necessario para a

biogénese desta classe de siRNAs.
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