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Post-embryonic growth in plants depends on the contin-
uous supply of undifferentiated cells within meristems.
Proliferating cells maintain their competence for division
by active repression of differentiation and the associated
endocycle entry. We show by upregulation and down-
regulation of E2FA that it is required for maintaining
proliferation, as well as for endocycle entry. While
E2FB-RBRI1 (retinoblastoma-related protein 1) complexes
are reduced after sucrose addition or at elevated CYCD3;1
levels, E2FA maintains a stable complex with RBRI1 in
proliferating cells. Chromatin immunoprecipitation shows
that RBR1 binds in the proximity of E2F promoter
elements in CCS52A1 and CSS52A2 genes, central regula-
tors for the switch from proliferation to endocycles.
Overexpression of a truncated E2FA mutant (E2FA“RE)
lacking the RBR1-binding domain interferes with RBR1
recruitment to promoters through E2FA, leading to de-
creased meristem size in roots, premature cell expansion
and hyperactivated endocycle in leaves. E2F target genes,
including CCS52A1 and CCS52A2, are upregulated in
E2FA*RE and e2fa knockout lines. These data suggest
that E2FA in complex with RBR1 forms a repressor com-
plex in proliferating cells to inhibit premature differentia-
tion and endocycle entry. Thus, E2FA regulates organ
growth via two distinct, sequentially operating pathways.
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Introduction

Post-embryonic growth in plants depends on meristematic
activity, which is regulated by developmental programmes
and environmental conditions. Meristematic cells proliferate
through cell division and delay terminal differentiation. How
cell differentiation is repressed within meristems, including
the founder stem cells, and how it is activated when cells
leave the meristem is a basic question in plant developmental
biology (Bogre et al, 2008; Doonan and Sablowski, 2010).

Differentiating plant cells may enter into a modified cell
cycle, called the endocycle, in which DNA synthesis is repeat-
edly activated without intervening mitosis, leading to an
increase in the DNA content. The molecular players underlying
the switch from the mitotic cell cycle into an endocycle are
emerging (Lee et al, 2009; Nieuwland et al, 2009). The endo-
cycle plays an important role in cell expansion (Breuer et al,
2009) and in cell fate acquisition and maintenance (Bramsiepe
et al, 2010). The current molecular model for endocycle
regulation suggests that it shares components with the prolif-
erative cell cycle, such as the A-type cyclin-dependent kinase
CDKA;1 (Leiva-Neto et al, 2004; Verkest et al, 2005a), whereas
its onset is achieved through a selective inactivation of M
phase-promoting factors, such as the Bl-type CDK (CDKB1;1)
through proteolytic destruction of its cyclin partner, CYCA2;3
(Boudolf et al, 2004, 2009). Correspondingly, Arabidopsis
relatives of the animal fizzy-related activators of the ana-
phase-promoting complex (APC), CCS52A1 and CCS52A2,
stimulate the switch from mitosis to endocycle (Larson-Rabin
et al, 2009; Vanstraelen et al, 2009). In part, the expression of
CCS52A2 is confined to cells engaged in endocycle by the
atypical E2F, DEL1/E2FE (Lammens et al, 2008).

The retinoblastoma-related protein 1 (RBR1) and its
targets, the E2F transcription factors are known to take part
in the decision between cell proliferation and differentiation
(Wildwater et al, 2005; Wyrzykowska et al, 2006).
Arabidopsis has a single RBR1 gene with an essential function
in plant development, gamete formation and meiosis (Ebel
et al, 2004; Park et al, 2005; Wildwater et al, 2005; Desvoyes
et al, 2006; Jordan et al, 2007; Lageix et al, 2007; Chen et al,
2009, 2011; Borghi et al, 2010; Johnston et al, 2010; Gutzat
et al, 2011), while it holds three RBRI interacting E2F
transcription factors, E2FA, E2FB and E2FC. These E2Fs
require association with one of the two DIMERISATION
PARTNER proteins, DPA or DPB for DNA binding (Inze and
De Veylder, 2006; Magyar, 2008). The transcription factor
activity of the E2F-DP dimer is regulated by RBR1 binding,
although in plants only indirect evidence supports this
model, including resemblance of overexpression line pheno-
types of E2FA, E2FB and CYCD3;1 with those of RBR1-RNAi
plants (De Veylder et al, 2002; Rossignol et al, 2002; Magyar
et al, 2005; Wildwater et al, 2005) and regulation of E2F
targets by overexpression of CYCD3;1, RBR1, E2F and DP
genes (Ramirez-Parra et al, 2003; Vandepoele et al, 2005; de

©2012 European Molecular Biology Organization


http://dx.doi.org/10.1038/emboj.2012.13
http://dx.doi.org/10.1038/emboj.2012.13
mailto:magyarz@brc.hu
http://www.embojournal.org
http://www.embojournal.org

Jager et al, 2009). According to current models, CYCD3;1 in
complex with CDKA;1 regulates cell-cycle entry by phosphor-
ylation of RBRI1, leading to the release of RBR1-bound E2F
transcription factors to drive the expression of genes required
for the cell-cycle phase transitions (Nakagami et al, 1999,
2002; Uemukai et al, 2005). In accordance, the triple mutant
cycd3;1 cycd3;2 cyed3;3 has smaller organs with fewer cells
(Dewitte et al, 2007), whereas ectopic expression of CYCD3;1
inhibits organ growth by repressing differentiation, further
supporting its role in maintaining the balance between cell
proliferation and differentiation (Dewitte et al, 2003). The
CDK inhibitor proteins, called KIP-related proteins (KRPs)
oppose CYCD-CDK activities and inhibit cell-cycle progres-
sion (Verkest et al, 2005b).

Functional characterization of E2Fs has been mostly
restricted to ectopic overexpression studies: lines co-transformed
with E2FA and DPA results in the activation of both mitotic
and endocycle (De Veylder et al, 2002), whereas overexpres-
sion of E2FB induces mitosis but represses the endocycle
(Magyar et al, 2005; Sozzani et al, 2006). On the other hand,
silencing of E2FC leads to cell proliferation and compromised
endocycle, suggesting that E2FC would be analogous to the
repressor-type animal E2Fs (del Pozo et al, 2006). Based on
these data, E2FB and E2FC are antagonistic transcription
factors, while E2FA has dual functionality (Magyar, 2008).

Here, we investigated how E2FA can regulate both cell
proliferation and differentiation-associated endocycle; two pro-
cesses that are spatially separated during plant development.
We demonstrate that E2FA forms a stable complex with RBR1
in proliferating cells and suggest that this repressor complex
plays a role in maintaining the meristematic state. We ad-
dressed the dual function of E2FA by analysing e2fa knockout
mutant, E2FA silenced lines and lines with elevated levels of
E2FA within its own expression domains. We show that E2FA
promotes the maintenance of cells in the proliferative state
while stimulates endocycle later during leaf development.

Results

E2FA and RBR1 are co-regulated in proliferating cells
Because RBR1 regulates the E2F/DP dimer, we investigated
whether they are co-regulated by analysing publicly available
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microarray data. We found that only E2FA co-expressed with
RBRI with a 0.7 expression correlation coefficient
(Supplementary Table S1). In addition, both E2FA and RBRI
showed a highly similar co-expression neighbourhood. GO
overrepresentation analysis by BINGO (Maere et al, 2005) on
the list of genes that show correlated expression with E2FA or
RBR1 using thresholds between 0.5-0.7 correlation coeffi-
cients yielded overlapping GO categories for these two genes,
and contained GO categories of DNA replication, chromo-
some organisation (Supplementary Table S2).

To investigate the spatial overlap in the accumulation
patterns of the E2FA and RBR1 proteins in developing
organs, we analysed Arabidopsis plants carrying constructs
with the green fluorescence protein (GFP) marker fused to
the C-terminus of the E2FA and RBRI genes under the
control of their own promoters (pE2FA::gE2FA-GFP and
PRBR1::gRBR1-GFP). The pRBR1::gRBR1-GFP construct is
functional, since it complemented the rbr1 mutant phenotype
(data not shown). The E2FA-GFP fusion retained its ability to
bind RBR1 (Figure 4C), DPA and DPB (Supplementary Figure
S7). Furthermore, the elevated expression of E2FA-GFP
led to phenotypes of overproliferation, increased endocycle
(Figure 4; see later) that are similar to what was published for
the overexpression of wild-type (WT) E2FA (De Veylder et al,
2002). E2FA-GFP accumulated within the root meristem,
becoming gradually weaker, but still detectable at the transi-
tion zone, where cells leave proliferation and start elongation
(Figure 1A; Supplementary Figure S1A). RBR1-GFP was also
expressed in the meristem, and remained present at the
elongation zone and in differentiated columella cells
(Figure 1A; Supplementary Figure S1A). Interestingly, ele-
vated E2FA expression in the pE2FA::gE2FA-GFP line 81
resulted in a larger root meristem compared with the WT,
while elevated RBR1 expression in the pRBR1::gRBR1-GFP
line had a smaller meristem (Supplementary Figure S1B and
C). In young leaves, both E2FA-GFP and RBR1-GFP were
abundant in proliferating cells (Figure 1B) but still detectable
in differentiated pavement cells (Figure 1B). In summary, we
detected E2FA-GFP and RBR1-GFP proteins in cells that
undergo mitotic cycles, and to a lesser extent in cells that
differentiate and undergo endocycles, such as enlarged and
lobed leaf cells.

pRBR1::gRBR1-GFP pE2FA::gE2FA-GFP

Figure 1 Both RBR1 and E2FA are present in proliferating cells in Arabidopsis roots and leaves. (A) Confocal microscopy images of the root tip
of Arabidopsis plants 4 DAG expressing either the translational GFP fusion of E2FA (pE2FA::gE2FA-GFP—Ileft) or RBR1 (pRBR1::gRBR1-GFP—
right) and the WT Columbia as control (WT-Col—middle). Arrows indicate the cortex transition zone, arrowheads mark the quiescent centre.
(B) Confocal microscopy images of adaxial leaf surfaces from the first leaf pair of the same transgenic lines as in (A) 8 days and 12 DAG (upper
and lower images, respectively). GFP signal (green) is counterstained for cell wall with propidium iodide (red). Scale bar is 100 pM.
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E2FA is required both for proliferation and for endocycle
Dual functions of E2FA were proposed from overexpression
studies together with its DPA dimerization partner (De
Veylder et al, 2002; Kosugi and Ohashi, 2003), but so far
awaiting validation by loss-of-function genetics. At the start
of this work, the only publicly available T-DNA insertion
mutant line for E2FA (SALK_034842) revealed to have no
insert at the expected position. Therefore, we generated E2FA
silencing lines in order to address its physiological role in cell
proliferation and endocycle. We tested the specificity of
silencing by transiently expressing 35SCaMV promoter driven
E2FA and E2FB-RNAi construct with E2FA-HA and E2FB-HA
tagged constructs in protoplasts. The E2FA-RNAi construct
specifically targeted E2FA but not E2FB, while E2FB-RNAi
effectively eliminated E2FB, but showed some minor reduc-
tion also in E2FA (Supplementary Figure S2A). Because the
E2FA-RNAi construct was shown to be specific, we stably
transformed Arabidopsis plants with this construct, and
selected two independent lines that showed a strong reduc-
tion in E2FA levels (below 20% of the endogenous mRNA),
though we found some variation in the silencing efficiency
from experiment to experiment (Supplementary Figure S2B).
The E2FA-RNAI plants were smaller, displaying shorter roots
with foreshortened meristem size (Supplementary Figure
S3A-C). Epidermal pavement cells in young leaves (9 DAG)
of E2FA-RNAIi lines were enlarged, when compared with
control plants, indicative of premature exit from the prolif-
eration phase (Figure 2A). These cells were abnormally large
compared with WT also at later time points (12 and 16 DAG),
while cells around the stomata remained small.

To investigate how the silencing of E2FA affected the
expression of cell-cycle regulators, we analysed the transcript
levels of E2FB, RBRI1, MCM3, ORC2 mRNAs in the two
selected lines. All of these genes are putative E2F targets
based on their transcriptional upregulation in E2FA/DPA
overexpression lines in microarray experiments and on the
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presence of E2F cis-acting elements in their promoters
(Vandepoele et al, 2005). We found that these selected E2F
target genes were all downregulated in the E2FA silencing line
(Figure 2B). As shown previously, the E2FA-RNAI construct
has no effect on the 35CaMV promoter driven E2FB expres-
sion, and therefore the diminishing of E2FB mRNA in the
E2FA-RNAi plants represents a cross-regulation between
E2FA and E2FB, most likely through the E2F element in the
promoter of E2FB, as has been published before (Sozzani
et al, 2006). Suggestive of a complex regulatory network
among E2Fs, we found that a number of them are deregulated
in the e2fa knockout mutant (see later). In parallel to E2FA
silencing, RBR1 mRNA and protein levels were also reduced,
in accordance to the co-regulation of these genes across many
experimental conditions (Supplementary Table S1). CDKB1;1
level is linked to cell proliferation (Boudolf et al, 2004), and
in accordance with compromised proliferation, we found a
reduced CDKB1;1 protein level in the E2FA-RNAi plants
(Supplementary Figure S3D).

In Arabidopsis leaves when cells exit cell proliferation and
start cell expansion, the endocycle is activated. To measure
the switch from proliferation to endocycle, we determined the
DNA content of nuclei from leaf 9-16 DAG by flow cytometry.
In WT leaves, 9 DAG the proliferating cells alternate between
G1 (65%) and G2 (35%). In E2FA-RNAI lines, the proportion
of cells in G2 was reduced with an accompanied increase in
G1. Together with the data that cells became larger in the
E2FA-RNAi leaves at this stage, compared with WT
(Figure 2A), the flow cytometry data suggest a G1 arrest
rather than a shortened G2 phase in these cells. At 12-16
DAG, 8C and 16C nuclei were detected in the WT leaf,
indicative of endocycle onset. In contrast, in the E2FA-RNAi
lines the switch from proliferation to endocycle was delayed
(Figure 2C), showing reduced levels of 8C nuclei and absence
of 16C nuclei. Similarly, the ploidy level was reduced in fully
mature leaves (Supplementary Figure S3E). Although endo-
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Figure 2 E2FA silencing leads to compromised cell proliferation and endocycle. (A) Representative images from the adaxial epidermal cell
layer of the first leaf pairs at three developmental time points (DAG) from the WT, and the E2FA-RNA-interference lines (E2FAi line 2/1 and 7/2)
as indicated. Bar =100 uM. (B) The expression levels of E2FA, RBRI, E2FB, ORC2 and MCM3 were determined by Q-RT-PCR in 1-week-old
seedlings of E2FAi lines and expressed as fold changes compared with WT. (C) The percentage of DNA ploidy levels were determined by flow
cytometry in samples taken at three time points (9, 12, 16 DAG) of developing first leaf pairs (L1-2) of WT and two independent E2FAi lines

(2/1,7/2).
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cycle has been correlated with cell enlargement (Breuer et al,
2010), in the E2FA-RNAI this appears not to be the case, since
leaf epidermal cells enlarged with only a modest increase in
their DNA content. This shows that endocycle at this stage of
leaf pavement cell differentiation is not essential for cell
expansion. The endocycle is also compromised in the coty-
ledons of the E2FA-RNAI plants, as well as in the recently
published e2fa-1 knockout line (Berckmans et al, 2011b).

Taken together, these results suggest that E2FA is required
both for cell proliferation and for endocycle.

The amount of E2ZFA-RBR1 complex correlates

with the level of proliferation

It is generally assumed that the cell proliferation and endo-
cycle-promoting activities of E2FA is restrained by RBRI;
however, there are no experimental data to show when and
how RBR1 regulates E2FA during plant development.
To study the interaction between RBR1 and E2FA over
a developmental time course, we dissected the first two
emerging leaves at 8 days after germination (DAG), when
large proportion of cells proliferate, and at 10, 12 and 15 DAG,
when cells gradually exit proliferation (Beemster et al, 2006),
and performed co-immunoprecipitation (co-IP) with E2FA- or
DPA-specific antibodies with these samples. E2FA levels in
these samples were too low in crude extracts to be detected
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with our E2FA-specific antibody. However, we detected the
presence of RBR1 in the immunoprecipitate (Figure 3A).
RBR1 levels were the highest at 8 DAG, and gradually
diminishing as leaves develop. This is in accordance to
previous reports that RBR1 is most abundant in proliferating
tissues in Arabidopsis (Wildwater et al, 2005). However,
this is not necessarily the case in all plants, as in maize
leaves RB increases as cells exit proliferation (Huntley
et al, 1998). RBR1-E2F association is primarily regulated by
phosphorylation and disrupted through CDK-CYCD activities
in proliferating tissues. However, we found that the amount
of RBR1 in complex with E2FA and DPA mirrored RBR1
abundance, being highest in proliferating leaf -cells
(Figure 3A).

E2FA and DPA ectopic co-overexpression leads to over-
proliferation in root columella cells and cotyledon, whereas
in cortical root cells it induces endocycle (De Veylder et al,
2002). It was proposed that the elevated E2FA levels escapes
from RBR1 repression and promote both cell proliferation
and endocycle, dependent on the tissue-specific availability
of mitosis inducing factors. Unexpectedly, we find that the
E2FA/DPA overexpression plants showed a strongly upregu-
lated RBR1 amount, and had a correspondingly elevated
level of RBR1-E2FA complex (Figure 3B). E2FB level is
slightly upregulated in the E2FA/DPA overexpression line
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Figure 3 RBR1 makes complex with E2FA in proliferating cells while it associates with E2FB in cells leaving cell proliferation. (A) Interaction
of E2FA with RBR1 during leaf development. IP with anti-E2FA or anti-DPA antibodies from protein extracts prepared from the juvenile first leaf
pair (L1-2) of WT Arabidopsis plant at the indicated time points (DAG). Co-IP of RBR1 with E2FA and DPA was probed on western blot with
anti-RBR1 antibody. In all, 1/20 of the IP from the extract was loaded as input. Coomassie staining of the same membrane was used for loading
control. (B, C) Interaction of E2FA or E2FB with RBR1 in Arabidopsis Columbia (WT-Col) or E2FA/DPA transgenic Arabidopsis lines. IP with
anti-E2FA (B) or anti-E2FB (C) antibodies from protein extracts of WT-Col and E2FA/DPA seedlings 1 week after germination. The co-IP of RBR1
was tested with anti-RBR1 on western blot. In all, 1/25 of the IP from the extract was loaded as input to determine RBR1, E2FA or E2FB levels as
indicated. Coomassie-stained proteins on the same membranes are shown as loading control. (D) Interaction of RBR1-GFP with E2FA and
E2FB is differently regulated by sucrose. Six days old pRBR::gRBR1-GFP seedlings grown on plates in the presence of 1% sucrose (T0) was
treated with liquid media with 0, 1 or 2% sucrose for 6 hours. IP with anti-GFP or anti-E2FA from these seedlings in (D) as indicated. The co-IP
experiments with specific antibodies and the input levels as well as the corresponding molecular masses are indicated. (E) Interaction of E2FA
or E2FB with RBR1 in WT Arabidopsis Landsberg (Ler) or CYCD3;1 overexpression line (CYCD3;1-OE). Six days old seedlings (T0) grown on
plate in the presence of 1% sucrose were treated with liquid medium without sucrose (0%) for 6 hours. IP from protein extracts of these
seedlings with anti-E2FA or anti-E2FB antibodies in (E) as indicated. The co-IP of RBR1 was probed with anti-RBR1 antibody in western blots.
Input levels of RBR1, P-RBR1 and E2FB proteins and loading controls are indicated. The quantitation of all western blots are provided in
Supplementary Figure S13.
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Figure 4 The pE2FA::gE2FA-GFP lines have increased expression of E2FA within its own expression domain that leads to more proliferation
and endocycle compared with WT. (A) Two independent pE2FA::gE2FA-GFP lines (line 2/10 and line 81/11) were tested for the expression
levels of E2FA, E2FA interacting proteins; DPA, DPB as well as cell-cycle markers and selected E2F target genes; CYCBI;1, CDKBI;1, E2FB,
MCM3 and RBRI by Q-RT-PCR in samples derived from proliferating first leaf pairs (9 DAG). (B) E2FA-GFP, DPA, RBR1, CDKB1;1 and CDKA;1
protein levels in samples of the first leaf pairs (L1-2) of WT and the two independent pE2FA::gE2FA-GFP lines at four time point (DAG)
detected by specific antibodies on western blots as indicated. Molecular masses (kDa) are indicated. (C) Interaction of E2FA-GFP with RBR1 in
WT and in the pE2FA::gE2FA-GFP lines using samples representing a developmental series of leaf pairs (L1-2) at the indicated time points (9,
11, 13, 16 DAG). IPs used anti-GFP or anti-E2FA antibodies as indicated. Co-IP of RBR1 was tested by anti-RBR1 antibody on western blot
(RBR1-WB), the RBR1 protein is indicated with arrow. In all, 1/25 of the IP from the extract was loaded as input. (D) Ploidy levels of
pE2FA::gE2FA-GFP line 81/11 compared with WT in samples of the first leaf pair—L1-2 taken at 9, 11, 13, 16 DAG. (E) Representative images of
the first leaf pair from pE2FA::gE2FA-GFP line 81/11 shows an increase in leaf size compared with WT.

(Figure 3C), in agreement to what we have found in the
pE2FA::gE2FA-GFP lines (Figure 4A) and was published
before by Sozzani et al (2006). Despite the increased E2FB
and RBR1 amounts in the E2FA/DPA overexpression line,
there was less E2FB/RBR1 complex present compared with
WT (Figure 3C), suggesting a distinct regulation of RBR1
interaction with E2FA than with E2FB.

In summary, the amount of RBR1-E2FA complex correlates
with the extent of proliferation in WT, E2FA/DPA overexpres-
sion line, pE2FA::gE2FA-GFP lines (see below), while there is
less RBR1-E2FB complex in the E2FA/DPA line.

The amount of RBR1-E2FB complex is decreased
whereas RBR1-E2FA complex is elevated when CYCD3;1
is overexpressed

One possible explanation for the elevated level of RBR1-E2FA
complex in samples when a high proportion of cells are in
proliferation is that in cycling cells proportionally more cells
would go through the G1 phase, where RBR1 is predicted to
interact with E2Fs. D-type cyclins promote cell proliferation
notably in G1 phase through phosphorylation of RBR1, and

1484 The EMBO Journal VOL 31 | NO 6 | 2012

thereby through the disruption of RBR1-E2F complex (van
den Heuvel and Dyson, 2008). First we set out to test whether
this is indeed the case during Arabidopsis leaf development
by using a phospho-RB (P-RB) antibody that recognizes two
conserved CDK phosphorylation sites (Ser807/811) present in
RBR1 protein. This commercial antibody was shown to cross-
react only with the phosphorylated RBR1 form in plants
(Abraham et al, 2011). To further ascertain that the P-RB
antibody recognises a genuine RBR1, we immunoprecipitated
with P-RB from WT and pRBRI::RBR1-GFP plants and
probed the immunoprecipitate with the Arabidopsis-specific
RBR1 or GFP antibodies and found a 125 and 145 kDa protein
corresponding to the expected RBR1 and RBR1-GFP sizes,
respectively (Supplementary Figure S4A-C and F). We found
RBR1 phosphorylation mostly in young leaves (9 DAG;
Supplementary Figure S4A). Furthermore, overexpression of
CYCD3;1 led to RBR1 hyperphosphorylation (Supplementary
Figure S4B), while overexpression of KRP2 reduced its phos-
phorylation (Supplementary Figure S4C).

It is known that sugar availability regulates the plant cell
cycle by influencing the expression of D-type cyclins (Menges
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et al, 2006). Because RBR1 is a pivotal target for the CYCD-
CDKA complex (Nakagami et al, 2002), we monitored RBR1
phosphorylation in Arabidopsis seedlings in response to short-
term (6h) treatment with 2% sucrose or no sucrose in the
media (Supplementary Figure S5A). The level of RBR1 phos-
phorylation became high in the presence of sucrose and was
reduced when WT seedlings were incubated in the absence of
sucrose. We also tested how the sugar-induced phosphoryla-
tion of RBR1 is regulated in CYCD3;1 and KRP2 overexpression
lines and found it to be low in KRP2 and high in CYCD3;1,
irrespective of the sucrose levels (Supplementary Figure S5A).
These results show that RBR1 phosphorylation on the con-
served Ser807/811 sites is sucrose dependent and rely on a
CDK regulated by CYCD3;1 and KRP2.

Next, we tested whether the change in RBR1 phosphoryla-
tion after sucrose treatments is linked to an altered cell
proliferation at different sucrose levels by monitoring DNA
content using flow cytometry and the expression of cell cycle
marker genes by Q-RT-PCR (Supplementary Figure S5B and
C). Addition of 2% sucrose elevated the proportion of cells in
S-phase after 6h followed by an increase in G2 cells after
12 h. In contrast, in sucrose-free media, the proportion of S-
phase decreased while the G1 increased (Supplementary
Figure S5B). The expression of cell-cycle genes also changed,
though in a rather complex manner, indicating that both the
G1 and G2 control points are targets for sugar signalling
pathways. Depletion of sucrose first reduced the CYCA2;3
level at 6h and then CDKBI1;1 at 24h while addition of
sucrose induced the CYCD3;1 and CYCBI;1 expression at
6h. CYCA2;3 peaked at 12h and diminished at 24 h, sugges-
tive for a synchronous cell proliferation (Supplementary
Figure S5B and C).

The next question was how RBR1 association with E2FA
and E2FB is regulated by sucrose. We utilised the RBR1-GFP
line and performed IP with GFP-specific antibody and
detected RBR1, P-RBR1, E2FB and DPA, while for the inter-
action of E2FA with RBR1 we immunoprecipitated with
E2FA-specific antibody and detected RBR1 on the western
blot (Figure 3D). In agreement to the previous experiment in
WT Arabidopsis seedlings (Supplementary Figure S5A), both
RBR1-GFP protein and the P-RBR1 levels increased parallel
with the elevated sucrose concentration but only P-RBR1
level was reduced in sucrose-free condition. The majority of
E2FB protein was in complex with RBR1 in sucrose-free
condition (Figure 3D). Though E2FB protein level was in-
creased in the presence of sucrose, its RBR1 association
greatly diminished. Thus, sucrose regulates the level of
RBR1-free E2FB, which potentially can go on and trigger
cell proliferation. Contrary to E2FB, the E2FA-RBR1 complex
was the most abundant in the presence of sucrose, and
paralleled the RBR1 protein level. DPA can form heterodim-
mers both with E2FA (Supplementary Figure S7) and with
E2FB (Magyar et al, 2000, 2005) but not with E2FC
(Gutierrez, 2009). In agreement, DPA could be detected in
complex with RBR1 at both the presence and absence of
sucrose, when E2FA and E2FB forms complex with RBRI,
respectively (Figure 3D). All these data indicate that RBR1
represses cell-cycle progression through E2FB in sucrose-
limited condition, while RBR1 forms complex with E2FA
when sucrose is present and cells proliferate.

We also have found above that CYCD3;1 overexpression
can increase and overcome the sucrose-dependent RBR1
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phosphorylation. Therefore, we investigated how CYCD3;1
level affects the association of RBR1 with E2FA and E2FB. We
took advantage of sucrose-depleted condition, which we
know to increase E2FB but decrease E2FA interaction with
RBR1. We immunoprecipitated E2FA and E2FB from WT
Landsberg erecta and CYCD3;1 overexpression lines and
tested the level of RBR1 in the complex. In agreement to
our results above there is an increased RBR1 amount in the
CYCD3;1 overexpression line compared with WT. The RBR1-
E2FA complex also increased in parallel to RBR1 levels in the
CYCD3;1 line (Figure 3E; Supplementary Figure S6A). In
agreement that DPA is the dimerisation partner of E2FA, the
DPA association with RBR1 also increases in the CYCD3;1
overexpression line (Supplementary Figure S6A). These re-
sults are surprising, because the majority of RBR1 is phos-
phorylated upon CYCD3;1 overexpression, and according to
the current models this should lead to the dissociation of
RBR1-E2F complex. This was indeed the case for E2FB,
which showed a decreased association with RBRI in the
CYCD3;1 overexpression line compared with WT (Figure 3E).

Cells in cotyledons exit proliferation and enter into endo-
cycle early during development, which is strongly inhibited
by CYCD3;1 overexpression (Dewitte et al, 2003). An ex-
tended proliferation of cotyledons in the CYCD3;1 overex-
pression line is also indicated by the elevated levels of E2FB,
DPA and CDKB1;1 cell-cycle proteins (Supplementary Figure
S6B). We found that RBR1 forms a complex with E2FA but
not with E2FB in the cotyledon of CYCD3;1 overexpressor line
(Supplementary Figure S6C). These data further substantiate
that E2FA-RBR1 and E2FB-RBR1 complexes are distinct in
their regulation and E2FA-RBR1 abundance correlates with
cell proliferation.

Since both CYCD3;1 and E2FA/DPA overexpression lines
show an increase in proliferation and RBR1 levels we com-
pared their RBR1 phosphorylation status. CYCD3;1 line had
vastly more P-RBR1 than E2FA/DPA, though both had in-
creased amounts compared with the WT. The ratio of unpho-
sphorylated to phosphorylated RBR1 forms was substantially
higher for E2FA/DPA compared with CYCD3;1 overexpression
line, suggesting that the mechanism for overproliferation for
these two lines are distinct; for CYCD3;1 this is due to RBR1
phosphorylation, while for E2FA/DPA this could relate to
increased amount of RBR1-E2FA complex (Supplementary
Figure S4B).

To investigate whether the phosphorylated or non-phos-
phorylated RBR1 forms a complex with E2FA in proliferating
cells, we have used two independent pE2FA::gE2FA-GFP
lines with lower and higher expression levels, lines 2 and
81, respectively. This enabled us to immunoprecipitate E2FA
with GFP antibody and to probe the immunoprecipitates for
phospho-RB, RBR1 and GFP. In agreement with the above-
described results, line 81, which has more E2FA-GFP, also
contained a higher amount of RBR1 (Supplementary Figure
S4D). However, no dramatic difference in the P-RBR1 level
was observed between the two lines and we could not detect
the P-RBR1 form in complex with E2FA (Supplementary
Figure S4D). This result was confirmed by a reciprocal IP
with the P-RB antibody; from line 81; we could detect RBR1 in
complex with E2FA, but there was no detectable association
between E2FA- and P-RBR1 (Supplementary Figure S4E).
Because we detect E2FA-RBR1 complexes in the CYCD3;1
overexpression line, a pool of RBR1, possibly the one that
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form a complex with E2FA, appears to be protected from
CYCD3;1-CDKA;1 phosphorylation.

Elevated E2FA level results in more E2ZFA-RBR1 complex
and increased cell proliferation

To further investigate how E2FA level affect cell proliferation
and endocycle, we analysed the pE2FA::gE2FA-GFP plants
(lines 2 and 81) that had different E2FA expression levels
(Figure 4A), but the developmental regulation remained
unaltered; more E2FA protein was present in the young
proliferating leaves (9 DAG) and it diminished as leaves
develop (11-16 DAG; Figure 4B), correlating with the expres-
sion levels of the mitotic regulators; CYCBI;1 and CDKBI;1
(Figure 4A). Although we did not detect a significant increase
in DPA and RBR1 transcripts, their protein amount increased
proportionally to the level of E2FA-GFP (Figure 4B). This
effect could be due to the stabilization of RBR1 and DPA when
complexed with E2FA. To test this hypothesis, we performed
a co-IP experiment with a GFP antibody and determined the
presence of RBR1 (Figure 4C). The increased E2FA levels
indeed resulted in a corresponding increase in the E2FA-
RBR1 complex (Figure 4C).

Confirming the upregulation of cell proliferation, we found
increased and sustained CDKB1;1 and CDKA;1 protein levels
in the pE2FA::gE2FA-GFP line 81/11 compared with the WT
(Figure 4B). Moreover, endocycle was also stimulated, as
illustrated by flow cytometric measurements on leaves from
11 DAG onwards, when proliferation starts to decrease,
resulting in an increased percentage of 8C and 16C nuclei
(Figure 4D). These results illustrate that the outcome of E2FA
overexpression is determined by the proliferative status of the
tissue, and correlates with the amount of E2FA-RBR1 com-
plex. This dual effect of E2FA on cell proliferation and
endocycle resulted in overall larger leaf size (Figure 4E).

To investigate how RBR1 levels affect mitosis and endo-
cycle, we measured DNA content of developing leaves in
RBR1-GFP lines (Supplementary Figure S6E) that we know to
have around 10 times higher RBR1 level (data not shown).
We analysed the effect of increased RBR1 level on leaf
development at two time points; at 7 DAG when most leaf
cells are dividing and at 16 DAG when endocycle is more
prominent. RBR1 was found to repress the progression of
both mitotic cell cycle and endocyle (Supplementary Figure
SG6E). From this experiment it is not clear whether the
elevated RBR1 at distinct time points could act through the
same or different E2Fs.

Blocking RBR1 recruitment to promoters through E2FA
by overexpression of an E2FA form with a deleted
RBR1-binding domain triggers premature exit from
proliferation and hyperactivate endocycles

E2FA was suggested to regulate the proliferative cell cycle and
endocycle through its ability to bind to promoter sequences
and transactivate E2F target genes that are involved in DNA
synthesis (De Veylder et al, 2002). To unravel the role of
transactivation versus the recruitment of a repressor RBR1
complex to promoters specifically through E2FA, we con-
structed a truncated form of E2FA in which the last 65
C-terminal amino acids responsible for both RB binding and
transactivation were removed (E2FA*R®; Supplementary
Figure S8A), and expressed it in Arabidopsis plants
under the control of CaMV35S promoter. A similar deletion
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mutation was described for the animal E2F1, and was shown
to confer growth factor independent cell proliferation, sug-
gesting that not the masking of E2F transactivation capacity
upon RB binding, but the recruitment of RB to promoters is
required for repression of cell division (Zhang et al, 1999).
Our biochemical analysis demonstrated that E2FAR® is still
able to associate with E2F cis-acting elements and to dimerise
with DPA (Supplementary Figure S8B-D), whereas it was
impaired in RBR1 association (Supplementary Figure S8E and
F) and transactivation, tested by its ability to activate E2F
target promoters (Supplementary Figure S8G).

Arabidopsis 35S::E2FA®R® lines had no obvious macro-
scopic phenotypes, and the mutant E2FA“R® protein was
hardly detectable through its HA-tag. However, when
E2FA“RE was co-expressed with DPA, the stability and the
DNA-binding activity of E2FA*R® was improved (Supple-
mentary Figures S8B-D and S9A). The 35S::E2FA*RE/DPA
plants had smaller-sized cotyledons and leaves than the WT
(Supplementary Figure S9B). The size of the root meristem
was also compromised in the 35S::E2FA“RE/DPA plants in
comparison to the WT root (Supplementary Figure S9C). Leaf
epidermal cells enlarged prematurely in the 35S:E2FA%RE/
DPA plants compared with the WT, indicating that cells exited
the proliferative stage earlier than WT cells (Supplementary
Figure S9D). Consequently, leaf size was significantly smaller
in the 35S:E2FA“RE/DPA plants compared with the WT
(Supplementary Figure S9E). Trichomes were over branched,
containing up to 10 branches compared with the typical three
in the WT (Supplementary Figure S9F and G). The over
branched trichomes indicated a strong positive effect on the
endocycle, which we confirmed by DNA content analysis
using flow cytometry. The ploidy levels were significantly
higher; up to 32C in the mature leaves of 355::E2FA*RE/DPA
lines compared with the single 355::E2FA*R® and DPA over-
expressors, as well as the WT control, where the maximum
DNA amount was 8C (Supplementary Figure SOH). Moreover,
we detected an 8C ploidy level as early as 6 DAG in the
E2FA“RB/DPA line, whereas in WT leaves, cells remain
diploid up to 10 DAG, demonstrating that the endocycle was
prematurely activated (Figure 5A). This phenotype required
the formation of the E2FA“RB/DPA dimer, as the single
transformants ~ were  indistinguishable = from  WT
(Supplementary Figure S9G and H).

To demonstrate the requirement of E2FA binding to DNA
for its dual effect in regulation of proliferation and endocycle,
we mutated the DNA-binding domain of DPA (DPA*P®) and
co-expressed it with E2FA (Supplementary Figure S10A). We
did not find any phenotypes that were described for
35S::E2FA/DPA line, and there was no significant alteration
in ploidy levels neither in the 355::E2FA/DPA“P® plants nor in
the 355::EZFAARB/DPAADB plants and remained similar to WT
and to the singly transformed lines (Supplementary Figure
S10B and C). These results suggest that E2FA/DPA or
E2FA“RB/DPA dimer needs to associate with DNA for its
phenotypic effects.

We also determined the expression of S-phase regulatory
genes in the 355::E2FA*RE/DPA seedlings, including ORC2,
MCM3 and RNR2 (Figure 5B; Supplementary Figure S11B and
C). We found all these genes to be upregulated. We do not
know whether these genes are direct targets for the E2FA-
RBR1 repressor complex, or their upregulation is a conse-
quence of hyperactivated endocycle.
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Figure 5 E2FA interaction with RBR1 is required for the repression of premature cell elonganon and endocycle. (A) DNA content was
determined in the first leaf pairs by flow cytometry and it shows a premature increase in ploidy in the 35S::HA-E2FA“R®/DPA overexpressor
line in comparison to the WT. (B) Expression analysis of ORC2 and Expansin 5 were determined by Q-RT-PCR from the first leaf pairs at three
developmental time points (DAG) from the WT and two 35S::HA-E2FA“RB/DPA lines. (C) Expression analysis of CCS52A1 and CCS52A2 were
determined by Q-RT-PCR from the developing first leaf pair of WT, and two pE2FA::gE2FA-GFP lines (the high expressor line 81 and the low
expressor line 82) and the T-DNA insertion line e2fa-1 in the indicated time points (DAG). (D) Expression analysis of CCS52A1 and CCS52A2
were determined by Q-RT-PCR from seedlings of WT, 35S::E2FA/DPA and 35S::E2FA“R®/DPA overexpressor lines 1 week after germination.
(E) ChIP analysis of CCS52A1 and CCS52A2 promoters showing RBR1 association around their consensus E2F sites were carried out on 5 days
old roots of Arabidopsis Columbia seedlings. PCNA1 (At1g07370; Kosugi and Ohashi, 2002) promoter was used as a positive control while a
random intergenic region from chromosome 3 (IR; between At3g03660-70) was used as a negative control. Asterisks show the presence of
consensus cis-acting E2F element in the promoter fragments amplified by using Q-RT-PCR primers in distance from the translational start
codon as indicated.

We conclude that the overexpressed E2FA*RE/DPA binds to exit proliferation and enter into endocycle (Figure 5C). In
DNA at E2F sites and blocks the formation of the repressor contrast, CCS52A2 expression was doubled in the e2fa-1
RBR1 complex at these sites leading to hyperactivated endo- mutant leaf at 10 DAG and later at 15 DAG (Figure 5C). On
cycle and compromised meristem maintenance. the basis of these data, we suggest that E2FA function as a

repressor on the CCS52A genes possibly through the recruit-
CCS52 genes are repressed by the recruitment of RBR1 ment of RBRI1 to their promoters.
through E2FA to their promoters To study whether the E2FA*RB/DPA binding to DNA blocks
In proliferating cells, genes required for endocycle onset need the recruitment of innate E2FA to promoters for transactiva-
to be repressed. These include the CCS52 genes that play tion, or prevents the recruitment of the repressor RBR1
important regulatory roles in the transition from mitosis to complex to promoters through E2FA, we tested the expres-
endocycle by stimulating the degradation of mitotic cyclins sion of various putative E2FA target genes (Vandepoele et al,
(Vanstraelen et al, 2009). To test the impact of E2FA levels on 2005). In the first scenario, target gene expression is expected
the expression of CCS52 genes, we followed their expression to be downregulated, while in the second they would be
during the development of the first leaf pairs in lines with upregulated. We found that both CCS52 genes (CCS52A1 and
increased E2FA expression in its own expression domain CCS52A2) were largely upregulated in the 35S::E2FA**®/DPA
(strong and weak expressor E2FA-GFP lines; 81 and 82, lines (Figure 5D). Similarly, genes described before to be
respectively) and in the e2fa-1 knockout mutant repressed in 35S::E2FA/DPA overexpression lines with a
(Berckmans et al, 2011b). Both CCS52 genes were repressed role in cell enlargement and differentiation (Vandepoele
in the leaves with elevated expression of E2FA in E2FA-GFP et al, 2005), such as EXPANSIN 5 (Park et al, 2010) and
lines; 81 and 82 at 10 DAG when leaf cells normally begin to ECERIFERUM 1 (CER1; Lai et al, 2007) were upregulated in
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the 355::E2FA“RB/DPA lines, compared with the WT, support-
ing the notion that both endocycle and cell expansion are
accelerated in the leaves of the 35S::E2FA“RB/DPA lines
(Figure 5A and B; Supplementary Figures S9D and S11A).

To confirm that RBR1 indeed present on the promoters of
the CCS52 genes where E2Fs can bind in vivo, we performed
chromatin IP (ChIP) in 5 days old Arabidopsis roots by using
RBR1-specific antibody. Both CCS52A1 and A2 gene contains
exactly the same overlapping E2F-binding sites in close
distance to their translational start codon (159-170bp and
110-122 bp, respectively; Lammens et al, 2008). To test
whether RBR1 binds to the E2F sites, we analysed three
different regions in these promoters. As it is shown in
Figure 5E, enrichment was detected by ChIP in a region
spanning from 23 to 237bp upstream of the ATG start
codon in both CCS52 promoters correlating with the presence
of putative E2F-binding sites. Interestingly, more CCS52A2
was precipitated by RBR1 than CCS52A1, suggesting that the
level of RBR1 repression could be different on these genes in
the root. In agreement, CCS52A2 expression is restricted only
to few cells located in the root cap (Vanstraelen et al, 2009).

We conclude that E2FA, together with RBR1 forms a
repressor complex required for inhibiting the activity of
genes involved in, endocycle; CCS52A1 and A2 and cell
expansion, differentiation, such as EXPANSIN 5, CERI1, in
order to maintain the diploid state and proliferation potential
in meristems.

E2FA is part of an RBR1-dependent and -independent
E2F regulatory network involved in defining the balance
between proliferation and endocycle

Previously, it was shown that DEL1/E2FE represses the
expression of CCS52A2 in proliferating cells, and thereby
restrain CCS52A2 expression to cells exiting proliferation and
undergoing endocycle (Lammens et al, 2008). This provides an
RBR1-independent mechanism to repress the CCS52A genes in
the meristem. E2FC was also shown to repress genes in G2
phase control, such as CYCBI1;1, and to promote endocycle
(del Pozo et al, 2006). How these genes are linked in a
regulatory network to regulate the transition from cell prolif-
eration to endocycle is little understood. Therefore, we inves-
tigated how the expression of other E2Fs during leaf
development is effected in the e2fa-1 knockout mutant. We
found a decreased DEL1/E2FE expression at 8 DAG and an
increased level of DEL1-3/E2FD-F at 15 DAG in the e2fa-1
mutant compared with WT, indicating that E2FA is required for
DEL1/E2FE expression in proliferating cells, while as cells
leave the proliferative state during leaf development E2FA
represses the expression of all DELs (Supplementary Figure
S12). E2FC expression is elevated at all time points during
development in the e2fa-1 mutant, suggesting that E2FA
suppresses E2FC expression. Interestingly, in the e2fa-1 mutant
E2FB expression changes relative to WT but this is develop-
mental stage dependent. In summary, E2FA levels can
influence the expression of other E2Fs and thereby these
RBR1-dependent and -independent regulatory mechanisms
are connected in a regulatory network.

Discussion

Plant development is largely post-embryonic, and relies on a
pool of undifferentiated cells within the meristems. Several

1488 The EMBO Journal VOL 31 | NO 6] 2012

regulators are required for stem cell maintenance and this is
the case for RBR1 that has a pivotal function in roots
(Wildwater et al, 2005), and in the leaf (Borghi et al, 2010).
Part of the RBR1 function depends on downstream targets
such as E2FA that regulates cell proliferation within the
meristem, whereas in post-mitotic cells it promotes endocycle
(De Veylder et al, 2002; Inze and De Veylder, 2006). E2FA is
most abundant in proliferating cells, but both E2FA tran-
scripts (De Veylder et al, 2002) and protein can clearly be
detected in differentiated cells known to be engaged in
endocycle. The effect of E2FA on these two processes is
dose-dependent; modest E2FA ectopic overexpression only
boosts the endocycle, as indicated by the selective upregula-
tion of S-phase related genes (de Jager et al, 2009), while
strong ectopic overexpression disrupts tissue organisation by
deregulating both cell proliferation and endocycle (De
Veylder et al, 2002). By manipulating E2FA level within its
own expression domain, we show that E2FA is necessary and
sufficient for both processes and thus it coordinates growth
through maintaining cell proliferation within the meristems
and promoting endocycle and cell enlargement outside the
meristems.

RBR1 forms a stable complex with E2FA that is not
dissociated when CYCD3;1 level is high

RB is a tumour suppressor gene, involved in the repression of
cell proliferation in animals (van den Heuvel and Dyson,
2008). In plants, the rbrl knockout mutant and RBRI silen-
cing lines show cell type-specific overproliferation (Ebel et al,
2004; Park et al, 2005; Wildwater et al, 2005; Desvoyes et al,
2006; Jordan et al, 2007; Lageix et al, 2007; Chen et al, 2009,
2011; Borghi et al, 2010; Johnston et al, 2010; Gutzat et al,
2011), while ectopic overexpression of RBR1 induces cell
differentiation (Wildwater et al, 2005; Wyrzykowska et al,
2006). However, the function of the different RBR1-E2F
complexes is still not well understood. Three E2F transcrip-
tion factors have the ability to form a complex with RBR1 in
Arabidopsis, E2FA, E2FB and E2FC (Van Leene et al, 2010).
Here, we show that in proliferating cells, the complexes
between RBR1 and the two ‘activator-type’ E2Fs, E2FA and
E2FB are differently regulated by CYCD3;1. The abundance of
the RBR1-E2FB complex is responsive to CYCD3;1 levels and
in agreement with the model of E2F control by RBRI,
disrupted upon RBR1 phosphorylation (Figure 6A).
CYCD3;1 overexpression results in overproliferation, whereas
its knockout compromises cell division (Dewitte et al, 2003,
2007), suggesting that CYCD3;1 acts on RBR1-E2FB. We
show that sucrose availability is linked to RBR1 phosphor-
ylation dependent on CYCD3;1 and KRP2 levels. When
sucrose is abundant, the free E2FB is high leading to pro-
liferation, while in sucrose limiting conditions, E2FB is
associated with RBR1. In contrast, the abundance of the
RBR1-E2FA complex was found to be increased upon
CYCD3;1 overexpression and the amount of this complex
correlated with the extent of proliferation, and was high in
the presence rather than in the absence of sucrose. These data
suggest that either the RBR1-E2FA complex is not disrupted
upon RBR1 phosphorylation by the CYCD3;1/CDKA;1 or that
the RBR1-E2FA complex is protected from the CYCD3;1-CDK
phosphorylation activity. The first hypothesis would be com-
patible with recent findings in the unicellular alga
Chlamydomonas, where the phosphorylated MAT3/RBR
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Figure 6 Model explaining the functions of E2FA and E2FB in
proliferating and in endocycling cells. (A) RBR1 represses E2FB
activity, which is released by CYCD3;1- and KRP2-regulated RBR1
kinase in a sucrose-dependent manner. The RBR1-free E2FB stimu-
lates cell proliferation by activating genes involved in cell-cycle
progression. E2FA-RBR1 complex, however, is more stable in
proliferating cells present in the meristem and represses genes
involved in the switch from mitosis to endocycle (in B). E2FA is
released from its RBR1-bound form by an unknown mechanism and
stimulate endocycle in cells committed for differentiation.
(B) E2FA-RBR1 complex inhibit endocycle in actively dividing
cells by directly repressing the expression of CCS52A genes. E2FC
is also repressed by E2FA, though it is not yet clear whether this is
direct. E2FC is known to promote endocycle, and opposing E2FB in
this activity. Recently, it was shown that the balance of E2FB/E2FC
is measured by direct transcriptional regulation of DEL1/E2FE
(Berckmans et al, 2011a). Thus, endocycle is regulated by CCS52A
through an interlinked RBR1-dependent and RBR1-independent E2F
transcription factors.

remains bound to the E2F1/DP1 heterodimers during all stages
of the cell cycle (Olson et al, 2010). Also in animal cells, DNA
damage promotes the formation of stable pRB-E2F1 complex
in proliferating cells regardless of the RB phosphorylation
status (Ianari et al, 2009). Our results, however, show that in
Arabidopsis, RBR1 phosphorylated by CYCD-CDK on the
conserved Ser807/811 sites cannot be detected in association
with E2FA. Therefore, we suggest that the RBR1 bound to E2FA
escapes from CYCD-CDK phosphorylation. Elevating E2FA
levels proportionally increases the RBR1-E2FA complex and
leads to a higher proportion of unphosphorylated RBRI,
providing additional evidence that this RBR1-E2FA complex
is resistant to phosphorylation by CYCD3;1-CDK, probably due
to its participation in a large multi-subunit complex in which
phosphorylation sites are hidden.

The identification of evolutionary conserved pocket pro-
tein/E2F complexes in Drosophila has provided new insight
into E2F-mediated gene-regulation (Dimova et al, 2003; van
den Heuvel and Dyson, 2008). Moreover, the animal multi-
subunit E2F-RB complexes alternatively called dREAM
(named after the complex of Drosophila melanogaster RBF,
E2F and MYB) or Myb-MuvB (MMB) are present in actively
dividing cells regardless of the presence of active RB-kinases
and their major functions are to repress developmental genes
and regulate G2- and M-phase of the cell cycle (Korenjak et al,
2004; Korenjak and Brehm, 2005; Litovchick et al, 2007;
Knight et al, 2009). Components of putative dREAM com-
plexes appear to be conserved in plants. There are five related
Arabidopsis MYB3R genes; two of them were shown to
regulate mitotic gene expression (Haga et al, 2007). Also in
plants, E2FA and RBR1 have been reported to cause chromo-
some instability (Henriques et al, 2010; Johnston et al, 2010;
Chen et al, 2011). Therefore, E2FA and RBR1 could participate
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in the plant homologue of the dREAM complex to regulate
different aspects of cell division and development, although
further studies are required to test this hypothesis.

RBR1-E2FA complex functions in maintaining
proliferation through repression of cell differentiation
Overexpression of E2FA together with DPA dramatically
represses cellular differentiation and promotes stem cell
maintenance (De Veylder et al, 2002; Wildwater et al,
2005). It was suggested that the largely overexpressed E2FA
can escape from RBR1 repression leading to uncontrolled cell
proliferation and delayed differentiation. Similar mainte-
nance of the undifferentiated state has been found with
overexpression of a number of other positive cell-cycle reg-
ulators, such as CYCD3;1, CYCA3;2 and CYCAZ2;3, which also
simultaneously inhibits the entry into endocycle (Dewitte
et al, 2003; Yu et al, 2003; Imai et al, 2006). How cell cycle
promotion impinges on differentiation is not well understood.
In animal cells, differentiation was suggested to be a default
pathway that must be inhibited in stem cells and in cells
maintaining their proliferative state (Orford and Scadden,
2008).

In animal systems, the E2F and RB family members are
known to provide a broadly utilised switch that not only
controls the temporal expression of genes for cell prolifera-
tion, but also represses developmentally regulated genes
independent from cell proliferation (van den Heuvel and
Dyson, 2008). Genome-wide expression studies and in silico
promoter analysis for the presence of E2F elements revealed a
battery of Arabidopsis genes that are repressed by E2FA
(Vlieghe et al, 2003; Vandepoele et al, 2005; de Jager et al,
2009). Surprisingly, none of the downregulated genes has cell
cycle related functions, but they are involved in cell elonga-
tion, development and metabolism. Recently, it was shown
that RBR1 not only regulates cell-cycle genes, but is required
to repress late embryonic genes during seedling development
(Gutzat et al, 2011). We have tested the regulation of a
selective set among these genes, such as the CCSS2AI,
CCS52A2, CERI and EXPANSINS, and found all to be upregu-
lated in the 35S::E2FA“R®/DPA line, suggesting that the E2FA-
RBR1 complex, formed in proliferating cells, is involved in
the repression of these differentiation genes. Supporting the
role of RBR1 in the repression of endocycle is the increased
ploidy level found in cells where RBR1 function is inhibited
through the expression and binding of viral proteins
(Desvoyes et al, 2006; Jordan et al, 2007). However, reduced
RBR1 level can also lead to elevated ploidy through endomi-
tosis (Henriques et al, 2010; Johnston et al, 2010). We show
that increasing RBR1 levels within its own expression domain
suppresses the onset of endocycle. Endocycle is also con-
strained in Drosophila follicle cells via repression of genes for
origin recognition complex by RBF1, E2F1 and E2F2, and
thus appears to represent an evolutionary conserved mechan-
ism present in animals and plants (Cayirlioglu et al, 2003).

CCS52A1 and CCS52A2 are two activators of the APC,
whose functions are to regulate the developmental switch
between mitosis and endocycle by stimulating the degrada-
tion of mitotic cyclins (Fulop et al, 2005). CCS52A1 expres-
sion is excluded from the root meristem; accumulates from
the first elongating cell upwards and the ccs52al mutant
shows a delayed exit from mitosis (Larson-Rabin et al,
2009; Vanstraelen et al, 2009). Both the expression and the
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phenotypic consequences of E2FA silencing and overexpres-
sion are opposite to those of CCS52Al1, suggesting that
CCS52A1 could be an important target for the E2FA-RBR1
repressor complex. Both CCS52A1 and CCS52A2 promoters
contain E2F-binding sites, and we show by ChIP that RBR1 is
present on these promoters in the vicinity of E2F elements.
Interestingly, the atypical E2F repressor protein, DEL1/E2FE
only regulates CCS52A2 during leaf development (Lammens
et al, 2008). Elevated E2FA levels repress both CCS52A1 and
CCS52A2, while in the e2fa-1 knockout mutant both CCS52As
are elevated, though CCS52A2 at an earlier time point during
leaf development. These suggest that there are both RBR1-
dependent and RBR1-independent repressor complexes that
play roles to regulate the onset of endocycle through the
regulation of CCS52A genes (Figure 6B).

E2FA promotes cell growth through stimulating
endocycle

The proliferation and the endocycle functions of E2FA are
confined to spatially distinct tissues, and the 35S::E2FA%RE/
DPA line allowed us to separate these roles. The compro-
mised maintenance of the proliferative state in the
355::E2FA®RE/DPA line suggests that RBR1 binding is
required for proliferation, while for endocycle E2FA needs
to escape from RBR1 control to bind DNA. Though RBRI1
itself is most abundant in proliferating cells, it is more
ubiquitous than E2FA in differentiating cells. The exact
mechanism by which E2FA function is uncoupled from
RBR1 control to regulate endocycle is not clear. One possibi-
lity would be the preferential association of RBR1 with
another E2F, as cells leave the meristem and E2FA-RBRI1
complex diminish. This transition coincides with the de-
crease of CYCD3;1 and consequently the dephosphorylation
of RBR1, that favours the interaction of RBR1 with E2FB.
Additionally, other regulators, such as the Arabidopsis S6K1,
could play a role at the transition zone to promote the RBR1-
E2FB interaction and cell-cycle repression (Henriques et al,
2010). Alternatively, E2FA might promote endocycle by direct
interaction with the ORC (origin of replication complex), as it
was found in Drosophila (Royzman et al, 1999; Bosco et al,
2001; Wells et al, 2003).

In Arabidopsis, there are 6 E2F transcription factors; E2FA,
E2FB and E2FC are able to interact with RBR1, while DEL1/
E2FE, DEL2/E2FD and DEL3/E2FF are RBR1 independent.
The promoters of all except E2FA contain putative E2F
elements, and indeed it was shown that they can cross-
regulate each others expression and thereby constitute a
gene regulatory network. It was shown that E2FA can induce
E2FB expression (Sozzani et al, 2006), while DEL2/E2FD
increases the expression of E2FA, E2FB and DEL1/E2FE
(Sozzani et al, 2010). We show that E2FA regulates DEL1/
E2FE and E2FC expression (Figure 6B). Recently, we have
shown that E2FB and E2FC oppositely regulates DEL1/E2FE
expression, while E2FA does not bind to the DEL1 promoter
(Berckmans et al, 2011a). It is possible that E2FA therefore
indirectly regulate DEL1 through modifying the expression of
E2FC and E2FB. In agreement, E2FC expression was in-
creased in the e2fa-1 knockout plant. Thus, there is an
interconnected RBR1-E2F gene regulatory network that reg-
ulates the balance between cell proliferation and endocycle,
cell differentiation (Figure 6).
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In conclusion, E2FA promotes cell proliferation indirectly,
through maintaining the dedifferentiated state of cells in
complex with RBR1. In differentiated cells, there is a distinct
mechanism where E2FA is required to promote endocycle
that regulates cellular growth. Thus, E2FA impinges on the
two major mechanisms that determine plant organ growth.

Materials and methods

Plant material and growth conditions

Arabidopsis thaliana ecotype Columbia (WT-Col) or Landsberg
erecta (WT-Ler) was used as control plants. For all analysis, plants
were grown under 16 h light/8 h dark photoperiod at 22°C in vitro
on germination medium or on soil as described before (Henriques
et al, 2010). The 35S::CYCD3;1 overexpressor line was kindly
provided by James AH Murray (Cardiff University, Wales, UK). The
cotyledons and the first leaf pairs of Arabidopsis WT-Col or the
transgenic Arabidopsis lines (pE2FA::gE2FA-GFP; pRBR1::gRBR1-
GFP; 35S::HA-E2FA*RB/DPA; CYCD3;1-OFE; e2fa-1-ko) were har-
vested from 6 to 16 days post-germination grown in vitro, and were
flash frozen and stored at —80°C. Protoplasts were isolated from
Arabidopsis cell suspension and the transformation for transient
expression was carried out as described before (Magyar et al, 2005;
Henriques et al, 2010). The T-DNA insertion mutant of E2FA (e2fa-1)
has recently been described by Berckmans et al (2011b).

Plasmid constructs, generation of transgenic Arabidopsis
plants

The construct of the pE2FA::gE2FA-GFP translational fusion has
been described before (Henriques et al, 2010). To construct the
PRBR1::gRBR1-GFP translational fusion, the RBR1 promoter and
the genomic open reading frame fragments of RBR1 were amplified
from Col-0 genomic DNA using the primer combinations described
in Supplementary Table S2, and RBR1 genomic sequence was fused
at the 3’ end with the coding sequence of GFP in a pGreenll-based
pGII0125 destination vector (Galinha et al, 2007), by using the
Invitrogen 3way gateway system (Invitrogen, USA). The HA epitope
tagged C-terminal deletion mutant of E2FA (E2FA“*®) missing a 65-
amino-acid long region containing the conserved RB-binding motif
was described (Magyar et al, 2000). E2FA and E2FB have been
cloned into pDON-201 plasmid (Magyar et al, 2005) and they were
further cloned into pK7GWIWG2(I), a gateway RNA-interference
binary destination vector (Karimi et al, 2002). The HA-tagged E2FA
and E2FB as well as the c-myc-tagged DPA has been constructed
previously (Magyar et al, 2005).

Transgenic Arabidopsis plants were generated by using the
floral-dip method for Agrobacterium-mediated transformation as
described (Zhang et al, 2006) and mutants were selected on the
presence of the appropriate antibiotic. A single T-DNA insertion line
containing the 35S::HA-E2FAF® insert was identified and homo-
zygous T2 segregation was selected on kanamycin-containing
medium. Homozygous 35S:HA-E2FA®R® and the 35S::DPA (De
Veylder et al, 2002) was crossed and double overexpressor lines
were selected on medium containing kanamycin and hygromycin.
Two T2 lines were selected later named as 7 and 8; line 7 was
heterozygous for both E2FA“RE, and DPA while line 8 was
heterozygous for E2FA“R® but homozygous for DPA. Double
overexpressor 35S::HA-E2FA*RB/355::Myc-DPAP® transgenic lines
were generated by crossing the homozygous lines. The construct for
the RNR2 promoter-GUS was described (Horvath et al, 2006).

RNA extraction and quantitative RT-PCR

Whole seedlings or the first leaf pair was snap frozen in liquid
nitrogen. All samples were ground to fine powder using a chilled
(with liquid nitrogen) pestle and mortar. RNA was extracted using
the RNeasy Plant Mini kit (Qiagen, UK). The concentration of each
RNA sample was calculated using the nanodrop 100 (Labtech, UK).
Each sample was normalised to a concentration of 0.5 ug RNA and
ran on a 0.8% agarose gel to check for quality of RNA. cDNA was
synthesised using 1pg of RNA using the QuantiTect Reverse
transcription kit (Qiagen). Real-time amplification in the presence
of SYBR Green was performed using a BioScript PCR kit (Bioline,
UK) according to the manufacturer’s instructions in a Rotor-Gene
6000 apparatus (Corbet Life Science, Australia). All data were
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normalised to housekeeping genes (PIP2 or actin) and the
calculated efficiency was added to the analysis. All reactions took
place in triplicate.

Cytological analysis, confocal microscopy, flow cytometry
analysis

To visualize the leaf epidermis, gel cast was made of the leaf surface
(the adaxial side of the first leaf pair) and then observed under DIC
light microscope Nikon Optiphot 2 as described (Horiguchi et al,
20006). Laser scanning confocal microscopy (Olympus FV1000) was
used to examine roots and leaves of 4- to 12-day-old plants stained
with 20 pg/ml propidium iodide. For flow cytometry measurements,
the first leaf pair were collected and chopped with razor blades in
nuclei extraction buffer and stained with DAPI as described before
(Magyar et al, 2005). Flow cytometry data were obtained using a
Partec PAS2 Particle Analysing system (Partec, Germany).

Immunoprecipitations, immunoblotting

IP and immunoblotting assays have been carried out as described
(Henriques et al, 2010). The following antibodies have been used in
co-IP experiments: anti-E2FA polyclonal rabbit antibody (Takahashi
et al, 2008), anti-DPA (Magyar et al, 2005) and anti-DPB
(Umbrasaite et al, 2010), and anti-E2FB polyclonal rabbit antibodies
(Magyar et al, 2005), anti-GFP monoclonal mouse (Roche) or GFP-
Trap coupled to magnetic beads (ChromoTek) or anti-GFP
polyclonal rabbit antibodies (AbCam), and anti-HA monoclonal
mouse (Roche) or anti-HA polyclonal rabbit (Upstate), anti-
phospho-specific Rb (Ser807/811) polyclonal rabbit antibody (Cell
Signaling Tech). Generally, 400-800pug of total protein extract
derived from a week or 2 weeks old seedlings or leaf samples (the
first leaf pairs derived from 8 to 16 days old seedlings) were used in
co-IP experiments. Precipitated material was separated on 10%
SDS-PAGE together with equal loading of 20-25 pg of total protein
extract as input material and blotted to PVDF membrane.
Antibodies used in immunoblotting experiments: anti-RBR1 (Hor-
vath et al, 2006), mouse monoclonal anti-PSTAIRE (CDKA;l
specific; Sigma), rabbit polyclonal antibody anti-CDKB1;1 (Magyar
et al, 2005).

Chromatin immunoprecipitation

ChIP were carried out on root material of 5 days old Col-0 seedlings.
IP was performed on sonicated chromatin fragments of 500-700 bp
in the presence and absence (negative control) of antibody, specific
for AtRBR1 protein as described in Horvath et al (2006). To assay
the in vivo binding of the AtRBR1 protein to the promoter regions of
the CCS52A1 and CCS52A2, genes using Q-RT-PCRs primers were
designed to amplify fragments between 100-200 bps that span along
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