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Abstract
The Tumor suppressor Retinoblastoma (Rb) protein is an important cellular protein, which serves as a
critical regulator of entry into the cell cycle and its inactivation in normal cells leads to deregulated
growth. The fundamental functions of Rb in the control of cell growth and differentiation are very well
studied. In previous works it has been shown that the Rb protein takes part in direct inhibition of E2F,
recruits histone deacetylases (HDACs) and other chromatin modifying factors to balance cell cycle via
gene repression. Rb protein mutants in different species demonstrate that it is involved in different
pathways and has important cellular functions besides regulation of cell cycle and cellular
differentiation.
Retinoblastoma related (RBR) protein is a plant homolog of the Rb, which is primarily known as a
negative regulator of the cell cycle. RBR has been shown to bind to promoter regions of many
regulated genes in a complex with E2F/DP, which preferentially recognizes the canonical binding site
TTTCCCGC and different variations of it.
Recent studies indicate that loss of Rb function leads to genome instability. We made an attempt to
understand underlying molecular mechanisms of the role of the Arabidopsis thaliana RBR protein in
genome integrity.
Since rbr knockout mutants are gametophytically lethal, we generated Arabidopsis RBR RNAi lines
which showed a reduced level of RBR protein upon induction with β‐estradiol. We studied the role of
the RBR protein in genome integrity using established inducible RBRi lines in a reporter line for
homologous recombination.
In this work we show that RBR takes part in maintaining genome integrity directly and indirectly via
binding to the regulatory region of the FAS1 gene, one of the subunits of chromatin assembly factor 1
(CAF‐1) and by regulation of homologous recombination and non‐homologous end joining processes.
Additionally, RBR might regulate base‐excision repair via inactivation of the PARP2 gene. In vivo down‐
regulation of the RBR gene in the inducible RBR RNAi lines leads to a 40‐50 fold increase in
homologous recombination, especially in organs with actively dividing cells. Reduction in the RBR
protein level leads to a strong activation of genes involved in homologous recombination and a less
pronounced activation of the non‐homologous end joining pathway in Arabidopsis. The extent of
genomic rearrangements upon RBR down‐regulation appeared to be enhanced upon stress.
These studies delineate an important function of the known tumor suppressor protein in genome
integrity and demonstrate an involvement of the protein in the DNA methylation process.
Mapping of the in vivo DNA interaction sites of RBR greatly increases understanding of the mechanism
and logic of the cellular events, in which RBR protein plays an important role. To broaden our
knowledge in studies of the RBR activity we performed a ChIP‐Chip experiment with chromatin from
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an Arabidopsis tissue culture using RBR antibodies. As a result we identified a set of new genomic
binding sites of the RBR protein, which potentially contributes to the functional studies of the protein
and further develops and expands a hypothesis of E2F independent DNA binding activity of the
protein.
In the current studies were identified new targets of RBR protein, which contributes to the functional
studies of the protein. In these targets, novel RBR DNA‐binding motifs were identified which may
support evidences of an E2F‐independent DNA binding activity of the RBR protein.
Rb‐E2F

complexes have been shown to regulate genes that control DNA methylation in mammals.

Arabidopsis METHYLTRANSFERASE1 (MET1), a homolog of mammalian DNA methyltransferase
DNMT1, is implicated in maintaining DNA methylation during plant development and regulation of
certain imprinted genes, but functional interactions between MET1 and RBR are unknown. Therefore,
we investigated regulatory interactions between RBR and MET1 during gametophytic differentiation.
MET1 expression was increased in pollen and ovules of rbr/RBR plants. This suggested that MET1
could be a direct target of the RBR protein complex. To confirm our hypothesis, we performed fine
mapping of the binding sites of RBR within the MET1 promoter. We conclude from the results that
MET1 is directly regulated by RBR possibly via binding to E2F sites, providing a new insight into the
evolutionary role of MET1‐RBR interaction during cellular differentiation.
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Zusammenfassung
Das Tumor unterdrückende Retinoblastoma (Rb) Protein ist ein entscheidender Regulator des Eintritts
in den Zellzyklus. Die Inaktivierung in normalen Zellen führt zu dereguliertem Wachstum. Die
grundlegenden zellulären Funktionen von Rb bei der Kontrolle von Zellwachstum und Differenzierung
sind gut untersucht. Wie bereits von verschiedenen Forschern gezeigt wurde, ist das Rb‐Protein an
verschiedenen biochemischen Prozessen beteiligt. Dazu zählt unter anderem die direkte Hemmung
von E2F Transkriptions Faktoren, die Rekrutierung von Histon‐Deacetylasen und anderen Chromatin
modifizierenden Faktoren, welche den Zellzyklus über Genrepression regulieren. Retinoblastoma
Protein

Mutanten

in

verschiedenen

Pflanzenarten

zeigen,

dass

Rb

auch

an

anderen

Stoffwechselwegen beteiligt ist und neben der Regulation des Zellzyklus und der Zelldifferenzierung
weitere wichtige zelluläre Funktionen besitzt.
Retinoblastoma Related (RBR) ist ein pflanzliches Rb Homolog, welches in erster Linie als ein negativer
Regulator des Zellzyklus bekannt ist. RBR bindet an Promoter Regionen der regulierten Gene in einem
Komplex mit E2F/DP, welcher bevorzugt die kanonischen Bindungsstelle TTTCCCGC und verschiedene
Varianten davon erkennt.
Aktuelle Studien zeigen, dass der Verlust der Rb‐Funktion zu Genominstabilität führt. Wir machten
einen Versuch, die zugrundeliegenden molekularen Mechanismen der Rolle des Arabidopsis RBR‐
Proteins in der Genom‐Integrität zu verstehen.
Da RBR Knockout‐Mutanten gametophytisch letal sind, haben wir Arabidopsis RBR RNAi Linien
konstruiert, die nach Induktion mit β‐Estradiol ein deutlich niedrigeres Niveau des RBR Proteins
aufwiesen. Wir untersuchten die Rolle des Transkriptionsfaktors RBR in der Genom‐Integrität mit
diesen induzierbaren RBRi Linien in Arabidopsis Linien, die zusätzlich in ihrem Genom fragmentierte
Luciferase (Luc) oder β‐Glucuronidase (GUS)‐Gene als Substrate für die homologe Rekombination
enthielten.
Wir zeigen, dass RBR direkt und indirekt an der Aufrechterhaltung der Genom‐Integrität beteiligt ist.
Das erfolgt unter anderem durch die Bindung an die regulatorische Region des Gens FAS1, einer der
Untereinheiten von Chromatin Assembly Factor 1 (CAF‐1) und durch die Regulation der homologen
Rekombination und des nicht‐homologen Endverknüpfungs Prozesses (NHEJ). Darüber hinaus könnte
RBR die Basis‐Exzisionsreparatur über die Inaktivierung des Gens PARP2 regulieren. Reduktion von
RBR in den induzierbare RNAi‐Linien führt zu einem in vivo nachgewiesenen 40 bis 50‐fachen Anstieg
der homologen Rekombinationshäufigkeit in der ganzen Pflanze, vor allem in Organen mit sich aktiv
teilenden Zellen. Die Reduktion von RBR‐Protein führt zu einer starken Aktivierung von Genen der
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homologen Rekombination und weniger ausgeprägten Aktivierung des NHEJ Weges. Das Ausmaß der
genomischen Veränderungen nach RBR Reduktion wurde durch Stress verstärkt.
Die Bestimmung der in vivo DNA Bindungsstellen von RBR tragen massgeblich zum Verständnis von
Mechanismen und logischen Regulierungsprozessen zellulärer Vorgänge bei, in welchen RBR eine
entscheidende Rolle spielt. Zur Erweiterung unseres Wissens über RBR führten wir ein Chromatin‐
Immunopräzipitations Experiment mit einer Arabidopsis Gewebekultur und RBR‐Antikörper durch. Als
Ergebnis identifizierten wir eine Reihe neuer Genom‐Bindungsstellen des RBR‐Proteins, die zum
weiteren Verständnis der RBR‐Funktionalität betragen. Unsere Untersuchungen erlauben uns die
Hypothese einer E2F unabhängigen DNA Bindungsaktivität des Proteins.
Diese Untersuchungen zeigten eine wichtige Funktion eines Tumor‐Suppressor‐Proteins in der
Genom‐Integrität und demonstrierten die Beteiligung des Proteins am DNA‐Methylierungs Prozess.
Zusätzlich identifizierten wir neue DNA Bindungsstellen des RBR‐Proteins, die zum funktionellen
Verständnis des Proteins beitragen können. In diesen Bindungstellen konnten wir neue RBR DNA
Interaktionsmotive identifizieren, die eine E2F unabhängige DNA‐Bindung des RBR Proteins
unterstützen.
Es wurde gezeigt, dass der Rb‐E2F Komplex Gene reguliert, welche für die Regulation von DNA‐
Methylierungen in Säugetieren zuständig sind. Arabidopsis Methyltransferase (MET1), ein Homolog
von DNMT1 in Säugetieren, ist involviert in DNA‐Methylierung während der Pflanzenentwicklung und
der Regulierung von bestimmten Genen mit genomischem Imprinting. Funktionale Interaktionen
zwischen MET1 und RBR waren aber noch unbekannt.
Deshalb untersuchten wir regulatorische Interaktionen zwischen RBR und MET1 während der
gametophytischen Differenzierung. MET1 Expression war in Pollen und Eizellen von rbr/RBR Pflanzen
erhöht, was nahelegt, dass MET1 unmittelbar von einem

RBR‐Protein‐Komplex reguliert wird.

Deshalb führten wir eine Feinkartierung der Bindungsstellen von RBR innerhalb des MET1 Promotors
durch. Wir folgern, dass MET1 direkt von RBR reguliert wird,

möglicherweise über E2F

Bindungsstellen. Dies bietet einen neuen Einblick in die evolutionäre Rolle der MET1‐RBR Interaktion
während der zellulären Differenzierung.
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Abbreviations

BER‐ Base Excision Repair
CRE‐ Cis‐regulatory Element
ChIp‐Chromatin Immunoprecipitation
Dai‐ Days after induction
Dpg‐ days post germination
DSB‐ double‐stranded break
dsDNA‐ double‐stranded DNA
EST‐ Expressed Sequence Tag
Hai‐ hours after induction
HR‐Homologous Recombination
MMEJ‐ Microhomology‐mediated end joining
NHEJ‐ Non‐Homologous End Joining
OE line‐ Overexpressing line
PcG‐ polycomb group
Rb‐phosphoretinoblastoma
RBR‐Retinoblastoma‐related gene
RBRi‐ RBR RNAi
RNAi‐ RNA interference
Rb‐Retinoblastoma
RT PCR‐ Real‐time PCR
SAP‐ Systematic analysis of Arabidopsis Promoters
SSB‐ single‐stranded break
SSDA‐for synthesis‐dependent strand annealing
ssDNA‐ single‐stranded DNA
TC‐ Tentative Consensus
TF‐Transcription Factor
UV light –ultraviolet light
VIGS‐ Virus induced gene silencing
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Chapter 1. Introduction
One feature of cancer cells is their ability to proliferate despite regulatory mechanisms of growth. Cell
growth is regulated by an intricate cellular network, modulated by oncogenes and tumor suppressor
proteins. Key regulator of this network, affecting cell cycle arrest, is the retinoblastoma (Rb) tumor
suppressor protein in metazoans. More than 50 years ago, it was observed that one type of cancer
(later called retinoblastoma (Rb)), affecting children, occurred sporadically in some of them, but was
inherited in others (Falls 1951, Falls and Neel 1951). Retinoblastoma tumor, as it was hypothesized by
Knudson (Knudson 1971), in his “two‐hit hypothesis”, arises as a result of two mutations, which
inactivate both the alleles of an Rb susceptibility gene. The intensive study to highlight the molecular
mechanisms underlying appearance of this tumor led to identification and cloning of the RB gene
(Friend et al. 1986), which represents a key player of a cell cycle regulation and the prototype of
tumor suppressor genes.
Rb genes have been isolated from a variety of animal species: Mus musculus (mouse) (Huppi et al.
1996), Xenopus levis (Destree et al. 1992), Caenorhabditis elegans (nematode) (Lu and Horvitz 1998),
allus gallus (chicken) (Boehmelt et al. 1994), rat (Boehmelt et al. 1994), zebrafish (accession no.
AAM91029) and Drosophila (Du et al. 1996). For few years it was thought that there is no analogue of
the retinoblastoma protein in unicellular organisms, but this idea has been challenged by the
discovery of a retinoblastoma‐related protein (RBR) in the unicellular green flagellate Chlamydomonas
including yeast (Umen and Goodenough 2001).

1.1.

Rb as a conductor of the cell cycle

Rb and the related proteins, p130 and p107, belonging to so called “pocket” proteins, regulate the
E2F transcription factor family (Lee et al. 1987a, Ewen et al. 1991, Mayol et al. 1993, Umen and
Goodenough 2001). E2F was originally discovered as a cellular activity, which is required for
adenovirus E1A transforming protein to mediate the transcriptional activation of the viral E2
promoter. As it has been shown by different researchers, pocket proteins take part in direct inhibition
of E2F, recruitment of histone deacetylases (HDACs) and other chromatin modifying factors to balance
cell cycle via gene repression (Brehm et al. 1998, Luo et al. 1998, Magnaghi‐Jaulin et al. 1998, Ross et
al. 1999, Cam et al. 2003). Rb inhibits E2F activity via recruitment of such chromatin remodeling
factors as: HDAC, members of the ATP‐dependent complex SWI/SNF, DNMT1 and a Histone H3
Methyltransferase, most likely Suv39H1.
Rb serves as a crucial regulator of entry into the cell cycle and its inactivation in normal cells leads to
deregulated growth. Cells possess a complex pathway regulating transition from G1 to S phase and
9

the alteration of each of those proteins may be relevant in malignant transformation. Rb is a nuclear
protein, whose activity is modulated by phosphorylation in a cell‐cycle‐dependent manner (Chen et al.
1989, DeCaprio et al. 1989, Mihara et al. 1989). It is hypophosphorylated in resting or G0‐arrested
cells and in this state it actively represses proliferation. Rb phosphorylation by cyclin‐dependent
kinase 4 and 6 (cdk 4 and cdk 6) is regulated through the cdk inhibitor p16, which ensures that no
phosphorylation of Rb will occur. The later process releases Rb from the E2F/DP complex.
Disruption of the Rb‐E2F/DP complex leads to relief of repression and transcription of genes such as
cyclin E, which further phosphorylates Rb and eventually leads to S phase entry (Harbour and Dean
2000, Zhang et al. 2000, Xiao et al. 2003).
Involvement of Rb in the cell cycle regulation, implying cdk‐integrated positive and negative growth
signals and E2F‐DP transcription factor activity is depicted in the figure 1.

Figure 1. Restriction point control and Rb/E2F pathway (modified from N. Nalabothula, 2004)
CyclinD and Cdk4/6 are kept under sequestration of the p21‐p27‐p57 and p16‐p15‐p18‐p19 complexes until the cell is
needed to proceed to the next cell cycle phase. When cells need to proceed through the cell cycle, mitogenic signals will lead
to the subsequent activation of the cyclin D/cdk4 and 6, cyclin E/cdk2 and cyclin A/cdk2 complexes, which will increasingly
phosphorylate Rb during progression through G1. As a consequence, Rb loses its affinity for E2F, allowing cells to proceed
through the G1/S transition. Rb is kept in a hyperphosphorylated inactive state until late in mitosis.

Eight human genes have been identified as components of the E2F transcriptional activity; these
genes have been divided into 2 distinct groups: the E2Fs (1‐6), and the DPs (1 and 2). The protein
products of these two groups heterodimerize (through a leucine zipper domain) to give rise to
functional E2F activity, and all possible combination of E2F‐DP complexes exist in vivo (Cam and
Dynlacht 2003). The individual E2F‐DP complexes preferentially recognize, via a bHLH DNA‐binding
motif, the same nucleotide sequence, TTTCCCGC and different variations of it; however, the individual
E2F‐DP species invoke very different transcriptional responses depending on the identity of the E2F
10

moiety and the proteins, associated with the complex. The E2F family can be divided into 3 subgroups,
including E2F1, E2F2 and E2F3, E2F4 and E2F5, and E2F6 according to their main functions. E2F1, 2
and 3 are so called "activating E2Fs"; by contrast, E2F4 and E2F5 seem to be involved in the "active
repression" of responsive genes by recruiting the pocket proteins and their associated histone
modifying enzymes. E2F1 was shown to bind to DNA in a DP‐dependent manner, and the resulting
complex is a strong transcriptional activator of E2F‐responsive promoters. E2F2 and 3 are highly
homologous to E2F1, and show similar DNA‐binding and transactivation properties. Rb recruits E2F1, 2
and 3 and therefore contributes to the repression of E2F‐responsive genes. Through E2F1, 2 and 3 Rb
is able to activate the genes that are essential for cellular proliferation and the induction of apoptosis.
In normal cells, the "activating" E2Fs are specifically regulated by their association with Rb, but not
with the related pocket proteins p107 and p130. Their release is triggered by the phosphorylation of
Rb in late G1 and correlates closely with the activation of E2F target genes.
As it is known from the animal and plant field, the E2F‐1 transcription factor directs cell division and at
the same time it gets upregulated in response to DNA damage. Additionally, level of E2F‐1 protein
gets increased after UVC irradiation in a similar way to p53 in response to DNA damage (Blattner et al.
1999).
Besides cell cycle regulatory function, Rb has multiple cellular functions and resides in multiple protein
complexes involved in different cellular pathways (Zheng and Lee 2001). For example, accumulating
evidences suggest that Rb is critical for cellular differentiation and embryonic development (Lipinski
and Jacks 1999). Rb is also implicated in the regulation of replication machinery and in the control of
cell cycle checkpoints in response to DNA damage (Zheng and Lee 2002). Role of Rb is not only tissue‐,
but also cell phase‐specific (Wells et al. 2003). For example, Rb’s primary role in controlling cellular
differentiation and proliferation is accomplished during G0 and G1 phases by regulating E2F activity.
As was shown, Rb not only regulates cellular growth factors, but also mediates differentiation signals
(Chen et al. 1995).

1.2.

Rb protein and chromatin remodeling: a dynamic network of gene expression

Rb can repress transcription in at least three distinct ways (Inze and Gruissem 2007). As discussed
above, one involves binding to the activation domain of E2F and blocking its activity (Dimova and
Dyson 2005). However, Rb also interacts with many other proteins and some of these interactions
certainly give an impact on gene expression. More than 100 unique Rb binding proteins in mammals
include over 70 TFs; almost all of them interact with unphosphorylated form of Rb ( Chang et al. 1997,
Nead et al. 1998, Chen et al. 1999, Inze and Gruissem 2007). Rb has been also shown to regulate gene
expression not only via binding to DNA in the E2F/DP repressive complex, but also via change in
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histone modifications and chromatin remodeling. In 1998, three different groups described the
association of Rb/p105 with histone deacetylase 1 (HDAC1) ( Brehm et al. 1998, Magnaghi‐Jaulin et al.
1998, Luo et al. 2001). But later on, it has been also demonstrated, that Rb is able to repress
transcription through direct contact with the basal transcription machinery without the presence of
HDACs (Ross et al. 1999). Rb‐mediated transcriptional repression also involves alteration of chromatin
structure, which is regulated by chromosome remodeling complexes in an ATP‐dependent manner
(Trouche et al. 1997). The most well studied of these complexes is the SWI/SNF complex, which is
involved in both transcription activation and repression. Rb interacts with human homologs of SWI2
and SNF2 via BRG1 and Brm TFs respectively (Dunaief et al. 1994). BRG1, a human TF, contains a
domain with homology to DNA helicases (Dunaief et al. 1994) and is shown to be able to assist certain
sequence‐specific DNA‐binding TFs in transcriptional activation (Peterson and Herskowitz 1992, Qin et
al. 1992, Winston and Carlson 1992, Khavari et al. 1993, Laurent et al. 1993, Muchardt and Yaniv
1993, Cairns et al. 1994, Carlson and Laurent 1994, Peterson et al. 1994).
The tumor suppressor is able to form two distinct complexes at different cell phases of cell cycle: one
with both HDAC and hSWI/SNF and another with only hSWI/SNF (Zhang et al. 2000). In this scenario, it
is possible that Rb represses E2F transcription to varying degrees, even in a two‐step process. First,
Rb‐E2F complex could switch off actively transcribed genes by recruiting HDACs to deacetylate lysine 9
of histone H3; subsequently, Suv39H1 could methylate histone H3 at lysine 9, creating a binding site
for heterochromatin protein 1 (HP1) (Nielsen et al. 2001). The tight association between HP1 and
Suv39H1 facilitates the modification of adjacent histone tails and allows the silencing effect to be
propagated throughout a regulatory region.
Additionally to the described mechanism of heterochromatin maintenance, Rb family is involved in
maintaining constitutive heterochromatin via controlling H4K20 tri‐methylation by Suv4‐20h1 and
Suv4‐20h2 histone methyltransferases (Gonzalo et al. 2005) and, most probably, via controlling
activity of DNA methyltransferase 1 (DNMT1). Until now, it has been shown that Rb binds to DNA by
means of E2F only and actively represses transcription (Dyson 1998). Figure 2 summarises the mode
of transcriptional repression via Rb‐E2F/DP complex and recruitment of different chromatin modifying
protein complexes to the regulatory region of a target gene.
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G0

Late G1

S

Figure 2. Transcriptional repression by Rb (Guasconi and Ait‐Si‐Ali 2004)
Active Rb recruits histone deacetylase1 (HDAC1) to the target genes, protein complex SWI/SNF, histone methyltransferase
Suv39h1 and such a DNA modifier as DNA methyltransferase 1 (DNMT1)

Rb has also been shown to regulate genes that control DNA methylation in mammalian cells (Ferreira
et al. 2001) through different mechanisms. DNMT1 has been shown to be controlled by the
E2F‐Rb‐HDAC‐dependent and ‐independent Rb/E2F pathway via promoter binding (Ferreira et al.
2001, McCabe et al. 2005). Inactivation of methyltransferase DNMT1 leads to global DNA
demethylation, destabilizing genome structure.
The mammalian homolog of DNMT1 in Arabidopsis thaliana is called METHYLTRANSFERASE1 (MET1).
Together with Deficient in DNA Methylation1 (DDM1), MET1 protein is implicated in maintaining DNA
methylation with subsequent methylation of histone H3 lysine 9 (Tariq et al. 2003). MET1 has been
shown to be regulated by RBR. The regulation occurs via direct binding of RBR to E2F sites of probable
regulatory regions of MET1 in a complex with MSI1 (Jullien et al. 2006, Johnston et al. 2008). And
indeed, plant RBR has been shown to play an important role in maintenance of heterochromatin
(Johnston et al. 2008), a mechanism that is likely mediated by methyltransferase MET1 (Soppe et al.
2002).

1.3.

Biochemical properties of Retinoblastoma proteins

The human Rb protein with a molecular weight of 110 kDa is a nuclear phosphoprotein, which spans
928 amino acids and which is expressed in every examined tissue type (Lee et al. 1987b).
The human Rb gene has been identified by isolating a single copy fragment from human chromosome
13 that was highly conserved between mouse and human, resulting in 4.7‐kb RNA (Friend et al. 1986).
The protein contains 3 distinctive domains: N‐terminal region, the central A and B (so called “pocket”
domain) separated by a linker region, and the C‐terminal region. Via pocket domains Rb associates
with target proteins. The majority of the Rb‐interacting partners contain an LXCXE motif (Chen et al.
1995). This motif was originally identified to be critical for viral oncoproteins for interaction with Rb
(Ludlow et al. 1989). Apart from that, separate protein binding sites are located within the N‐terminal
and C‐terminal regions as indicated for Rb kinase and c‐Abl, respectively (Figure 3).
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Figure 3. Domain structure of Rb protein (Herwig and Strauss 1997)
Composition of two non‐contiguous stretches of amino acids, A (379‐572) and B (646‐772) domains, making up A/B pocket.
Rb associates with such mammalian viral oncoproteins as SV40 T‐antigen, adenovirus E1a (Ach et al. 1997b), and HPV E7
(Grafi et al. 1996, Huntley et al. 1998). Spl multigene family regulating T‐cell receptor gene expression (Kingsley and Winoto
1992).

The first knowledge of Rb activities as a tumor suppressor and cell cycle conductor originated from
investigations of oncoviral proteins, which were deregulating cell cycle control. The SV40 Tag
(DeCaprio et al. 1988), the adenovirus E1A protein (White et al. 1988), and the human papilloma virus‐
16 (HPV) protein E7 (Dyson et al. 1989) interact with the hypophosphorylated form of Rb and its
relatives p107 and p130 by binding to their A/B pocket domains (Bandara and La Thangue 1991, Cao
et al. 1992, Devoto et al. 1992). The domain structure of the Rb protein binding partners with their
position within Rb binding locuses is depicted on the Figure 3 in a detailed way.
The C‐terminal region of the protein, together with A and B domains, is essential for interaction with
many of the Rb‐associated proteins. Some studies of this domain suggest that its phosphorylation
initiates a folding structure for interaction with the A/B domains and occupation of the HDAC binding
site (Harbour et al. 1999). Mutations in the A and B cyclin‐like domains most often occur in tumors.
Mutational analysis of the C‐terminus of Rb also suggests a contribution of this region to Rb‐mediated
growth suppression (Whitaker et al. 1998) and apoptosis via prevention of p53 degradation via Rb
binding to MDM2 (an important negative regulator of the p53 tumor suppressor) (Sherr and Weber
2000). The key S/T residues, which are able to be phosphorylated within C‐termini, are responsible for
the growth‐suppressing activity of the protein.
The crystal structure on the Figure 4 helps to better understand in vivo domain structure of the Rb
protein.
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Figure 4. Crystal structure of the retinoblastoma tumor suppressor protein bound to E2F (Xiao, et al.
2003)
E2F binds at the interface of the A and B domains of the pocket making extensive interactions with conserved residues from
both domains.

Rb is able to associate with non‐specific DNA sequences in a DNA‐cellulose chromatographic assay.
Binding activity assays with purified fusion proteins revealed that the carboxyl‐terminal region of the
Rb protein has an intrinsic nonspecific DNA‐binding activity and is important for interaction with DNA
(Lee et al. 1987b). Phosphorylation of Rb protein may affect its DNA‐binding activity. That Rb can bind
DNA intrinsically, and that this activity can be modulated by phosphorylation, is consistent with the
proposed regulatory role of the Rb protein in cell growth and differentiation (Wang et al. 1990). The
amino acid sequence deduced and analyzed from the Rb cDNA did not demonstrate regions
homologous to known DNA‐binding domains. So, it is not clear whether Rb can have an in vivo
intrinsic binding activity without complexing with other cellular factors.
The Rb protein has previously been shown to be phosphorylated on multiple serine and threonine
sites (Ludlow et al. 1989, Shew et al. 1989, Wang et al. 1990). The mitogen‐dependent accumulation
of D‐type cyclins triggers Rb to become phosphorylated by cdk4 and 6 (Ewen et al. 1993). Different
sites of Rb seem to be phosphorylated preferentially by specific cyclin/cdk kinases (Cdk2, Cdk4 and
Cdk6), and phosphorylation of specific sites may modulate distinct biological functions of Rb (Kitagawa
et al. 1996, Zarkowska and Mittnacht 1997, Takaki et al. 2005).
Rb has a different level of phosphorylation during different cell phases: hypophosphorylated forms
predominate in early G1 phase, reappearing during M phase; the hyperphosphorylated forms of Rb
are present throughout S, G2 and M phase. Experiments using microinjection of unphosphorylated Rb
into cells at early G1 inhibits their progression into the S phase (Knudsen et al. 1998).
Several investigations suggested that also the N‐terminal region of Rb is important for its tumor
suppressor function. Transgenic expression of N‐terminally deleted human Rb is not able to rescue Rb
‐/‐ mice completely from embryonic lethality (Riley et al. 1997). There are several proteins interacting
with N‐terminus of Rb: nuclear matrix protein, p84 (Durfee et al. 1994) heat shock cognate protein
(Chen et al. 1996), a kinase active in G2/M phases (Sterner et al. 1995) and replication licensing factor
MCM7 (Durfee et al. 1994).
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The presence of a BRCT domain in the N‐terminal region of Rb gave a hint to better understand how
Rb may act in genome maintenance (i.e., DNA repair). The BRCT domain is originally identified in the
C‐terminal region of BRCA1. It is present in a number of proteins participating in cellular response to
DNA damage and was suggested to be responsible for protein‐protein interactions (Bork et al. 1997,
Zhang et al. 1998, Moynahan et al. 1999, Westermark et al. 2003). Deletion experiments pointed out
that disruption of exon 4 in Rb causes a low‐penetrant mutant allele, which specifically inactivates the
BRCT domain. BRCT domain is present in XRCC1 and it might be important for genetic stability in post‐
mitotic cells in vivo (Moore et al. 2000).

1.4.

Plant retinoblastoma proteins

The identification of plant homologues of retinoblastoma‐related genes and the characterization of
different components of the plant retinoblastoma pathway have demonstrated that the regulators of
cell division can be targets for evolutionary changes that contribute to essential features in
developmental strategies or environmental responses.
Although many of the cell cycle regulating genes seem to be conserved between plants and animals,
there are few principal differences between plant and animal cells to be mentioned. One of them is an
aspect of totipotency of plant cells: many of the differentiated plant cells show the ability to divide
and produce all types of cells; another is that plant cells have a cell wall. Additionally, plants have a
pool of germ‐line cells produced from continuously proliferating meristematic region. Thus, plants
provide us a unique model to study the protein function in the presence of the conserved players of
the cell cycle and very different developmental processes among plants and metazoans.
Plant RBR cDNAs have been cloned from the monocot Cocos nucifera (accession no. AAM77469) and
the dicot species Nicotiana tabacum (Nakagami et al. 1999), Chenopodium rubrum (Fountain et al.
1999), Arabidopsis thaliana (Kong et al. 2000) Zea mays (Ach et al. 1997a), Pisum sativum (pea)
(accession no. BAA88690), Euphorbia esula (accession no. AAF34803), Populus tremula×Populus
tremuloides (accession no. AAT61377) and Scutellaria baicalensis (accession no. AB2051361). In silico
studies on Expressed Sequence Tag (EST)/ Tentative Consensus (TC) databases support the hypothesis
that dicot species contain a single RBR gene. This assumption was verified by an analysis of the
complete genome sequence of M. truncatula (Cannon et al. 2006). In maize (a monocot) the two
different RBR proteins RBR1 and RBR3 were identified, which seem to have complementary functions
(Ach et al. 1997a).
Within the A and B pocket domains, the retinoblastoma proteins from different plant species exhibit
very high sequence identity, which indicates that they have a common ancestor.
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A diversification of the plant RBR genes and encoded proteins can be seen only in cereal monocot
species. The plant RBR proteins can be categorized into three distinct subfamilies, in which the
similarity between members is greater than the similarity to other RBR proteins from the same
species. Subfamily A contains all dicot RBR proteins, such as AtRBR, EeRBR CrRBR, MsRBR, NtRBR,
PtRBR, and PsRBR, while subfamilies B and C comprise different monocot RBR proteins (Lendvai et al.
2007).
As its mammalian homolog, RBR may also repress E2F activity via binding to activation domain of E2F
(Ramirez‐Parra et al. 2004). Overexpression of the E2Fa induced sustainable cell proliferation in
seedlings. This process is strongly enhanced in case of co‐expression of the DPa. As an outcome,
E2Fa/DPa overexpressors arrested early in development with a strong induction of S‐phase genes and
enhancement of endoreduplication (De Veylder et al. 2002).
Experiments have been done to study RBR function in inducible rbr mutants. One of those
experiments dealt with reduction of RBR levels in Nicotiana benthamiana using virus‐induced gene
silencing (VIGS), which resulted in prolonged cell proliferation and delayed cell differentiation in
leaves and stems, induced expression of E2F regulated genes and increased endoreduplication (Park
et al. 2005). RBR has distinct functions in different cell types to prevent cell division,
endoreduplication and stem cell maintenance (Johnston et al. 2010). Similar experiments with
conditional expression of the nanovirus protein Clink to inactivate targeting RBR in Arabidopsis has
been done by Lageix (2007). Transient overexpression of RB in the tobacco shoot apical meristem
trigger cells towards a more differentiated state (Wyrzykowska et al. 2006).
A striking degree of conservation exists in terms of the domain organization of the Rb family
members, including animal and plant species (Durfee et al. 2000). As in their animal counterparts,
plant RBR proteins have two blocks of conserved sequences, forming the A/B pocket domain. This
domain serves as a docking place for the E2F transcription factors. Plant RBR proteins interact with D
cyclins through an LXCXE motif at the N‐terminus of the protein (Huntley et al. 1998). Obvious
structural similarities between Rb and plant retinoblastoma proteins are depicted in Figure 5.
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Figure 5. Rb protein domain structure (Durfee et al. 2000)
The three conserved regions between plants and animals (N, A and B) are indicated in boxes. Black balls represent potential
CDK phosphorylation sites, and a conserved cysteine residue in the B domain is indicated by C. Numbers refer to protein
length in amino acids. ZmRBR1 stands for maize RBR homolog, NtRBR1 stands for tobacco RBR homolog and CrRBR1‐ for
Chlamydomonas reinhardtii.

The structural and biological similarities between plant and animal Rb proteins suggest that plant
homologues might function in a similar way to mammalian Rb (Durfee et al. 2000). This prediction is
supported by experiments, in which truncated forms of Rb were active in plant cell cultures (Xie et al.
1996). Mammalian E2F1‐E2F6 requires heterodimerization with DP1 or DP2 for proper function.
Functional cooperation of plant E2F and DP proteins has been confirmed in transgenic Arabidopsis
plants, which were expressing both proteins (Rossignol et al. 2002).
Arabidopsis thaliana RBR protein has a molecular weight of 112.2 kDa and a size of 1013 amino acids
with

isoelectric

point

of

7.9.

The

protein

is

encoded

on

the

third

chromosome

(http://biology.kenyon.edu/BMB/Chime2/2006/BSAM2/index.htm).
The role of RBR in cell division and differentiation has been shown by several researchers, including
our laboratory. RBR transcript suppression early in embryogenesis resulted in the production of
several extra layers of undifferentiated cells in columella root cap. These cells seemed to retain stem
cell identity (Borghi et al. 2010). The quiescent center in rbr plants remains functional and RBR might
influence stem cell fate through changes in cell patterning (Wildwater et al. 2005). Therefore, ectopic
expression of RBR in the root meristem results in rapid differentiation of stem cells (Wildwater et al.
2005). Although modulation of other cell cycle genes influences cell proliferation and growth, they are
not capable to affect the meristem region to such an extent as the RBR gene (Cockcroft et al. 2000).
The unscheduled mitotic activity and disruption of normal female gametophyte development caused
by Arabidopsis rbr loss‐of‐function alleles suggest that RBR may influence the switch from cell
proliferation to differentiation (Ebel et al. 2004). The overproliferating nuclei of the central cell do not
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express an endosperm marker suggesting that they do not adopt endosperm but instead retain
gametopyhtic identity (Ingouff et al. 2006).
Our laboratory has shown that RBR is necessary for the development of female and male
gametophytes: for nuclear proliferation in the female gametophyte (Ebel et al. 2004) and correct
differentiation of male gametophytic cell types (Johnston et al. 2010).
Plant Retinoblastoma protein functions as a negative regulator of cell proliferation during leaf
development and might connect cell proliferation to specific cell differentiation processes (Schellmann
and Hulskamp 2005).

1.5.

Involvement of Retinoblastoma proteins in genomic stability

The process of genome and chromosome instability is extremely complex including the reasons,
causing genomic and chromosomal rearrangements. We will point out few of those reasons:
missregulation of DNA repair machinery (including homologous recombination) and genome
hypomethylation. Both of the processes are directly or indirectly related to cell cycle. Indeed, all
mitotic events (such as post‐replicative chromosome remodeling, M phase entry, sister chromatid
separation, spindle alignment elongation and M phase exit) are regulated in concert with G2/M phase
cell cycle progression.
The role of Rb in cell cycle and differentiation is well established and can explain its role in tumor
suppression, but does not completely clear why mutation in Rb gene leads to appearance of multiple
genetic mutations and cells predisposition for the process of tumorigenesis remains not understood.
The idea that aneuploidy (abnormal number of chromosomes) is a key element of cancer originated
from Theodore Boveri, who observed around a century ago that multicellular mitosis causes unequal
segregation of chromosome (Boveri 1902). Aneuploidy is a major indication of an unstable genome,
which is observed in nearly all cancer cells (Pulverer 2004).
Aneuploidy, a trait, characterized by numeric changes in chromosomes, is undoubtedly a result of
chromosome missegregation. Chromosomal abnormality, characterized by gross inter‐chromosomal
rearrangement, is frequently observed in cancer cells and suspected to be attributed to an elevated
recombination, following DNA DSB and SSB (Myung et al. 2001). Rb dysfunction both in human and
murine fibroblasts drives aneuploidy (Lentini et al. 2006, Amato et al. 2009, Lentini et al. 2006).
Recent studies have shown that Rb inactivation also slows mitotic progression and promotes
aneuploidy, but reasons for these phenotypes are not well understood (Manning et al. 2010).
Recently, it has been shown in our laboratory that RBR of Arabidopsis thaliana controls ploidy
maintenance in the gametophytic cells and that it is involved in maintaining genome integrity because
in its absence or down‐regulation polyploid offspring are produced (Johnston et al. 2010).
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Rb may function in the maintenance of chromosome stability by influencing mitotic progression,
faithful chromosome segregation, and structural remodeling of mitotic chromosomes.
Rb (and particularly its N‐terminal part) supports genome stability. As was mentioned earlier, the
deficiency in all three pocket proteins disrupts trimethylation of H4‐K20 and leads to centromere
fusion and genomic instability (Gonzalo et al. 2005). Therefore, loss of Rb leads to the loss of genome
stability and chromosomal structure.
It has been shown that Rb‐depleted cells have a striking increase (>20%) in intercentromeric distance
and chromosomes of Rb mutants have difficulties in aligning in a tight metaphase plate. As a reason
for these abnormalities Lavoie proposed the loss of centromeric cohesin and condensin II localization
in Rb (Lavoie et al. 2008). Another piece of evidence to explain how chromosome structure is
maintained by Rb is indicated in the following statements: the protein forms a complex with the
human polycomb (Pc) group protein 2 (HPC2) (Dahiya et al. 2001) and modulates global chromosome
organization through a regulation of DNA Topoisomerase II alfa (Bhat et al. 1999).
As it has been mentioned earlier, there is a direct link between cancer and methylation status. In
metazoans Rb is shown to be involved in heterochromatin formation: consequently, Rb deficient cells
have an elevated amount of euchromatin compared to normal cells (Herrera et al. 1996).
Promoter hypermethylation in normal cells is relatively rare. In animal field the mechanism of
promoter hypermethylation remains elusive. The primary function of global hypermethylation is to
maintain genome integrity through the heritable repression of repetitive element transcription (Walsh
and Bestor 1999). There is evidence that global demethylation results in up‐regulation of genes that
are silent in normal cells.
Transcriptional effects of the hypomethylation involve loss of imprinting, induction of ectopic onco‐
fetal gene expression, and transcriptional activation of repetitive elements (Holm et al. 2005). Genetic
effects are probably more indirect and involve larger scale processes such as overall chromatin
structure, aneuploidy and DNA replication (Eden et al. 2003, Gaudet et al. 2003, Jaenisch and Bird
2003).
Rb‐E2F complexes have been shown to regulate genes that control DNA methylation in mammals.
Genomic DNA sequence analysis of DNMT1 identified conserved E2F consensus binding sites in
proximity to the transcription initiation points of murine and human DNMT1. Furthermore, the
DNMT1 promoter was shown to be regulated by the Rb/E2F pathway (Ferreira et al. 2001, Haushalter
and Kadonaga 2003). Direct interaction of RBR with methyltransferase MET1 has been shown in
Arabidopsis, which may lead to hypomethylation in the plant genome, increases the probability of
misexpression of imprinted genes (Johnston et al. 2008) and abnormal plant development (Finnegan
et al. 1996).
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Maintenance of genome integrity to a high degree depends on histone chaperone‐mediated
chromatin reorganization. Chromatin assembly factor‐1 (CAF‐1) is responsible for DNA replication‐
associated nucleosome deposition. It is an evolutionary conserved heterotrimeric complex. In yeast
there is a chromatin assembly complex (CAC), which consists of Cac1, Cac2 and Cac3 subunits
(Haushalter and Kadonaga 2003, Polo and Almouzni 2006) and in mammals it is assembled from
p150, p60, and p48 subunits (Smith and Stillman 1989, Kaufman et al. 1995, Verreault et al. 1996). In
the absence of CAF‐1 human cells cannot survive, whereas in Arabidopsis thaliana, in which CAF1 is
involved in heterochromatin compaction and homologous recombination, caf1 plants are viable. In
Arabidopsis thaliana, CAF‐1 is comprised of the three subunits: FASCIATA1 (FAS1), FAS2, and
MUlTICOPY SUPPRESSOR OF IRA1 (MSI1) genes, respectively (Kaya et al. 2001, Hennig et al. 2003).
As was shown by microarray experiment with caf‐1 mutants, among genes, whose expression level
was altered were genes belonging to the DNA repair functional category (Schonrock et al. 2006),
suggesting a functional link of CAF‐1 and DNA damage responses.
In our laboratory it was shown that RBR protein interacts with MSI1 subunit of the CAF‐1 complex
(Ach et al. 1997b). Two other CAF‐1 complex subunits (FAS1 and FAS2) are strongly elevated in rbr
Arabidopsis mutants (R. Gutzat, unpublished data).
Cac mutants from yeast have altered chromatin structure (Game et al. 1999) and defects in
maintaining gene silencing at telomeres, as well as at the mating‐type locus (Monson et al. 1997,
Enomoto and Berman 1998). The mutants have an unstable genome (Kolodner et al. 2002, Myung et
al. 2003) and are extremely sensitive to double‐strand breaks (DSBs). This demonstrates that CAF‐1 in
yeast plays an essential role in DNA repair, namely homologous recombination (HR) and non‐
homologous end‐joining (NHEJ) (Linger and Tyler 2005).
Homologous recombination and DNA‐damage repair are fundamental biological processes found in all
life forms. HR plays a major role in both maintaining genome stability (DNA damage repair) and the
generation of genetic variability. Defects in DNA‐damage repair generally lead to genome instability
and are increasingly found to be associated with cancer in mammals. Recognition and precise DNA
repair prevent accumulation of errors and are thought to be intimately involved in the prevention of
cancer and the delaying of aging (Lieber et al. 2003). Genes playing critical roles in HR are important
for these processes.
Recently, FAS1, the large subunit of CAF‐1, has been implicated in HR in Arabidopsis (Endo et al. 2006,
Kirik et al. 2006). FAS1 has been shown to be an E2F target and that the E2F binding sites in the FAS1
promoter play distinct activator and repressor roles (Ramirez‐Parra and Gutierrez 2007). It has been
proposed that Arabidopsis lacking CAF‐1 might have an extended S‐phase (Schonrock et al. 2006).
Loss of FAS1 is accompanied by up‐regulation of the expression of a subset of genes, including RAD51,
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PARP1, and BRCA1, involved in the G2 DNA damage checkpoint, as well as CYCB1; 1, but not Ku70 (a
gene involved in NHEJ). In all these cases, this is the consequence of selective epigenetic changes in
histone H3 acetylation and methylation in their promoters and not of global changes in chromatin
remodeling. A similar response was observed in wild‐type plants treated with DNA‐damaging agents.
Summarizing studies of Retinoblastoma proteins in animal and plant field one can realize that there is
an obvious lack of knowledge in understanding the RBR role in maintaining genome integrity.
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Chapter 2. Role of RBR protein in genome integrity
Summary
Tightly controlled mechanisms regulate the cellular response to DNA damage and are crucial for the
maintenance of genomic integrity and cell cycle progression.
We show that RBR takes part in maintaining genome integrity directly and indirectly via binding to the
regulatory region of the FAS1 gene, one of the subunits of chromatin assembly factor 1 (CAF‐1)
(Friedberg et al. 2004) and by regulation of homologous recombination (HR) and non‐homologous end
joining (NHEJ) processes. Additionally, RBR might regulate base‐excision repair (BER) via inactivation
of the PARP2 gene. Down‐regulation of the RBR gene in inducible RBR RNAi lines leads to an in vivo
detected 40‐60 fold increase of homologous recombination in whole plants, especially in actively
dividing organs. The RBR protein reduction leads to strong activation of genes involved in HR and less
pronounced‐activation of the NHEJ pathway in Arabidopsis. The extent of genomic rearrangements
upon RBR downregulation appeared to be enhanced upon stress.

Introduction
Cells are continuously exposed to compounds or processes that might damage DNA either as
consequences of normal metabolism or of environmental impacts. A number of biochemical processes
have evolved that become active in response to specific DNA lesions and allow the maintenance of
genome integrity (Friedberg et al. 2004). Single‐stranded breaks (SSB) and double‐stranded breaks
(DSB) are good examples of the lesions that are processed by various repair pathways which can be
broadly grouped into the evolutionary conserved recombination mechanisms NHEJ and HR (Sargent et
al. 1997, Liang et al. 1998). These lesions can be extremely deleterious as even a single, unprocessed
break may lead to cell death (Karanjawala et al. 2002).
Coordination of the DNA repair and DNA damage processes is carried out during progression through
cell‐cycle checkpoints (Hartwell 1992). Defects in a cell cycle checkpoint which allow progression
through the cell cycle with damaged DNA may be responsible for the genomic instability of cancer
cells. Mutations in proteins that are important in the repair of DNA damage and cell‐cycle checkpoints
are especially insidious for the cell (Lengauer et al. 1998). Error‐free repair of DNA damage before
passage through a checkpoint preserves the genome and allows continued normal function.
Alternatively, the cell may repair the damage and introduce errors, surviving with acquired mutations
that potentially can compromise normal cellular functions or, in case of extensive DNA damage, cause
apoptosis.
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Among the many types of DNA damage repair, this chapter mainly discusses mechanisms of
Homologous Recombination (HR), Non‐Homologous End Joining (NHEJ) and Base Excision Repair
(BER).
Moore and Haber coined the term "non‐homologous end joining" in 1996 (Moore and Haber 1996). In
this type of DNA repair the disrupted DNA ends are ligated via utilization of short homologous DNA
sequences (microhomologies), which guide repair of DNA. In NHEJ, DNA strands are rejoined and
productive DNA synthesis restored.
The core components of NHEJ are conserved from yeast to mammals, they consist of the X‐ray repair
complementing defective repair in Chinese hamster cells 4 (XRCC4)/DNA‐Ligase IV complex and the
KU70/KU80 heterodimer (Jeggo et al. 1999, Walker et al. 2001). Ku70 and Ku80 proteins bind to DNA
ends at sites of DSBs in the DNA. The Ku complex is a basket‐shaped molecule that slides along the
DNA end and is needed for Hirano recognition, bridging, and nucleolytic processing of the affected
ends (Walker et al. 2001). Other important mediators of NHEJ are DNA‐PKcs (DNA‐dependent protein
kinase, catalytic subunit). They have an essential function in unwinding DNA double strands together
with the Artemis nuclease during coding joint formation.
When the NHEJ pathway is inactivated, DSB can be repaired by microhomology‐mediated end joining
(MMEJ), which leads to deletion of the sequence, between the microhomologies (McVey and Lee
2008). Disordered NHEJ can lead to translocations and telomere fusion, which are hallmarks of tumor
cells (Espejel and Blasco 2002).
HR is involved in few cellular functions, such as: DNA repair, replication‐fork rescue, meiotic
chromosome segregation and telomere maintenance. The basal HR machinery and its regulation in
eukaryotic cells were initially defined in the budding yeast S. cerevisiae. HR is catalyzed by
recombinases, which bind to ssDNA and are tightly regulated by other factors. The RAD51 gene
encodes a recombinase that closely resembles the structure of the RecA protein from E. coli (Sung and
Robberson 1995). Both Rad51 and RecA exist as a protein ring, consisting of six and seven monomers,
respectively, polymerizing on ssDNA as a right‐handed helical protein filament (Cox 2003, Ogawa et al.
1993, Sung and Robberson 1995). XRCC2, XRCC3, RAD51B, RAD51C and RAD51D are Rad51 paralogues
that are related to Rad55 and Rad57 in structure and probably in function. They have been described
in higher organisms, including humans (Symington 2002, Paques and Haber 1999). The loss of RAD51
function is lethal in both chicken and mouse cells (Haber 2000), in contrast to yeast and plants (Sung
and Stratton 1996, Li et al. 2004).
Rad52 physically interacts with Rad51 (Milne and Weaver 1993, Symington 2002, Sung et al. 2003) and
ssDNA strand, covered with RPA protein to facilitate presynaptic filament assembly. There is a
possibility that RAD51 in higher organisms has acquired an additional function, linking control of the
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level of genome maintenance to cell cycle progression (Thacker 1999). Such a link might exist in
human cells, in which RAD51 has been shown to interact with tumor suppressor genes p53, BRCA1
and BRCA2 (Thacker 1999). BRCA2 is involved in Rad51 recombinase regulation and is required for
efficient HR (Xia et al. 2001). Originally was discovered as a familial breast and ovarian cancers‐
associated gene (Moynahan 2002). Several observations have provided clues that BRCA2 regulates the
RAD51 recombinase activity through physical interaction with RAD51 using several copies of a
conserved module known as the BRC repeat (Jasin 2002) and through its C terminus (Sharan et al.
1997). In recent studies BRCA2 has been shown to load RAD51 recombinase at sites of ssDNA (Jensen
et al. 2010). During S and G2 phases BRCA2 associates with telomeres and facilitates RAD51 loading to
the telomeres (Badie et al. 2010).
Another tumor suppressor protein that is involved in HR is called BRCA1. It can bind DNA (Paull et al.
2001) and possesses an ubiquitin ligase activity (Hashizume et al. 2001), but how it enhances HR
efficiency has not yet been delineated.
A central role in maintaining genomic integrity is also played by a protein family involved in
posttranslational modifications called Poly (ADP‐ribose) polymerase (Srisuparp et al. 2002). In
mammals PARPs constitute a large family of 18 genes, sharing the common active domain (Ame et al.
2004). PARP is an enzyme that recognizes and repairs single‐strand DNA breaks (SSDB) via the base
excision repair pathway (Schreiber et al. 2006). PARP1 (Trucco et al. 1998, Beneke et al. 2000) and
PARP2 (Schreiber et al. 2002) mutants in mice display a severe defect in alkylation‐induced DNA
strand break repair.
Whether HR or NHEJ is used to repair double‐strand breaks is largely determined by the cell cycle
phase. HR repairs DNA before the cell enters M phase during and shortly after DNA replication, in the
S and G2 phases of the cell cycle, when sister chromatids are more easily available. NHEJ and HR have
different repair fidelities: NHEJ has a low fidelity and results in a high mutational rate while HR is
supposed to be free of repair mistakes (Roth and Wilson 1986, Kovalchuk et al. 2004).
Base excision repair executes the repair of a wide variety of DNA damages in both animal and plant
systems. It is initiated by at least seven different DNA glycosylases or enzymes, performing cleavage
of DNA at a basic sites (Memisoglu and Samson 2000, Cordoba‐Canero et al. 2010). This type of DNA
repair provides significant protection against the toxic and mutagenic effects of DNA damaging agents.
Figure 1 depicts a simplified version of DSB‐ induced NHEJ and HR activity in mammals.
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Figure 1. The two main types of double‐stranded DNA‐break repair in mammals (Misteli and
Soutoglou 2009)
NHEJ (Left panel): During NHEJ Ku70 and Ku80 form a dimer at the DNA break as a docking site for other NHEJ proteins. The
Ku complex forms a complex with DNA‐PKcs and function also as a docking site for other NHEJ proteins (XRCC4, DNA ligase
IV, XRCC4‐like factor (XLF) and Artemis) which are involved in “sewing” together the broken DNA ends. Protein Artemis and
DNA‐PKcs together form a key nuclease for the NHEJ. HR (Right panel): at the sensing stage MRN (MER11‐RAD59‐NBS1)
complex recognizes the DSB. At resection stage the Replication Protein A (RPA) covers the ssDNA, which form a filament
around the DNA strand. Rad52 protein interacts with Rad51 recombinase (or Dmc1) and associates with other ancillary
factors. Presynaptic filaments at the ends of ssDNA assemble form six monomers of Rad51. The formed filament binds
duplex DNA to form the synaptic complex and “searches” for DNA homology in the duplex DNA molecule. With the aid of
accessory factors including Rad54, Rad54B, Rdh54 and Hop2–Mnd1 (meiotic nuclear division protein‐1) (not depicted on the
figure), the ssDNA invades the homologous region in the duplex to form a DNA joint, known as the displacement (D)‐loop,
creating a D‐loop and a Holliday junction, to prime DNA synthesis and to copy and ultimately restore genetic information that
was disrupted by the DSB. DSB: double stranded break.

At the moment it is not known which of the DNA repair mechanisms more significantly contributes to
genome rearrangements and therefore it is difficult to predict the results of mutations in those
mechanisms (Critchlow and Jackson 1998, Kirik et al. 2000, Smith et al. 2001). Most of the pathways
that repair DNA damage in other eukaryotes are used in plants as well (Smith et al. 2001). The
correlation of mammalian and plant DNA repair factors is depicted in the Tables 1 and 2.
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Table 1. Comparison of mammalian and plant proteins of HR and NHEJ
Mammals

A. thaliana
NHEJ

LIGASE IV (Bryans et al. 1999)
XRCC2 (Cartwright 1998)
XRCC4 (Lee et al. 2002)
KU80 ( Chai 2002)
KU70 ( Hanakahi 2002)

LIGASE IV (West et al. 2000)
XRCC2 (Bleuyard et al. 2005)
XRRC4 (West et al. 2000)
KU80 (West et al. 2002)
KU70 (Riha et al. 2002)

Mammals

A. thaliana
HR
RAD51 (Chen 2004)
RAD51C (Li et al. 2005)
RAD51D ( Bleuyard et al. 2005)
RAD1‐RAD5? (Vannier et al. 2009)
RAD54 (Osakabe et al. 2006)
BRCA1 (Lafarge et al. 2003, Welcsh et al.
2001)
BRCA2 (Siaud et al. 2004, Wang et al. 2010)

RAD51 (Albala et al. 1997)
RAD51C (Dosanjh et al.1998)
RAD51D (Cartwright et al. 1998b)
RAD52 (Muris et al. 1994)
RAD54 (Rasio et al. 1997)
BRCA1 (Gudas et al. 1995, Deng et al.
2000)
BRCA2 (Jensen et al. 2010)

Table 2. Comparison of mammalian and plant proteins of Base Excision Repair
Mammals

A. thaliana
DNA glycosylases
UNG (Krokan et al. 2001)
At3G18630 (Cordoba‐Canero et al.
2010)
SMUG1 (Pettersen et al. 2007)
‐
MBD4 (Bellacosa 2001)
At3G07930 (Zemach and Grafi 2003)
TDG (Yatsuoka et al. 1999)
‐
OGG1(Boiteux and Radicella 2000)
At1g21710 (Garcia‐Ortiz et al. 2001)
MYH (Beiner et al. 2009)
At4G12740 (Kazuya et al. 2007)
NTH1 (Goto et al. 2009)
At2G31450 (Gutman and Niyogi 2009)
APE1 (Mol et al. 2000)
At2g41460(Arp) (Babiychuk et al. 1994);
At3g48420 (Bosco et al. 2004)
MPG (Kielman et al. 2005)
At3g12040 (MAG) (Wang et al. 2008)
Other BER factors
APE2 (Harrison et al. 1992)
At4g36050 (Wang et al. 2008)
LIG3(Szczesny et al. 2008)
At1g49250 (van de Mortel et al. 2006)
XRCC1 (Caldecott et al. 1994)
At1g80420 (Petrucco et al. 2002,
Charbonnel et al. 2010)
HR: Homologous Recombination, NHEJ: Non‐Homologous End Joining

HR in Arabidopsis is catalyzed by RAD52 homologous proteins of the epistasis group of genes and the
MRN (MRE11–RAD50–NBS1) complex. Arabidopsis thaliana RAD51, as well as its homolog DMC, are
expressed in flowers and cell cultures. RAD51 and members of so called RAD52 epistasis group are
needed for meiotic HR and chromosome segregation in meiosis I, therefore rad51 mutants are
completely sterile and have chromosomes that fail to synapse and become fragmented (Li et al. 2004,
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Wang et al. 2004,). Several Rad51‐related genes have been described in Arabidopsis. Disruption of
Meiotic Control 1 (DMC1) encodes a RecA/Rad51‐like recombinase enzyme. DMC1 function is not as
elaborately studied, as function of Rad51, although it is known that both proteins possess motifs that
enable them to bind and hydrolyze ATP (Klimyuk and Jones 1997).
NHEJ in Arabidopsis is maintained by DNA Ligase IV, Ku70, Ku80, XRRC2 and XRCC4. XRCC4, in
collaboration with KU compex, targets DNA Ligase IV to DNA ends.
A general scheme, illustrating a process of DSB repair in plant systems is depicted in the figure 2.
DSB
Mre11-Rad50-Xrs2

DecisionPlant

Ku70-Ku80

Rad52?

DNA PK

Ligase IV-Xrcc4
MRE11–RAD50–NBS1

Cell
cycle

NHEJ
Exposed single strands

Rad51-Rad54-Rad55-Rad57
Mre11-Xrs2

SDSA

Rad51

DSB
Repair

Figure 2. DNA repair machinery of DSB in plants (modified from Ray and Langer, 2002)
Mre11 is able to interact with Rad50, Xrs2, forming a stable Mre11–Rad50‐Xrs2 (MRX) complex. MRX is early recruited to
DSBs, promoting bridging of the DNA ends (Ray and Langer 2002). Ku70 and Ku80 form a complex with DNA protein kinase
and interact with DNA ligase IV‐XRCC4 complex, being involved in NHEJ. RAD51C functions as a factor of DSB repair, as its
mammalian homolog (Abe et al. 2005). DSB: double‐stranded break, SDSA: Synthesis‐Dependent Strand Annealing.

There are also other DNA repair proteins present in plant system, such as Poly ADP‐Ribose
Polymerases (PARPs). In Arabidopsis there are 3 PARPs described so far, two of which have been
shown to be up‐regulated upon exposure to genotoxic stress (Vanderauwera et al. 2007, Pellny et al.
2009) and the third PARP is still uncharacterized. PARP1 and PARP2 are proteins whose catalytic
activity is stimulated by DNA strand breaks, suggesting that they are both involved in the cellular
response to DNA damage (Schreiber et al. 2002). PARP2 has been reported to serve as a DSB sensor
together with PARP1 (Huber et al. 2004).
Organisms with large genomes predominantly repair DSBs by NHEJ (West et al. 2004). However, the
relative activities of the NHEJ and HR pathways differ depending on cell type and cell‐cycle stage.
DSB repair activity in plants can be studied with a system based on recombinational restoration of
luciferase or β‐glucuronidase reporter genes (Figure 3). In this lines frequency of HR can be analyzed
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by visualization of recombinational reporter gene reconstruction (Swoboda et al. 1994, Gorbunova
and Levy 2000, Puchta 2002, Filkowski et al. 2004, Kovalchuk et al. 2004, Boyko et al. 2006). One such
assay system is based on recombination of a split β‐glucuronidase (GUS; uidA) transgene, which is one
of the most commonly used reporter genes in plants. GUS activity can be visualized through
histochemical staining that requires the penetration of the substrate [5‐bromo‐4‐chloro‐3‐indolyl
glucuronide (X‐glu)] into the cells. A recombination marker consists of a split uidA gene driven by the
35S promoter of cauliflower mosaic virus (CaMV). The 35S promoter has been shown to be active in all
plant tissues (Benfey et al. 1990) and therefore is suitable to report successful recombination in all
parts of the plant. In this particular gene fusion, the GUS ORF is fused to the first 29 amino acids of the
CaMV ORF V, which results in enhanced GUS activity (Schultze et al. 1990). The recombinational
reactivation of the split gene results in a blue staining or light emitting single‐cell spots or multicellular
sectors or organs.

Figure 3. Structure of GUS and LUC recombination substrate (Ilnytskyy et al. 2004)
A recombination event between two regions of homology (U) results in the restoration of the active GUS or LUC gene, which
marks locuses of the recombination events

A role of Rb in genome maintenance has been described for animal cells (Manning et al. 2010, Amato
et al. 2009). The involvement of plant RBR in this process and in DNA repair in general has not been
addressed directly so far. The current study was aimed to understand how RBR might be involved in
regulation of the DSB and SSB repair machinery in plants.
An important issue in studies of RBR function in maintaining genome integrity is a consideration of the
type of RBR mutant to be used in the project. In principle, the best system for such studies would be
plant lines with a complete RBR loss‐of‐function. However, since RBR knock‐out mutant lines are
gametophytically lethal (Ebel et al. 2004), one of the most promising alternative methods to analyze
RBR expression mutants in the postembryonic stage is conditional downregulation of RBR. In previous
studies RBR was downregulated in sporophytic tissues via virus‐induced gene silencing (VIGS) (Becker
and Lange 2010) in Nicotiana benthamiana (Park et al. 2005, Jordan et al. 2007), tomato (Jordan et al.
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2007) and Arabidopsis (Bernacki et al. 2010). VIGS has several disadvantages, including uncontrollable
and limited level of RBR downregulation, presence of side effects after viral infection and partial RBR
gene inactivation. A β‐estradiol inducible system targeting the 3’ end of the RBR gene and originally
used for down‐regulation of RBR in cell cultures (Hirano et al. 2008), was adapted for use in plants in
the work described here.
Control factors involved in coordination of cell cycle and HR as well as NHEJ events are still
insufficiently understood even in mammalian cell biology.

Results
2.1. Establishment and characterization of inducible RBR RNAi lines
In the current studies I made an attempt to understand some of the mechanisms by which the
Retinoblastoma protein maintains genome integrity in Arabidopsis thaliana.
For this purpose, inducible transgenic RBR RNAi Arabidopsis lines were established that carried in their
genome split luciferase (Luc) or β‐glucuronidase (Gus) genes as substrates for homologous
recombination. These lines were named RBRi LucHR and RBRi GusHR. An RNAi construct was kindly
provided by Prof. Masami Sekine (Nara University, Japan). The fragment containing an inverted repeat
sequence from the AtRBR1 gene, targeting the last exon at the 3`end of the RBR gene (Hirano et al.
2008) was cloned into the pER8 binary vector (Zuo et al. 2000), resulting in pER8‐AtRBR (Figure 4).

P G10‐90

LexA

VP16

hER

TE9

O Lex A‐46

RBR
MCS
(RBR)

T3A

Figure 4. Domain structure of the pER8‐AtRBR (modified from Zuo et al. 2000)
P G10‐90 is a synthetic promoter (Ishige 1999) controlling XVE; XVE‐DNA sequences encoding a chimeric transcription factor
containing the DNA‐binding domain of LexA (residues 1‐87), the transcription activation domain of VP16 (residues 403‐479)
and the regulatory region of the human estrogen receptor (residues 282‐595); TE9‐ rbcS E9 poly(A) addition sequence; OLEX
A‐eight copies of the LexA operator sequence; RBR‐inverted sequence of the last RBR intron; T3A‐rbcsS3A poly(A) sequence.
Arrows indicate the directionality of transcription.

The chimeric transcription activator XVE is assembled by fusion of the DNA‐binding domain of the
bacterial repressor LexA (X), the acidic transactivating domain of VP16 (V) and the regulatory region of
the human estrogen receptor (hER) is strictly regulated by estrogens (Zuo et al. 2000). The TF
recognizes a target promoter containing LexA operator sequence and is controlled by the strong
constitutive promoter G10‐90. The target promoter consists of eight copies of the LexA operator fused
upstream of the ‐46 35S minimal promoter (Zuo et al. 2000).
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It has been reported that upon application of β‐estradiol neither toxic nor adverse physiological
effects of the XVE system have been observed in transgenic Arabidopsis plants (Zuo et al. 2000).
Application of this expression control system in my work and in related work (Borghi et al. 2010)
showed no unintended side effects of XVE expression and β‐estradiol treatment. Thus, the XVE/β‐
estradiol system proved to be a reliable and efficient chemical‐inducible system for regulating
transgene expression in plants.
RBRi lines were produced via transformation of Luciferase‐ and Gus‐based homologous
recombination marker lines (described in the introduction) with the RBRi vector (Figure 4). The
fragment containing the inverted repeat sequences of AtRBR was cloned into pER8 binary (Zuo et al.
2000), resulting in pER8‐AtRBR (which we later call GusHRRBRi or LucHRRBRi). Transformants were
screened for tight regulation of the RBRi transgene by selecting lines which showed phenotypes only
after induction with β‐estradiol. Among more than 20 established lines we selected 3 tightly‐
regulated. The T4 generation of tightly‐regulated, homozygous RBRi lines, was used in further
experiments. Most of the selected lines showed severe developmental abnormalities when
germinated on β‐estradiol (Figure 5). Up to 94% (470 out of 500 seedlings) from tightly‐regulated Line
1 (See Table 1) had the most pronounced abnormalities in leaf pigmentation. Line 6 and Line 36 had
60% and 35% of plants with pigmentation abnormalities on the leaves. On the Figure 5 are depicted
seedlings with leaves with achlorotic spots on the first pair of leaves, combined with abnormally dark
colored islands, appearing after induction with β‐estradiol. About 56% (28 seedlings out of 500, Line
1), 3% (15 seedlings out of 500, Line 6) and less than 1% (4 plants out of 500, Line 36) stopped their
development at the cotyledon stage and had an overproliferated meristematic region, which gave rise
to multiple rosette formation when transferred to β‐estradiol‐free plates and later in soil. Some
seedlings (less than 1% in every analyzed line) suffered from agravitropism. In rare cases we observed
organ abnormal differentiation and formation of callus‐like structures. Uninduced plants, f.i., plants
growing on MS medium without β‐estradiol were used as a control in all experiments. Table 3
presents a phenotypical classification of three tightly‐regulated RBRi lines.
Table 3. Phenotypical differences among three T4 generation lines
Line

WT‐looking
Number (%)

1

0

Severe developmental
abnormalities
Numb. of plants (%)
180 (90%)

Mild developmental
abnormalities
Numb. of plants (%)
20 (10%)

6

3

157 (80.9%)

37 (19%)

36

2

175 (87.5%)

25 (12.5%)

10dpg seedlings, grown on β‐estradiol. Line 1 showed the highest percentage of severely affected plants,
Line 6‐the lowest. The lines had comparable ratios.
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For phenotypical analysis of the different lines, we used 10 days post germination (dpg) seedlings,
grown on β‐estradiol. Line 1 showed the highest percentage of severely affected plants, Line 6 showed
the lowest percentage of severely affected plants, but generally the lines had comparable ratios. The
observed phenotypes were similar to lines transformed with an RBRi construct, which targets first
three RBR exons under a constitutive 35S promoter (J. Fuetterer, unpublished data). They were more
pronounced than previously described for another β‐estradiol inducible RBR RNAi cassette targeting
the 5’ region of the RBR gene (Borghi et al. 2010). The observed phenotypes thus confirm that RBR
plays an important role in plant development. Additionally, we performed recovery experiments in
order to test for the reversibility of the misdifferentiation events occuring in the plants during
downregulation of RBR. The rescued plants recovered only partially and some lines never obtained
trichomes, had a delayed development and severe alterations in meristematic region.
A

B

C

*
*
D

E

Figure 5. Morphological changes in RBRi plants
(A)‐Mosaic pigmentation and serrated leaves of 14dpg seedling, induced at 3dpg for 11 days; (B)‐ Bumpy and curly leaf
shape of 14dpg seedling, induced at 3dpg for 11 days; (C)‐Cell over‐proliferation in the meristematic region, which gives
rise to formation of multiple rosette of 14dpg seedling, induced at 3dpg for 11 days; (D)‐ formation of multiple rosette
of the 3 week old RBRi plants, 14 days after treatment with β‐estradiol (E)‐ Multiple meristem formation in 5 week old
RBRi plants, recovered on soil for 2 weeks after 2 week treatment with β‐estradiol. Stars mark the affected part of the
organ.

2.2. Molecular Analysis of the inducible RBRi lines
The efficiency of RBR downregulation was analyzed in 10 days old seedlings, which were induced with
β‐estradiol.
RBR RNA was quantified by RT PCR and RBR protein levels by Western blotting. Transcript level of RBR
increased almost 1.3 fold 12 hours after induction (hai), which was consistent for all three biological
replicates (Line 1, 6 and 36). Later, the RBR transcript level dropped down again to levels slightly lower
than observed in the wild type plants (Figure 6). In contrast, RBR protein levels decrease already at 24
hours after induction and RBR is almost completely absent at 48 hai. A similar discrepancy between
RBR RNA and protein levels was also observed in other RBR RNAi approaches (Borghi et al. 2010).
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Some of the analyzed lines were showing either leakage (protein was downregulated without
induction) or had an expression of a truncated form of the RBR protein (see Figure 6, B and C).
RBR
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Figure 6. RBR transcript and protein quantification in RBRi lines
(A) Dynamics of RBR mRNA before and after induction measured by RT PCR in 10dpg seedlings excluding root tissue, data
normalized to PP2A gene, (B) Protein level in GusHR RBRi Line 6 before and after induction with β‐estradiol measured by WB
in 10 dpg seedlings excluding root tissue, (C) Protein level in GusHR RBRi Lines 10 and 9. The lines showed expression of the
truncated from of RBR (Line 9), Line 10 additionally showed “leakage” (protein downregulation prior to treatment with β‐
estradiol). Hai‐hours after induction.

2.3. HR and NHEJ genes are up‐regulated in RBRi lines
We analyzed microarray data from three different experiments with rbr loss‐ and gain‐of‐function
lines. For this experiment was used leaf tissue from three week old seedling of the Dex‐inducible RBR
overexpressing (OE) lines 3 hours after induction with β‐estradiol (L. Mariconti, unpublished data), 5
days old seedlings from the rbr cosupression lines (R. Gutzat, unpublished data), in which the level of
RBR is constitutively decreased. We also used microarray data from an Arabidopsis protoplast system,
expressing viral protein AC1, which inactivates RBR protein (M. Poogin, unpublished data). Expression
of some of the key DNA repair genes is presented in the Table 4.
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Table 4. Analysis of microarray experiments with RBR gain‐of‐function and loss‐of function lines

AGI code

Gene Function description

CS
( Fold)

AC1
( Fold)

RBR OE
( Fold)

AT4G02390

Poly (ADP‐ribose) polymerase1 (PARP1), involved in DNA
repair, post‐translational modification

8.88

4.4

‐1.5

AT2G31320

PARP2 DNA binding, DNA repair, has ADP‐ribosyltransferase
activity
Critical for cell cycle progression, DNA damage
repair and plant development
Similar to zinc finger (C3HC4‐type RING finger) family protein /
DNA repair, flower
(A homologue of the breast cancer‐associated gene BARD1,
involved in DNA repair)

2.70

3.62

‐1.47

5.52

6.96

‐

10.00

11.02

‐5

AT5G20850

DNA repair protein RAD51, putative Helix‐hairpin‐helix motif,
damaged DNA binding, DNA repair

8.60

6.98

‐1.7

AT3g19210

DNA repair protein RAD54B, Accessory factor for
recombination
BRCA1, an ortholog of the human breast cancer susceptibility
gene 1. Contains one N‐terminal RING finger, two C‐terminal
BRCT

2.5

‐

‐5

2.7

3.6

‐1.3

AT3G27060
AT4G21070

AT2G31320

CS‐cosuppression line, AC1‐protoplast system with expressed AC1 protein, RBR OE‐ RBR over‐expressing line, 8hai

We performed RT PCR verification of the microarray data for chosen targets gene using the established
RBRi lines. Indeed, the RT PCR assays showed significant upregulation of the genes involved in HR in
case of RBR downregulation (see figure 7A). As a reference gene we used PP2A as the most stably
expressed gene in different tissues (Hruz et al. 2008).
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A

B

Figure 7. Expression of DNA repair genes is altered in rbr lines
(A) Transcript level of Homologous recombination genes measured via RT PCR in RBRi lines. For the value of relative
expression were calculated ratios between induced and uninduced lines. (B) Level of Homologous recombination genes from
three microarray experiments. CS: RBR cosupression line with a decreased level of RBR, AC1: inactivated RBR in protoplast
system, OE:RBR overexpression line. Dai: days after induction.

NHEJ genes, such as Ku70 and Ku80 transcripts are rapidly increased upon β‐estradiol induction, but
not as high as genes from the HR machinery (see Figure 8). Ku complex is activated in RBRi lines in
parallel with PARP1 derepression. Upregulation of the PARP1 gene after RBR downregulation and the
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presence of 1 and 2 canonical E2F sites in Ku70 and Ku80 genes respectfully suggests a possibility of
the direct regulation of the key NHEJ machinery genes by RBR.
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Figure 8. Transcript level of the NHEJ machinery genes
Both Ku80 and Ku70 genes are mildly upregulated in RBRi lines at early time points after RBR downregulation.
For the value of relative expression were calculated ratios between either Ku80 or Ku70 to PP2A. Dai: days after induction.

In vertebrates NHEJ process is shown to be regulated by PARP1 protein (Wang et al. 2006), a
"guardian of the genome", similar to its animal homologue, which can play a similar function in
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Arabidopsis. Another possible mechanism of regulation of the NHEJ process by the RBR is via PARP1
protein. PARP1 is shown to contribute to DSB repair as a component of an alternative pathway of
NHEJ.

2.4. The frequency of somatic HR is elevated in RBRi lines
Homozygous HR recombination marker lines, transformed with the RBRi pER8 vector and
characterized as described above, were maintained routinely under selection with appropriate
antibiotics. The presence of GUS or LUC sequences was confirmed by PCR analyses. The lines were
used to analyze the effects of RBR downregulation in different developmental time windows and
growth regimes. Quantification of recombination events was performed by counting regions with GUS
activity, or by visualization of LUC based light emission with a CCD camera or by quantifying LUC
activity in plant extracts.
We carried out scoring of the blue sectors at 3 days intervals after induction with β‐estradiol of 10dpg
seedlings (time 0, 3 dai and 6 dai) and counted recombination of 200‐250 plants from each
independent line of RBRi GusHR line. By counting blue spots in the leaf tissue of induced 10 days old
RBRi seedlings from line 1, 6 and 36 (200‐250 seedlings per line) at 10 x magnification of the binocular
a 40‐50 fold increase of HR events in leaves of the RBRi lines 6 days after induction (dai) on β‐estradiol
was observed. For example, 40‐60 spots per plant were detected, while untreated control plants
showed 0 to 1 spot per plant, similar as reported in the literature. We carried out scoring of the blue
sectors at 3 days intervals after induction with β‐estradiol of 10 dpg seedlings (time 0, 3dai and 6dai)
and counted recombination of 100‐300 plants from each independent line of RBRi GusHR line.
The level of recombination was rapidly increased (7‐10 fold) and reached its peak 3 days after β‐
estradiol treatment. The next 3 days of induction with β‐estradiol resulted in additional 3‐5 fold of
upregulation of the relative recombination frequency in the lines (see Table 5).

Table 5. Homologous Recombination Frequency of the GusHR RBRi lines per genome
Line Num

RF before induction
‐7

6

8.5 x 10 (6.5 x 10 )

1.67 x 10 (3 x 10 )

Line 6

9.1 x 10

Line 36

1.2 x 10 (4.2 x 10 )

GusHR (contr)

(5 x 10 )

‐7
‐7

RF 6dai

1.2 x 10 (4.5 x 10 )

Line 1

‐8

RF 3dai

6

6

6
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RF‐ recombination frequency is determined as a number of sectors / amount of isolated DNA (Swoboda et al. 1994).
In brackets is given amount of DNA in the whole seedling in picograms.

An average increase of HR frequency in LucHR RBRi lines 6 days after β‐estradiol treatment was 36
fold. Within 6 days of treatment with β‐estradiol detected mean growth of RF was 40 times and there
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was 1.5 average increase in the number of genomes. This means there was about 25‐fold increase in
HR. The reported typical recombination frequency in Arabidopsis plants is in the range of 10‐6–
10‐7 events/genome (Evans et al. 1976, Swoboda et al. 1994), which correspond to <1 spot in a 3
week‐old Arabidopsis plant.

Figure 9. Increase in Somatic Homologous Recombination in RBRi after induction
(A), (B) ‐ increased HR in 10dpg GusHR RBRi seedlings induced with β‐estradiol for 6days detected as blue spots in GusHR
RBRi at different magnifications. Arrows indicate examples of late recombination events. (C)‐ Early HR event in the GusHR
RBRi, 10 dai. A scalebar equals 1mm.

We distinguished different degree of the HR process in the described GusHR RBRi lines, counting
amount of completely blue, wt‐looking and the plants with an enhanced frequency of HR (Table 6).
Table 6. Differences in Homologous recombination in three GusHR RBRi lines
Phenotype

Line 1

Line 6

Line 36

GusHR

Completely blue

2

3

2

0

Enhanced HR

180

186

190

0

Non‐enhanced HR

3

5

1

200

In rare cases there were completely blue plants observed. Generally the ratio of HR intensity was comparable
in different lines.

HR seems to be elevated in anthers of some GusHRRBRi lines, induced with β‐estradiol in the next
generation.

Figure 10. Enhanced level of Homologous Recombination in anthers of GusHR RBRi lines
Left panel‐floral bud of the second generation of GusHR RBRi plant induced for 5 days with β‐estradiol and subsequently
recovered in β‐estradiol free soil. 85% of the anthers were completely blue, 15% had an elevated HR; Right panel‐floral bud
of the uninduced GusHR RBRi used as a control.
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Analogous experiments were done with RBRi LucHR lines (Figure 11, 12). Although the Luciferase
assay is approximately 9 times more sensitive than the Gus‐based assay for detection of
recombination events (Ilnytskyy et al. 2004), we observed very similar level of HR upregulation (20‐60
times) in the older plants. This can be explained by possible effect of the RBR loss in older RBRi plants
is reduced compared to the younger seedlings with a high division rate.
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B
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D
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H

I
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L

Figure 11. Homologous recombination in RBRi measured by luciferase assay
Recombination events detected as bright spots visualized by CCD camera on plants (A) LucHR RBRi 1, Plants 1‐4 at time 0; (B)
LucHR RBRi 1, 3dai with β‐estradiol ; (C) Actual image of the LucHR RBRi 1, Plants 1‐4; (D) LucHR RBRi 6 Plants 1,2 at time 0;
(E) LucHR RBRi 6, 3dai with β‐estradiol; (F) Actual image of the LucHR RBRi 6, Plants 1‐2; (G) LucHR RBRi 4, Plants 1‐4 at time
0; (H) LucHR RBRi 4, 3 dai with β‐estradiol; (I) Actual image of the LucHR RBRi 4, Plants 1‐4; (J), (K), (L) LucHR RBRi 4, 3 dai
with β‐estradiol visualized by CCD camera under different magnifications. A rectangle shows the place, which was zoomed
and presented on K and J panels. Arrows indicate the bright spots corresponding to homologous recombination events. Dai:
days after induction. All the images visualized by CCD camera.
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Figure 12. Luciferase assay of LucHR RBRi lines
The spots were counted in 36dpg plants, induced for 3 days with β‐estradiol. For each line 20‐25 plants were counted. Dpg:
days post germination. Dai: days after induction.

Additionally, we performed Luciferase enzymatic assays using leaf material from the 4 week old LucHR
RBRi lines (see Figure 13). Level of luciferin protein was compared to LucHR RBRi line without
induction and the protein amount was normalized using Bradford assay.
Extraction and analysis of luciferase from the induced and uninduced leaf material demonstrated an
average 40 fold increase in luciferase enzyme activity of the LucHR RBRi mutant lines. We used 4
weeks old plants for performing luciferase assays at the same developmental stage as for the visual
luciferase measurements (see Figure 13).
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LucHRRBRi Line1 LucHRRBRi Line4 LucHRRBRi Line6
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Figure 13. Evaluation of luciferase enzymatic activity of LucHR RBRi lines
Four week old LucHR RBRi lines were analyzed and showed gradual increase of luciferase activity under treatment with β‐
estradiol. Non‐transformed Luc HR marker lines were used as a control. RLU: Relative Light Units.
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2.5. Homologous recombination machinery is enhanced in RBRi lines upon UV‐induced
stress
Recombination as a double strand break repair mechanism was shown to be influenced by various
mutagenic environmental factors, such as ionizing radiation (Kovalchuk et al. 1998), ultraviolet light
(UVC) (Puchta et al. 1993) and UVB light (Ries et al. 2000b), heavy metal salts as well as by the
changes in light spectrum and intensity (Ries et al. 2000a). In the current studies we tested the
influence of UV light in RBRi lines on Arabidopsis genome stability.
We found that there is an increased level of homologous recombination in the induced RBRi lines
under UV‐mediated stress. Figure 14 illustrates enormous enhancement of HR events in the RBRi
plants upon stress. Quantification of the HR events is depicted in the Figure 15. We observed an
almost 60 fold increase in somatic HR frequency compared to the control UV‐treated non‐induced
with β‐estradiol plants.

A

B

C

D

Figure 14. An elevated level of homologous recombination in UV‐stressed GusHR RBRi plants
(A) GusHRRBRi 10 dpg seedling, 6 days after β‐estradiol treatment and 10 min of UVC treatment; recombination events are
occurring regardless of organs at an elevated rate. Newly emerging organs are completely blue (arrow), (B) Enlarged leaf
from (A), (C) UV‐untreated and induced for 6 days with β‐estradiol GusHRRBRi lines, (D) UV‐treated uninduced with β‐
estradiol GusHRRBRi lines.
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Figure 15. Level of Homologous recombination in UV‐treated GusHRRBRi lines
Quantification of HR in GusHR RBRi lines from Gus assay, 3 dai with β‐estradiol and 10 min of induction with UV. The plants
were induced for 6 days with β‐estradiol 10 dpg GusHR RBRi seedlings undergone UV treatment for 10 min at a wavelength
of 366nm. Dpg: days post germination.

Level of the HR in the UV‐treated GusHR RBRi lines showed a 1.2‐2 fold increase compared to the UV‐
untreated lines.
As was measured by RT PCR, Rad51, one of the key regulators of HR was drastically affected upon UV‐
treatment in RBRi lines as well. The gene was 100 fold upregulated under UVB treatment (with 302nm
wavelength) GusHR RBRi and 320 fold ‐under UVC treatment (366nm wavelength). Ku80 gene
(belonging to NHEJ pathway) was also highly derepressed: 80‐fold and 220‐fold at 302 nm and 366 nm
respectively (Figure 16).
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Figure 16. Transcript levels of Rad51 and Ku80 genes are increased in GusHR RBRi lines after UV
treatment
Rad51 and Ku80 transcript level after 10 min of UVC‐treatment with different wavelengths measured in 10dpg GusHR RBRi
seedlings, induced with β‐estradiol for 6 days. For the values of relative expression were calculated ratios between UV‐
treated and UV‐untreated 10 dpg GusHRRBRi plants induced with β‐estradiol for 6 days. Dpg: days post germination.
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2.6. CAF‐1 as a direct target of the RBR protein

Some of the chromatin modification complexes have been shown to be directly involved in the
process of DNA maintenance and cell cycle. Namely, the level of chromatin compaction is shown to be
the key factor limiting HR in plants (Eckardt 2007) and it is shown that the frequency of somatic HR is
increased in fas1 and fas2 mutants lacking CAF‐1 activity. The role of the CAF‐1 complex in genome
integrity was studied well in yeast. Yeast cac mutants have increased UV sensitivity (Kaufman et al.
1997, Game and Kaufman 1999), disrupted gene silencing at telomeres (Monson et al. 1997, Enomoto
and Berman 1998) and gross chromosomal rearrangements (Myung et al. 2003). The process of
checkpoint response to DNA damage depends on main cell cycle regulators.
At the same time, the CAF‐1 complex is involved in cell cycle regulation. Nucleosome assembly is
inhibited in CAF‐1 with an activated S‐phase checkpoint (Hoeck and Stillman 2003, Ye et al. 2003)
Addtionally, the CAF‐1 complex is reported to be regulated by E2F (Ramirez‐Parra et al. 2007) and has
been shown to be co‐regulated in parallel with the cell cycle. The largest subunit of chromatin
assembly factor 1 (p150) has been shown to interact with PCNA (Moggs et al. 2000) and to be involved
in maintenance of genomic stability via HR (Endo et al. 2006). The CAF‐1 complex in Arabidopsis
consists of three subunits: the FASCIATA1 (FAS1), FASCIATA2 (FAS2), and MULTICOPY SUPPRESSOR OF
IRA1 (MSI1) proteins (Leyser and Furner 1992, Kaya et al. 2001, Hennig et al. 2003). The FAS1 subunit
has been shown to have an expression peak in the S‐phase (Kaya et al. 2001).
In the present studies we tested the influence of the loss of RBR on the expression of the CAF‐1
complex subunits. Microarray analysis of rbr mutants showed that both main subunits of CAF‐1
complex (FAS1 and FAS2) became highly upregulated after loss of RBR (Borghi et al. 2010, R. Gutzat,
unpublished data) and downregulated in case of RBR upregulation (L. Mariconti, unpublished data).
According to our own observations, which correlate with published data (Endo et al. 2006), fas
mutants have an elevated level of RAD51 and RAD54 level of transcript and an increased level of DSBs
and HR in fas mutants (Endo et al. 2006). All this data prompted us to study a role of the RBR protein
in regulation of the CAF‐1 complex activity.
As previously described (Ramirez‐Parra et al. 2007), the putative FAS1 promoter contains two
consensus E2F binding sites (one is reverse‐oriented at the position of −345 from the putative ATG,
another one at the position of −290 (see Figure 17).
Using ChIP with RBR antibodies and chromatin isolated from wild type 14dpg Arabidopsis seedlings,
we checked whether the E2F sites of the FAS1 promoter are the targets of the RBR protein.
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Figure 17. Location of E2F‐binding sites within FAS‐1 promoter
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Figure 18. Mapping of RBR protein binding site within FAS‐1 promoter
Left Panel: E2F#1 binding site locus of FAS1 promoter is four times enriched compared to Ubiquitin, Right Panel: E2F binding
site from PCNA six times enriched compared to Ubiquitin. PCNA is used as a control. For the value of relative enrichment
were calculated ratios between different fragments of the FAS‐1 or PCNA gene and PP2A.

ChIP experiments with RBR Abs revealed four fold enrichment at the E2F#1 site of the FAS‐1 gene (see
Figure 18). This site has been shown to be responsible for FAS1 activation, whereas E2F#2 is shown to
have a repression function (Ramirez‐Parra et al. 2007).
In addition, transcript levels of the FAS1 and FAS2 were elevated in the RBRi lines after
downregulation of RBR, which correlates with the microarray data from rbr mutants (see Figure 19).
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Figure 19. Transcript level of CAF‐1 subunits in RBRi lines
Level of FAS1 and FAS2 transcripts are increased after RBR downregulation in RBRi lines. Expression was measured in
uninduced (Time 0) or induced (for 2 and 5 days) with β‐estradiol RBRi lines and normalized to expression in the WT.

Thus, we propose that FAS1 is directly regulated by RBR via binding to its promoter regulatory region,
most probably within an E2F/DP complex.

2.7. RBR regulates BER, HR and NHEJ via the PARP1‐PARP2 heterodimer
As described in the Introduction, PARP1 and PARP2 possess both overlapping and non‐redundant
functions in BER repair, acting as homo‐ and hetero dimers (Menissier de Murcia et al. 2003). Both
PARP1 and PARP2 genes remain repressed in case of RBR upregulation (in RBR gain‐of‐function lines)
and become derepressed in rbr loss‐of‐function lines (Figure 7 and Table 2). PARP1 is shown to
regulate a balance between NHEJ and HR (Wang et al. 2006) and in case of PARP2 inactivation; the
PARP1 protein is not able any more to perform a regulatory function between BER, HR and NHEJ.
As Rb has been known to recruit HDACs to its target genes, we proposed that a HDAC‐related
mechanism is employed in regulation of either PARP1 or PARP2 or both proteins by RBR protein. To
answer this question, we analysed the acetylation status of the promoter region of PARP1 and PARP2
genes of the RBR gain‐of‐function lines by ChIP assay with anti‐acetyl H3 Abs (against acetylation of
lysine K9 and K14 on histone H3). To perform this experiment we used inducible RBR gain‐of‐function
lines (L. Mariconti, unpublished data) using WT and a cysteine mutant of RBR as controls. The cysteine
mutant has a point mutation at 788 position, at which cysteine is substituted by phenylalanine. This
mutation of key residues was shown to inactivate pocket domain of the RBR (Stirdivant et al. 1992). In
humans this mutation involves a cysteine at position 706, which disrupts Rb functionality (Kaye et al.
1990, Kaelin et al. 1991, Ewen et al. 1992). In maize, the described cysteine residue is required for
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interaction of RBR1 and RBR3 not only with viral oncoproteins, but also with RepA (Grafi et al. 1996,
Ach et al. 1997, Sabelli et al. 2005). We found that there is a decrease in the level of acetylation of
histone H3 against K9 and K14 within PARP2 promoter upon RBR induction compared to uninduced
lines and rbr point mutant (RBRC788F). Acetylation marks of histone H3 in K9 and K14 are usually
present in actively transcribed genes.
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Figure 20. ChIP with anti‐acetyl H3 Abs
35S:RBRC788FDex inducible gain‐of‐function line for RBR with a point mutation; 35S:RBR Dex inducible RBR gain‐of‐function
line. There is an increased level of acetylation on the PARP2 promoter locus on the RBR overexpression line of C788F RBR
mutant. For the value of relative enrichment ratios were calculated between gene of interest and PP2A.

This may indicate that RBR regulates PARP2 in Arabidopsis via recruitment of HDAC to the PARP2
promoter. The result of ChIP experiment correlates well with PARP2 expression in microarray assay
with RBR OE lines (L. Mariconti, unpublished data). Another DNA repair gene, PARP1, is also known
to be implicated in regulation of Rb and cell cycle arrest via inhibition of Cdk phosphorylation of the
Rb protein (Bouchard et al. 2003). Regulation of Rb by PARP cannot exclude the presence of mutual
regulatory mechanisms.
Through regulation of PARP2, RBR might be involved in the complex mechanisms of BER, HR and NHEJ
DNA repair.
A scheme demonstrating the possible mode of activation of HR, NHEJ and BER machineries in RBRi
lines is depicted on the Figure 21.
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Figure 21. Regulatory action of RBR onto HR, NHEJ and BER pathways
Left panel: Regulatory network of DNA repair in RBRi lines. RBR inhibits PARP2 via direct binding to its promoter region,
which leads to disruption of PARP2‐PARP1 heterodimer, inhibition of BER, activation of both HR and NHEJ systems.
Right panel: Regulatory network of DNA repair in wild type Arabidopsis.

Discussion
In the current studies we used an RNAi approach using an established inducible system for
downregulation of RBR in a reporter background to observe HR. The RBRi HR lines give us a unique
opportunity to observe in vivo differences in the level of HR during downregulation of the RBR protein.
Upon induction with β‐estradiol, the inducible RBRi system allowed us to reduce RBR levels within 24
hours. Genomic instability, caused by loss of RBR, can exist in two distinct levels: instability, which is
observed at a nucleotide level, resulting in genomic rearrangements and instability at a chromosome
level, resulting in chromosomal abnormalities.
In the current studies, we used the established inducible RBRi lines to consider the first level of
genomic instability caused by RBR that may lead to genome rearrangements.

Role of RBR as a cell cycle regulatior in DNA repair and genome integrity
As was shown in the Results section, down‐regulation of RBR leads to perturbations in the DNA repair
pathway. In case of a decreased level of RBR protein, the balance between HR, NHEJ and BER is
disturbed; one of the outcomes of this disequilibrium results in increased levels of HR in RBRi lines. In
the wild type situation, regulation of activity of these DNA repair pathways is under strict control,
which maintains the genome in a stable state. A significant decrease of RBR levels in the established
lines leads to genome instability.
By now there are few studies performed that suggest a functional activity of cell cycle regulators in
DNA repair and genome integrity. Tong reported a joint activity of PARP‐1 and p53 in stabilizing the
genome (Tong et al. 2001), suggesting a functional connection of DNA repair proteins and cell cycle
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regulators. There is an obvious lack of studies aiming to reveal connection between DNA repair
machinery and cell cycle regulators in the plant field.
A few studies in mammalian system investigated this issue as well: in addition to a role of p53 in
checkpoint control, numerous studies showed a close association of the cell cycle and DNA repair
(Whitacre et al. 1995, Wesierska‐Gadek et al. 1996, Vaziri et al. 1997, Kumari et al. 1998, Wang et al.
1998, Pleschke et al. 2000, Valenzuela et al. 2002, Ishizuka et al. 2003, Wieler et al. 2003). p53 even
has been described as "the guardian of the genome" and the "master watchman", referring to its role
in conserving genome stability and preventing genome mutations (Read 1999). Rad51, a key mediator
of homologous recombination, has been shown to be regulated by Rb via direct binding (Morris and
Dyson 2001).
Examination of the acetylation status of PARP2 promoter region in rbr mutants showed, that RBR is
indeed involved in regulation of PARP2 gene expression through a HDAC mechanism.
Undoubtedly, there can be other regulatory mechanisms of the PARP1 and PARP2 gene expression.
One of the mechanisms, proposed in different studies is mutual PARP1 and PARP2 regulation (Huber
et al. 2004). The PARP2 gene can also be regulated via direct binding of the RBR protein in the E2F/DP
complex to the regulatory region of the PARP2 promoter. After our rigorous inspection of the PARP2
sequence, we found that there are two canonical E2F sites: one is located in the promoter of the
PARP2 gene and another E2F site (TTTCCCGC) is located in the fourth exon of PARP2 and at the same
time within promoter region of the AT2G31335 gene with unknown function (Ame et al. 2001). The
latter E2F site may be located within a bidirectional promoter, regulating expression of the both genes
simultaneously.
PARP2 can be also regulated by other mechanisms which do not involve RBR activity. Metazoan XRCC1
was shown to be a negative regulator of PARP2 and PARP1 as a polymer acceptor for both proteins
(Schreiber et al. 2002). PARP1 can also regulate activity of PARP2 gene in RBRi lines.
Tumour suppressor BRCA1 and BRCA2 proteins provide other links between cell cycle regulation and
DNA repair machinery in metazoans. Mammalian BRCA1 enhances Rb activity via HDAC and was
shown to bind Rad51 (Scully et al. 1997) and Rb in vivo (Aprelikova et al. 1999, Yarden and Brody
1999). Activity of BRCA1 is also tightly associated with Rb: BRCA1‐related growth arrest was
demonstrated to be Rb‐dependent (Aprelikova et al. 1999). At the same time the BRCA2 gene product
functionally interacts with p53 and Rad51 (Marmorstein et al. 1998) and is shown to be inhibited by
Rb (Shattuck et al. 2003).
As an RT PCR experiment showed, BRCA2, BRCA1 and Rad51 genes were upregulated upon RBR
downregulation (Figure 7), which is consistent with the microarray result from rbr mutants (see Table
4 and Figure 7). It might be that the role of the plant and mammalian Retinoblastoma proteins in
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genome maintenance is evolutionary conserved and possibly BRCA1 and BRCA1 are regulated in plant
and animal system in a similar way. Therefore we suppose that most likely BRCA2 is regulated by RBR
via inhibition of Rad51. The BRCA1 activity is modulated by RBR via BRCA2 in such a way that upon
RBR downregulation transcript level of the BRCA2 goes up which leads to a subsequent activation of
the BRCA1 gene. Taking into consideration the facts known from the mammalian system and
determined levels of the BRCA1 and BRCA2 genes in RBRi mutant lines, we propose a possible
regulatory feedback loop mechanism on the RBR expression from the DNA repair machinery itself via
BRCA2 (Figure 22).

An elevated level of homologous recombination in UV‐stressed GusHR RBRi plants
It has been shown that there is a transgeneration memory of stress response in plants (Molinier et al.
2006). Therefore it would be interesting to know whether the stress response in GusHR RBRi lines is
“remembered” through generations via epigenetic changes.

Figure 22. RBR‐BRCA regulatory loop
In this proposed model RBR presumably represses Rad51 and BRCA2 as its mammalian homolog; Rad51‐BRCA2 dimer
activates BRCA1 through unknown factors.

Materials and Methods
Plant transformation, growth and selection of Arabidopsis lines
GusHR or LucHR A. thaliana marker line plants (Boyko et al. 2006) were kindly provided by Prof. Igor
Kovalchuk (Lethbridge University, Canada). The lines carried either split luciferase (Luc) or β‐
glucuronidase (Gus) genes as substrates for homologous recombination (HR) grown under long day
conditions till bolting stage were used. 1 ml of LB containing 35mg/L kanamycin inoculated with
Agrobacterium tumefaciens C58C1 strain carrying pER8 RBRi vector. Pre‐culture was grown at 28 °C
over‐night while shaking and transferred into a flask containing 300 ml of LB with antibiotics. Culture
was grown to an approx. OD600 = 0.8 and centrifuged at 4000 rpm for 10 min at room temperature.
Cells were resuspended to OD600 = 0.8 in 5% sucrose. Silwet L‐77 was added to a concentration of
0.02% (v/v) and the flask was shaken. All siliques of six‐seven week old plants were removed prior
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dipping into the Agrobacteria suspension. Up to 20 plants were transformed per 300 ml culture.
Dipped plants were laid down in a tray and covered with transparent lid to maintain high humidity.
Plants were transferred into a growth chamber for 24 h and the lids were removed. Plants were grown
on until seed ripening under the conditions with 16 h light and 8h dark period. Transgenic plants were
selected based on the 35mg/L kanamycin and 25mg/L hygromycin (GusHR RBRi T1 generation) and
35mg/L kanamycin and 0.1% Basta (LucHR RBRi T1 generation). For all experiments seeds were
sterilized according to standard protocols by treatment with isopropanol for 1 min followed by
incubation in 0.05% sodium hypochlorite solution for 10‐15 min and washed three times with sterile
distilled water. The seeds were plated on basic Murashige‐Skoog (MS) medium supplemented with 1%
sucrose. The seeds on the plates were stratified for 2 days at 4° and grown in growth chambers under
long day conditions with 16 h light and 8 h dark.

Protein extraction
Arabidopsis seedlings for protein extracts were shock‐frozen and grinded to a fine powder.
Subsequently extraction buffer was added, which contained 7M urea, 2M thiourea, 10% v/v
isopropanol, 5% v/v glycerol, 2% v/v pharmalyte, 50mM DTT, protease inhibitor cocktail (Roche). The
homogenates were shaked at 4°C for 2 hours for the protein extraction and subsequently centrifuged
2 x for 20 min at 4°C.

Western blot analysis
Protein concentration was measured using Bradford method and adjusted to the concentration of
5µg/µl protein with the Roth‐Nanoquant‐solution according to manufacturer's manual. Laemmli‐
buffer was added and 100 µg of protein was added to each lane of an 8% SDS PAGE. For each
Western‐blot in parallel as loading control another gel was prepared which was subsequently
coomassie stained according to standard procedures. Blotting was performed using semi‐dry method
with transfer buffer consisting of 20% v/v MeOH, 0.29% w/v glycine, 0.58% w/v Tris‐base, 0.04% w/v
SDS at 0.2V/cm2 for 45min. The membrane was blocked over night at 4°C in TBST (150mM NaCl,
50mM Tris pH 7.5, 0.1% Tween20) with 5% w/v dry milk powder. Blots were subsequently incubated
for 3h with 1:500 dilution of a purified RBR antibody in TBST with 0.5% of milk. After 3x10min washing
in TBST secondary anti‐rabbit antibody 1:5000 TBST in 0.5% milk was added and the blot was
incubated for another 2h on a slowly rotating wheel. After 4 x of 10min of washing with TBST
chemiluminescent detection was performed (ECL‐enhancer kit from Bio‐rad according to
manufacturer`s manual.

Measurement and analysis of kinetics of Luciferase activation
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Temporal activation of Luciferase was characterized by sequential recording of bioluminescence
images. Three‐week‐old seedlings were sprayed with 2 mM D‐luciferin solution. Luminescence of 20
seedlings from each T4 family was recorded in each experiment every 30 min for at least 12 h. Each
experiment was repeated three times.

Luciferase assay
Seedlings were heat‐shock frozen and grinded in Dual‐Glo Luciferase Reagent (amount of reagent
equal to the volume of grinded tissue). Amount of the protein was measured using Bradford method.
After 20 min the Luciferase luminescence was measured with Luminometer Lumat LB 9507.

Gus assay for homologous recombination
Arabidopsis plants were incubated at 37°C for 48h in sterile staining buffer (100mM sodium
phosphate buffer [pH 7.0], 0.4 mg/mL, 5‐bromo‐4‐chloro‐3‐indoryl glucuronide, 0.25mM potassium
ferricyanide, 0.25mM potassium ferrocyanide, and 0.1% Triton X‐100). The seedlings were incubated
in the Gus assay buffer for 2 hours and afterwards were cleared with 30% and 50% ethanol (for 1hour
in each solution) and with 70% ethanol for 2 days.

Calculation of the number of genomes per plant
Calculations were made as previously described (Swoboda 1994). Total DNA of the respective
transgenic lines was isolated from whole seedlings as described by Burr and Burr (Burr 1981). The
yield of total DNA was compared with the mean DNA content (0.12 pictograms per cell) of an A.
thaliana cell to give an estimate of the number of genomes present (Bennett and Smith 1976,
Swoboda et al. 1993).

Calculation of relative recombination frequencies
The relative recombination frequencies are defined as: total number of recombination events/DNA
content of the seedling.

Chromatin Immunoprecipitation
STEP 1. Binding antibodies to magnetic beads
10µl of the protein A‐coated paramagnetic beads were washed twice with ice‐cold Buffer A as follows:
beads were resuspended in Buffer A, and then centrifuged for 5 minutes at 1,300 rpm, the
supernatant discarded and the bead pellet kept. After washing, the beads were resuspended with
10µl of Buffer A. 90 μl of Buffer A per 200 μl PCR tube are aliquoted for each Magnetic ChIP reaction,
10µl of beads per tube and the specific antibody or a control antibody added (positive and negative).
STEP 2. Cell collection and DNA‐protein cross‐linking
The cell culture settled down on the bottom and 150µl transferred to a new eppendorf tubes. 13.5 μl
of 36.6% formaldehyde was added per 500μl of sample for cell fixation. Cells mixed by gentle
vortexing and infiltrated for 15 minutes on ice to allow fixation to take place. To stop fixation, 57 μl of
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1.25 M Glycine was added to the sample. The samples were mixed by gentle vortexing and infiltrated
for 10 minutes on ice. Samples are subjected to centrifugation at 470 x g for 10 minutes at 4°C, the
supernatant was aspirated. Samples were aspirate slowly and there was approximately 30 μl of the
solution left.
STEP 3. Cell lysis and Bioruptor chromatin shearing
The cross‐linked cells were washed twice with 0.5 ml ice‐cold Phosphate buffered saline (PBS). The
lysis solution with sodium butyrate (NaBu) was added, gently vortexed and centrifuged at 470 x g (in a
swing‐out rotor with soft settings for deceleration) for 10 minutes at 4 °C. After the last wash, the
supernatant was aspirated to about 10 to 20μl. 130μl of complete Buffer B (RT) added to the cells and
vortexed until resuspended. The cells were incubated for 5 minutes on ice. The samples were
sonicated and the chromatin sheared using the BioruptorTM for 4 cycles of 30 seconds „ON”, 30
seconds “OFF” each. 5µl of Protease Inhibitor mix added per ml of Buffer A. NaBu (20 mM final)
added to Buffer A. 870µl of Buffer A was added to the 130μl of sheared chromatin. 5μl of the sheared
chromatin was analyzed by 2% agarose electrophoresis.
STEPS 4 and 5. Magnetic Immunoprecipitation and washes
The 0.2 ml tubes containing the antibody‐coated beads were briefly spun and placed on the ice‐cold
Magnetic Rack. After 2 min the supernatant was discarded and the pellet of antibody‐coated beads
kept. 100 μl of diluted sheared chromatin per IP was used. 100 μl of input sample kept at 4°C to be
used later. The samples were incubated under constant rotation on a rotator at 40 rpm for 2 hours up
to overnight, at 4°C. The tubes were placed in the Magnetic Rack and after 1 minute the buffer was
discarded. Beads were washed three times using 100 μl ice‐cold Buffer A. Each wash was done as
follows: buffer was added, the tubes inverted to mix and incubated for 4 minutes at 4°C on a rotating
wheel (40 rpm).The tubes were spun down, placed in the Magnetic Rack and after 1 minute the buffer
was discarded. The retained captured beads were washed once with Buffer C: 100 μl of Buffer C was
added to the beads and the tubes were inverted to mix. The tubes were incubated on a rotating wheel
for 4 minutes at 4°C (40 rpm), spun and placed in the Magnetic Rack. After washing with Buffer C the
beads captured and the Buffer was removed.
STEP 6. DNA purification
100 μl of DNA purifying slurry were added directly to the washed beads and the 8 tube strips were
removed from the Magnetic Rack.
The suspension was mixed by pipetting up and down and the ChIP sample was transferred into the
new labeled 1.5 ml tubes. 100 μl of Input sample was added to a clean 1.5 ml tube and supplemented
with 100 μl of DNA purifying slurry. The tubes were inverted and locked with tube clamps to avoid
spontaneous opening during the heat incubation. The samples were incubated for 10 minutes in
59

boiling water and spun down briefly. After the samples were cooled down, 1 μl of proteinase K was
added to each sample and 2 μl for the Input sample. The samples were vortexed for 2 seconds at
medium power and incubated for 30 minutes at 1,000 rpm in a thermomixer at 55°C. The tubes were
spun briefly and incubated at 100°C for 10 minutes. The samples were centrifuged for 1 minute at
14,000 x g (12,000 rpm) at 4°C. Without disturbing the pellet 50 μl of supernatant from the IP sample
and 150 μl of the input sample were transferred to new labeled tubes. 100 μl of water was added to
the pellet of the IP sample, vortexed for 10 seconds at medium power, centrifuged for 1 minute at
14,000 x g (12,000 rpm) at 4°C. 100 μl of supernatant was collected, pooled with the previous
supernatant and mixed. The sample was ethanol precipitated and washed with 70% Ethanol,
afterwards the pellet was lyophilized and dissolved in 20‐50µl of DNAse free water. For RT PCR
verification was used 2,5µl of the dissolved DNA.
Buffers
1 X PBS: 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4 in 800 ml of distilled H2O. The pH
adjusted to 7.4 with HCl. H2O is added to 1 liter.
List of primers used for Chip
RBR_E2F1‐F TTTGGCGGTAAAATTGGGTCACAG
RBR_E2F1‐R CGCGGGAAAAACAACACGGAG
RBR_E2F2‐F TATCCTTTTTTAGGGTTTGCCG
RBR_E2F2‐R AATTTTCCCTCCTCTCAGTGTC
RBR_E2F3‐F TCCTTTTTTAGGGTTTGCCG
RBR_E2F3‐R CCTACAAATTTTCCCTCCTCTC
RBR_Fr3‐F GGAAGAAGTTCAGCCTCCAGTGAC
RBR_Fr3‐R TCGCAAGTGCTCCCATCAAGAG
RBR_Fr4‐F TAAGAAACGACCGGGCTGTGGAAG
RBR_Fr4‐R TGGAAACACAGACACCTTTGGCG
RBR_Fr5‐F ACCTCAGGCTATGAGCGGATGG
RBR_Fr5‐R GTAGATGGGACACCGAACACAGTTAG
Antibodies used for ChIP
Anti‐acetyl H3 Abs against K9 and K14 (1‐20 amino acids of H3 ARTKQTAR[K*]STGG[K*]APRKQLC) from
Upstate (Millipore, USA).

RT PCR
Total RNA was prepared from whole seedlings excluding roots using Trizol (Invitrogen).
For Q‐PCR, RNA was treated with DNase I. 2µg of RNA was reverse‐transcribed using oligo(dT) primers
and Superscript (Invitrogen). Aliquots of the generated cDNA were used as template for PCR with gene
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specific primers listed in the Materials and Methods. Q‐PCR was performed in an ABI Prism 7700
Sequence Detection system (Applied biosystems AB), using FAST SYBR Green Master Mix reagent (AB)
according to the manufacturer’s instructions. All amplification plots were analyzed with a fluorescent
signal threshold of at least 0.1 to obtain Cycle Threshold values. Experiments were performed in
duplicate with error bars representing the range. The statistical significance of the experiment was
confirmed by performing the Student's t‐test (two‐tailed paired or non‐paired). Equal loading of each
amplified sample was determined by the control PP2A gene.

List of primers for RT PCR:
Primer Name

Primer Sequence

Ku70‐F

TCCTCGTCATATCCTCTTTAACAG

Ku70‐R

GGTATTGTCTCAGATTCTCGG

Ku80‐F

ACCCAACAATGAAGATTAAGGTG

Ku80‐R

GAATACATTTTTAGAGTGGGAAGTCTC

BRCA2‐F

AAACATGCTCTGCAAGCTTCAA

BRCA2‐R

GAGCATCACCACTCAGAATCCT

BRCA1‐F

CCATTGATTGGATTAAGGCGT

BRCA1‐R

TTGTAAGCAAGCTCGAAATCTC

FAS1 RT‐F

TTAGTTACGGTGTGCTTAACG

FAS1‐RT‐R

GCTAACATTGCAGAAACTGC

Antibody Production
For RBR antibody production, was used a protein expression construct, containing the N‐terminal 374
amino acids of RBR fused to a 6X histidine tag from the expression vector pQE31. To produce the
antigen (Ag), we performed induction and purification of the Ag under native conditions according to
the Qiagen Expressionist handbook protocol. First, cells were precultured overnight in Luria‐Bertani
medium at 30°C in 200 mg/L ampicillin and 50 mg/L kanamycin. Next day, the culture was transferred
and diluted 1:100 with SB (35 g tryptone, 20 g yeast, and 5 g NaCl/L) and grown at 28°C until an O.D.
of approx. 0.4 was reached. Induction of protein expression was triggered by 500 µM isopropyl β‐D‐1‐
thiogalactopyranoside. Afterwards, the cells (at O.D. of 1.5‐2) were harvested via centrifugation for 15
min at 10,000 rpm with a SLA 3000 rotor. All the following procedures were performed on ice. For cell
lysis, the pellet was resuspended in 2.5 mL resuspension buffer (50 mM Na‐phosphate, 300 mM NaCl,
and 10 mM imidazole) per 100 mL culture and centrifuged at 12,000 rpm (SS34 rotor) for 5 min. The
supernatant was discarded and the pellet resuspended in 2.5 mL lysis buffer (50 mM Na‐phosphate,
300 mM NaCl, 10 mM imidazole, and 4 µg lysozyme) per 100 mL of cell culture. After an incubation
time of 1 h, the extract was centrifuged at 20,000 rpm (SS34) for 1 h. For antibody purification, 200 µl
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of Talon resin beads per 100 mL of culture were used. All the following steps were performed
according to the manual of Qiagen Expressionist handbook with .the minor alterations. As an elution
buffer we used 0.1 M MOPS, pH 7.7. Protein was dialyzed in MOPS buffer and used for immunization
of rabbits (three times) or coupled to the affi‐gel15 (Bio‐Rad) resin according to manufacturer's
protocol. Subsequently, 5 mL of immunized serum was diluted 10 times in TBS and passed over a
column (the Ag coupled to 1 mL affi‐gel15) ten times. After washing, antibodies were eluted 10 times
with 500 µl of 0.1 M glycine, pH 2.0, and collected in Eppendorf tubes containing 42 µl 1 M Tris.
Purified Abs tested via Western blot assay.
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Chapter 3. Genome‐wide mapping of the DNA binding sites of RBR protein
Summary
Arabidopsis Retinoblastoma related protein (RBR) is primarily known as a negative regulator of the cell
cycle, but many of the functions of RBR protein and the target genes controlled by RBR are still
unknown. RBR has been shown to bind to promoter regions of the regulated genes in the E2F/DP
complex to the nucleotide sequence TTTCCCGC and different variations of it (E2F sites). It is unknown
whether RBR protein has other DNA binding sites besides the characterized E2F sites and whether it
possesses an independent DNA binding ability. Additionally it has also been shown that Rb protein, a
mammalian homolog of the RBR, has different targets at different cell cycle phases. During G0‐G1
phases Rb has been shown to target the E2F TFs and localizes to discrete DNA foci during S phase.
A challenge to reveal novel DNA binding sites of the RBR protein and understand the new cellular
functions of the plant protein motivated us to use an unbiased approach based on a combination of
chromatin immunoprecipitation using RBR Abs and Arabidopsis cell cultures at the exponential stage
of growth with an Arabidopsis genome tiling array. The results from the ChIP experiment allowed us
to carry out a genome‐wide mapping of the DNA binding sites of the RBR, which contributes in the
functional studies of the protein.

Introduction
Gene expression and its regulation very often involve the binding of various regulatory transcription
factors (TFs) to specific DNA elements called Transcription Factor Binding Sites (TFBS). Usually
proximal to promoters, 200‐300 bp immediately upstream of the core promoter, are the most
abundant regions for location of TFBS. Fewer TFBS are located in further upstream promoter regions,
which usually contain enhancers (Reddy et al. 2006). The analysis of TFBS and their interacting factors
can provide important knowledge in regulation of expression and integration of the protein into the
regulatory networks.
Traditional methods failed to create high‐resolution genome‐wide maps of DNA–protein interactions.
Such methods, e.g. the Electrophoretic Mobility Shift Assay (EMSA), have limitations in the prediction
of factor binding sites in vivo, because in this case the DNA‐binding properties of the protein are
determined by the choice of the selected oligopeptides (Lieb et al. 2001). The majority of traditional
methods allowed to pursue only a few binding sites of a given TF at a time. Fortunately, new
approaches to map regulatory regions at a genome level were recently established. Such approaches
include computational analysis of promoter sequences (Bailey and Elkan 1995, Liu et al. 2001, Liu et al.
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2002, Wasserman and Sandelin 2004) and in vivo chromatin immunoprecipitation with subsequent
analysis of the precipitated DNA sequences by sequencing (ChIP‐Seq) or array hybridization (ChIP‐
Chip) (Figure 1). The computational methods do not provide information about the actual in vivo
occupancy of a potential binding site, while ChIP methods allow the definition of the actual binding
region.

Figure 1. Scheme of ChIP‐Chip procedure (Hentrich 2007)
The protein of interest (POI) is in vivo cross‐linked with the DNA. Then, the cells are lysed and the DNA is sheared by
sonication or enzymatically. That results in a mixture of dsDNA and ssDNA fragments. In the next step, only cross‐linked POI‐
DNA complex are recovered out using POI‐specific antibody. On the next step the POI‐DNA complexes are reverse cross‐
linked and the DNA is purified. After an amplification and denaturation step, the ssDNA fragments are labeled with a
fluorescent tag such as Cy5, Cy3 or Biotin. Finally, the fragments are poured over the surface of the DNA microarray, which is
spotted with short ssDNA fragments that cover the genomic portion of interest or the whole genome in a tiled way.
Whenever a labeled fragment "finds" a complementary fragment on the array, it hybridizes and forms again a dsDNA
fragment, producing a signal, which is later evaluated (Adapted from Hentrich 2007).

ChIP‐Chip is a particularly powerful method to study epigenetic modifications, where usually larger
segments of a DNA region are modified with a certain chromatin mark. Mapping of in vivo DNA‐
binding sites of TFs of interest is more demanding, due to the very local signal and a consequently less
favorable signal to noise ratio, especially if the TF has a low level of expression (Kaufmann et al. 2010,
Ozsolak et al. 2007, Euskirchen et al. 2007).
Depending on the purpose of studies, different developmental stages of plants, different genotypes
(mutants) or even different types of plant tissue can be used for crosslinking with subsequent ChIP
experiment. The immunoprecipitated DNA can be amplified and hybridized either to a whole genome
tiling array or to a custom array consisting either of exons, promoters, large genomic segments of
interest or even entire chromosomes (Cawley et al. 2004, Mockler and Ecker 2005, Boyer et al. 2005,
Kim et al. 2005). Numerous genome investigations using the ChIP‐Chip technique have provided
important information regarding modifications of genome structure at a particular locus or structural
differences at a particular developmental stage or under particular treatment. ChIP‐Chip has various
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applications in studies of chromatin features and assessing TF activity in the regulation of target
genes. The ChIP approach can be used to study DNA methylation, structure of chromatin, as well as
histone modifications and the cooperative or individual binding of TFs to the DNA (Massie and Mills
2009, Hug et al. 2004). Several ChIP experiments have been performed

to study epigenetic

modifications in plants, such as establishment of high‐resolution maps of DNA methylation and
histone H3 methylation in chromatin from shoots and cultured cells of rice (Li et al. 2008) as well as
mapping of a PRC2‐mediated H3K27 trimethylation in endosperm of Arabidopsis (Weinhofer et al.
2010). Investigations of the chromatin and expression changes in recent experiments have built a
genome‐wide profile of histone acetylation and methylation in Arabidopsis (Zhang et al. 2009, Zhou et
al. 2010, Zilberman et al. 2008). Another example of employing ChIP combined with genome array
hybridization in Arabidopsis in a mutant background recently demonstrated that the Paf1C regulator
functions in histone modification and gene expression in Arabidopsis (Oh et al. 2008). Several studies
in plants aimed to understand pathways of a particular DNA‐binding protein and revealed potential
novel cellular functions via genome‐wide mapping of its DNA binding sites (Wang et al. 2002, Zheng et
al. 2009, Kang et al. 2010). There are still only few reports of the ChIP‐Chip application to generate
binding profiles of TFs in Arabidopsis. Lee and colleagues used a custom 60‐nucleotide oligomer array
with one probe for every 500 nucleotides and identified several thousand potential target genes of
the expressed HA‐tagged light‐regulated HY5 TF (Lee et al. 2007). A similar overexpression approach
was used by Oh and colleagues, who used whole‐genome tiling arrays of 50‐mers located every 60 bp
of the genome in order to identify direct targets of the bHLH TF PIL5 (Oh et al. 2009). Morohashi and
Grotewold (2009) could characterize the regulatory circuit of trichome initiation by determining the
downstream targets of GL1 and GL3. Recently, ChIP‐Seq and ChIP‐Chip approaches have been used to
identify binding sites of a floral key regulator SEPALLATA3 (SEP3) in Arabidopsis (Kaufmann et al.
2009).
The combination of ChIP and whole‐genome microarrays allows the creation of high‐resolution
genome‐wide maps of in vivo interactions between DNA‐associated proteins and DNA (Bailey and
Elkan 1995, Horak et al. 2002) or for direct ChIP sequencing (Impey et al. 2004, Chen and Sadowski
2005, Kim et al. 2005, Roh et al. 2005, Wei et al. 2006).
In the current studies we determined in vivo binding sites of RBR protein in Arabidopsis using an
affinity purified antibody specific to the RBR protein in actively dividing Arabidopsis cell cultures. At
present, not all the RBR target genes are known and identification of functional binding sites of the
RBR protein at a particular cellular phase will provide important knowledge for functional studies of
RBR.
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Results
I. Establishment of a custom array and ChIP hybridization

3.1. Amplification and purification of a promoter library from 10,000 genes from
Arabidopsis thaliana genome for a custom Chip array
Several platforms can be used for ChIP hybridization. Here, a custom array, consisting of PCR products
of the promoter regions of selected genes was established and tested.
The Arabidopsis Promoterome was originally designed in silico and synthesized by the SAP (Systematic
analysis of Arabidopsis Promoters, http://www.psb.ugent.be/SAP/) consortium, which consists of
laboratories from seven European countries, including the Plant Biotechnology group at the ETH.
2 kb upstream from each ATG was chosen as an arbitrary promoter region and amplified from the
genome, generating a primary amplicon that could be further amplified for various purposes.
In order to establish a custom array and use it for ChIP‐Chip experiment with RBR Abs, Dr. Bergmüller
from our laboratory amplified 2500 promoter regions from the SAP promoter library and further 7500
were amplified by me. In total, I purified the promoter PCR products from 10.000 Arabidopsis genes.
We performed amplification of the primary amplicon, creating a secondary amplicon with portions of
attB1 (3`primer) and attB4 (5`primer) for the Gateway cloning system (see Figure 2).

Figure 2. Structure of the primary and secondary amplicons
(www.psb.ugent.be/SAP/structure.html)
The overall primer structure is depicted in Figure 3.

Figure 3. Structure of the primers used for the secondary amplicon
(www.psb.ugent.be/SAP/structure.html)
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Primary amplicons were amplified on a large scale using the Beckman‐coulter Biomek FX Robot
system from the FGCZ and purified using Millipore MultiScreen 96‐well filter plates.
Each third amplified and purified PCR product was verified on an agarose gel (Figure 4). Out of 10,000
amplification reactions, 8389 generated the expected product, giving an overall amplification success
of about 84%.

Figure 4. PCR product verification after amplification and purification

3.2. Testing different hybridization conditions
For initial testing purposes, a custom array with promoters of 200 genes involved in DNA repair and
genome maintenance from the SAP library was generated and a variety of hybridization parameters
were tested and optimized. The tested variations included content of the spotting buffer,
hybridization temperature and concentration of the hybridized DNA.
Since all of the amplicons contained identical attB sequences for Multiple Gateway‐based cloning
(Karimi et al. 2005) (Figure 4), a pair of forward and reverse “secondary amplicon” primers labeled by
Cy3 and Cy5 at the 5` ends were used as hybridization probes.
For hybridization experiments we tested Sodium phosphate buffer with 0.001% and 0.003% sarcosyl;
the last buffer showed the most efficient hybridization. The spots after hybridization had a
homogeneous morphology, correct size and thus appeared suitable for further analysis (Figure 5).
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A

B

C

Cross‐linked slide

Non‐cross‐linked slide

Figure 5. Spotting buffer influence spot morphology
A‐Spotting buffer with 0.001% sarcosyl; B‐The same with 0.003% sarcosyl; C‐Sodium phosphate spotting buffer.
The correct size and homogeneity of the spots on the array was obtained with spotting buffer containing 0.003%
sarcosyl. Yellow signal indicates hybridization.

Next, we tested the influence of the different hybridization temperatures (23°C or 28°C) (Figure 6) and
of UV cross‐linking of the PCR products to the glass plate. “Cross‐linked” PCR products on the glass
slide gave a better quality of hybridization and an almost ideal hybridization spot morphology (Figure
5).

Hybridization at 23°C

Hybridization at 28°C

Figure 6. Testing of different hybridization temperatures
All hybridization conditions tested worked with slight variations in hybridization efficiency and
specificity. Best results were obtained with a spotting buffer containing 0.003% sarcosyl and
hybridization at 28°C on the cross‐linked slides.

3.3. Testing ChIP‐Chip efficiency
In order to test the efficiency and quality of ChIP and hybridization conditions, we carried out an
experiment using Arabidopsis seedlings with antibodies against H3K27me3. This histone modification
is a gene repression hallmark, dependent on PRC2 protein complex (Cao et al. 2002). We have chosen
this type of ChIP experiment for several reasons. One of them is that we wanted to test the procedure
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with commercial ChIP‐graded antibodies and verify the results with the known H3K27me3 targets.
Another reason was to perform a test of the promoter arrays and evaluate the signal.
The observed hybridization signals demonstrated a very low variability (~2%) between the five
technical replicates, randomly spotted on the array. The results overlapped to about 70% with
published lists of H3K27me3‐enriched genes (Zhang et al. 2007, Zhang et al. 2006). Fragments of the
H3K27me3‐enriched regions of the putative TF MEDEA (MEA) (Jullien et al. 2006) were synthesized
and spotted on the array and were used as a positive control. The H3K27me3‐ enriched fragments 7
and 9 showed an elevated signal compared to the signal of the genes, used as a negative control, such
as Actin7, Ubiquitin11

and a region of the MEDEA gene with decreased level of H3K27me3

modification (Jullien et al. 2006) (Table 1). There was an observed enrichment for H3K27me3 in the
gene regions of the Polygalacturonase4 (PGA4), Glycinamide ribonucleotide synthetase4 (GAR4),
Aldehyddehydrogenase1a (ALDH1a), two unknown genes At3g26440 and At5g66650, which agrees
with the work of Zhang (Zhang et al. 2007). In general, the genes with an elevated median red signal
on the array have a tissue‐specific pattern of expression, which associated with the presence of
H3K27me3 within regulatory regions of those genes.

MEA Fr1
AT2G30530 (unknown)
SALM‐dependent methyltransferase
BTB/POZ domain‐containing protein
UbQ11
Act7
MEA Fr9
MEA Fr7
AT5G66650 (unknown)
ALDH1a
GAR synthetase
AT3G26440 (unknown)
PGA4

0

200

400

600

800

1000

Signal intensity

Figure 7. Result of ChIP‐Chip H3K27me3 experiment
Signals on the custom array from ChIP‐Chip with H3K27me3 Abs; PGA4: Polygalacturonase 4, GAR: glycinamide
ribonucleotide synthetase, ALDH: Aldehyddehydrogenase 1a, MEA: MEDEA, Fr7 and Fr 9: Fragment 7 and Fragment 9, SALM
methyltransferase: S‐adenosyl‐L‐methionine‐dependent methyltransferase.
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Table 1. Signal from ChIP‐Chip H3K27me3
Description

Level
of gene
expression
(Genevest).
1000

Presence of
H3K27me3

AGI code

Median
red
(array)

H3K27 me3‐
enriched

At1g02790

Unknown protein

1517

GAR synthetase (glycinamide
ribonucleotide synthetase)

1500

H3K27 me3‐
enriched
H3K27 me3‐
enriched

Aldehydehydrogenase 1a
(AtALDH1a )

5932

Unknown protein
Putative transcription factor
MEDEA that negatively
regulates seed development
Putative transcription factor
MEDEA that negatively
regulates seed development

Tissue/Organ Expression

793

St
errs.
(5
repl.)
3

At3g26440

686

4

Anthesis, siliques

At1g09830

664

5

Chloroplast, not in senescent
plants

H3K27 me3‐
enriched

At3g24503

640

7

Vascular leaf

41

‐

At5g66650

591

8

Anthesis, globular stage,
dividing tissues

30

H3K27 me3‐
enriched

At1g02580
Fr7

211.8

3

Reproductive organs

30

H3K27 me3‐
enriched

At1g02580
Fr 9

108.4

1

Reproductive organs

Act 7

1033

‐

At3g12110

90.5

2

Ubiquitin 11

14005

‐

At4g05050

57

0.16

Ubiquitous expression
predominantly during
reproductive development
Ubiquitous expression

BTB/POZ domain‐containing
protein

2364

‐

At2g30600

56

0.2

Ubiquitous expression

S‐adenosyl‐L‐methionine‐
dependent methyltransferase

1048

‐

At2g31740

55

0.3

Ubiquitous expression

Unknown protein

742

‐

At2g30530

55

0.13

Ubiquitous expression

Putative transcription factor
MEDEA that negatively
regulates seed development

30

‐

At1g02580
Fr 1

52

0.4

Reproductive organs

PGA4 (POLYGALACTURONASE
4)

Anthesis, globular stage,
dividing tissues

H3K27me3‐ trimethylated lysine 27 on histone H3. Level of median red correlates with the signal strength on the array.
Genes with ubiquitous expression do not carry H3K27me3 modification at their promoter region. Genevest‐Genevestigator.

By the time we obtained our results with the promoter custom array, Affymetrix, in collaboration with
the European AGRON‐OMICS project had developed a new array which included probes from the
entire Arabidopsis thaliana genome and provided significantly more information on the binding sites
of the RBR protein. Additionally, Affymetrix provided a standardized quality of the arrays. Because of
these considerable advantages, we performed our genome‐wide mapping of the DNA binding sites of
the RBR protein, using this AGRONOMICS1 Affymetrix microarray.
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II. Genome‐wide mapping of the RBR DNA‐binding sites within the Arabidopsis genome
This section describes the establishment of the ChIP‐Chip procedure for the whole genome
localization of DNA‐binding sites of RBR and shows the effectiveness of the ChIP‐Chip procedure for
the identification of novel RBR target genes.

3.4. Experimental set of ChIP‐Chip experiment
RBR, as its mammalian homolog, has a cell cycle regulatory function and might have different targets
at different cell cycle phases. Thus we considered that the best starting material for setting up a ChIP
experiment would be a plant cell culture in the exponential growth phase, which contains cells in all
cell cycle phases. As a later refinement, such a culture could be synchronized to capture only specific
cell cycle phases. We therefore performed ChIP with actively dividing cells at their exponential phase 2
days after the cell culture medium had been changed.
The final protocol of the ChIP‐Chip procedure is based on existing procedures with few modifications
to minimize the background in the final ChIP DNA sample (de Folter et al. 2007, Ito et al. 1997). RBR
ChIP fragments were generated from Arabidopsis cell culture at the exponential stage of growth. The
AGRONOMICS1 Affymetrix Arabidopsis microarray contains the complete paths of both genomic
strands, generally having one 25‐mer probe per genome sequence of 35 bps window. The average
distance on the same strand between the centers of adjacent probes is 32 nucleotides and the
average distance between adjacent probes on opposite strands is 16 nucleotides (Rehrauer et al.
2010). We performed ChIP in three biological replicates using the previously tested affinity purified
RBR antibodies described in the Chapter 2. The signal of the immunoprecipitated samples against RBR
Ab was compared with the signals from the controls (IgG and Input). The ChIPped DNA probes were
checked for signal via Real Time PCR before hybridization to the microarray (Figure 8). Promoter
sequences with canonical E2F binding sites of the known RBR target genes PCNA and MET1 (Hirano et
al. 2008, Johnston et al. 2008) were used as a positive control, fragments, lacking E2F sites of the
PCNA, MET1 and RBR genes were used as negative controls.
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5

Relative enrichment

4

RBR Ab
IgG

3

2

1

0
PCNA E2F

MET1E2F#1 MET1E2F3#2 MET1nonE2F RBRnonE2F

PCNAnonE2F

Figure 8. Verification of the ChIP with RBR antibodies.
Vertical error bars represent the standard errors of the triplicate averages. On the left side of diagram are presented positive
controls with E2F sites from the PCNA and MET1 genes, on the right‐regions without E2F sites (PCNA, RBR and MET1 genes).
Relative enrichment was calculated as ratio of different fragments of the MET1, RBR or PCNA genes and PP2A.

3.5. ChIP‐Chip data analysis
The obtained data from ChIP‐Chip experiment were analyzed using two different software packages:
Tiling Array Software (TAS) (Yoder and Enkemann 2009) and CisGenome (Jiang et al. 2010, Johnson et
al. 2006).

Data normalization
The ChIP‐Chip data were first subjected to quantile normalization via Tiling Analysis Software (TAS).
Quantile normalization assumes that the data have a similar underlying distribution and therefore
normalization of Input and IgG controls and RBR Immunoprecipitated samples were performed
separately. After normalization and scaling, we performed TAS probe analysis and obtained absolute
signal intensity and p‐values.

TAS Software analysis
The TAS sofware allows a number of parameter combinations for data analysis. Parameter values
need to be adapted to the particular analysis problem. Additionally the mentioned AGRONOMICS1
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Affymetrix Arabidopsis microarray characteristics and common knowledge about TF DNA binding sites
(considering at the same time the characteristics of the canonical E2F sites) guided us in setting the
parameters of the data set analysis. After testing a number of such parameter combinations, we chose
the following parameters for a stringent analysis: signal scale was presented in Log2, P‐value in
10Log10 scales with a threshold of 20. A maximum gap of 100 (a higher value leads to an elevated
stringency) and a minimum run of 20 (a lower value correlates with a higher stringency of the
analysis). For a less stringent analysis we chose a maximum gap of 90 and the minimum run of 40 and
signal and P‐values as before. The first stage of ChIP‐Chip data analysis resulted in the initial
identification of ChIP‐enriched segments of the genome. During the first step of sample analysis a
sliding window approach was employed, where bandwidth is set to 40 bp. Usually TFBS are
represented by relatively short (5‐10 bps) nucleotide sequences (Reddy et al. 2006). We purposefully
used a broader bandwidth in the Parameters of the probe analysis, supposing that RBR might bind to
the regulatory regions in a protein complex. Although with a larger bandwidth one can obtain larger
regions with significant enrichment, a larger bandwidth tends to dilute signal by including a
background and therefore increase both statistical power and background noise. During analysis, TAS
uses a non‐parametric Wilcoxon signed‐rank test (or a Mann–Whitney U‐test) (Troyanskaya et al.
2002), a non‐parametric test for samples lacking a normal distribution. For our data we applied a non‐
parametric Wilcoxon signed‐rank test. So in case when the sum of the ranks in the ChIP‐enriched
sample was higher than that of the control sample, the coordinates were considered to be
significantly enriched. With a special program, transferring raw data from the analysis of the data
from the ChIP‐Chip experiment, which was written by Matthias Hirsch‐Hoffman in our Laboratory, we
could obtain a more detailed information about sorted intervals, including values of enrichment at the
genomic loci of interest and genomic annotation.

CisGenome software analysis
CisGenome uses a conditional binomial model to identify regions in which the ChIP hybridization
signal enriched compared to the control reads. Compared to commonly used algorithms including
TAS, MAT and Tilescope, CisGenome provides higher sensitivity and specificity (Jiang et al. 2010).
CisGenome has a few disadvantages, giving a rough and schematic representation of the data
(Johnson et al. 2006) and taking into account the individual variation of each probe (probe affinity),
not addressing the repetitive probes on the array. According to the Cisgenome analysis the genome is
divided into non‐overlapping bins of 50bp. For each bin, the program will count how many ChIPped
DNA fragments cover the bin; the normalized counts are used to call peaks. To determine the
enrichment signal each bin and its W flanking bins are combined into one window. As far as we
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expected narrow peaks (from the TF signal), we have chosen the value of W such that (2W+1)*B =
300. We used a standardized window statistics across all bins by subtracting genome‐wide mean and
dividing by genome‐wide standard deviation. Cisgenome analysis was also performed with different
parameters: highly‐stringent, stringent and non‐stringent. Results of the data analysis with CisGenome
software are presented in Tables 2, 3, 4 and Table 1 (supplementary data). An overlap between the list
of genes obtained with stringent parameters of analysis of the TAS and Cisgenome software reached
28% (see Figure 9A). The two approaches of analysis are completely different and we did not expect to
find a higher overlap between those softwares under stringent parameters of analysis. Next, we
released stringency in the parameter analysis of the datasets in TAS and CisGenome software and
performed comparison between two different settings. We observed up to 45% overlap between the
two lists (Figure 9B).

TAS
CisGenome
2
5

A

B

TAS

30

45

CisGenome
155

7

A

B

Figure 9. Number of the RBR target genes from ChIP‐Chip (TAS and Cisgenome software)
A‐ Overlap between genes from TAS and CisGenome software, obtained under highly‐stringent parameters of analysis,
B‐Overlap between genes from TAS and CisGenome software, obtained under non‐stringent parameters of analysis

Comparison of the RBR‐targeted genes from ChIP‐Chip experiment
In Tables 2, 3 and 4 and Tables 1 and 2 (supplementary data) genome regions detected as RBR‐
associated in the different analyses are presented in greater detail. Regions, detected in three
biological replicates with the highest stringency of data analysis are shown in Table 2. Four out of 10
of the detected regions belong to Gypsy‐ and Copia‐like retrotransposons. In Table 3 are presented
RBR‐associated regions, obtained from two different software packages, detected in triplicates. Due to
highly‐reproducible detection, we regard the latter regions as the best supported regions for binding
the RBR protein. Table 4 lists regions that were detected with highly‐stringent parameters of analysis
by Cisgenome software package. Tables 1 and 2 in supplementary data present the result of data
analysis with reduced level of stringency from Cisgenome and TAS software packages respectively.
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RBR‐associated genes from ChIP‐Chip experiment are significantly upregulated in RBR overexpressing
lines (microarray data from L. Mariconti, unpublished data, Table 4). At the same time there is no
significant overrepresentation of the E2F sites in the list of the RBR targets, obtained from the ChIP‐
Chip analysis. This may be explained by an activating role of RBR, when it is assembled with other
complexes. In this respect RBR may act in a similar way with the mammalian Rb and Rb‐like proteins
(Chen et al. 1996, Lasorella et al. 2000, Thomas et al. 2001).
To verify whether the genomic loci, presented in duplicates determined by Cisgenome software
package were truly associated with RBR interactions, we chose several of the detected regions and
verified them by quantitative RT PCR on independent ChIP samples and compared with the signal
from IgG (Figure 12). The “positives” showed an elevated signal in the RT PCR and there was no
enrichment for the controls, randomly chosen as the “background level” genome regions from the
array (Figure 12).
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Relative Enrichment

40

30

20

10

0
DIT2.2

IRT3

SUB1

PPR

AT5G27840 AT2G03640 AT2G18090 AT2G36850

Figure 12. RT PCR verification of the enriched genes from the ChIP‐Chip analysis
DIT2.2: DICARBOXYLATE TRANSPORTER 2.2, IRT3: Iron Regulated Transporter 3, SUB1: Short under blue light 1, PPR:
Pentatricopeptide repeat‐containing protein are the “positives” from the ChIP‐Chip array, AT5G27840, AT2G03640,
AT2G18090, AT2G36850 are the genes that showed no enrichment in the ChIP‐Chip experiment showed a signal on the array
on the background level. For the value of Relative enrichment was calculated as ratio between respective gene fragments
and PP2A from ChIP with RBR Ab normalized to ChIP with IgG.
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Table 2. Sequences, detected in biological triplicates (Cisgenome Software, highly‐stringent parameters of data analysis)
AGI1
AT1G37095

AT1G37110

AT1G37050

AT2G45000

Gene Descr.1

AGI2

Gene Descr.2

Transposable
element gene

Gypsy‐like
retrotransposon
family
Transposable
element
Copia‐like
gene
retrotransposon
family
Transposable
element AT1G37060
Gypsy‐like
gene
retrotrasposon
family
EMB2766 (EMBRYO DEFECTIVE 2766); structural
constituent of nuclear pore

AT5G14610

Target Sequence
Chr.
Chr1

GGTTGAATCTCTAGTTGTATTCTCTTCCTTATCA

Start
Coord.
14121212

End
Coord.
14121245

TCAGGTTGCTCCATGTACAACTCTTCTTCCAAGT
AAGCGTGGCCACACTCTCATCCACATCATCCTAT

Chr1

14133852
14131436

14133885
14131469

GATGTTTATGAAGTAAATGCAACAACGATTCAATTGTGAGTTAGAAATGAAGTAATGAGAAGAAGG

Chr1

14083212

14083277

CTGCTCCTGCTCCGTCGCTGTTTGGTTCATCTACCACCAATGCTTCTTCAGCTGCTCCTGGTTCTT
ACCGCCGCTTCTTCATCTGCTCCTGCTCCGTCGCTGTTTGGTTCATCTACCACCAATGCTTCTTCA
GCTGTTTGGTTCATCTACCACCAATGCTTCTTCA
CTGACTCTGGATCAAGGTTTAATGAGGTACTAACTTATGGCTGTTAATGG
GTTTAATGAGGTACTAACTTATGGCTGTTAATGG
CATCTCTTCTGCAGAACCTCTAGTCAACTTCTTTATCGCTACTATCTGCC

Chr2

18571580
18571564
18571596
4711548
4711564
6308380

18571645
18571629
18571629
4711597
4711597
6308429

ATP binding /ATP‐
Chr5
dependent helicase
AT5G18910
protein kinase family
Chr5
protein
AT5G14610
ATP binding / ATP‐dependent helicase
GTTTAATGAGGTACTAACTTATGGCTGTTAATGG
Chr5
14083212
14083277
Chr.:
Chromosome,
Gene descr.: Gene Description, Number of Occur.: Number
of Occurrences. If the targeted sequence is located in the intergenic region, both flanking AGIsChr5
are presented.
Coord:
Coordinate
AT5G18910
protein kinase family protein
CATCTCTTCTGCAGAACCTCTAGTCAACTTCTTTATCGCTACTATCTGCC
18571564
18571629
heat shock protein
binding in biological duplicates (Cisgenome
CAGTGAAGAAGCCTCCATTGTCGCCATTATGACT
Chr5
18571596
18571629
AT5G55570
Table
4. Sequences,
enriched
Software, highly‐stringent parameters of data analysis)

Table 3. Sequences, detected in biological triplicates with both TAS and Cisgenome Software (Stringent parameters of the data analysis)
AGI1

Gene Descr.1

AGI2

Gene Descr.2

Target Sequence

Chr.

Start
Coord.

End
Coord.

AT1G04700

protein kinase family protein

CAACATCTCCTTTTTCAGTCCACAAGAGAGCAAACACCGACGTTCCTTATTTTGCCGATCAAAATG

Chr1

1317948

1318013

AT1G12770

EMB1586 (EMBRYO DEFECTIVE 1586)

CAGTTCTAAAGAAGTTCAAGAACGGGGAAATCAA
AGGGTAAGGCGATGAAGCTTGAGGGAAGTTTTGT

Chr1

4353228
4352076

4353261
4352109

AT1G37050

Transposable element
gene

GATGTTTATGAAGTAAATGCAACAACGATTCAATTGTGAGTTAGAAATGAAGTAATGAGAAGAAGG

Chr1

14083212

14083277

AT1G37110

Transposable element
gene

Gypsy‐like
retrotrasposon
family
Copia‐like
retrotransposon
family

TCAGGTTGCTCCATGTACAACTCTTCTTCCAAGT

Chr1

14133852

14133885

AT1G37110

Transposable element
gene

Copia‐like
retrotransposon
family

AAGCGTGGCCACACTCTCATCCACATCATCCTAT

Chr1

14131436

14131469

AT2G45000

EMB2766 (EMBRYO DEFECTIVE 2766);
structural constituent of nuclear pore

ACCGCCGCTTCTTCATCTGCTCCTGCTCCGTCGCTGTTTGGTTCATCTACCACCAATGCTTCTTCA

Chr2

18571564

18571629

AT1G37060
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AGI1

AT5G64280

Gene Descr.1

AGI2

Gene Descr.2

Microar.
Microar.
(OE,3hai)
(OE,8hai)

Sequence

Start coord.

End coord.

ChIp‐Chip

GTTCCTCCGGCAAGGAAGAGGCGGTGGCGCGTAGAGTGAATCGAGGGGAAGAGAT
GGAGAGTGATCGGAGTGTTGGGGATGTGTGTACGGAAATCGACGGTGGAAGTAAC
GCAAATGATTTGGAGGAAGATCGATGGAGAGATAGATAGGAGGCTGAGAG

25730448

25730608

6.4

1.1

7.4

GGTGTGTTTGGATAACTCTCCTGTTCTGAAGTACATCAATGATATGTTGATGGACGA
AGAAGACTTCGTAGGTATATCTCGTGACGATTTAGCTTTACAAGCCGCTGAGAGATC
CTTCTACGAGATAA
ATGTTATGTATATTTTTACCTTGAGAATATCAACAGCGATGGTGTTTGGACCACGAG
AAGAGAAGGAAGCGATAACAGGAGATGTCCTATTGAAGATTGTTTCCGTTTTTAGA
ACAGCCGCTTGTGGAGAACTGAGAAAACAAC

23992192

23992320

4.4

‐1.4

5.0

23870256

23870400

3.7

1

4.0

AT5G59450

DIT2.2 (DICARBOXYLATE TRANSPORTER 2.2);
oxoglutarate:malate antiporter (chloroplast, malate transport,
membrane, oxoglutarate: malate antiporter activity, sodium ion
transport )
scarecrow‐like transcription factor 11 (SCL11)

AT5G59090

ATSBT4.12; subtilase

AT5G18910

protein kinase family protein

AATAACCAATAAGCTTAGCAATGTTTGGATGATCTACATGAACAATGATCCCTAGTTC
GGACAGATAATCCATCGTCATCTCTTCTGCAGAACCTCTAGTCAACTTCTTTATCGCTA
CTATCTGCCCATCTGCCATTTGTCCCT

6308304

6308448

2.7

1

3.0

AT5G14610

ATP binding/ATP‐dependent helicase

4711488

4711632

3.9

‐1.5

3.9

AT5G13990

ATEXO70C2 (exocyst subunit EXO70 family protein C2); protein
binding

4514672

4514800

2.7

0.9

3.0

AT5G07990

TT7 (TRANSPARENT TESTA 7);
flavonoid 3'‐monooxygenase/oxygen binding

2562658

2562816

4.5

4

4.5

AT4G08820

Transposable element gene similar to nucleic acid binding/zinc
ion binding

5622224

5622400

3.9

1.2

4

AT3G30814

Transposable element gene
Gypsy‐like retrotrasposon family

12507264

12507440

3.6

‐

‐

AT2G36810

expressed protein

15435520

15435696

2.7

2.6

2.7

AT1G73710

pentatricopeptide (PPR) repeat‐containing protein

CTGGATTTAACTCTGGCAAGGAAGATGATAAGTATGGTAGGGGCAGTGATGGGCCT
AAGTCTGACTCTGGATCAAGGTTTAATGAGGTACTAACTTATGGCTGTTAATGGCTG
ATTTCTATCCTTTGTGCTCTCCAAACGTCAT
AAGAAAGAAGCTATGTTCTTCGCCTGGCGGTGGCAGTAGAAGAGGAGGAGGTGTT
GCCTTCAAAGAGCTGGTCGATGAGATCCTCGATATCTTCAGGCTGATACTTGACATAC
TTCTCGGTCTGGCGA
GTTTAAGTTTAGGGTTACGTACGATTCAGTTTCTTACGGCGACGTTGGTTCAAGGATT
TGATTGGGAATTAGCTGGAGGAGTTACGCCGGAGAAGCTGAATATGGAGGAGAGT
TATGGGCTTACACTGCAAAGAGCGGTTCCTTTGGTGGTACATCCT
TTAACTATTACCATAGATGTTTATTGGAGGAGATTGCTCGTGGGCTGGG
GAAGCTTCTTAAGGTTGATCTGAATACGATTACTTTTGGTAGGGGACGGTTTGCAAG
AGTATGTATTGAAGTTAATTTAGCCAAACCTTTGAAGGGGACAGTGTTAATTAATGG
AGATAGGTACTTT
GAACCTTGTAATTGCTAGATCCTCTCGCCTTGAGAGTTAGTTGATCATTG
GTGTTCTTCATGACCGTCGATTGATTTGTTTGGGTTTTGAATAATAAACA
GAGGTTTTGATTGTTCTTTTGGATTGGAGAAGTTTATTGTATTAAAGGT
ATTAGAGCCATTCGTTTCTCGGAATCA
AACTATTGAGCCAATGATCAATTGGTGAAACACAACAGTTTGGCTACAAAGACCCTG
AAAACACAACTGCATTAACTAGGTACCTACCTCCTTCGGTCTCTTAATTGAAATGCAT
CCAGCAATATCGCCAATTAGACCAACCCATTTTTCTTTTTCTATTTGCTCCCCATTACG
AG
ACGACACTTGCAGCAGTTATTGATGTCTATGCTGAAAAGGGACTGTGGGTTGAAGC
GGAGACTGTGTTCTATGGGAAAAGAAACATGTCAGGCCAGAGGAATGATGTTTTGG
AGTACAATGTCATGATCAAGGCTTATGGTAAGGCCAAACTTCATGAGA

27726288

27726448

5.2

1.2

5.2

86

AT1G60960

IRT3 (Iron regulated transporter 3);
cation transmembrane transporter/
metal ion transmembrane transporter

AT1G32583

similar to TPD1 (TAPETUM DETERMINANT 1) [Arabidopsis
thaliana] (TAIR:AT4G24972.1); similar to unnamed protein
product [Vitis vinifera] (GB:CAO47061.1)
LRX1 (LEUCINE‐RICH REPEAT/EXTENSIN 1);
protein binding / structural constituent of cell wall

AT1G12040

AT5G22900

zinc finger
(C2H2 type)
family protein

AT5G22900

ATCHX3 (cation/hydrogen
exchanger3)

TTCCCATCATTCGTTCCTTCTCCAATCATGGGAACAACAATACCCGGTGATTGTTCACG
GCCAAACGGTTCAACAGACTCACTAGCTTCCCTCTCTTGCTTCCGTTCATAGTACTGA
GTCCCCATGAAATCCACAAACAGAGTGATCAAAGCAGCAATCATCGCAAAGAATCCC
GGGAAAGGAAACTTAGACC
GTATAGGTGAGGTGAGGTAGGAAAGATATGTGTGAGACCTTATCTTGTTGTAGCTG
ACTTTGAATTTTCTTTATTCTCTAATGTATTGATAAGTGTGGAAGAAACATTTTTTTGA
TAATCGAAACAAAGTGATAGAGTACTAGA
GATAAACAGTGCTCATCTTTGCTTGCTCGCCCTGTGGATTGCAGTAAGTTTGGATGTT
ACAACATCTTCTCTCCACCACCACCGACGTTTAAGATGTCACCTGAAGTCCGGACACT
TCCTCCACCGATTTACGTGTACTCATCGCCTCCTCCACCACCGT
GTTTCATTTGAGGGTTCATCATCATCAATGGAGGTGTTTGGAGATAATAAGATGTTTT
ACATGAGAGACACATGGAGAGAAGGAACCATGATTTGTGACGTCTTACCTATCAACC
CTAGCTCCAATGGTGTTTGGCCGCAACAA

Microar. OE 3(8)hai:microarray from inducible RBR overexpressing lines, 3(8) hours after inductio
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22449856

22450049

27.1

‐1.4

27.1

11786640

11786784

2.8

‐1.2

2.8

4071232

4071392

2.5

1.3

2.5

7657200

7657344

2.5

0.9

0.12

3.6. GO categories of RBR target genes identified in the ChIP‐Chip experiment against RBR
antibodies
We also analyzed the functional gene ontologies (GO) of the target. Remarkably, more than 18% of the genes
from the GO list (non‐stringent analysis) and more than 26% (stringent analysis) belong to transposable
elements (TEs) which is 1.4‐2 times higher than TE occurrence within the whole genome (13%). This category
consists of TEs from the Gypsy‐ and Copia‐like retrotransposon family, which takes part in the formation of
pericentric heterochromatin (Table 5). Thus, TE genes and the genes, maintaining chromatin structure, seem
to be systematically deregulated upon RBR perturbations. As depicted in Table 5, genes with a function of
molecule transporters are highly overrepresented (up to six times) compared to the frequency within the
whole Arabidopsis genome. Gene belonging to the category of enzymes (especially with kinase activity) are
slightly overrepresented.
Table 5. Quantitative representation of genes in gene categories
Name of GO category

Arabidopsis genome

ChIP‐Chip (non‐stringent analysis, TAS, %,

ChIP‐Chip (stringent analysis,

(%)

166 genes)

Cisgenome, %, 15 genes)

DNA or RNA binding

6.8

6.2

0

Enzyme

9.3

11.6

4.0

Hydrolase

8.9

7.7

12.0

Kinase

5.7

7.7

16.0

Nucleotide binding

5.4

5.8

8.0

Nucleic acid binding

3.2

2.7

4.0

Other function

3.2

2.7

0

Other binding

11.8

14.7

4.0

Protein binding

3.2

5.4

4.0

Receptor binding

0.5

0.7

0

Structural molecule activity

1.2

0.7

4.0

TF

3.7

5.1

4.0

Transferase

8.6

9.6

8.0

Transporters

4.2

4.3

24

Transposons

13

18.6

26

Unknown function

24.2

15.1

8.0

Overrepresented gene categories are marked in yellow (TAIR, Lockton and Gaut 2009). %=Number of annotations to terms in this GO
category x 100/ Number of total annotations to terms in this ontology. In the ChIP‐Chip experiment with non‐stringent parameters of
analysis 166 genes were analyzed (Table 2, supplementary data). From ChIP‐Chip experiment with stringent parameters of analysis
were analyzed 15 genes (Table 4).

The obtained GO categorization of the RBR target genes correlates with gene expression data of the RBR
gain‐ or loss‐of function lines (see Figure 2, supplementary data).
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3.7. RBR DNA motif analysis
Only 1% out of the analyzed sequences contained canonical E2F binding sites, which led us to believe that
there should be another DNA binding site for RBR protein. The results motivated us to analyze the
overrepresented DNA motifs and attempt to cluster them. Considering that RBR protein might bind the DNA
in a protein complex, we used not only the sequences corresponding to the peaks, but also considered the
200 bp‐long flanking sequences. The resulting sequences ranged from 100 to 300 bps with an average length
of 180 bp.
Two programs (MEME and AlignACE 3.0) for sequence analysis have been used in order to discover motifs in
sets of the sequences at our disposal. Motif analysis showed the presence of "ATCTGC”, “CTCTTC” and
“TAATGG” repeatedly occurring in determined RBR target regions with minor mis‐matches (Table 1, 2 and 3
in supplementary data). Both software packages showed that up to 50% of the obtained sequences contained
GA and CT‐rich motifs, presented in the table 5 as well as in the tables in the supplementary data. The so
called GAGA‐box (12 bp sequence) elements comprising the dinucleotide repeat sequence (GA)n/(CT)n are
found in the regulatory regions of the promoters of numerous genes (Sangwan and O'Brian 2002). We
analyzed the obtained sequences in detail and found that 8 sequences (Tables 1, 2 and 3 from supplementary
data) contain known Cis‐regulatory elements (CREs) (Table 5).
Table 5. Known Cis‐Regulatory elements from sequences detected with ChIP‐Chip
TFBS (TF)

Function of TF

Sequence of
CRE

BF

P‐Value

Occurance

ARF1 binding site motif
ATB2/AtbZIP53/AtbZIP44/GBF5 BS
in ProDH
GATA promoter motif [LRE]
Hexamer promoter motif
Ibox promoter motif
RAV1‐A binding site motif

Auxin Response
Transcription Regulation

tgtctc
actcat

ARF
bZIP

1.69e‐13
1.17e‐17

5
3

agata
ccgtcg
gataag
caaca

NA
NA
NA
ABI3VP1

5.21e‐08
3.12 e‐11
8.14e‐12
3.56 e‐12

13
2
5
38

actttg
ttgac

NA
WRKY

1.58 e‐14
2.88 e‐11

7
19

T‐box promoter motif
W‐box promoter motif

Leaf and root development,
senescence, brassinosteroid pathway
Disease resistance, senescence, seed
germination and trichome development

Occurance: Number of sequence motif occurring in 74 analyzed RBR‐ associated sequences (total of). BF: Binding Factor, CRE: Cis‐
Regulatory Element. TFBS: Transcription Factor Binding Site.

Several detected motifs interact with TFs harboring the leucine‐zipper motif; the mentioned TFs are involved
in protein hetero‐dimerization. The results from the ChIP‐Chip experiment showed nice correlation with the
microarray experiments from rbr mutants (R. Gutzat, unpublished data, L. Mariconti, unpublished data).

Discussion
As mentioned in the introduction, there are several platforms existing for performing hybridization
experiments in ChIP‐Chip assays. To establish one of such custom arrays we amplified about 7500 Arabidopsis
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thaliana promoter regions additionally to the 2500 regions, amplified by Dr. E. Bergmueller, purified and
verified approximately 10000 by PCR out of an existing Arabidopsis SAP
promoter sequence collection (www.psb.ugent.be/SAP/structure.html).
In combination with immunoprecipitation of protein‐DNA complexes (ChIP‐Chip), these arrays enabled us to
perform ChIP‐Chip trial experiments with a high level of reproducibility of results within technical replicates.
Obviously the custom array has a few disadvantages. One of them is the limited amount of the targets
considered within an experiment and another could be a difference in purity and concentration of the
spotted PCR product, which inevitably introduces a bias in the signal. In order to get a broader knowledge
about RBR DNA targets within the whole genomic sequence of Arabidopsis thaliana, we performed a
genome‐wide mapping of the DNA‐binding sites of RBR protein within the whole Arabidopsis genome.
Identifying functional TFBS is a difficult task because most of them are short, degenerate sequences, which
occur frequently in the genome. We employed two different approaches, based on two different software
packages to identify potential RBR binding sites and detect common motifs from different targeted sites. The
motifs from this ChIP‐Chip experiment (Table 1, 2 and 3, supplementary data) had a substantial enrichment
for GAGA‐elements and CG bases. The GAGA elements have been most thoroughly examined in Drosophila
melanogaster, where they are involved in the regulation of developmental genes (such as Trithorax). In those
cases, GAGA elements repress genes via stabilizing nucleosomes and thereby preventing transcription
(Croston et al. 1991). The role of Arabidopsis RBR in plant development has been showed by several research
groups, including our Laboratory (Schnittger et al. 2002, Byrne et al. 2005, Park et al. 2005, Schellmann et al.
2005, Wyrzykowska et al. 2006, Johnston et al. 2008). In depth analysis of the genes involved in development
with a GAGA‐enriched Cis‐regulatory elements CRE might reveal novel molecular mechanisms of
developmental regulation in Arabidopsis.
CREs can pIay not only a repressive, but also an activating function and thus further studies of the CREs of the
RBR protein can aid in understanding the unusual function of RBR as an activator. It has been demonstrated
that a region of the c‐fos promoter of 30 bps had a repressive function on c‐fos expression and leads to a
reduction of AP‐1 activity (Robbins et al. 1990). One year later, on a promoter region of a c‐myc gene, a
negative regulatory element of the transforming growth factor P1 (TGF‐beta1) was identified (Pietenpol et al.
1991). In both cases Rb protein binding releases transcription repression, leading to activation of the
controlled gene (Chen et al. 1994).
Chen and colleagues (1996) showed a direct and positive role of Rb in terminal differentiation of adipocytes
through interaction with CCAAT/ enhancer‐binding proteins (C/EBPs). Furthermore, an overexpression of Id2
protein from the Rb protein family led to activation of the oncogenic Myc–Id2 transcriptional pathway
(Lasorella et al. 2000). Retinoblastoma protein was also shown to act as a transcriptional activator in
osteogenic differentiation (Thomas et al. 2001).
90

Probable DNA binding sites of the RBR protein in plants seems to be mainly associated with an activation
function of the RBR alone or in complex with other factors.
There are still a few aspects left to be discussed. One of these is the type of the plant material to be used for
in vivo detection of the RBR DNA binding sites. Ideally, the ChIP‐ChiP experiment should be performed with a
synchronized cell culture. This type of synchronization is performed by hydroxyurea (which blocks the cell
cycle in the G1‐S phase transition) or aphidicolin (which blocks cells in the transition from G2 to M phase). In
some cases hydroxyurea or aphidicolin causes cytotoxic effects in the cells, which could introduce unwanted
bias into the results of the ChIP‐Chip experiment. From another point of view, cell cycle blockage cannot be
released immediately and trivially and the procedure can also alter results of the experiment. The importance
of cell culture synchronization is due to the presence of different Rb protein targets in different cell phases.
Another reason is related to “dilution effect” ('diluting' the amount of cells, in which RBR is active), which can
be solved by the cell synchronization procedure.
In general, the enrichment on ChIP‐Chip arrays depends on the expression level of RBR in the analyzed cell
culture, as well as on the efficiency of the antibody used. In the described experiments, we achieved 6–40‐
fold enrichment for the positive control genes, as was assayed by RT PCR.
Cross‐linking agents can also influence results of a ChIP‐Chip experiment.

For example, such crosslinking

agents as Di‐(N‐succinimidyl)‐glutarate (DSG), are advantageous in case of investigating indirect, cofactor‐
mediated interactions of proteins with DNA and in studies of endogenous targets for rare TFs (Zeng et al.
2006). However, the mentioned method contains a second fixation step, which can introduce an additional
bias in the experiment.
Presence of the Auxin Response Factor (ARF1) binding motif in the list of RBR targets suggests involvement of
RBR in the auxin pathway. As was proposed, RBR acts in promoting differentiation and auxin enhances cell
division in the meristematic region (Doonan and Sablowski 2010). Therefore it is an interesting observation,
that RBR might be involved in the auxin pathway via probable binding to the ARF1 Cis‐regulatory element.

Perspectives
For wrapping up the project, it is important to focus on the target sequences of the RBR protein that were
found and to confirm the results using other methods: RT PCR, microarray analysis and mutational studies,
taking into account the known retinoblastoma protein functions in other species.
In particular, one can use the previously established and described promoter library and examine probable
changes in the histone modification pattern of the genes with particular functions (e. g., related to genome
maintenance).
ChIP‐Chip analysis is a microarray technique that is nascent and still evolving. One of the problems, which the
researchers are facing, is the problem of “noise” within the ChIP‐Chip data. In a few cases, we obtained a few
91

single peaks with an unusually elevated level of signal, which we assume is background noise. In the case of
“noisy” data the best application one can exploit is a TiMAT application (http://bdtnp.lbl.gov/TiMAT/). TiMAT
uses a different scoring system for the intervals, FDR filtering, and peak finding. Therefore application of
TiMAT might improve the quality of data analysis.

Materials and Methods

List of SAP primers for Amplicon amplification
Columns

Name

C1

P_5aB4_AAG

GGGGACAACTTTGTATAGAAAAGTTGAAG

29

C2

P_5aB4_AAT

GGGGACAACTTTGTATAGAAAAGTTGAAT

29

C3

P_5aB4_CAA

GGGGACAACTTTGTATAGAAAAGTTGCAA

29

Sequence

Length

C4

P_5aB4_GAA

GGGGACAACTTTGTATAGAAAAGTTGGAA

29

C5

P_5aB4_GAG

GGGGACAACTTTGTATAGAAAAGTTGGAG

29

C6

P_5aB4_TAA

GGGGACAACTTTGTATAGAAAAGTTGTAA

29

C7

P_5aB4_TAG

GGGGACAACTTTGTATAGAAAAGTTGTAG

29

C8

P_5aB4_TAT

GGGGACAACTTTGTATAGAAAAGTTGTAT

29

C9

P_5aB4_ACA

GGGGACAACTTTGTATAGAAAAGTTGACA

29

C10

P_5aB4_GCA

GGGGACAACTTTGTATAGAAAAGTTGGCA

29

C11

P_5aB4_GCC

GGGGACAACTTTGTATAGAAAAGTTGGCC

29

C12

P_5aB4_TCA

GGGGACAACTTTGTATAGAAAAGTTGTCA

29

C13

P_5aB4_GGC

GGGGACAACTTTGTATAGAAAAGTTGGGC

29

C14

P_5aB4_TGA

GGGGACAACTTTGTATAGAAAAGTTGTGA

29

C15

P_5aB4_TGC

GGGGACAACTTTGTATAGAAAAGTTGTGC

29

C16

P_5aB4_TGG

GGGGACAACTTTGTATAGAAAAGTTGTGG

29

C17

P_5aB4_TGT

GGGGACAACTTTGTATAGAAAAGTTGTGT

29

C18

P_5aB4_ATA

GGGGACAACTTTGTATAGAAAAGTTGATA

29

C19

P_5aB4_CTA

GGGGACAACTTTGTATAGAAAAGTTGCTA

29

C20

P_5aB4_CTC

GGGGACAACTTTGTATAGAAAAGTTGCTC

29

C21

P_5aB4_CTG

GGGGACAACTTTGTATAGAAAAGTTGCTG

29

C22

P_5aB4_GTA

GGGGACAACTTTGTATAGAAAAGTTGGTA

29

C23

P_5aB4_GTC

GGGGACAACTTTGTATAGAAAAGTTGGTC

29

C24

P_5aB4_TTG

GGGGACAACTTTGTATAGAAAAGTTGTTG

29

R1

P_3aB1_GTT

GGGGACTGCTTTTTTGTACAAACTTGGTT

29

R2

P_3aB1_GTG

GGGGACTGCTTTTTTGTACAAACTTGGTG

29

R3

P_3aB1_GGT

GGGGACTGCTTTTTTGTACAAACTTGGGT

29

R4

P_3aB1_CGT

GGGGACTGCTTTTTTGTACAAACTTGCGT

29

R5

P_3aB1_AGT

GGGGACTGCTTTTTTGTACAAACTTGAGT

29

R6

P_3aB1_GGG

GGGGACTGCTTTTTTGTACAAACTTGGGG

29

Rows

R7

P_3aB1_CGG

GGGGACTGCTTTTTTGTACAAACTTGCGG

29

R8

P_3aB1_AGG

GGGGACTGCTTTTTTGTACAAACTTGAGG

29
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R9

P_3aB1_GGA

GGGGACTGCTTTTTTGTACAAACTTGGGA

29

R10

P_3aB1_CGA

GGGGACTGCTTTTTTGTACAAACTTGCGA

29

R11

P_3aB1_AGA

GGGGACTGCTTTTTTGTACAAACTTGAGA

29

R12

P_3aB1_ACT

GGGGACTGCTTTTTTGTACAAACTTGACT

29

R13

P_3aB1_GCG

GGGGACTGCTTTTTTGTACAAACTTGGCG

29

R14

P_3aB1_CCG

GGGGACTGCTTTTTTGTACAAACTTGCCG

29

R15

P_3aB1_ACG

GGGGACTGCTTTTTTGTACAAACTTGACG

29

R16

P_3aB1_GAT

GGGGACTGCTTTTTTGTACAAACTTGGAT

29

List of RT Primers
Name

Sequence

AT5G64280 DIT2.2‐F

GTGTACGGAAATCGACGGTG

AT5G64280 DIT2.2‐R

TCCTCTCAGCCTCCTATCTATC

AT4G08810 (SUB1)‐F

TGTTTATTGGAGGAGATTGCTC

AT4G08810(SUB1)‐R

CATACTCTTGCAAACCGTCC

AT1G60960 (IRT3)‐F

CACTTTCCCATCATTCGTTCC

AT1G60960 (IRT3)‐R

GCTAGTGAGTCTGTTGAACC

AT1G73710 (PPR)‐F

AGCACTTTCTCTCTTCAAAGG

AT1G73710 (PPR) ‐R

AAATCAACCCCAGCAAGC

AT5G59450 (SCL11)‐F

TCCTCCTCCGATCAAAACTCC

AT5G59450 (SCL11)‐R

CTCGAAACCAACGCTGATG

AT5G27840 (neg) –F

AGTCAAACAAGCGTCCCTC

AT5G27840 (neg) ‐R

TGTAGATGATAGTTGGTCTCGG

AT2G03640(neg)‐F

TCT AGT AAG CTG TCA CCA CC

AT2G03640(neg)‐R

AAC AGA GAG TGT CAT TGG TAA C

AT2G18090 (neg)‐F

TTT GGA AAG GAG CGA GTG G

AT2G18090 (neg)‐R

TCT GTG ACT GGA GAC CTA AC

AT2G36850 (neg)‐F

TCT CCC TTT ACT CCC ACT CCA C

AT2G36850 (neg)‐R

TGC TGA TAC AGG ACT GTC GAG

Chip_UbQ 11(neg)‐F

CCA AAG TTC TGC CGT CC

Chip_UbQ 11(neg)‐R

GCA GAT TTT CGT TAA AAC C

MEA Fr 7(pos)‐F

GGA AAG TCT GAT GTT CAT GGT GG

MEA Fr 7(pos)‐R

GCA GTT AGG TCT TGC TGA GTG

MEA Fr 9(pos)‐F

GAG AGG CAG CAA TTC AAG CAG TCC

MEA Fr 9(pos)‐R

CCG TGG TCA TTA ACG ATT CCA C

LH574_Act7(neg)‐F

CGT TTC GCT TTC CTT AGT GTT AGC

LH574_Act7(neg)‐R

AAA TCG GCA TAG AGA ATC AA

Chromatin Immunoprecipitation
ChIP was performed as described in Materials and Methods of Chapter 2.
H3K27me3 аantibody was obtained from Millipore, USA.
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СhIP Amplification
The amplification of the ChIpped DNA was performed according to the WGA‐4 amplification kit (Nimblegene)

ChIP labeling
The labeling procedure of the ChIP samples incubated with RBR antibodies was performed according to the
user manual of the GeneChip WT Terminal Labeling Kit (Affymetrix, USA) and the samples were incubated
with H2K27 me3 antibodies and labeled according to ULS arrayCGH Labeling Kit protocol (Kreatech
Diagnostics, Netherlands).

Hybridization of the labeled ChIp at Hybridization station
The glass slide with the spotted PCR products was placed into the hybrization station and blocked by 150µl of the
blocking solution. Later the slide was boiled for 2min in ddH2O. Meanwhile the hybridization buffer was heated to
68°C, the labeled sample was denatured for 5 min at 95°C and placed on ice; 150µl of the heated buffer was added
to the denatured sample.
Blocking solution: 1mL of 0.1M Tris‐HCl + 3µl Ethanolamine
Set of Hybridization solutions:
•

0.1x SSC (15mM NaCl, 1.5mM Natrium Citrate x 2H2O),

•

2x SSC, 0.1% SDS,

•

4x SSC, 0.5% SDS

•

0.5x SSC, 0.5%SDS

ChIP‐Chip data analysis
Stringent parameters of the TAS software: maximum gap is 100 and minimum run is 20. Non‐stringent
parameters of the TAS software: maximum gap is 90 and minimum run is 40. In both stringent and non‐
stringent analyses the signal scale was presented in Log2, P‐value was 0.01, 20 was chosen as a threshold.
Stringent parameters of the Cisgenome software: maximum gap is 50, minimum peak is 100. Non‐stringent
parameters of the Cisgenome software: maximum gap is 40 and minimum peak is 70. In both types of
parameter analysis we applied Win Stat Cutoff C >=3, the Local Rate Window of 10 kb and boundary
resolution of 5bp. Maximum Gap: 50bp, min peak length 100bp. After peaks were detected, we used a finer
bin (5 bp by default or Y bp specified by “Boundary Refinement Resolution”) to analyze forward and reverse
strand reads separately. The offset between both strand peaks was used to determine the peak boundaries.
This was done for narrowing down the DNA binding sites to a resolution of <50 bp.
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Chapter 4. Role of RBR in Chromatin structure

I contributed to the attached Publication with Chromatin Immunoprecipitation experiments, described below
in a relevant context.

4.1. RBR directly interacts with MET1 promoter
In order to test whether RBR might have a direct influence on gene expression control in gametes, a
chromatin‐immunoprecipitation experiment using an anti‐RBR antibody was performed. It was specifically
tested, whether RBR binding occurs within the MET1 genomic sequence and particularly at the two canonical
E2F sites ATTGCCGC and ATTGGCGG, which are located at a distance of 880bps from each other. As a positive
control, I used a promoter fragment of PROLIFERATING CELL NUCLEAR ANTIGEN (PCNA) that contains an E2F
binding motif (Hirano et al. 2008) which was shown to be a binding site of Rb/E2F complex.
ChIP resulted in a distinct enrichment for the two fragments of MET1, corresponding to the promoter region
of the MET1 gene containing the supposed E2F binding sites but not of other fragments lacking such sites
(see Figure 3 A, B in the attached publication).

4.2. RBR is regulated by PRC2 complex in male gametophyte
To test, whether the proposed PRC2 regulation of the RBR expression status is correlated with particular
differences in histone modifications within the RBR gene we preformed Chip experiments against the PRC2‐
specific repressive histone H3 mark H3K27me3 (Makarevich et al. 2006, Muller et al. 2002) with leaf and
pollen chromatin. Three RBR genomic DNA fragments in proximity to the ATG start codon proximity showed
strong H3K27me3 enrichment in pollen chromatin, but not in the leaf, where the signal was at background
level (See Figures 4 J, K from the attached publication).
As a positive control a fragment of the MEA gene was used, which is known to harbor a PRC2‐repressive
H3K27me3 mark of its 3` end (Jullien et al. 2006).
Thus, we could conclude, together with other evidence described in the publication, that in pollen, similar to
the paternal MEA, paternal RBR is directly repressed by a PRC2 complex.
In addition to the attached publication, we performed experiments described below related to regulatory
mechanisms of the RBR gene expression.
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4.3. Auto‐regulatory mechanism of RBR expression in sporophyte tissue
Results from the Chip and RBR:Gus assays in sporophyte and male gametophyte, described in the publication,
indicated that there might be different mechanisms of RBR gene expression regulation in sporophyte and
gametophyte. In order to understand this difference we analyzed the RBR promoter sequence in more
detailed way.
The RBR promoter region (2 kb upstream of ATG and 1.5 kb downstream) has seven E2F sites: five canonical
and two mismatched. Two classical E2F sites are located in relatively close proximity to the ATG of the RBR
gene (+229 bps and ‐442 bps) (see Figure 5).

RBR

//
‐1.7kb
#1

#2

#3

‐442bps
#4

ATG
#5

+229
#6

+297
#7
#8

Figure 5. Scheme of the RBR promoter region
Stars designate canonical E2F sites. Intervals with bps depict actual distance of the E2F sites to the ATG. Numbers designate PCR‐
tested fragments of 200bps along RBR promoter.

The presence of E2F sites in the RBR promoter opens the possibility of an autoregulatory mechanism of RBR
expression control via a repressive interaction of E2F/DP/RBR complexes with the promoter.
To test for RBR interaction with its own promoter, we performed Chip with RBR antibodies using chromatin
from 7 days old Arabidopsis WT seedlings.
Fragments 4 and 5, harbouring canonical E2F sites (see Figure 5), were clearly enriched four and five times,
respectively in the ChIP with RBR Antibodies (Figure 6). As a positive control, as in the previously described
experiment from the attached publication, we used the E2F interaction region of PCNA (Hirano et al. 2008).
Fragments from the RBR genomic sequence, which are located at the 3` end of the RBR gene and do not
contain E2F consensus served as negative control.
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Figure 6. RBR Chip experiment
RBR#1‐RBR#6 are the RBR promoter regions, Fragments 4 and 5 have shown to be enriched. Localization of the fragments within RBR
promoter is shown in Figure 5. Relative enrichment of a PCNA promoter sequence (with canonical E2F binding sites) was used as a
control. For the value of relative enrichment were calculated ratios between gene of interest and PP2A.

All these observations are compatible with an auto‐regulation mechanism in which RBR binds to its own
promoter in sporophyte tissue.
Additional support for RBR binding to its own promoter is provided by the ChIP‐Chip experiment. Two
fragments from the promoter region yielded significant signals in that experiment (Figure 7).
3.5
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Figure 7 Enrichment of the RBR promoter fragment from ChIP‐Chip experiment
The Y axes reflects enrichment of the fragments in log scale, the X axes reflects the distance in base pairs from the ATG of the RBR
gene.

Two fragments were distinctively enriched within the RBR promoter, located 903 and 804 bps downstream
from the ATG. The described locuses contained canonical E2F sites. Thus, this experiments show a possible
autoregulatory mechanisms of the RBR gene expression.

101

Materials and Methods
Chromatin immunoprecipitation
STEP 1. Binding antibodies to magnetic beads
Protein A‐coated paramagnetic beads were washed twice with the ice‐cold Buffer A as follows: the beads
were resuspended in Buffer A, and then centrifuged for 5 minutes at 1,300 rpm, the supernatant was
discarded and the bead pellet kept. The amount of beads is scaled to 10µl per each IP. After washing, the
Buffer A was resuspended to the same bead concentration as the stock.
90 μl of Buffer A per 200 μl PCR tube were aliquoted for each Magnetic ChIP reaction, 10µl of beads per tube
and the specific antibody or a control antibodies was added (positive and negative).
6. The IP tubes were incubated at 40 rpm on a rotating wheel for at least 2 hours at 40°C.
STEP 2. Cell collection and DNA‐protein cross‐linking.
The cell culture was allowed to settle down on the bottom and 150µl was transferred to new eppendorf
tubes. 13.5 μl of 36.6% formadehyde was added per 500 μl of sample for cell fixation. Cells were mixed by
gentle vortexing and infiltrated for 15 minutes on ice to allow fixation to take place. To stop fixation, 57 μl of
1.25 M was Glycine added to the sample. The samples were mixed by gentle vortexing and infiltrated for 10
minutes on ice. Samples were subjected to centrifugation at 470 x g for 10 minutes at 4°C and the
supernatant was accurately aspirated until approximately 30 μl of the solution was left, avoiding removing
cells.
STEP 3. Cell lysis and Bioruptor chromatin shearing
The cross‐linked cells were washed twice with 0.5 ml ice‐cold PBS. The lysis solution from the kit with sodium
butyrate (NaBu) was added, gently vortexed and centrifuged at 470 x g (in a swing‐out rotor with soft settings
for deceleration) for 10 minutes at 4 °C. After the last wash, the supernatant was aspirated until was left
about 10 to 20 μl. 130 μl of complete Buffer B (RT) was added to the cells and vortexed until resuspension.
The cells were incubated for 5 minutes on ice. The samples were submitted to sonication and the chromatin
was sheared using the BioruptorTM for 4cycles for 30 seconds “ON”, 30 seconds “OFF” each. 5μl of Protease
Inhibitor mix was added per ml of Buffer A. NaBu (20 mM final) was added to Buffer A. 870µl of Buffer A was
added to the 130 μl of sheared chromatin. 5μl of the sheared chromatin was analyzed via agarose (2%)
electrophoresis.
STEPS 4 and 5. Magnetic Immunoprecipitation and washes
The 0.2 ml tubes containing the antibody‐coated beads were briefly spun and placed in the ice‐cold Magnetic
Rack. After 2 min the supernatant was discarded and the pellet of antibody coated beads was kept. 100 μl of
diluted sheared chromatin per IP was used. 100 μl of input sample was kept at 4°C. The samples were
incubated under constant rotation on a rotator at 40 rpm for 2 hours up to overnight at 4°C. The tubes were
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placed in the Magnetic Rack and after 1 minute the buffer was discarded. Beads were washed three times
using 100 μl ice‐cold Buffer A. Each wash was done as follows: buffer was added, the tubes inverted to mix
and incubated for 4 minutes at 4°C on a rotating wheel (40 rpm).The tubes were briefly centrifuged, placed in
the Magnetic Rack and after 1 minute the buffer was discarded. The captured beads were washed once with
100 μl of Buffer C added, the tubes were inverted on a rotating wheel for 4 minutes at 4°C (40 rpm). The
tubes were centrifuged and placed in the Magnetic Rack, the Buffer C was removed.
STEP 6. DNA purification
100 μl of DNA purifying slurry were added directly to the washed beads and the 8 tube strips were removed
from the Magnetic Rack.
The suspension was mixed by pipetting up and down and the ChIP sample was transferred into the new
labeled 1.5 ml tubes. 100 μl of Input sample was added into clean 1.5 ml tubes and supplemented with 100 μl
of DNA purifying slurry. The tubes were inverted and locked with tube claps. The samples were incubated for
10 minutes in boiling water.
The tubes were taken out of the boiling water and spun down briefly. After the samples were cooled down, 1
μl of proteinase K was added to each sample and 2 μl for the Input sample. The samples were vortexed for 2
seconds at medium power. Later on the samples were shaken for 30 minutes at 1,000 rpm in a thermomixer
at 55°C. The tubes were spun briefly, locked and left to boil in water for 10 minutes. The samples were
centrifuged for 1 minute at 14,000 x g (12,000 rpm) at 4°C. Without disturbing a pellet 50 μl of supernatant
from the IP sample and 150 μl of the input sample were transferred to new labeled tubes. 100 μl of water
was added to the pellet of the IP sample, vortexed for 10 seconds at medium power and centrifuged for 1
minute at 14,000 x g (12,000 rpm) at 4°C. 100 μl of supernatant was collected, pooled with the previous
supernatant and mixed. The sample was ethanol precipitated and washed with 70% Ethanol. The pellet was
lyophilized and dissolved in 20‐50µl of DNAse free water. 1‐2.5µl were used for RT PCR verification
accordingly.

Discussion
MET1 might be directly regulated by RBR via binding to its promoter region. As was discussed in the chapter
before, loss of RBR leads to formation of heterochromatin in central cells. Heterochromatin in the sporophyte
is maintained by MET1 (Soppe et al. 2002, Tariq et al. 2003) therefore it might be reasonable to check the
status of the heterochromatin of the rbr mutant in sporophyte tissue as well.
Although the kinetics and pathway by which euchromatin is converted to the stable heterochromatin state
are poorly understood, one way to check heterochromatin content in rbr mutants is to check the status of
covalent modifications, using heterochromatin markers, (e.g., histone H3K9me1 and H3K9me2) at loci, which
used to be in euchromatic regions in the wild type.
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To clearly demonstrate that level of the RBR protein is reduced in male gametophyte, it is necessary to
measure RBR protein level in pollen.
Taking into account an elevated level of RBR in actively dividing tissues, one should check the RBR gene
promoter by ChIP for the presence of such histone modifications as H4K9 me1 and H4K9 me2 in the meristem
and leaves. Better understanding of the tissue specific autoregulatory mechanisms of the RBR gene
expression one needs to perform ChIP with WT using RBR Abs on leaf and meristem material separately.
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Summary
Unlike animals that produce gametes upon differentiation of
meiotic products, plants develop haploid male and female
gametophytes that differentiate gametes such as sperm,
egg and central cells, and accessory cells [1, 2]. Both
gameto-phytes participate in double fertilization and give
rise to the next sporophytic generation. Little is known about
the func-tion of cell-cycle genes in differentiation and
development of gametophytes and in reproduction [1, 2].
RETINOBLAS-TOMA RELATED (RBR) is a plant homolog
of the tumor suppressor Retinoblastoma (pRb), which is
primarily known as negative regulator of the cell cycle [3].
We show that RBR is required for cell differentiation of male
and female gameto-phytes in Arabidopsis and that loss of
RBR perturbs expres-sionlevels of the evolutionarily ancient
Polycomb Repressive Complex 2 (PRC2) subunits and their
modifiers
encoding
PRC2
subunits
or
DNA
METHYLTRANSFERASE 1 (MET1) [4–6], exemplifying
convergent evolution involving the RBR-PRC2-MET1
regulatory pathways. In addition, RBR binds MET1, and
maintenance of heterochromatin in central cells, a
mechanism that is likely mediated by MET1 [7, 8], is
impaired in the absence of RBR. Surprisingly, PRC2specific H3K27-trimethylation activity represses paternal
RBR allele, suggesting a functional role for a dynamic and
reciprocal RBR-PRC2 regulatory circuit in cellular
differentiation and reproductive development.
Results and Discussion
Cellular Differentiation Is Defective in rbr Male
and Female Gametophytes
In Arabidopsis, the male gametophyte (pollen) develops from
the meiotic microspore by two consecutive mitotic divisions [1].
The first asymmetric mitosis produces one vegetative and a
generative cell (binucleate stage, Figure 1A), which then forms
two sperm cells after a second mitosis (3-nucleate stage,
Figure 1E) [1]. We previously observed that rbr mutants had
severely reduced transmission of the paternal rbr allele and that
rbr pollen was sterile [9]. We investigated whether loss of RBR

function affected male gametophytic cell fate and/or
differentiation. In more than 40% of rbr/RBR pollen, a
vegetative-like nucleus had aberrantly undergone an addi-tional
round of mitosis (n = 279; Figures 1B–1D), a behavior that in
the wild-type is strictly restricted to the generative nucleus. As a
consequence, most of the rbr generative-like nuclei remained
undivided, failed to form sperm cells, and aborted with diffused
chromatin (n = 713; Figures 1F and 1H). Therefore, correct
differentiation of male gametophytic cell types requires RBR
function.
The female gametophyte develops within ovules by three
nuclear mitotic divisions of the meiotic megaspore to produce
an 8-nucleate syncytium, which differentiates into a 7-cell
structure consisting of two synergids, an egg cell, a binucleate
central cell, and three antipodal cells ( Figure 1I) [2]. After
fusion of the central cell nuclei and degeneration of the
antipodal cells, the embryo sac is mature and awaits fertilization
( Figure 1L). We previously reported that mature rbr mutant
embryo sacs showed aberrant nuclear proliferation at maturity
[9]; however, the exact timing and associated aberrations in
differentiation events were not known. Detailed analysis by light
microscopy showed that in 71% of the ovules in closed wildtype flower buds prior to anthesis, the 8-nucleate embryo sac
was cellular-ized but polar nuclei remained unfused (n = 185;
stage FG5.2; Figures 1I and 1K). At the same stage of ovule
development, only 47% of the rbr/RBR ovules had embryo sacs
at stage FG5.2, and 23% of the embryo sacs showed signs of
cell pro-liferation (n = 168; Figures 1J and 1K; for details see
Figure S1 available online). Therefore, the embryo sac
proliferation phe-notype of rbr begins only after the transient
cellularization, suggesting that the first three mitotic divisions of
megagame-togenesis proceeded normally in the absence of
RBR.
Although we observed mature embryo sacs at stage FG7 in
95% of ovules in the wild-type emasculated pistils (n = 294),
nearly half of the ovules from rbr/RBR plants showed nuclear
proliferation in their embryo sacs (n = 402; Figures 1L–1N; for
details, see Figure S2). Proliferation occurred either in all cell
types ( Figure 1M; Figure S2G) or was restricted to the egg
apparatus ( Figures S2D) or the central cell region only ( Figure S2C). In rare cases, egg and central cells developed into
embryo- and endosperm-like structures in the absence of
fertilization, although they did not complete seed development (
Figures S2E and S2F). These data suggest that all embryo sac
nuclei can contribute to the rbr proliferation phenotype, con-trary
to earlier conclusions that only the central cell nuclei pro-liferate
in rbr female gametophytes [10]. Analysis of a G2-M phase
marker, pCYCB1;1-GUS (b-glucuronidase fusion), which
contains a cyclin destruction box targeting the protein for
degradation at the end of M phase [11, 12], showed no cyclin
B1 marker expression in the mature female gametophytes that
await fertilization ( Figure 1O). Therefore, the mature female
gametophytic cells arrested either during G1, or perhaps they
arrested in G2 phase just prior to the expression of the B1;1
cyclin, as demonstrated for the male gametes [13]. Most rbr
embryo sacs showed no pCYCB1;1-GUS activity at this stage
Figures 1P and 1R), and 3% of the rbr embryo sacs expressed
this marker in some or all cells ( Figures 1Q and 1R).
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Figure 1. RBR Controls Cellular Differentiation of
Male and Female Gametophytes
(A–H) rbr pollen does not differentiate the sperm cells. Shown are
confocal micrographs of DAPI-stained pollen grains at binucleate
stage (A–C) or mature trinucleate stage (E–G). (D, H) Histo-grams of
the phenotypic classes. (C) One of the two rbr vegetative-like nuclei is
at anaphase (vln anaph), suggesting a second, additional round of
mitosis. (G) Rare rbr events such as pollen with multiple sperm cells (4
spn) were seen at maturity.
(I–N) Loss of RBR in the embryo sac leads to un-fused polar nuclei
(pn) and unrestricted cell prolif-eration throughout the embryo sac
(ccn-p, sc-p). Shown are differential interference contrast (DIC)
images of ovules with female gametophyte stage FG5-2 [40] ([I], [J],
histogram in [K]) and DIC im-ages of mature ovules 2 days after
emasculation, (O–R) A marker for the G2/M phase of the cell cy-cle,
pCYCB1;1-GUS, was not expressed as in the wild-type in the majority
of the rbr embryo sacs at maturity (no fg-GUS, histogram in [R]). (Q)
Aber-stage FG6/7 [40] ([L], [M], histogram in [N]).
rant pCYCB1;1-GUS expression in the embryo sac was seen only in
rare instances (fg-GUS, histogram in [R]). (R) Histogram depicting
classes of ovules with distinct expression patterns.
Abbreviations: gn, generative nucleus; vn, vege-tative nucleus; gln,
generative-like nucleus; vln, vegetative-like nucleus; anaph,
anaphase; spn, sperm nuclei; pn, polar nuclei; ccn, central cell
nucleus; ec, egg cell; sc, synergid cell; ac, antip-odal cells; ccn-p,
proliferating central cell nuclei; sc-p, proliferating synergids; ii, inner
integu-ments; oi, outer integuments; fg, female gameto-phyte.
Scale bars in (A)–(C), (E)–(G) represent 5 mm; in (I), (J), (L), (M), (O)–(Q),
scale bars represent 30 mm

These results suggest that rbr embryo sacs do not arrest cellcycle progression, which is consistent with their nuclear
proliferation phenotype. In addition, most proliferating rbr
female gameto-phytes failed to express cell-specific markers
that are detected in a fully differentiated wild-type mature
embryo sac (data not shown), confirming that RBR is required
for a complete differentiation of all gametophytic cells.
Although cell-cycle regulation in plant development is well
understood [14], it remains unclear how cell-cycle genes
function in mitotic divisions and differentiation events during
male and female gametophytic development. This is because
(1) gametophytes are inaccessible for large-scale studies; (2)
gametophytic mutations cannot be maintained in their

homozygous state, and the heterozy-gous mutant plants
produce both mutant and wild-type gametophytes in an equal
ratio; and (3) cell-cycle genes in plants are represented by
duplicated gene fa-ilies, making the genetic analysis more
difficult. In Arabidopsis, only a limited number of cell-cycle
genes have been implicated in gametophyte development
and/or subsequent embryo or endosperm development,
including DNA replication licensing factors such as PROLIFERA
[15],
REPLICATION
FACTOR
C
(RFC1/3)
(http://
www.seedgenes.org), and ORIGIN REPLICATION COMPLEX 2

16], chromosome scaffold proteins of the condensing (SMC2)
and cohesin (SMC1/3) classes (http://www.seedgenes.
org, [17]), genes of the anaphase-promoting complex or cyclosome
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(APC1/2, NOMEGA) that regulate mitotic progression
(http://www.seedgenes.org, [18, 19]), and CDKA;1, a cdc2
homolog [20, 21].RBRis the first cell-cycle gene in plants,
however, that is essential during development of the
gametophytes

and the sporophyte [9, 22]. Our current work further suggests
that in both male and female gametophytes, RBR connects
cell-cycle control to cellular differentiation processes.

Figure 2. RBR Regulates PRC2 Genes and MET1 in Both Male and Female Gametophytes
(A and B) Most PRC2 genes and MET1 are derepressed in rbr pollen (A) and ovules bearing female gametophytes (B), as evident from real-time quantitative
reverse-transcription (RT) PCR expression analysis. Vertical error bars represent the standard errors of the triplicate averages.
(C–J) Expression of a PRC2 marker for differentiated central cell, FIS2, is lost in the absence of RBR. (C) FIS2::GUS is expressed in the haploid polar nuclei
(pn) and (D) in the fused homo-diploid polar nuclei (ccn) (black arrow) in the wild-type (GUS, [J]). (E) FIS2 marker expression is lost in most of the proliferating
rbr embryo sacs (no GUS, [J]). (F–I) In rare cases, FIS2::GUS is deregulated in rbr embryo sacs (ectopic GUS, [J]). (F) Proliferating central cell nuclei (ccn-p)
in rbr where the GUS-stained nuclei were observed in pairs (15 observations), supporting the hypothesis of polar nuclei origin for central cell proliferation.
(G) Occasionally, a big nucleus can be seen along with the small proliferating nuclei (black arrow). This could be evidence for asynchronous divisions or some
residual regional misspecification. (H and I) Proliferating central cell nuclei visualized as big GUS spots (4 observations). Most likely, they represent primary
autonomous endosperm divisions. (J) A histogram depicting phenotypic counts of GUS-stained ovules (see Supplemental Experimental Procedures for
details). See Figure 1 for abbreviations. Scale bars in (C)–(I) represent 30 mm.

subsequent embryogenesis and endosperm development [6,
25]. Although most of the MEA-PRC2 genes are biparentally
expressed, FERTILIZATION-INDEPENDENT SEED2 (FIS2)
and MEA are regulated by imprinting [25]. In addition,

RBR Regulates PRC2 Genes
In mammals, several genes encoding Polycomb Represive
Complex 2 (PRC2) subunits are repressed by the pRB protein
[23, 24], but the regulatory interaction between PRC2 and pRB
during gamete development, differentiation, and imprinting is
presently unknown in both plants and mammals. It has been
previously shown that MEDEA (MEA)-PRC2, one of several
distinct plant PRC2 complexes that confer repressive histone
methyl transferase activity, is required during gametogenesis to
restrict autonomous proliferation of the central cell and for

nonimprinted paralogs of MEA or FIS2, such as CURLY
LEAF (CLF) and SWINGER (SWN), or EMBRYONIC
FLOWER2
(EMF2)
and
VER-NALIZATION2
(VRN2),
respectively, together with MULTICOPY SUPPRESSOR OF
IRA1 (MSI1) and FERTILIZATION INDEPEN-DENT SEED (FIE)
modify parental or early sporophytic expres-sion of imprinted
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genes [6, 25]. Because rbr mutants showed autonomous
central cell proliferation similar to certain mutants in PRC2
genes [6, 9], we investigated regulatory interactions between
RBR and genes encoding PRC2 subunits during ga-metophyte
differentiation. Expression of several nonimprinted PRC2 genes,
including SWN, FIE, and MSI1, was increased in rbr male and
female gametophytic tissues ( Figures 2A and 2B; Table S1),

central cell-expressed FIS2 expression [26] in rbr embryo
sacs was further confirmed by quantitative marker analysis (
Figures 2E and 2J). It is possible that RBR-con-trolled
expression of FIS2 is necessary for differentiation of the
central cells, in analogy to the functional role of its
mammalian homolog SUZ12 in embryonic stem cell
differen-tiation
[27]. Together, the PRC2 genes are
repressed by RBR during gametophytic differentiation,
unless they are imprinted.

similar to disruption of pRB-mediated regulation of PRC2
homologs in certain mammalian tumors and cell lines [23,
24].
In contrast to the biallelically expressed PRC2 genes,
expression of the imprinted genes FIS2 and MEA was
reduced or unaffected in rbr/RBR ovules ( Figure 2). Loss of

Figure 3. RBR Binds MET1 Locus and Controls Heterochromatin Maintenance in Central Cell Nuclei
(A) Schematic diagram of the MET1 promoter region and PCR fragments analyzed after chromatin immunoprecipitation (ChIP). (C–I) Proliferating rbr central
cell nuclei in the female gametophyte form ectopic heterochromatic foci. Shown are confocal micrographs of Feulgen-stained ovules that are either a snapshot (C, D) or 3-dimensionally reconstructed from a series of image stacks (E–I). Note that the wild-type homo-diploid central cell nucleus (ccn in [C]) showed
no conspicuous heterochromatic foci (F) when compared to a diploid sporophytic nucleus from the integuments (boxed in [C]; [E]). The rbr-specific ectopic
heterochromatic phenotype (G) resembles autonomously proliferating central cell (3 days after emasculation) in msi1 mutant (H) or in sexual (wild-type)
endosperm (examined 3 days after pollination) (I). Abbreviations: sc, synergid cells; ec, egg cell; ccn, central cell nucleus; oi-n, outer-integument nucleus; -p,
proliferating nuclei. Scale bars in (C) and (D) represents 30 mm, in (E)–(I), 2 mm.

RBR Controls MET1 Expression
and Heterochromatin
Maintenance

control DNA methylation in mammals [28]. Arabidopsis METHYLTRANSFERASE1 (MET1), a homolog of DNMT1, is
implicated in maintaining DNA methylation during plant
development and regulation of certain imprinted genes, but

pRb-E2F complexes has been shown to regulate genes that
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functional interac-tions between MET1 and RBR are unknown
[4, 5, 26]. Therefore, we investigated regulatory interactions
between RBR and MET1 during gametophytic differentiation.
MET1 expression was increased in pollen and ovules of
rbr/RBR plants ( Figure 2). This consistent behavior suggested
that MET1 could be a direct target of the RBR protein complex.
We identified canonical E2F-binding sequences in the MET1
promoter ( Figure 3A), so we performed chromatin
immunoprecipitation (ChIP) experi-ments with an anti-RBR
antibody to test for RBR binding to MET1 at these sites. RBR
was enriched on DNA fragments of the MET1 promoter region
with canonical E2F binding se-quences ( Figures 3A and 3B),
similar to a promoter fragment of PROLIFERATING CELL
NUCLEAR ANTIGEN (PCNA) that contained an E2F binding
motif [29] ( Figure 3B). We conclude that MET1 is directly
regulated by RBR possibly via binding to E2F sites, providing a
new insight to the evolutionary role of MET1-RBR interaction
[30–32]. Activation of the
during cellular differentiation
imprinted FIS2 in central cells by RBR ( Figures 2B and 2E),
therefore, can be explained in part by RBR-medi-ated direct
repression of MET1 (Figures 2A and 3B)—a known modifier of
FIS2 expression [25] ( Figure 2B). In short, it is entirely possible
that regulation of imprinted PRC2 genes such as FIS2 in

Histochemical expression analysis of a RBR promoter-bglucuronidase fusion (pRBR-GUS) showed that paternal
RBR activity was reduced in pollen ( Figure 4I) and that this
downregulation of paternal pRBR-GUS was maintained
during seed development ( Figures 4A and 4D versus
Figure 4G). In contrast, pRBR-GUS was strongly active in
the female gametophyte and leaves ( Figure 4I), consistent
with higher RBR mRNA levels in leaves than in pollen (data
not shown). Although MSI1 is part of several chromatin
com-plexes including PRC2, it is the only PRC2 component
that has been shown to be essential for pollen development
[34, 36]. Therefore, we asked whether RBR expression
levels are altered in msi1 mutant pollen. RT-PCR
experiments demon-strated that paternal RBR expression
was indeed elevated in msi1/MSI1 pollen ( Figure 4H). In
addition, the paternal RBR promoter was derepressed
during the early seed development in the maternal effect
PRC2 mutants msi1, mea, fis2, and fie ( Figures 4A–4F;
Figure S3; for details see Supplemental Exper- imental
Procedures). Taken together, our results suggest that
maternal MEA-PRC2 containing MSI1, MEA, FIS2, and FIE
repress the paternal RBR allele during pollen and seed
devel-opment. Additional experiments will be necessary to
clearly demonstrate whether a novel paternal PRC2
containing MSI1 functions in similar regulation during pollen
and/or seed development.
To investigate whether PRC2 repressed RBR directly or
indirectly, we performed immunoprecipitation experiments
on chromatin isolated from pollen and leaf tissues via an
anti-body against the PRC2-specific repressive histone H3
mark H3K27me3 [37, 38]. Several RBR promoter fragments
showed strong H3K27me3 enrichment in pollen chromatin
but not in chromatin from leaf tissues ( Figures 4J and 4K).
Control exper-iments with a fragment of PRC2-repressed
MEA [39] con-firmed repression of MEA by H3K27me3 in
both leaves and pollen ( Figure 4K). Thus, in pollen,
paternal RBR is directly re-pressed similar to the paternal
MEA by a PRC2 complex and, based on the misexpression
of paternal pRBR-GUS in PRC2 mutant seeds, this
repression is maintained after fertilization by the maternal
MEA-PRC2 complex. Therefore, both our genetic and
biochemical data described above are consistent with our
hypothesis that RBR and PRC2 indeed form a dynamic and
reciprocally repressive regulatory circuit.

gametes is delimited by MET1-depen-dent DNA
methylation, which in turn is controlled by RBR.
MET1 is required for the maintenance of heterochromatin in
the sporophyte, although a similar role has not yet been
demonstrated in gametophytic tissues
[7, 8]. Such
maintenance may be im-paired in rbr gametophytes where
RBR control of MET1 expression is lost. We observed that
proliferating central cell nuclei of rbr female gametophytes
had
an excess of heterochromatic foci ( Figure 3F versus
Figure 3G; 19 rbr and 10 RBR images in independent
ovules). This strong difference in heterochromatin
organization appeared to be restricted only to this cell type,
because nuclei in other regions of rbr female gametophytes
or sporophytic nuclei from rbr ovules showed no obvious
abnormalities in heterochromatin organization, when
compared to the corresponding RBR nuclei (data not
shown). A similar increase in heterochromatic foci was
observed in nuclei of autonomously proliferating central
cells of the PRC2 mutants, msi1 ( Figure 3H) and mea [33],
which resembled the chromatin organization in the early
sexual endosperm nuclei as well ( Figure 3I). Therefore,
RBR and PRC2 genes such as MSI1 and MEA are required
for maintenance of heterochromatin in central cells. Central
cell-expressed RBR [9], MSI1 [34], and MEA [35] may
cooperate in the repression of specific loci and the
maintenance of nu-clear organization. Future studies will
have to address whether RBR-mediated heterochromatin
maintenance in central cells is truly MET1 dependent.

Conclusions
We identified a novel dynamic and reciprocal regulatory
feed-back mechanism between RBR, a key cell-cycle
regulator [3], and epigenetic regulators of the PRC2
complexes [6]. This reg-ulatory circuit is essential during
gametophyte differentiation and development because in its
absence cellular differentiation and development of male
and female gametophytes are dis-rupted. Our results
suggest that the evolutionarily conserved MET1, which was

PRC2 Represses Paternal RBR
Although our previous results revealed that RBR regulated
PRC2 genes in pollen ( Figure 2A), we could not exclude
that a PRC2 group of transcriptional regulators might
reciprocally regulate paternal RBR in this case, both in
pollen and seed. Therefore, we examined whether paternal
RBR expression was altered in PRC2 mutants.
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(A–H) Paternal RBR is repressed by PRC2.
(A, B, D, E, G) Expression analysis of pRBR-GUS
in seeds resulting from reciprocal crosses. At
globular to heart-embryo stages, the paternal allele of pRBR-GUS shows weaker expression in
embryo (emb) and endosperm (end) (A, D), in
comparison to the highly active maternal copy
(G). In a maternal mea (B) and msi1 mutant background (E), paternal pRBR-GUS is derepressed.
Histograms of phenotypic counts are shown in
(C) and (F) (see Supplemental Experimental Procedures for details).
(H) RBR is derepressed in the msi1 mutant
pollen, as shown by real-time qRT-PCR. Vertical
error bars represent the standard errors of the
tripli-cate averages.
(I) pRBR-GUS shows weak reporter gene expression in pollen (mg, male gametophyte), when
compared to the female gametophyte (fg) and the
leaf sporophyte (cauline leaf).
(J and K) PRC2-mediated histone H3K27me3 is
associated with the RBR promoter in pollen.
(J) A schematic diagram of the RBR promoter
showing the regions analyzed by PCR after chromatin immunoprecipitation with antibody against
H3K27me3.
(K) Relative enrichment for H3K27me3 binding
within RBR promoter region (fragments 2–4) in
pollen compared to leaf tissues (left). A fragment
of MEA showing enrichment for H3K27me3 binding in leaf as well as in pollen tissues was used as
a control [39] (right). Vertical error bars represent
the standard errors of the triplicate averages.
Scale bars represent 30 mm in (A), (B), (D), (E),
(G); 300, 10, and 500 mm for pistil, pollen, and
leaf in (I), respectively.

during evolution of plants and animals. It will be interesting
to learn whether a pRB-PRC2 regulatory circuit was
recruited independently to control gamete formation in
animals.

previously implicated in DNA methylation and regulation of
certain PRC2 genes, might participate in this RBR-PRC2
loop. Therefore, not only are these indepen-dent regulatory
units evolutionarily ancient, but the RBR-PRC2 crosstalk
mechanisms also must have been recruited independently
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Table 1. Enriched DNA fragments in biological triplicates of RBR vs. IgG ChIP-Chip (Cisgenome Software)
AGI1 nu

Gene Description

AT1G04700

SequenceTGACCCTTACTTGGCTGCTCCAAACTTCCCACAGCAAAATAGG

Chr.
Num

Coord.
Start

Coord.
End

protein kinase family
protein

GAAAATGCAGATTCCCAGGAACTCGTTTGGTCAACAATCTCCTCCAACATCTCCTTTTTCAGTCCACAAGAGAGC
AAACACCGACGTTCCTTATTTTGCCGATCAAAATGGTTTCTTTGACCCTTACTTGGCTGCTCCAAACTTCCCACAGC
AAAATAGG

Chr1

317904

1318064

AT1G05310

pectinesterase family
protein

Chr1

1551920

1552096

AT1G12040

LRX1 (LEUCINE-RICH REP EAT/EXTENSIN 1); protein binding
/ structural constituent of cell wall

Chr1

4071232

4071392

AT1G12740

CYP87A2 (cytochrome P450, family 87, subfamily A,
polypeptide 2); oxygen binding
similar to unknown
AT1G47410 unknown protein
protein [Arabidopsis
thaliana]
(TAIR:AT1G47395.1)
pyridoxal-5'-phosphate-dependent enzyme, beta family
protein
IRT3 (Iron regulated transporter 3); cation transmembrane
transporter/ metal ion transmembrane transporter

GTCCTTGCAACGTTATGTTTGGTTTAGTCTTCGGAATCACCACTTTTTCACTGCCATGCAATACTTATATATCATTT
ACTTATATAGATTTCTTAATTGTTATTGTAGTAACTAAATCGACAACATACTAGTACATGCCGGAGTTTATCCAAA
TCACGTTCCTTCTTTGACTGAAA
GATAAACAGTGCTCATCTTTGCTTGCTCGCCCTGTGGATTGCAGTAAGTTTGGATGTTACAACATCTTCTCTCCAC
CACCACCGACGTTTAAGATGTCACCTGAAGTCCGGACACTTCCTCCACCGATTTACGTGTACTCATCGCCTCCTCC
ACCACCGT
AATGTGTGTTTTAAAAGTGATGTTGATATGTGCAGGTATGGCCCAATTTTCAAGACCAATCTGGTGGGGAGACC
AGTTATTGTATCAACAGATGCTGATTTGAGTTATTTTGTGTTTAACCAAGAGGG
AAACCAATATGTGTGGGCGGACGTGTCAGAATAAATCCCATGTGTCAAAGAGTGTAGTGGGATTCGTAATTTTT
ATTGTGCTATTCCACAATTTATACCAGCATGTCACACTCCTTATTGAGGTCAGTAGAAGACGGAAACGAGTCCAA
ACATACATCCA

Chr1

4342704

4342832

Chr1

17394800

17394960

TGTTAAGAGAGGTTTATGATGATCAAAAAACTTTTAAAAGTTGAAACCTTTACAATGCTAATCATAGTGTACCTC
TTGAATGATCTTGACAGCAACTCTATCTTTAACACTACCTCCTGGATTCAAAAACTCGCATTTCCCAAG
TTCCCATCATTCGTTCCTTCTCCAATCATGGGAACAACAATACCCGGTGATTGTTCACGGCCAAACGGTTCAACAG
ACTCACTAGCTTCCCTCTCTTGCTTCCGTTCATAGTACTGAGTCCCCATGAAATCCACAAACAGAGTGATCAAAGC
AGCAATCATCGCAAAGAATCCCGGGAAAGGAAACTTAGACC
TTTAAATTTTGGAGGAACGTGCGTCACACACAAACCAAAAGATCCACATCCACTGTACTAATCACATGAGTTCGC
TGGAGTCTCAAAGGTCATTATGCTGAAAAATCCTGGCGATTTCTGAAACCCTT

Chr1

20904352

20904496

Chr1

22449856

22450049

Chr1

22705440

22705568

TACCTGTCTCTTCGAACGTAGAGAACGATTGGATGTTTGGCTACTTGTGCTACGAGGAAGGGGCTTTATGTCCTT
TTTCTTTATGCGTACTCTTATCTTACCATGCTGGACTAGAACTGTATCATCATCATCTCCAGGTTCTTC
TGTAACAGAGATACAGAAAATCAATAGCATAAAACATTTGTGACCCTGTTTCAAATTTTACCATTGACACAAGCC
GGTAGTTAGTGTTTGGTTCTAAGCCTTCGTATAGTTTGCTGATATCTATCTCCCAGTCCATAGCCTTCAGCGTTCCA
GATATTTCTTTCTCAGTTTCATTCTTCTCCCATTTCAACACTAATGTTGCAAACCCACAAAAACAGCAACAT
AAATCAAATCCTTACTTTGAACAAAACCTAAGCAAAGAGAAGTGAAATTTGAGAAGAATCCACTTGTCAAGAAA
GAGACCAATAAGCCAAGTCAGTTAATGTTACATACTTGTAAAGACTCAGCATTTTCAAAGAGATCCACCAGAAA
TTCTTACTAATTTAACAATTTACTACAACGAGATTCAAACTTTA

Chr1

24177216

24177360

Chr1

24222432

24222656

Chr1

25914400

25914592

AT1G47400

AT1G55880
AT1G60960

AGI2
n

AT1G61540

kelch repeatcontaining F-box
family protein

AT1G65070

DNA mismatch repair
MutS family protein
ubiquitin carboxylterminal hydrolaserelated
similar to
AT1G68920
unknown
protein
[Arabidopsis
thaliana]
(TAIR:AT5G1139
0.1); similar to

AT1G65200

AT1G68910

AT1G61550

Gene Description
ription2

S-locus lectin protein
kinase family protein
sperm cell expression.
Functions in protein
amino acid
phosphorylation.

basic helix-loop-helix
(bHLH) family protein

Supplementary Data Chapter 3

AT1G71010

AT1G73710

AT2G01440
AT2G02100

AT2G03420

AT2G03450

unnamed
protein product
[Vitis vinifera]
(GB:CAO15349.1
)
phosphatidylinositol-4phosphate 5-kinase family
protein
pentatricopeptide (PPR) repeatcontaining protein
ATP-dependent
helicase
LCR69/PDF2.2
(Low-molecularweight cysteinerich 69);
protease
inhibitor

AT2G02103

similar to unknown
protein [Arabidopsis
thaliana]
(TAIR:AT5G25200.1);
similar to 80C09_29
[Brassica rapa subsp.
pekinensis]
(GB:AAZ41840.1)
Mo25 family protein

similar to
AT2G03410
expressed
protein [Oryza
sativa (japonica
cultivar-group)]
(GB:ABF94594.1)
; similar to
hypothetical
protein
OsI_010237
[Oryza sativa
(indica cultivargroup)]
(GB:EAY89004.1)
ATPAP9/PAP9 (purple acid phosphatase 9); acid
phosphatase/ protein serine/threonine phosphatase

AT2G03560

F-box family
protein (FBX7)

AT2G03570

unknown protein

AT2G03650

transposable element
gene

AT2G03870

small nuclear ribonucleoprotein, putative / snRNP, putative

TCTGAAATGAAATAAGTGAGCATGTGAATGATTGATTTGGAATGATATTTGTTGTAGGTCTCAATTAAACATCCG
AAAGGTGGAAAAGAGACAAAGATGGATTTGATGGTGATGGAGAATCTCTTCTACAACAGAAGAATATCTAGGA
TCTATGATCTCAAGGGATCTGCACGGTCAAGGTACAATCCAAAC
ACGACACTTGCAGCAGTTATTGATGTCTATGCTGAAAAGGGACTGTGGGTTGAAGCGGAGACTGTGTTCTATGG
GAAAAGAAACATGTCAGGCCAGAGGAATGATGTTTTGGAGTACAATGTCATGATCAAGGCTTATGGTAAGGCC
AAACTTCATGAGA
CTTTGGAGAAGAAGAAATTACTCAACCTACAGAACCAGCTTGATTGATCAACAAAAGCAACCTAATTTCAACAA
ACAACAAACACAAGAACTCCTACAAGTACCTGATTCTGTTCCAGTTTCCTCTCT
GTTTTTTTTTTGTTGGCATTGAAAGAGTTTGTTTGCGATGGCATGGACTTTTCCGACGTGTGGGACAGTATCAAT
AATATGACCGAAGATAAAACATTTCCAAAGAGACTGATTATCCTCTAAATATCGGTATAACATACCAAAATTTAC
TTTTTGGATG

Chr1

26791712

26791904

Chr1

27726288

27726448

Chr2

198752

198880

Chr2

529216

529376

AAGGTGGACTTGCAGAGAAGATGGTGAAACGGGGATGGTGCTGATGATGATAGAGCCATGGAGATACGAGGA
TGATGAATTACTCTTGGTTCATAGAGACTAAAGCTTGGTCGAGAGAAAGAAGAGATTTTTGTTTGCATCATTTTG
CCTTTAGATTTTTGTGAGGAGGGTAAGTG

Chr2

1035792

1035968

CGGCTACAAATTCCTCTCCGATTCACCCACGTGGCAATCCGGGTCGGGTTCGATTTCACTTCCCTTAACCAATCTC
CGATCAAATTACACTTTCCGGATCTTTCATTGGACCCAATCCGAAATAAACCCGAAACACCAAGACCATGATCAC
AATCCTTTACCCGGAACTCGTCATC
TTTGCCAAATAACTTTGTATATTTACGAATTTGCCCCACAACTTCGGTATTTACGTATTTGCCCCACAACTTTCTGT
ATTTACGAATTTGCCCCTTAACTTTTGGTATTTACGAATTTGCCCCACAACTTTCGTTATTTACGAATTTCCCCCAC
AACTTTCGATATTTACGTGGTTG
TTCAAAGAATTTTTCTCTTGGAAAAACATTCCATAACAATCTGAAGTGGATGTCTTCCTACAATGAACCATGTACA
TGAGAGATTGTTGGCACAAAATCTCCTAAACCTTTCAAATTCCACAAATGAAAAAGGTAACTCATTAAGCATTAT
CATCTCATT
AAGAAACGGTTTTAGATTTGGCCAAGTTTGTAGATAAGGGTGTGCAAGTTAAGCTCACTGGTGGTAGACAAGG

Chr2

1041728

1041904

Chr2

1083088

1083265

Chr2

1109840

1110000

Chr2

1180401

1180560
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/ Sm protein, putative
AT2G03972

Pseudogene of heat shock protein

AT2G13620

ATCHX15 (cation/hydrogen exchanger 15); monovalent
cation:proton antiporter
zinc finger proteinrelated
EMB2763 (EMBRYO DEFECTIVE 2763); RNA binding /
ribonuclease

AT2G16090
AT2G17510

AT2G17525
AT2G18090

pentatricopeptide (PPR) repeatcontaining protein
PHD finger family protein / SWIB complex BAF60b domaincontaining protein / GYF domain-containing protein

AT2G19280

pentatricopeptide (PPR) repeatcontaining protein

AT2G20890

Chloroplastlocaliazed vesiclemediated
thylakoid
membrane
formation
binding

AT2G36810

AT2G20900

diacylglycerol kinase
5,acivates protein
kinase C activity by Gprotein coupled
receptor protein
activity

AT2G36850

ATGSL08 (GLUCAN SYNTHASE-LIKE 8); 1,3-beta-glucan
synthase/ transferase, transferring glycosyl groups

AT2G38270

CXIP2 (CAX-INTERACTING PROTEIN 2); electron carrier/
protein disulfide oxidoreductase

AT2G45000

EMB2766 (EMBRYO DEFECTIVE 2766); structural constituent
of nuclear pore

AT2G45070

Beta Supressors
of secretiondefective 61
beta. Ivolved in
protein
transport

AT2G45080

cyclin p3;1

TAATAAAACAAGTGTTTCTCTCATTATGCTCCAAAGATGATGATTCTTTCTAATGTTTTCTCTGAGATTTGTTTGAT
AGTTGCTAT
TAGTAAATACTCGTTTGGCTCTCTCCCATATGATCGATGTATTCATCCAAGCTTGTCAATTCTTCACTCTTTGAAAA
AAAGAATCTGAGCAGTGGCATTATGAGTCTATGGTTATCGATATCTTCTTCAATGCAACCCCATTTTAGGAATCT
GCCATAATTGTAGTAAAAATTCTT
GCGCCAAGCATGATCACCACCAATGGTGTTTGGCAAGGCGATAATCCTCTCGACTTTTCGCTACCTCTCTTTGTTC
TTCAGCTAACTTTGGTTGTTGTCGTCACTCGTTTCTTCGTCTTTATCCTCAA
TGGTTTTCAAGAAGTGTAACACCAGCACCAGAAAACAAGCTATCTTTCCCTTTCTCAACAAGAACAGCAAACAAC
TTCTCCACATCCCATCGGTAATGTATAAGAAGAGTCC
CATCTAAGGTAAGCCCAATAGCTGCAGCAGTACGCAGTAGTGGTTCAAGCATTTCTCTTGTTGGAGTAGGATGA
CGCCTGCATGAAGAACGAAACCAGAGATATGATGAACTACTATTGATAATAAAAGTGAACAGAAATTCAATAA
TTGCCTGTAAAAACTAAACACATCCTCAACAGCTACTTGGGATCCCATAATATTCATTATGCTAAATATGCACAA
AATTATATAATCTAACCA
TTGACATAGCTAGAGAGTTTTTTACAAGGAAGATGATGGCTAGTGGGATTCATGGTGATGTGTATACATATGGG
ATTTTGATGAAAGGGCTTTCTTTAACGAATAGGATTGGTGATGGTTTTAAGCTTCTTCAGATCATGAAGA
AGTAAGGAAAATGGATGCTGTTTCTGTGAGTAATTTGGGTCCTTCTTTGGATTCAAACTGTTCTTTGGGTGACAG
ACTTCCACAATTGACTAGTGCTGCTACTTGGGCAACCAATGAGCTTTTGGACTTTGTGGGGTATATGAAAAACGG
TGATATTTCTGTCTTATCAAAGTATG
AAAGCGCAGAGAATGGAGAAAGCTATTGTTTTGTTTAATAAGTTGCTTGATGCGGGGTTAAAGCCAGATGTTGT
TTTGTATAATACGCTCATCCATGGATATTGCAGTGTAGGAGATATTGAGAAAGCATGTGAGTTGATTGGTTTGAT
GGTTCAAAGGG
GTTGTAGAGGAGAAAGCTCGTGTGTTTGTTTGATCCTGTGGAGGGAATGTGTGTGTATGTATATAGTAAAATAC
TGAGCTAATTGTGGGAACATTTAACGAAGGTGAGATGATATGGTTGAAAATAAAGGGTGTGTAACAAATG

Chr2

1255616

1255792

Chr2

5685136

5685264

Chr2

6996224

6996336

Chr2

7618064

7618304

Chr2

7631744

7631888

Chr2

7872704

7872880

Chr2

8371536

8371696

Chr2

8989760

8989904

AACTATTGAGCCAATGATCAATTGGTGAAACACAACAGTTTGGCTACAAAGACCCTGAAAACACAACTGCATTA
ACTAGGTACCTACCTCCTTCGGTCTCTTAATTGAAATGCATCCAGCAATATCGCCAATTAGACCAACCCATTTTTCT
TTTTCTATTTGCTCCCCATTACGAG
AATAGTAAAAAAACTAGCCAATACAGAATACGGTAATACATCAAAATACAAAATTTTGGACAGACCTGTTCTTC
CTCCCACCACGACTCCCAACTGAGCTCTCCCTTTACTCCCACTCCACCTTTGTACATAAGCCAACTGACCCAGTCTT
CAAAATCCTCGACAGTCCTGTATCA
TGAGGTCAAAATATCACATCCTCCTACAAGTTCTCCTTTCACAAATATCTGTGGAAACGTTGGCCAATTGCTGTAG
TTCTTAAGCGTCTCCCTTAGCCCATGATTATACTCATCGTCAAGAACATCAACAGTTTCATAATCAACTCCTTGGCT
TTCAAGA
CCTCCGTGACTCCTGCTTCCACAACTCCATCGTTTGGATTTGGAACCGCCGCTTCTTCATCTGCTCCTGCTCCGTCG
CTGTTTGGTTCATCTACCACCAATGCTTCTTCAGCTGCTCCTGGTTCTTCTCCTTTCGGATTTGTAACTTCCTCGGCC
TCTTCCACCGCAACTCCATCGTCATCTCTATTTGGAGCTCCCGCTTCTTCCGC

Chr2

15435520

15435696

Chr2

15462832

15463008

Chr2

16038464

16038624

Chr2

18571520

18571728

TTTATTTTATTTTCGTATAAGATGAAAACAATTTATCTTTAGAACTTGTGTGGATATGTCAATAACTAAAATTGTC
GGTACTTACCATGAAGCATGTGTTATGCCTATGTATATTTGGAAAAAAAAAGGGAGAGGGTAGTGAAATTAGC
TTAACTAATAGTTTATCCGCCGAACAA

Chr2

18588528

18588704
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AT2G47940
AT3G03770

AT3G11670

AT3G14810
AT3G21180

DEGP2 (DEGP PROTEASE 2);
serine-type peptidase/ trypsin
leucine-rich
AT3G03773
repeat
transmembrane
protein kinase,
putative

Identical to
Uncharacterized protein
At3g03773 [Arabidopsis
Thaliana]
(GB:Q6ID70;GB:Q6DSR5)
; similar to glycine-rich
protein [Arabidopsis
thaliana]
(TAIR:AT4G02450.1);
similar to putative
ripening regulated
protein [Oryza sativa
(japonica cultivargroup)]
DGD1
AT3G11680 similar to unknown
(DIGALACTOSYL
protein [Arabidopsis
DIACYLGLYCERO
thaliana]
L DEFICIENT 1);
(TAIR:AT1G08440.1);
galactolipid
similar to unnamed
galactosyltransfe
protein product [Vitis
rase/
vinifera]
transferase,
(GB:CAO50152.1);
transferring
contains InterPro
glycosyl groups
domain Protein of
unknown function
UPF0005
(InterPro:IPR006214)
mechanosensitive ion channel domain-containing protein /
MS ion channel domain-containing protein
ACA9 (autoinhibited Ca2+ -ATPase 9); calcium-transporting
ATPase/ calmodulin binding

AT3G29380

transcription factor IIB
(TFIIB) family protein

AT3G30778

unknown
protein

AT3G30820

similar to unknown
protein [Arabidopsis
thaliana]
(TAIR:AT2G14000.1);
similar to hypothetical
protein 27.t00034
[Brassica oleracea]
(GB:ABD65055.1)

ATTTTGCATTGTAGAAGTTTGGTAGAGCAACAATCCTATGATCCACACTCTTTACCTCTTTCAGGACTTTACTTGC
ATCAGATGTAGGTTCAACTCTTCGCACCAGAACCCC
CATCTTCTTCTGTTAGATTTTTCTGTGCATCGTTTAGGAATAAATATTTAATTTTAATTTATCTTATTTTTTTCCTTCA
TTTTGCGTGTTTCATTTTTTGGTTAGTTTTGTTTTGTATCTGTTGGTTGCATGTCTCAATAGTCAATGTCGTCGTATA
CAATCATAGTTTAAATAAAACTAAAAATTGTTGGT

Chr2

19626672

19626784

Chr3

950496

950688

GACGTAGATGACGGAGGAATTAGAGTTTCCTTTACCATGACTTAGGGTTTATCGTTTCGTCACGACGATTTCGTG
AGAGTGCTGCTAATAAGGTTTTCTCTATCTGTTGAGAGAATTTGGGAAGAAGAAGAAGAGAAATTGACGGCTG
AGATTAATTTGGATTGTTTTATTTTTTT

Chr3

3684464

3684640

TTCAATCACGTATTGAGTGAACAACGACTCCTGAATCCGATCAAAGTAAGTGCTCATGTGGAACGATGAAGCCA
AAACTTTAACCAGAATTGTTTTAACCAACCAAATGATAAGAGCCACAAGCAAACATACCAACACTCTCGT
CTGGTTTCTTGTTGAATAATCTTTAGTTTCTTTTGGTATCAATTAGCGTTTGGATCATCAACACCAGCAGCTTCTAC
TGGTAACTTTGACATTGATCTTGAAAAGCTTGTGTCTATGACAAGGAACCAGAACATGTCCAATTTGCAGCAATA
TGGAGGGGTATGATTCAAGACTCACACATTCCATAAATAG
CTGACTTAGGGTTTCTCCGGATATCGAAATTCTCTGCTTTCTCAACCGCTTCTGGAATCGCCATTATCTCTCTTTGA
CTTATATCAAGTTTGGAACAGAACCGGCGAACGAGTTCTCCGGTGTTGATAATCGCTTGAGAAGCAGACACGGA
GGTTTGATGTGACTCAAGAACACGC
GAACCTTGTAATTGCTAGATCCTCTCGCCTTGAGAGTTAGTTGATCATTGGTGTTCTTCATGACCGTCGATTGATT
TGTTTGGGTTTTGAATAATAAACAGAGGTTTTGATTGTTCTTTTGGATTGGAGAAGTTTATTGTATTAAAGGTAT
TAGAGCCATTCGTTTCTCGGAATCA

Chr3

4972928

4973072

Chr3

7426256

7426448

Chr3

11283984

11284160

Chr3

12507264

12507440
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AT3G43574
AT3G54070

unknown
protein
ankyrin repeat
family protein

AT3G43580

beta-galactosidase

AT3G54080

sugar binding

AT3G54720

AMP1 (ALTERED MERISTEM
PROGRAM 1); dipeptidase

AT3G58300

similar to
unknown
protein
[Arabidopsis
thaliana]
(TAIR:AT3G5833
0.1); contains
domain
PTHR10420
(PTHR10420);
contains domain
PTHR10420:SF29
(PTHR10420:SF2
9)
pollen Ole e 1
allergen and
extensin family
protein

AT4G02270

AT4G03230

AT4G08040

AT4G08810

AT4G20095
AT4G23050

AATGATGAAAAGATGGGAGGTCCTAAGAGGAGTGAAGCTTCGTTCAATCTGTTTAGAAGGATGCTCTCTGTTTC
TGGACTACATAATATTAAAACGATGGGGGGTAAATATACATGGGCTGGGCAACGATATTCACATGCTATC
CCATCTTCTGAAGTATGATCCTCAACATTGGGCAGTGAACTAGGATCTTCATTTGGAGATGACCCACTTGGCTCTC
CTACTTCCACTATTACGTCTTCTTGGTGAAGCTGTTTGCCTTTATCCAAGATTCCCATAATTGTAGATTGAGATCTC
ATTTTGGCAGCTTCACACTCTAA
CAAATCGTCGACTAATGTCAAGTAAAGCAGAAGTTCCACTGTTTGGATCAACAGCTCCATATGTCCATGCATCTC
TATGGTTCCCAAGTATCACATACCTATCCGCTTCTTCACTCCCTCTTATTGTAACCACAACATTGTTAATTTTCTTCA
TTTTCATC
GGGGCTCTCAGGTTGACAAACAAACAAAATTTGGAGATCTCATCGAACAGTGTCAAGAAAAGGGTAAATCTCA
TATCTAAAGTTACAACTCCCACTCAAAACTCTCCCTCCTTCTTTACCATCACAACATTTAGGAAGCTCCCCTATAAT
CTTATCCAAAC

Chr3

15499824

15499968

Chr3

20034448

20034624

Chr3

20267520

20267681

Chr3

21594976

21595137

AT3G58310

receptor-like protein
kinase-related

AT4G02280

SUS3; UDPglycosyltransferase/
sucrose synthase/
transferase, transferring
glycosyl groups

TAACTATTGGGTTTTATAGATTAATTGCGTTGAAAAAGAAGGTTAATTTTCTAATTAAATTATTTGGTTTAGTGTA
CATTAACTAATAAGAAAACGAGCAACTTGTAATAGTAAAACCAAACAAAACTTGAAATAAGAACAACG

Chr4

993056

993200

S-locus lectin
protein kinase
family protein
ACS11 (1-Amino- AT4G08073 unknown protein
cyclopropane-1carboxylate
synthase 11); 1aminocycloprop
ane-1carboxylate
synthase
SUB1 (short
AT4G08840 APUM11 (ARABIDOPSIS
under blue light
PUMILIO 11); RNA
1)
binding
similar to unknown protein [Arabidopsis thaliana]
(TAIR:AT4G29550.1)
protein kinase,
AT4G23060 IQD22 (IQ-domain 22);
putative
calmodulin binding

AGTATATCAACTTCTTCATATGAGTAAGCTTGGCATTGGCAATTATTCAAGCACTCTGCTCTGCATTCTTTTTCATT
ATGTGCATCAAACTGTGAATCCGGACTTCCTACTTCAACCACACTCAGATTCAAGAACATGTCTCCCACCACAACA
CCGTCTT
ATTATTGGAAGGATTTATTGGAATATCACATATTTTCTTGTAGTGATTATTTGTTTTTTTATTCGTACATGGAAAG
CTCTGTTGATTAGTAGGTTGATAGGAAAAACGAAAGTATTCACAAACTAAAAAGAAAATACCTAGGAA

Chr4

1421648

1421808

Chr4

4915632

4915776

TTAACTATTACCATAGATGTTTATTGGAGGAGATTGCTCGTGGGCTGGGGAAGCTTCTTAAGGTTGATCTGAATA
CGATTACTTTTGGTAGGGGACGGTTTGCAAGAGTATGTATTGAAGTTAATTTAGCCAAACCTTTGAAGGGGACA
GTGTTAATTAATGGAGATAGGTACTTT
TTTCCTTACCAGTTTGGAGAACAATGCGAGTTCCGCGTATAGATGAAGCCATTCCTTCTCTTCTTCTAACTCTGAA
TCTTTCATCTGTACCATATCAACAACATCAAATCCTTAATATTTTAATCTTTAACACATGAAAAATCT
TAGAAGTATTGAAAAAGGAGAAATTTTGGGGGATTGAAAATATTTGTCTGTTTGTCTGGTTAGGTCAGAACAAA
TCACATCGAGCTGCATAGTAATATTTCGTTTACAACAC

Chr4

5622224

5622400

Chr4

10872064

10872208

Chr4

12084416

12084528

Supplementary Data Chapter 3
AT4G23380

AT4G24430
AT4G26180

AT4G26640

AT4G27870

AT5G07990

similar to unknown protein [Arabidopsis thaliana]
(TAIR:AT4G23370.1); similar to unnamed protein product
[Vitis vinifera] (GB:CAO14518.1); contains InterPro domain
Protein of unknown function DUF239, plant
(InterPro:IPR004314)
lyase
mitochondrial
substrate carrier
family protein
WRKY20 (WRKY DNA-binding
protein 20); transcription factor
integral
membrane family
protein
TT7 (TRANSPARENT TESTA 7); flavonoid 3'-monooxygenase/
oxygen binding

AT5G09900

EMB2107/MSA/RPN5A
(EMBRYO DEFECTIVE 2107)

AT5G13070

MSF1-like family
protein
ATEXO70C2 (exocyst subunit EXO70 family protein C2);
protein binding
ATP binding /
ATP-dependent
helicase
U-box domaincontaining
protein
similar to unknown protein [Arabidopsis thaliana]
(TAIR:AT5G18730.1); similar to unnamed protein product
[Vitis vinifera] (GB:CAO71037.1); contains InterPro domain
Molecular chaperone, heat shock protein, Hsp40, DnaJ
(InterPro:IPR015609)
protein kinase
family protein
similar to unknown protein [Arabidopsis thaliana]
(TAIR:AT5G26160.1); similar to hypothetical protein [Vitis
vinifera] (GB:CAN67684.1)
zinc finger (C2H2 AT5G22900 ATCHX3
type) family
(cation/hydrogen
protein
exchanger 3);
monovalent

AT5G13990
AT5G14610

AT5G15400

AT5G18740

AT5G18910
AT5G20610

AT5G22890

GCCCACTGCCCATGATTGGACTCTTTTCTGTCTTTGGACTGTACACTTGACCTCCCCAAGATGCAAGATCTGCTCCT
TTCACTAAGCCTGACGCTATGAACAATGACTGTGGCCAATACCCAACATTCACACCTCCAAATATAA

Chr4

12214880

12215024

GAGTTTAAAGGAGAGGTTGATGACAAGTATGAGTATTCAAGTGAGAACAAAGATCTGAAAGTGCATGGATGG
ATCTCACATAACTTGGATTTGGGTTGCTGGCAAATCATTCCTAGCAATGAGTTCAGATCAGGTGGCTTGTCC
ACCTGCAGGGAGTTTCGGTTATAATACTACTCAGGATCATTTTATGAAGATTCAAGGATGTCTTCGATTCGATAG
AAGAAGAACCAGATCAAACCTGCATTTGTCTCCGGAC

Chr4

12631024

12631168

Chr4

13260608

13260720

TTTCGGCGACCAGGTTGAGGTTTAGGATGGTCATGTGTACCCTTGTATATAATATCGGTGATCTGCCCATCATGA
GATCTTTCAAATAACTTTTTCACTTCACAATTAGGATGTGTACATTTATAATAGCTCCGGGGAAATTCACTCCCTTT
GACATGCTTTTGACCATATTTTCTCCAGTTATAACCATCATCAGCCAAGATGGATG
CACTCGCTGGTGAGGTGATAGAGGAGGAGGTGGACTTCGAAGATGTTGAATATCATGATGTGGAGAATATGAT
GGATAAGCAAGAGACACATGATTTGTACTGTCCAAACTG

Chr4

13438592

13438800

Chr4

13880032

13880144

GTTTAAGTTTAGGGTTACGTACGATTCAGTTTCTTACGGCGACGTTGGTTCAAGGATTTGATTGGGAATTAGCTG
GAGGAGTTACGCCGGAGAAGCTGAATATGGAGGAGAGTTATGGGCTTACACTGCAAAGAGCGGTTCCTTTGGT
GGTACATCCT
AATCATAGAGAGGAATCGTAAAAGCAACCTATCACAGGACAACATCCCACAAAAAGAAGCTTGTATCCAACAC
AAAGTCGAATCCTCCTGAATTTGTGCTAATGTCCTTAATCTCTTTCCAAGATTAGGGTTACCAAAAACTAGGCCTA
TGCAATTCCTA
AGTATCTTCTTGGTTTGTGATTCTTGAATGTTTTGTAAGTCAAGAGAGCTACGTTTTTGGAGCATGGTTATAATAA
GTTTATGAAACAGTTTAGATCAAATTGGTGTTTGTT
AAGAAAGAAGCTATGTTCTTCGCCTGGCGGTGGCAGTAGAAGAGGAGGAGGTGTTGCCTTCAAAGAGCTGGTC
GATGAGATCCTCGATATCTTCAGGCTGATACTTGACATACTTCTCGGTCTGGCGA
CTGGATTTAACTCTGGCAAGGAAGATGATAAGTATGGTAGGGGCAGTGATGGGCCTAAGTCTGACTCTGGATC
AAGGTTTAATGAGGTACTAACTTATGGCTGTTAATGGCTGATTTCTATCCTTTGTGCTCTCCAAACGTCAT

Chr5

2562658

2562816

Chr5

3091840

3092000

Chr5

4149088

4149200

Chr5

4514672

4514800

Chr5

4711488

4711632

CTGATGAGAGCAAACTAAGCATACCAGCGGCACCCCGTCCAAAGCTTTGGGAATTCTTGAAGCGAATATCAGCA
ACTCCATTGCATCTTCAACAAAATGCTCAGGCATACAGGAGAATTCCATAGGGCAAGTTGACGGTAGAGGCATC
TTAAAGCCACCGACTAGTCCAACTAACCAAACAACCATTAGGCG
GAAACTCTCGAAATCTTGAGGTGGATCAAAATTCTGGTTTATGTGATTCAGAATCAGGAGGTGTAGTACCACAA
AAGATTTCTGGATTTGCTGGTTTGAAATTTAACGACTTTGATAAGCTGAGGGAAGAAGTAAACTTCGAAG

Chr5

4999968

5000160

Chr5

6250480

6250624

AATAACCAATAAGCTTAGCAATGTTTGGATGATCTACATGAACAATGATCCCTAGTTCGGACAGATAATCCATCG
TCATCTCTTCTGCAGAACCTCTAGTCAACTTCTTTATCGCTACTATCTGCCCATCTGCCATTTGTCCCT
GTTCGGCAAAGCCTGGTGACAAGTTGTGGAGTGTCTCTGGTTCTGGGTCTAAATGGAAAGAGCTTGGGAAAAT
GGGAAAGTCGAACACACACATTCGAAATCCGAATGTAATAATGCCAAAATGAAAC

Chr5

6308304

6308448

Chr5

6972672

6972800

GTTTCATTTGAGGGTTCATCATCATCAATGGAGGTGTTTGGAGATAATAAGATGTTTTACATGAGAGACACATG
GAGAGAAGGAACCATGATTTGTGACGTCTTACCTATCAACCCTAGCTCCAATGGTGTTTGGCCGCAACAA

Chr5

7657200

7657344
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cation:proton antiporter
AT5G27840

AT5G28781
AT5G35066

AT5G46877

AT5G53340

AT5G59090
AT5G59450

AT5G63600

AT5G64280

AT5G65790

TOPP8 (Type
one
serine/threonin
e protein
phosphatase 8);
protein
serine/threonin
e phosphatase
unknown
protein
similar to
unknown
protein
[Arabidopsis
thaliana]
(TAIR:AT1G4895
3.

AT5G27850

60S ribosomal protein
L18 (RPL18C)

GACAACCGGACGACTTTTACCATTTTGGCTAATGTGGCGTATTTGGAAGAGCCGAAATGATTTAGTCTTCAACAA
AAGAGCAAAGGATACAACTGATATAGTCAAACAAGCGTCCCTCGACACAAAGGAATGGCTAGATAACATGCGA
CCCCCAGAAAGAAATACCCGAGACCAACTATCATCTACATCGA

Chr5

9871169

9871360

AT5G28800

unknown protein

Chr5

10814752

10814864

AT5G35069

unknown protein

TGTCAAAGAATAGACGCGTGGATGATGTGGAGCTGAGAGACACAGCAGCTGAAGAGATTTTGCAGATTAAATT
TTAGAATTATTGTATAATTTAATGTTACGAAGAATATGG
GTGGCATCGACAAAGGTGTAGCTCGTTATGATTATTGATGCTTAGCAAGACTGGAGATTAGTTTGGCGATTTGA
TGAAGATTGCTTTGTAGCTTGGTGAAGAACGCTCAATCGTTTGGTTCGGCGATGAGAATGCTTTGTAGTTCGGTG
AGGACTGAACGCTCTGTGTTTTAGAGCTAGAAACGCTTGTTGGTTCTGCGATGAACGCTTGGTAAGTAACGCTC
GCTTGTTAGGCAAGGATTGAACGTTCGAGGTTTTTGAGCTAGGAACGTTTGACAGTTTTGTTAAGAACGCTTGG
TGAGTAATGCTCTACAAGGAACGCTTGACAGGGAACGCTTGCTTAGTGGATATAGATTTACGGGGATTGGCATT
AGGTTTTGTGGATCCGTGTCGAGTAGCAAGGAAGTAGGTCCGCTTAGCACAATCGTCGAAAACGATTAGTGTGA
ATGTTGGTTGATTTTGCGTGGTACCAAACTTGGTTGGCATTACGATGGATTGTTATGGCCGTGAGTGCGGCAAA
CTTGTTTTGGCGAGCGAGGAGATGACGTAAGACTGAGTGATGATGTTGATTTTACGGATCTTCTTTTAGGCATG
GGGAGATCGGCACGACTTTAAGTTATGTCGT

Chr5

13352144

13352768

GCCAGGTTATAATTGTGCTGTGGAATCGTTAATTTTTGTTTTTTGGCGAATTTGGTTATTTAATTGGCTTGGCTAT
CTACTCCTCTGCCATAAAATATCTAAGAGAAGTGTTGAGTGTCCTCAGTTCAATGTTTCTCCAAACACA

Chr5

19046336

19046481

GCAAATAACAGACTGGTGTCTTACTAAAACACGTATAAAGAGAAACCCTACCAGTCCCCATCCATGCTTGACGA
ACTGCATCCCTCTTCTTCTTGTTACCCAAACTTGTCAT

Chr5

21659648

21659760

ATGTTATGTATATTTTTACCTTGAGAATATCAACAGCGATGGTGTTTGGACCACGAGAAGAGAAGGAAGCGATA
ACAGGAGATGTCCTATTGAAGATTGTTTCCGTTTTTAGAACAGCCGCTTGTGGAGAACTGAGAAAACAAC
GGTGTGTTTGGATAACTCTCCTGTTCTGAAGTACATCAATGATATGTTGATGGACGAAGAAGACTTCGTAGGTAT
ATCTCGTGACGATTTAGCTTTACAAGCCGCTGAGAGATCCTTCTACGAGATAA

Chr5

23870256

23870400

Chr5

23992192

23992320

GTGCGATTGCACCCATATCGCTGTGCGCCGCGGCTCCTATGACTAATTCCGTATCTTGAGTTGGCGGATAGAAAT
TGACCCTAAGCACATACTCTGCCGTGTCACCACCTATACTTTGCGTGAACGTCTCACGCTGTAACCCTA

Chr5

25478736

25478880

GTTCCTCCGGCAAGGAAGAGGCGGTGGCGCGTAGAGTGAATCGAGGGGAAGAGATGGAGAGTGATCGGAGT
GTTGGGGATGTGTGTACGGAAATCGACGGTGGAAGTAACGCAAATGATTTGGAGGAAGATCGATGGAGAGAT
AGATAGGAGGCTGAGAG
CAACATGTTTGGATCATCACCATGGCCATTACTACCACAACTTCCTCCTCCACATCATCAAATACCTCTTGGAATG
ATGGAACCAACAAGCTGTAACTACTACCAAACGACACCGTCTTGTAACCTAGAACAAAAGCCATTGATCACACTC
AAGAACATG

Chr5

25730448

25730608

Chr5

26340960

26341120

Encodes a
AT5G46880 HB-7 (homeobox-7);
defensin-like
DNA binding /
(DEFL) family
transcription factor
protein.
galactosyltransf
erase family
protein
ATSBT4.12;
subtilase
scarecrow-like
transcription
factor 11 (SCL11)
flavonol
synthase,
putative
DIT2.2 (DICARBOXYLATE TRANSPORTER 2.2);
oxoglutarate:malate antiporter
MYB68 (myb domain protein 68); DNA binding /
transcription factor

In case of presence of the the second AGI (annotated AGI2), RBR TF is located within intergenic region. In color are marked significantly overrepresented CREs (Table 2) from the ChIP-Chip
experiment.
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Table 2. List of AGI numbers and coordinates of the sequences detected by Cisgenome and TAS Software, non-stringent parameters of data analysis

AGI1
AT1G02970
AT1G04700
AT1G08110
AT1G08120
AT1G12040
AT1G12930
AT1G15410
AT1G19900
AT1G21730
AT1G21780
AT1G26600
AT1G27060
AT1G28160
AT1G28470
AT1G31770
AT1G36340
AT1G37020
AT1G44820
AT1G47420
AT1G48030
AT1G49050
AT1G51720
AT1G52150
AT1G52520
AT1G54870
AT1G58030

Coord.start
674508
1317932
2537260
2538732
4071292
4398636
5298636
6907676
7631356
7653308
9191708
9396412
9839580
10010284
11377132
13694732
14083196
16933740
17398524
17721244
18155260
19185804
19414300
19570460
20463180
21469804

Coord.end
674557
1317997
2537325
2538781
4071341
4398685
5298749
6907757
7631421
7653357
9191821
9396525
9839661
10010365
11377245
13694781
14083261
16933805
17398589
17721293
18155309
19185853
19414381
19570509
20463245
21469853

AGI2

AT1G36370
AT1G37113
AT1G44830
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AT1G63810
AT1G65020
AT1G65650
AT1G66660
AT1G67140
AT1G67270
AT1G68990
AT1G69830
AT1G71090
AT1G71440
AT1G72510
AT1G73710
AT1G74680
AT1G75280
AT2G02070
AT2G05170
AT2G05380
AT2G05910
AT2G07695
AT2G11570
AT2G13360
AT2G16860
AT2G18140
AT2G19090
AT2G20190
AT2G23370
AT2G23630
AT2G25800
AT2G26530

23676940
24160428
24418860
24866316
25120604
25188556
25942684
26293324
26816860
26927500
27307708
27726364
28063740
28256380
508556
1873244
1970700
2258796
3348044
4664860
5546668
7312716
7898332
8277196
8721724
9961164
10059740
11017868
11291052

23677005
24160493
24419005
24866381
25120653
25188605
25942749
26293373
26816941
26927581
27307837
27726429
28063789
28256445
508621
1873309
1970797
2258845
3348077
4664925
5546781
7312765
7898397
8277261
8721773
9961261
10059789
11017917
11291165

AT1G65030

AT2G05400

AT2G11620

AT2G18150
AT2G19110

AT2G25810

Supplementary Data Chapter 3
AT2G27060
AT2G27160
AT2G30470
AT2G30630
AT2G31140
AT2G31650
AT2G31650
AT2G32930
AT2G33100
AT2G37310
AT2G37890
AT2G37990
AT2G38960
AT2G39630
AT2G43160
AT2G45000
AT2G47510
AT3G01980
AT3G02320
AT3G02320
AT3G04940
AT3G06000
AT3G07870
AT3G07940
AT3G10270
AT3G11350
AT3G11450
AT3G11540
AT3G11960

11558684
11614956
12991676
13060796
13277692
13471340
13471340
13973276
14044684
15673116
15870460
15908380
16273532
16529164
17959036
18571548
19506956
328844
473228
473228
1367004
1801932
2511868
2530812
3177100
3559260
3606604
3633836
3792060

11558733
11615021
12991757
13060925
13277757
13471389
13471389
13973357
14044749
15673229
15870573
15908445
16273581
16529229
17959133
18571629
19507021
328893
473325
473325
1367133
1801981
2511917
2530877
3177165
3559309
3606653
3633981
3792157

AT2G30650

AT2G31660
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AT3G12980
AT3G14860
AT3G15980
AT3G17970
AT3G18190
AT3G18370
AT3G18410
AT3G20710
AT3G22220
AT3G23280
AT3G26480
AT3G27860
AT3G28390
AT3G29770
AT3G30160
AT3G42880
AT3G50870
AT3G51580
AT3G51790
AT3G53360
AT3G54060
AT3G55640
AT3G55690
AT3G56600
AT3G61790
AT4G00980
AT4G02930
AT4G04220
AT4G06599

4147724
4999612
5411996
6149740
6234076
6307068
6324508
7237980
7841356
8323804
9695644
10327420
10637372
11654316
11797436
14980828
18922300
19142220
19221580
19797052
20031436
20653292
20678668
20980076
22884396
423164
1296300
2035628
3668204

4147789
4999661
5412045
6149869
6234125
6307149
6324573
7238109
7841421
8323853
9695725
10327469
10637437
11654413
11797485
14980925
18922381
19142317
19221645
19797133
20031517
20653341
20678717
20980173
22884477
423277
1296429
2035693
3668253

AT3G18200

AT3G26490
AT3G28410
AT3G29780
AT3G30180
AT3G42940

AT4G06634
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AT4G08900
AT4G11030
AT4G13660
AT4G14240
AT4G15090
AT4G15740
AT4G18460
AT4G18770
AT4G19020
AT4G20040
AT4G21970
AT4G25100
AT4G26640
AT4G32980
AT4G33060
AT4G33360
AT4G33590
AT4G37170
AT4G38060
AT5G05940
AT5G06940
AT5G07150
AT5G07390
AT5G07990
AT5G10030
AT5G13530
AT5G13680
AT5G13990
AT5G14870

5704300
6739884
7946380
8205740
8615772
8967452
10196092
10312476
10417964
10847772
11653676
12886316
13438668
15920204
15951820
16068316
16143884
17499580
17873916
1787628
2150492
2217516
2337020
2562716
3137452
4352476
4411148
4516492
4810188

5704365
6739933
7946477
8205789
8615853
8967517
10196189
10312541
10418029
10847837
11653725
12886397
13438717
15920285
15951869
16068365
16143933
17499629
17873997
1787677
2150605
2217581
2337117
2562765
3137517
4352541
4411229
4516589
4810253

AT4G15750

AT4G32990
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AT5G14880
AT5G18820
AT5G20220
AT5G20360
AT5G28465
AT5G33370
AT5G33406
AT5G35066
AT5G35753
AT5G35980
AT5G38250
AT5G42340
AT5G42635
AT5G42950
AT5G45230
AT5G45480
AT5G45620
AT5G51545
AT5G54510
AT5G54970
AT5G56200
AT5G61090
AT5G64280
AT5G65050

4816812
6274012
6825324
6885004
10414812
12621660
12694956
13352188
13950860
14145916
15298668
16948044
17098124
17245548
18328204
18445564
18521420
20956108
22149612
22331116
22765340
24594764
25730492
26004108

4816909
6274061
6825373
6885053
10414861
12621773
12695021
13352253
13950941
14145981
15298733
16948109
17098205
17245597
18328301
18445613
18521565
20956205
22149709
22331261
22765437
24594797
25730573
26004221

AT5G20370
AT5G28470

AT5G35069
AT5G35760

AT5G42350
AT5G42640
AT5G45240
AT5G45630
AT5G51550
AT5G54980
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Table 3. List of Cis-regulatory elements of TF and their binding Factors
Num.

Name of CRE

Cis-Regulatory element Sequence

Bind.Factor

1

ABFs binding site motif

cacgtggc

bZIP

2

ABRE binding site motif

c/tacgtggc

NA

3

ABRE-like binding site motif

gacgtgtc

NA

4

ACE promoter motif

gacacgtaga

NA

5

AG binding site motif

ttaccaaataaggaaa

MADS

6

AG BS in AP3

ccatttttag

MADS

7

AG BS in SPL/NOZ

aaaacagaataggaaa

MADS

8

AG BS in SUP

ccatttttgg

MADS

9

AGL15 BS in AtGA2ox6

ccaatttaatgg

MADS

10

AGL3 binding site motif

tttctaaaaatagaaa

MADS

11

AP1 BS in AP3

ccatttttag

MADS

12

AP1 BS in SUP

ccatttttgg

MADS

14

ARF1 binding site motif

tgtctc

ARF

15

ATB2/AtbZIP53/AtbZIP44/GBF5 BS in ProDH

actcat

bZIP

16

ATHB1 binding site motif

caattattg

HB

17

ATHB2 binding site motif

taataatta

HB

18

ATHB5 binding site motif

caattattg

HB

19

ATHB6 binding site motif

caattatta

HB

20

AtMYB2 BS in RD22

ctaacca

MYB

21

AtMYC2 BS in RD22

cacatg

BHLH

22

Bellringer/replumless/pennywise BS1 IN AG

aaattaaa

Homeobox

23

Bellringer/replumless/pennywise BS2 IN AG

aaattagt

Homeobox

25

BoxII promoter motif

ggttaa

NA
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26

CArG promoter motif

ccaattaagg

MADS

27

CArG1 motif in AP3

gtttacataaatggaaaatttatcacttagttttcatc

MADS

30

CBF1 BS in cor15a

tggccgac

NA

31

CBF2 binding site motif

ccacgtgg

AP2-EREBP

32

CCA1 binding site motif

aacaatct

MYB-related

33

CCA1 motif1 BS in CAB1

aaacaatcta

NA

34

CCA1 motif2 BS in CAB1

aaaaaaaatctatga

NA

35

DPBF1&2 binding site motif

acactgg

bZIP

37

DREB1&2 BS in rd29a

taccgacat

NA

38

DRE-like promoter motif

taccgactt

NA

39

E2F binding site motif

tttcccgc

E2F-DP

41

E2F-varient binding site motif

tctcccgcc

E2F-DP

42

EIL1 BS in ERF1

ttcaagggggcatgtatcttgaatccttccaaccaacaatttt

EIL

46

ERE promoter motif

taagagccgcc

NA

47

ERF1 BS in AtCHI-B

gccgcctcatattcataattaaagtt

AP2-EREBP

48

EveningElement promoter motif

aaaatatct

NA

49

GATA promoter motif [LRE]

agata

NA

50

GBF1/2/3 BS in ADH1

ccacgtgg

NA

51

G-box promoter motif [LRE]

cacgtg

NA

52

GCC-box promoter motif

gccgcc

NA

53

Hexamer promoter motif

ccgtcg

NA

54

HSEs binding site motif

agaagcttct

HSF

55

Ibox promoter motif

gataag

NA

56

JASE1 motif in OPR1

cgtcaatgaa

NA

57

JASE2 motif in OPR1

catacgtcgtcaa

NA

58

L1-box promoter motif

taaatgta

NA

Supplementary Data Chapter 3
59

LFY BS in AP3

cttaaaccctaggggtaat

Orphan

60

LFY consensus binding site motif

ccattg

LFY

61

LS5 promoter element

tctacgtcac

NA

62

LS7 promoter element

acgtcataga

NA

63

LTRE promoter motif

accgaca

NA

64

MRE motif in CHS

tctaacctacca

MYB

65

MYB binding site promoter

aaccaaac

MYB

66

MYB1 binding site motif

atccaacc

MYB

67

MYB2 binding site motif

taactcgtt

MYB

68

MYB3 binding site motif

taactaac

MYB

69

MYB4 binding site motif

accaaac

MYB

70

Nonamer promoter motif

agatcgacg

NA

71

OBF4-5 BS in GST6

atcttatgtcattgatgacgacctcctctacacttttggatttgta

bZIP

72

OBP-1-4-5 BS in GST6

tacacttttgg

NA

73

octamer promoter motif

cgcggatc

NA

74

PI promoter motif

gtgatcac

NA

75

PRHA BS in PAL1

taattgactcaattacgttcatacattatacacac

HB

76

RAV1-A binding site motif

caaca

ABI3VP1

77

RAV1-B binding site motif

cacctg

ABI3VP1

78

RY-repeat promoter motif

catgcatg

NA

79

SBP-box promoter motif

tacgtacaa

NA

80

SORLIP1

agccac

NA

81

SORLIP2

gggcc

NA

82

SORLIP3

ctcaagtga

NA

83

SORLIP4

gtatgatgg

NA

84

SORLIP5

gagtgag

NA
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85

SORLREP1

ttatactagt

NA

86

SORLREP2

ataaaacgt

NA

87

SORLREP3

tgtatatat

NA

88

SORLREP4

ctcctaatt

NA

89

SORLREP5

ttgcatgact

NA

90

T-box promoter motif

actttg

NA

91

TEF-box promoter motif

aggggcataatggtaa

NA

92

TELO-box promoter motif

aaaccctaa

NA

93

TGA1 binding site motif

tgacgtgg

bZIP

94

VOZ binding site

gcgtttaacgc

VOZ PROTEINS

95

W-box promoter motif

ttgac

WRKY

96

Z-box promoter motif

atacgtgt

NA

Significantly overrepresented CREs from the ChIP-Chip experiment are marked in color. In color are marked NA: Not-annotated.
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Table 4. Overrepresented sequence motifs from RBR-associated regions

Nucleotide Sequence Motif 1
Motif Num.

E-Value

Width

Sites

Motif 1

3.1e-010

29

5

P-Value
2.90 e-15
4.58 e-17
2.09 e-15
3.08 e-15
1.58 e-14

TATTTACGTA
TATTTACGAA
TATTTACGAA
TATTTACGAA

Sites
TTTGCCCCACAACTTTCTGTATTTACGAA
TTTGCCCCACAACTTTCGTTATTTACGAA
TTTGCCCCTTAACTTTTGGTATTTACGAA
TTTCCCCCACAACTTTCGATATTTACGTG
TTTGCCAAATAACTTTGTATATTTACGAA

TTTGCCCCTT
TTTCCCCCAC
TTTGCCCCAC
GTTG
TTTGCCCCAC

Nucleotide Sequence Motif 2
Motif Num.

E-Value

Width

Sites

Motif 2

5.1e-004

28

10

P-Value
6.51 e-15
2.07 e-11
6.26e-11
5.07e-10
6.54e-10
8.37e-10
1.96e-09
3.02e-09
4.55e-09
8.10e-09

TTTGGAACCG
TGGACTAGAA
TCTACCACCA
ACTTCCTCGG
AGAAGAGATT
ATCTCCATGG
GAACTGCATC
ACTACCACAA
TTTGAAGGCA
GCCGTCAATT

Sites
CCGCTTCTTCATCTGCTCCTGCTCCGTC
CTGTATCATCATCATCTCCAGGTTCTTC
ATGCTTCTTCAGCTGCTCCTGGTTCTTC
CCTCTTCCACCGCAACTCCATCGTCATC
CTCCATCACCATCAAATCCATCTTTGTC
CTCTATCATCATCAGCACCATCCCCGTT
CCTCTTCTTCTTGTTACCCAAACTTGTC
CTTCCTCCTCCACATCATCAAATACCTC
ACACCTCCTCCTCTTCTACTGCCACCGC
TCTCTTCTTCTTCTTCCCAAATTCTCTC

GCTGTTTGGT
TCCTTTCGGA
TCTATTTGGA
TCTTTTCCAC
TCACCATCTT
AT
TTGGAATGAT
CAGGCGAAGA
AACAGATAGA
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Nucleotide Sequence Motif 3

Motif Num.

E-Value

Width

Sites

Motif 3

5.1e-002

50

5

P-Value
Site
3.30e-19 AACGTTCGAG GTTTTTGAGCTAGGAACGTTTGACAGTTTTGTTAAGAACGCTTGGTGAGT
5.23e-19 TCAATCGTTT

AATGCTCTAC

GGTTCGGCGATGAGAATGCTTTGTAGTTCGGTGAGGACTGAACGCTCTGT GTTTTAGAGC

8.19e-19 AACGCTCTGT GTTTTAGAGCTAGAAACGCTTGTTGGTTCTGCGATGAACGCTTGGTAAGT

AACGCTCGCT

1.07e-16 GATTAGTTTG GCGATTTGATGAAGATTGCTTTGTAGCTTGGTGAAGAACGCTCAATCGTT

TGGTTCGGCG

3.59e-16 AGGGTTTATC GTTTCGTCACGACGATTTCGTGAGAGTGCTGCTAATAAGGTTTTCTCTAT

CTGTTGAGAG

Nucleotide Sequence Motif 4
Motif Num.

E-Value

Width

Sites

Motif 4

1.7e+001

15

7

1.26e-09
2.95e-09
2.87e-08
2.87e-08
5.57e-08
7.93e-08
1.27e-07

ATCAATTAGC
CAACAT
GCTTAGCAAT
CTCCGTCGCT
AAGTTCCACT
CATTGTAGAA
CTTATATCAA

GTTTGGATCATCAAC
GTTTGGATCATCACC
GTTTGGATGATCTAC
GTTTGGTTCATCTAC
GTTTGGATCAACAGC
GTTTGGTAGAGCAAC
GTTTGGAACAGAACC

ACCAGCAGCT
ATGGCCATTA
ATGAACAATG
CACCAATGCT
TCCATATGTC
AATCCTATGA
GGCGAACGAG
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Motif Num.

E-Value

Width

Sites

Motif 5

4.0e+001

40

6

1.17e-17
1.32e-14
3.37e-14
7.24e-14
1.69e-13
1.97e-12

AGTCCGGACA
CTCATTAAAC
ATTTGCGTTA
CAGACCTGTT
GGACTTCCTA
TCACTCTCCA

Nucleotide Sequence Motif 5

CTTCCTCCACCGATTTACGTGTACTCATCGCCTCCTCCAC
CTTGATCCAGAGTCAGACTTAGGCCCATCACTGCCCCTAC
CTTCCACCGTCGATTTCCGTACACACATCCCCAACACTCC
CTTCCTCCCACCACGACTCCCAACTGAGCTCTCCCTTTAC
CTTCAACCACACTCAGATTCAAGAACATGTCTCCCACCAC
TCTCTTCCCCTCGATTCACTCTACGCGCCACCGCCTCTTC

CACCGT
CATACTTATC
GATCACTCTC
TCCCACTCCA
AACACCGTCT
CTTGCCGGAG

Nucleotide Sequence Motif 6

Motif Num.

E-Value

Width

Sites

Motif 6

3.0e+001

29

10

2.23e-12
8.14e-12
5.22e-11
8.90e-11
2.06e-09
4.17e-09
4.50e-09
9.97e-09
1.07e-08
1.40e-08

CACTCGCTGG
TTAACGACTT
AGTACATCAA
TCCTAAATGT
GAGTTACGCC
ATAGAGTTGC
TTCTGGTTTA
ATTTGTGAAA
GATGAAAAGA

TGAGGTGATAGAGGAGGAGGTGGACTTCG
TGATAAGCTGAGGGAAGAAGTAAACTTCG
TGATATGTTGATGGACGAAGAAGACTTCG
TGTGATGGTAAAGAAGGAGGGAGAGTTTT
GGAGAAGCTGAATATGGAGGAGAGTTATG
TGTCAAGATCATTCAAGAGGTACACTATG
TGTGATTCAGAATCAGGAGGTGTAGTACC
GGAGAACTTGTAGGAGGATGTGATATTTT
TGGGAGGTCCTAAGAGGAGTGAAGCTTCG
GACGTAGATGACGGAGGAATTAGAGTTTC

AAGATGTTGA
AAG
TAGGTATATC
GAGTGGGAGT
GGCTTACACT
ATTAGCATTG
ACAAAAGATT
GACCTCA
TTCAATCTGT
CTTTACCATG
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Nucleotide Sequence Motif 7
Motif Num.

E-Value

Width

Sites

Motif 7

1.3e+003

26

5

p-value
3.57e-14
2.81e-12
4.03e-12
2.47e-11
1.03e-10

GCGCCAAG
TCTTACCTAT
TTTACCTTGA
TTTGAGGGTT
CAAAATCAAC

Sites
CATGATCACCACCAATGGTGTTTGGC
CAACCCTAGCTCCAATGGTGTTTGGC
GAATATCAACAGCGATGGTGTTTGGA
CATCATCATCAATGGAGGTGTTTGGA
CAACATTCACACTAATCGTTTTCGAC

AAGGCGATAA
CGCAACAA
CCACGAGAAG
GATAATAAGA
GATTGTGCTA

Nucleotide Sequence Motif 8
Motif Num.

E-Value

Width

Sites

Motif 8

2.0e+003

39

6

p-value
4.42e-15
2.33e-14
4.24e-14
4.66e-14
6.34e-13
2.57e-12

Sites
GGGGCT
CTTTCCCTTT
TTTGTTCTGA
CAATTAAATA
ACAAAAGCAA
GGACTGTACA

CTCAGGTTGACAAACAAACAAAATTTGGAGATCTCATCG
CTCAACAAGAACAGCAAACAACTTCTCCACATCCCATCG
CCTAACCAGACAAACAGACAAATATTTTCAATCCCCCAA
ACCAAATTCGCCAAAAAACAAAAATTAACGATTCCACAG
CCTAATTTCAACAAACAACAAACACAAGAACTCCTACAA
CTTGACCTCCCCAAGATGCAAGATCTGCTCCTTTCACTA

AACAGTGTCA
GTAATGTATA
AATTTCTCCT
CACAATTATA
GTACCTGATT
AGCCTGACGC
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Motif Num.

E-Value

Width

Sites

Motif 9

9.7e+003

13

10

p-value

Sites

1.24e-07
1.24e-07
2.66e-07
3.86e-07
3.86e-07
8.71e-07
1.29e-06
1.69e-06
2.04e-06
4.39e-06

TAGATGTTTA
AAAGGAGATG
CCTTACCAGT
ATTTCTCTTG
GAATGATGTT
AGTGTTGAAA
TTTAAATT
ATCATCATCT
CGCAAATGAT
TGTGT

Motif Num.

E-Value

Width

Sites

Motif 9

1.2e+004

21

10

p-value
1.87e-12
5.56e-09
6.19e-09
2.80e-08
6.09e-08
9.74e-08
1.05e-07
1.13e-07
1.31e-07
1.98e-07

Nucleotide Sequence Motif 9

TTGGAGGAGATTG
TTGGAGGAGATTG
TTGGAGAACAATG
TTGGAGTAGGATG
TTGGAGTACAATG
TGGGAGAAGAATG
TTGGAGGAACGTG
TTGGAGCATAATG
TTGGAGGAAGATC
TTGGAGAAACATT

CTCGTGGGCT
TTGACCAAAC
CGAGTTCCGC
ACGCCTGCAT
TCATGATCAA
AAACTGAGAA
CGTCACACAC
AGAGAAACAC
GATGGAGAGA
GAACTGAGGA

Nucleotide Sequence Motif 10

Sites
GTTGTAGAG
AGGAGATATT
GCTTGGTCGA
GCAGAGAATG
AGAAGCGGTT
TTCGAACGTA
AC
TTTCAGTCA
GAAGCAAGAG
TGTTGAGAAA

GAGAAAGCTCGTGTGTTTGTT
GAGAAAGCATGTGAGTTGATT
GAGAAAGAAGAGATTTTTGTT
GAGAAAGCTATTGTTTTGTTT
GAGAAAGCAGAGAATTTCGAT
GAGAACGATTGGATGTTTGGC
GAGAGTGTTGGTATGTTTGCT
AAGAAGGAACGTGATTTGGAT
AGGGAAGCTAGTGAGTCTGTT
GGGAAAGATAGCTTGTTTTCT

TGATCCTGTG
GGTTTGATGG
TGCATCATTT
AATAAGTTGC
ATCCGGAGAA
TACTTGTGCT
TGTGGCTCTT
AAACTCCGGC
GAACCGTTTG
GGTGCTGGTG
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Analysis of microarray experiments from RBR mutants
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Figure 2. Gene Ontology analysis of the genes affected by RBR

