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Introduction

1. Circadian clocks and circadian networks

The earth rotation around its axis has shaped the rhythmic behavior of living
organisms in consonance with the 24 hours changes in environmental cues
such as light and temperature. In order to anticipate these periodic changes,
organisms have developed an endogenous timekeeping mechanism known as
circadian clock. Circadian clocks are self-sustaining machineries that are
responsible for sensing and integrating the predictable environmental
fluctuations to efficiently generate rhythmic biological oscillations that enhance
the organism’s fitness (Bell-Pedersen et al., 2005, Terzibasi-Tozzini et al.,
2017).

The circadian system is composed of three main pathways: inputs, the central
oscillator and outputs. The clock components responsible for the
synchronization of the circadian rhythmic oscillations with the environmental
cues are known as inputs (Stratmann and Schibler, 2006, Husse et al., 2015).
The clock components responsible for generating and sustaining the rhythms
form part of the central oscillator, which is the core of the clock (Partch et al.,
2014, Mendoza-Viveros et al., 2017). Lastly, the biological processes that are
rhythmically controlled by the clock are known as outputs (Pilorz et al., 2018).
Although this is a very simplified model of the circadian system, it provides a
clear and simple view to understand how the clock is working and regulating the
rhythms in organisms (Masri et al., 2012, Panda, 2016).

In spite of the independent evolutionary steps, nearly all eukaryotic circadian
clocks share functional similarities such as (1) the persistence of rhythmicity
with endogenous period of about 24 hours, even in the absence of
environmental changes in light and temperature (free-running or constant
conditions); (2) the ability to be synchronized or entrained every day by light
and/or temperature cycles and (3) their capacity to buffer changes in
temperature within a physiological range, a property known as clock

temperature compensation (Dunlap and Loros, 2017).
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The basic architectural regulation of the eukaryotic central oscillator is based on
interconnected transcriptional and post-transcriptional feedback loops as well
as epigenetic regulation that altogether ensure the maintenance of robust
rhythms (Stevenson, 2017). The complex regulatory networks result in circadian
waves of clock core gene expression that oscillate at different phases during the
day and night. These rhythms in gene expression are ultimately responsible for
the generation of the rhythmic oscillations in physiological and developmental

outputs (van der Veen et al., 2017).

2. The circadian clock in plants

The circadian clock organization in plants has been the subject of different
studies focused on the specific circadian function in cells, tissues and organs. In
Arabidopsis thaliana, almost all cells possess self-sustained clocks exhibiting
different degrees of circadian synchronization in accordance to tissue specificity
and the environmental conditions. The shoot apex clocks have been described
to function as master clocks (Takahashi et al., 2015) with properties similar to
those of the SCN (Suprachiasmatic Nucleus) in mammals (Dibner et al., 2010,
Welsh et al., 2010). The shoot apex clocks are closely coupled, displaying a
high degree of circadian communication. This strong coupling leads to robust
and stable circadian rhythmic oscillations with improved capacity for phase
readjustments. Furthermore, signals coming from the shoot apex clocks are
able to synchronize distant clocks like the one in roots (Takahashi et al., 2015).
Analyses of cell-and tissue-specific clock function were also explored in other
studies. They showed that the circadian clockwork operates differently in
distinct tissues and organs. Indeed, different tissues display diverse degrees of
circadian coupling in spite of being physically close to each other (Thain et al.,
2000, Yakir et al., 2011, Wenden et al., 2012, Endo et al., 2014, Bordage et al.,
2016).

The three main components of the circadian system described in other
organisms have been also identified in plants. In the following sections, we

briefly describe these three main pathways, their components and regulatory
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interactions. We mostly focus on the Arabidopsis thaliana circadian system,

which is one of the best-studied plant models thus far (Figure 1).

INPUTS

CENTRAL
OSCILLATOR

OUTPUTS

Figure 1. Schematic view of the circadian clock system. This simplified depiction of the
circadian clock components shows the input pathways that include the environmental cues
such as light or temperature in charge of synchronizing the clock every day. The central
oscillator that translates the external signals into rhythmic oscillation of about 24 hours and the
output pathways that are the rhythmic biological processes regulated by the circadian clock.
Arrows indicate the interrelationship between the different pathways, the arrow going from the
central oscillator to the input pathways indicate the property of the circadian clock to modulate
its sensibility in the perception of external stimuli. Modified from (Greenham and McClung,
2015).

2.1. The Arabidopsis central oscillator: components and regulatory networks

Many different genetic and biochemical approaches have provided a wealth of
information about the Arabidopsis central oscillator (Nohales and Kay, 2016).
The initial identification of core clock components was carried out using plants
expressing the promoter of the morning-expressed circadian output gene
CHLOROPHYLL A/B-BINDING PROTEIN 2 (CAB2) fused to the luciferase
gene (LUC) as reporter. Induced mutagenesis followed by in-vivo
bioluminescence assays identified a number of mutants with altered circadian

period, phase or amplitude (Millar et al., 1995). These initial studies were
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followed by reverse genetic studies in which the characterization by miss-
expression (mutation or over-expression) of the putative circadian clock genes

provided important insights into the circadian regulatory network.

The first clock components to be characterized included two single MYB-
domain transcription factors showing strong sequence homology within their
MYB domain. The CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) (Wang and
Tobin, 1998) and LONG ELONGATED HYPOCOTYL (LHY) (Schaffer et al.,
1998) are expressed early in the morning, close to dawn. Their proteins are
partially redundant (Mizoguchi et al., 2002) and heterodimerize (Lu et al., 2009,
Yakir et al., 2011) to repress the expression of evening-phased genes. The
importance of these two components in accurate timekeeping was also inferred
by studies of circadian phenotypes of the mutants. While single loss-of-function
mutants of either CCA1 or LHY showed a short circadian period and advance
phase under free-running conditions, the cca1/lhy double mutant was found to
be arrhythmic (Alabadi et al., 2002, Mizoguchi et al., 2002). Furthermore, over-
expression of either gene results in arrhythmic clock gene expression as well as
severe phenotypes of various clock outputs (Schaffer et al., 1998, Wang and
Tobin, 1998).

One of the evening-expressed genes repressed by CCA1 and LHY is the
TIMING OF CAB EXPRESSION 1 (TOC1) or PSEUDO RESPONSE
REGULATOR (PRR1), one of the five members of the PRR family. TOC1
protein contains an N-terminus domain similar to the receiver domain of
response regulators. However, TOC1 domain lacks the conserved phospho-
accepting aspartate residue present in canonical response regulators (Strayer
et al., 2000, Makino et al., 2002). In addition, TOC1 contains a C-terminal motif
similar to the one found in the flowering-related CONSTANS (CO) family of
transcription factors. The regulatory network among CCA1, LHY and TOC1 was
described as the first transcriptional feedback loop in the Arabidopsis central
oscillator (Alabadi et al., 2001). Based on this loop, CCA1 and LHY repressed
the expression of TOCT1, and in turn, TOC1 was proposed to activate the

expression of these MYB transcription factors (Alabadi et al., 2001). However, a
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number of studies have recently shown that TOC1 actually function as a
repressor of CCA1 and LHY expression (Gendron et al.,, 2012, Huang et al.,
2012, Pokhilko et al., 2012). Furthermore, TOC1 seems to function as a
repressor of nearly all oscillator genes (Huang et al., 2012). The importance of
TOC1 within the clock was also demonstrated in studies of the circadian
phenotypes of TOC1 miss-expressing plants. While a loss-of-function mutation
advanced the phase and shortened the circadian period (Millar et al., 1995,
Somers et al., 1998, Strayer et al., 2000), TOC1 over-expression showed
arrhythmia under constant light conditions (Mas et al., 2003a). Interestingly,
additional copies of rhythmic TOC1 in transgenic plants expressing TOC1 under
its own promoter (TOC1 MiniGene) showed delayed phase and longer period
than WT (Wild-Type) plants (Mas et al., 2003b), suggesting that both proper
accumulation and rhythmic oscillation of TOC1 is central for circadian function
(Figure 2).
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Figure 2. TOC1 accumulation alters the phase and the pace of the circadian clock.
Diagrammatic scheme illustrating the effects of the different degree of TOC1 accumulation in
the phase and the pace of the central oscillator. High levels of TOC1 lead to clocks with a
delayed phase, while lower or non accumulation arises in clocks with an advanced phase.
Under free running conditions (constant light) the circadian clock becomes arrhythmic in
presence of high levels of TOC1 while it runs faster in absence of TOC1.

11
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Research over the past years has aided on the identification of a myriad of
additional clock components. For instance, the other members of the PRR
family PRR3, PRR5, PRR7 and PRR9 were described as important clock-
related components (Makino et al., 2001, Adams et al., 2015, Kamioka et al.,
2016). The PRRs are sequentially expressed from close to dawn (PRR9 and
PRR7) to midday (PRR5 and 3) and dusk (TOC1) (Matsushika et al., 2000).
PRRs appear to repress the expression of CCA71 and LHY during the day,
shaping their oscillatory waveform that leads to their peak-expression at dawn
(Nakamichi et al., 2010). Although the PRRs repress CCA71 and LHY
expression, phenotypic studies of plants miss-expressing one or more members
of the family showed that they affect clock function differently. Mutation of prr9
or prr7 resulted in slightly long circadian periods (Farre et al., 2005) while prr5
mutant plants displayed a short period phenotype (Fujiwara et al., 2008),
following a similar trend but not as severe as the short period phenotype of toc1
mutant plants (Strayer et al., 2000). The prr7/prr9 double mutant showed
stronger phenotypes than single loss-of-function mutants (Farre et al., 2005,
Nakamichi et al., 2005) while the prr5/prr7/prr9 triple mutants are arrhythmic
under free-running conditions (Nakamichi et al., 2005). These results suggest a
possible partially redundant function for some PRRs. The PRRs play important
roles not only in the regulation of the central oscillator but also in their
connection to inputs and outputs. Chromatin immunoprecipitation followed by
massive parallel sequencing (ChlP-seq) experiments of TOC1 (Huang et al.,
2012) and PRR5 (Nakamichi et al., 2012) provided a genome-wide view of the
regulatory networks regulated by TOC1 and PRR5. The studies defined the
function of TOC1 as a global repressor of oscillator expression (Huang et al.,
2012) and established that PRR5 modulates the expression of key players

involved in multiple clock output processes (Nakamichi et al., 2012).

Clock components expressed during the evening also include three other clock-
related proteins that interact with each other to form the so-called EVENING
COMPLEX (EC) (Nusinow et al., 2011, Herrero et al., 2012). The EC is
composed of a single MYB-like GARP transcription factor known as LUX
ARRHYTHMO or PHYTOCLOCK1 (LUX/PCL1) (Hazen et al., 2005, Onai and

12
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Ishiura, 2005) and two plant-specific proteins without recognizable domains
known as EARLY FLOWERING 3 (ELF3) (McWatters et al., 2000) and EARLY
FLOWERING 4 (ELF4) (Doyle et al.,, 2002). Loss-of-function of any of the
components of the EC results in arrhythmia (Helfer et al., 2011, Herrero et al.,
2012). These results explain the tight transcriptional regulation of EC gene
expression exerted by CCA1 and LHY in the morning (Portoles and Mas, 2010,
Li et al., 2011, Lu et al., 2012) and TOC1 in the evening (Huang et al., 2012).
The EC works as a nighttime transcriptional repressor and binds directly to the
PRR9 and PRR7 promoters (Dixon et al., 2011, Helfer et al., 2011, Chow et al.,
2012). Thus, PRR9 and PRR7 repression by the EC may indirectly promote
CCAT1 expression at the end of the night. The EC also regulates GIGANTEA
(G)), a plant-specific protein involved in the regulation of many processes

including the circadian clock (Gould et al., 2006, Nagel et al., 2014).

The EC has been shown to connect the oscillator with various output pathways.
For example, seedling hypocotyl elongation is coordinated through the direct
repression of the bHLH transcription factor PHYTOCHROME-INTERATING
FACTOR (PIF4 and PIF5) by the EC (Thines and Harmon, 2010, Nusinow et al.,
2011, Filo et al., 2015), which is required for hypocotyl elongation (Niwa et al.,
2009). Recent studies have also shown that the EC and phytochrome B (PHYB)
act in a temperature-dependent manner as regulators of key players involved in
the control of diverse clock outputs such as photosynthesis, growth, hormone

signaling and environmental responses (Ezer et al., 2017).

All these studies highlight the prevalence of repressor components within the
Arabidopsis circadian system (Millar, 2016). However, a number of studies have
also identified a number of key positive regulators. For instance, the rhythmic
deposition of activating histone marks at the promoter of clock genes was
identified as an important mechanism correlating with the activation of circadian
gene expression (Perales and Mas, 2007). Other specific clock-related factors
have been proposed to act as circadian activators. For instance, the LIGHT
REGULATED WD 1 (LWD1) and LIGHT REGULATED WD 2 (LWD2) were
found to bind to the promoters of CCA1, PRR9, PRR5 and TOCT to activate

13
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their expression (Wang et al., 2011, Wu et al., 2016). Another example of clock-
related activating component includes the CCA1 and LHY homolog known as
REVEILLE 8 (RVES8 also known as LHY-CCA1-LIKE5 or LCL5). RVES belongs
to the CCA1 and LHY single MYB protein family, presenting high sequence
homology particularly in the MYB domain (Schmied and Merkle, 2005). Despite
the sequence homology, RVES8 function in the clock is antagonistic to that of
CCA1/LHY since RVE8 promotes the expression of TOC71 and PRR5 (as
opposed to the repressing function exerted by CCA1/LHY) (Farinas and Mas,
2011, Rawat et al., 2011, Hsu et al., 2013). The RVE8-mediated activation
correlates with increased accumulation of histone acetylation at the TOC7 and
PRR5 promoters (Farinas and Mas, 2011). The activation also requires the
function of the clock-related NIGHT LIGHT-INDUCIBLE AND CLOCK-
REGULATED (LNK) factors, which interact with RVE8 and act as transcriptional
co-activators of TOC1 and PRR5 expression (Xie et al., 2014). Two members of
the LNK family, LNK1 and LNK2 have been shown to be responsible for
promoting the expression of TOC1, PRR5 and other evening-expressed
circadian genes (Rugnone et al., 2013). Because of the absence of DNA
binding domains, LNKs need to interact with MYB transcription factors in order
to perform their role as activators (Xie et al., 2014, Perez-Garcia et al., 2015).
Interaction with RVE8 and RVE4 is therefore necessary for the LNKs to be
recruited to the PRR5 and TOCT promoters (Xie et al., 2014, Perez-Garcia et
al., 2015) (Figure 3).

0.°
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Figure 3. Role of TOC1 at the center of the Arabidopsis central oscillator. Scheme
describing the main components of the transcriptional feedback loops in the Arabidopsis
circadian clock, highlighting the role of TOC1 as a general repressor of the circadian
transcriptional machinery. Lines ending with perpendicular dashes denote gene repression,
the ones in red indicate the direct repressive role of TOC1 over other circadian clock
components. (Please see section 2.1.1. for details). (Modified from Nohales and Kay, 2016).

14
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2.1.1. Role of TOC1 at the center of the circadian clock molecular architecture

Proper expression and activity of TOC1 is essential for circadian function.
Therefore, over the years, a number of studies have focused on the regulatory
mechanisms responsible for ensuring proper rhythms of TOC1 gene and protein
expression and activity. The mechanisms involve epigenetic, transcriptional,
translational and post-translational regulation. In the following sections, some of
the components and mechanisms involved in TOC1 regulation are briefly
described. We also describe the function of TOC1 as a global repressor of

oscillator gene expression.

2.1.1.1. Transcriptional regulation of TOC1

Under light:dark cycles, TOC1 mRNA displays a robust rhythmic oscillation with
a peak around dusk and a progressive transcript decline during the night. The
diurnal oscillatory pattern of TOCT transcripts is maintained under constant
free-running conditions (Matsushika et al., 2000, Strayer et al., 2000). The
oscillation of TOC1 is essential for its proper function at the core of the circadian
clock. As mentioned above, TOC1 forms part of a complex transcriptional
network within the Arabidopsis circadian clock. In this network, the morning
expressed MYB transcription factors CCA1 and LHY repress the expression of
TOC1 during the day by direct binding to a motif known as Evening Element
(EE) present in its promoter. Reduced accumulation of TOC7 mRNA in plants
over-expressing CCAT1 or LHY and their direct binding to the TOC1 promoter

supported the hypothesis of their repressive function.

As mentioned above, activation of TOCT1 transcriptional expression relies on the
positive function of one of the members of the CCA1 and LHY single MYB
protein family known as RVES8. This protein activates TOC1 and PRR5 through
binding to their EE motif (Hsu et al., 2013). RVES8 directly interacts with LNKs
and this interaction is important for their function as co-transcriptional activators
of TOC1 and PRR5 (Xie et al., 2014, Perez-Garcia et al.,, 2015). RVE8 and
LNKs activate transcriptional initiation and elongation of TOC1 and PRR5
expression by direct interaction with the transcriptional machinery and its
recruitment to the TOC71 and PRR5 promoters (Ma et al., 2018). Notably,

15
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members of the PRR family, PRR9, PRR7, PRR5 and TOC1 are able to bind to
the LNK’s promoters to negatively regulate their expression from midday to the
early evening. This regulatory network establishes a negative feedback loop,
with LNKs as activators and PRRs as repressors (Nakamichi et al., 2012,

Rugnone et al., 2013).

Regarding TOC1 function at the core of the clock, several studies have recently
showed that in contrast to the initial idea of TOC1 being an activator of CCA1
and LHY expression, TOC1 in fact acts as a repressor of these genes (Gendron
et al.,, 2012, Huang et al., 2012, Pokhilko et al., 2012). Further studies shown
that TOC1 is in fact a general repressor of nearly all of the circadian oscillator
components (Huang et al., 2012). ChlP-Seq experiments revealed that TOC1
binds to G-box-related and EE motifs present in the oscillator gene promoters
(Huang et al., 2012). These motifs were displayed in the promoters of morning-
expressed core clock genes, including CCA1, LHY, PRR9 and PRR7 and also
in the promoters of evening-expressed genes including, GI, LUX, ELF4 and
TOCT1 itself. Repression occurs through rhythmic binding of TOC1 to its target
promoters with the highest enrichment observed just after dusk, when TOC1
protein accumulation reaches its peak (Huang et al., 2012). Additionally, the
high and constant occupancy at the target promoters displayed in TOC1 over-
expressing plants, as well as the decreased expression of core circadian genes
in plants transiently over-expressing TOC1 confirmed the function of TOC1 as
general repressor of the circadian clock, linking the evening and morning

oscillator loops through its repressive function (Huang et al., 2012) (Figure 3).

2.1.1.2. Post-translational regulation of TOC1

TOC1 protein robustly cycles with increasing protein accumulation reaching a
peak around dusk and following a progressive decline during the night. The
rhythmic oscillatory pattern of TOC1 protein accumulation is also observed
under free-running conditions (Mas et al., 2003b). This rhythmic pattern is
controlled by direct and indirect regulatory mechanisms that shape the circadian
waveform of TOC1 accumulation. On one hand, TOC1 protein stability is

modulated by the dark-induced proteasome degradation mediated by the F-box

16
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protein ZETLUPE (ZTL) (Mas et al., 2003b). ZTL is member of the E3 ubiquitin
ligase Skp-Cullin-F-box (SCF) complex, containing a blue-light-sensing light,
oxygen and voltage (LOV) domain, and F-box domain and a Kelch repeat
domain (Somers et al., 2000). In Arabidopsis, besides ZTL, two other proteins
are part of the LOV domain protein family, FLAVIN-BINDING, KELCH REPEAT
AND F-BOX 1 (FKF1) and LOV KELCH PROTEIN 2 (LKP2) (Nelson et al.,
2000, Schultz et al., 2001). TOC1 interaction with ZTL is necessary for proper
regulation of circadian period by the clock (Mas et al., 2003b). Hence, their
interaction is tightly controlled through several mechanisms. For instance, the
time-dependent and tissue-specific interaction of TOC1 and PRR3 prevents ZTL
interaction with TOC1, and thus impeding TOC1 degradation (Para et al., 2007,
Fujiwara et al., 2008). Also, TOC1 nuclear accumulation is enhanced by its
interaction with PRR5, which prevents the cytoplasmic degradation of TOC1 by
ZTL (Wang et al., 2010). In addition, ZTL stabilization by the blue-light-
dependent interaction with Gl enhances the stability and oscillation of TOC1
and PRR5 (Kim et al.,, 2007, Fujiwara et al., 2008), which in turn are also
regulated through degradation by direct interaction with the two other ZTL
homologs, FKF1 and LKP2 (Baudry et al., 2010, Wang et al., 2010).

Protein phosphorylation is also important in the regulation of several clock
components. Specifically for TOC1 and PRR5, their increased phosphorylation
leads to enhance binding to ZTL, therefore favoring their degradation (Fujiwara
et al., 2008). On the other hand, phosphorylation of TOC1 and PRR3 is
necessary for their interaction so that TOC1 protein stability is regulated by a
complex phosphorylation-dependent mechanism (Fujiwara et al., 2008). The
kinases responsible for the rhythmic phosphorylation of TOC1 and PRR5

remain unknown (Figure 4).
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Figure 4. TOC1 post-translational regulation in the Arabidopsis central oscillator.
Scheme describing the main components of the post-translational regulatory circuits in the
Arabidopsis circadian clock involving TOC1. Arrows indicate the fate of clock proteins in the
plant cell. P refers to phospho groups, Ub to ubiquitin and blue bolt to blue light sensing
(Please see section 2.1.1.2. for details). (Modified from Nohales and Kay. 2016).

TOC1 protein also directly interacts with additional clock components. For
instance, direct interaction of TOC1 with CCA1 HIKING EXPEDITION (CHE), a
transcription factor of the TEOSINTE BRANCHED 1, CYCLOIDEA AND
PROLIFERATING CELL FACTOR 1 & 2 (TCP) family, was proposed to be
important for CCA1 repression (Pruneda-Paz et al., 2009). Furthermore, TOC1
also interacts with the EC through direct association with ELF3. The EC can
also interact with LWD1 through the presence of the photoreceptor PHYB
(Huang et al., 2016). Although the functional relevance of these interactions
remain to be fully explored, the results open the possibility of a direct link
between light input and the central oscillator through protein-protein interactions
(Huang et al., 2016).

In addition to clock components, recent studies have shown that TOC1 can also
physically interact with the transcription factors PIF3 and PIF4 (Soy et al., 2016,
Zhu et al.,, 2016, Martin et al., 2018). PIFs have been described as been
involved in a myriad of developmental processes (Leivar and Quail, 2011), one
of them being their collective activity to promote maximal hypocotyl elongation
at dawn (Nozue et al., 2007). Even though PIF transcription is known to be
circadianly regulated (Yamashino et al., 2003, Kidokoro et al., 2009), their

interaction with TOC1 and other members of the PRR family has been recently
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shown to be important for the joint regulation of PIF activity by sequential
modulation of common PRR-PIF target genes, which ultimately control proper
hypocotyl growth (Martin et al., 2018). PIF interaction with TOC1 provides a
mechanism for integrating circadian clock regulation to exogenous signal

prediction in order to coordinate growth and development.

2.1.1.3. Epigenetic regulation of TOC1 rhythmic oscillation

Changes in chromatin architecture are directly linked to regulation of gene
expression. Modifications of DNA and histones affect the degree of chromatin
compaction and therefore modulates the accessibility of the transcriptional
machinery and other regulators to chromatin (Li et al., 2007). Histones are
modified at their N-terminal tails by a number of covalent modifications,
including among others acetylation, methylation and ubiquitination. Histone
hyper-acetylation has been proposed to open chromatin conformation, therefore
facilitating transcriptional activation. Histone hypo-acetylation on the other hand
correlates with transcriptional repression by chromatin compaction (Sequeira-
Mendes et al., 2014).

Over the years, a number of regulatory activities have been identified at the
TOC1 promoter, including a complex array of clock transcription factors as well
as chromatin-related activities. The first report correlating the rhythmic
oscillation of TOC1 gene expression with changes in chromatin conformation
showed the circadian changes in histone H3 acetylation at the TOC7 promoter
(Perales and Mas, 2007). The study demonstrated that the mechanism behind
TOCT1 repression by CCA1 might involve increased H3 deacetylation (Perales
and Mas, 2007). Indeed, CCA1 over-expression favored a hypo-acetylated
state of H3 at the TOCT promoter correlating with its transcriptional repression.
Contrarily, RVES8, the MYB transcription factor with high sequence homology to
CCA1 and LHY mentioned above, facilitated a hyper-acetylated state of H3 that
correlated with increased TOC1 transcriptional accumulation during its circadian
raising phase (Perales and Mas, 2007, Farinas and Mas, 2011, Malapeira et al.,

2012). Thus, and despite the sequence similarityy, CCA1 and RVES8 play
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antagonistic functions in the epigenetic and transcriptional regulation of TOC1

expression (Farinas and Mas, 2011).

The rhythmic oscillation of H3 acetylation and deacetylation as well as other
chromatin modifications are not exclusive to the TOCT locus, as they were also
described at the promoters of other oscillator genes such as CCA1, LHY,
PRR9, PRR7, Gl and LUX, thus suggesting a coupling between histone
modifications and the generation of rhythms at the core of the circadian clock
oscillator (Ni et al., 2009, Malapeira et al., 2012, Song and Noh, 2012). Spatio-
temporal studies of chromatin transitions at the loci of core circadian genes
showed that the accurate timing and combinatorial accumulation of H3
acetylation and H3K4 trimethylation (H3K4me3) at the 5’ end of the genes are
essential for their proper transcriptional regulation. Interestingly, these two
histone marks oscillated with different phases, thus suggesting a degree of
specificity in their activating roles within the core circadian genes. Additionally,
low H3K4me3 levels were shown to correlate with increased clock repressor
binding, therefore indicating a role of this histone mark in the proper control of
the activation to repression transition (Malapeira et al., 2012). It is noteworthy
that the coupling of circadian clock gene activation with changes in H3
acetylation and H3K4me3 is a common chromatin-dependent activation

mechanism shared by the plant and mammalian circadian systems.

2.2. Input pathways: synchronization of the circadian clock

The predictable diurnal changes in environmental signals synchronize the
circadian rhythms in resonance with the day and night cycles. Two of the main
synchronizers of the plant circadian clock are light and temperature. Light plays
a major role setting the pace of the clock. Light intensity and quality can affect
gene transcription (Lu et al., 2009, Rugnone et al., 2013), mRNA stability (Yakir
et al., 2007), translation (Kim et al., 2003) and protein stability (Mas et al.,
2003b, Kim et al., 2007, Yu et al., 2008). However, how this information is
transmitted to and incorporated by the central oscillator is not fully understood.
Clock synchronization was proposed to occur by the alteration of core clock

gene expression and protein activity. These changes are ultimately translated
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into variations in amplitude, period and phase of the rhythms. In this way, the
endogenous internal period of the clock is daily adjusted every day to the

external environmental time.

Given the importance of light as a clock synchronizer and resetting signal, its
perception and signaling are in turn regulated by the clock. Photoreceptors are
circadianly regulated (Fankhauser and Staiger, 2002), and several other clock
and light-signaling components are also involved in modulating light sensitivity
to the clock (Li et al., 2011, Wenden et al., 2011). In Arabidopsis, red and far-
red light are sensed by the members of the phytochrome photoreceptor family
(PHYA to PHYE) (Sharrock and Quail, 1989, Clack et al., 1994, Rockwell et al.,
2006). Cryptochromes (CRY1, 2 and 3) are responsible for the UV-A/blue light
perception (Ahmad and Cashmore, 1993, Lin et al., 1996) together with
phototropins (PHOT1 and PHOT?2) (Huala et al., 1997, Kagawa et al., 2001),
members of the ZTL family (Nelson et al., 2000, Somers et al., 2000, Schultz et
al.,, 2001) and UV-B RESISTANCE 8 (UVRS8) as the UV-B light photoreceptor
(Rizzini et al., 2011).

The role of some of these photoreceptors in the light input to the clock has been
identified. For instance, the blue-light photoreceptor ZTL is involved in clock
protein stability and the mechanistic behind this regulation has been well
described (see section 2.1.1.2.). Indeed, as mentioned above, the TOC1-ZTL
interaction is important for regulation of TOC1 protein stability and proper
control of circadian period by the clock (Mas et al., 2003b). Phytochromes,
cryptochromes and UVR8 photoreceptors are also involved in clock
synchronization but the mechanisms behind their function are less well known.
Phytochromes are necessary for sustaining proper circadian period (Devlin and
Kay, 2000). Analyses of phytochrome-null-mutants showed that low and high
light fluence rates affect period length in opposite ways. This suggests a
possible antagonistic role of the inactive and light-activated forms of
phytochromes in the determination of the clock’s pace (Hu et al., 2013). PHYB
signaling is required in the nucleus in order to sustain rhythmicity in response to

red light (Jones et al.,, 2015). PHYB can also bind directly to multiple clock
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proteins in a light-dependent manner (Yeom et al., 2014). For instance, PHYB
interacts with ELF3 and the photomorphogenesis repressor CONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1). The functional interaction is important in
the control of the photoperiodic regulation of flowering time through the
destabilization of Gl cyclic accumulation. The complex thus allows temporal
information of seasonal changes to be transferred from photoreceptors to the
circadian clock in order to allow the resetting and permit the transition to
flowering (Liu et al., 2001, Yu et al., 2008). Moreover, affinity purification and
mass spectrometry studies have shown that in addition to this interaction, PHYB
also plays a role in mediating ELF3’s interaction with several other components

of different process (Huang et al., 2016).

The convergence of light signaling and circadian rhythmicity is well exemplified
in many clock components. For instance, the transcriptional regulation of ELF4
requires the coordination of both light and the clock for its proper rhythmic
expression (Li et al., 2011). Three positive regulators of PHYA signaling,
ELONGATED HYPOCOTYL 5 (HY5), FAR RED IMPAIRED RESPONSE 1
(FAR1) and FAR RED ELONGATED HYPOCOTYL 3 (FHY3) bind directly to the
ELF4 promoter to progressively promote its expression during the day (Li et al.,
2011). ELF4 activation is inhibited at dawn by the repressive action of the core
clock components CCA1 and LHY (Li et al., 2011).

In addition to light, the circadian clock can also be entrained by temperature.
The transcription of several clock genes is sensitive to temperature. The
temperature-dependent regulation of PRR7 and PRR9 play an important role in
temperature responsiveness (Salome and McClung, 2005). Repression of
PRR7 by direct binding of HEAT SHOCK TRANSCRIPTION FACTOR B2B
(HSFB2B) has been proposed to be involved in temperature resetting (Kolmos
et al., 2014). On the other hand, low temperature entrainment has been shown
to act through the transcriptional regulation of LUX by the cold-induced
transcription factor C-REPEATED/DRE BINDING FACTOR 1 (CBF1) (Chow et
al.,, 2014). It is noteworthy that HSFB2B and CBF1 are both regulated by the
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circadian clock. These results open up the possibility of the clock gating its own

sensitivity to external environmental cues.

Besides transcriptional regulation, temperature variations have been found to
influence clock gene expression through alternative splicing. Various clock
genes undergo alternative splicing, including CCA1, LHY, RVES8, PRR7, PRR9,
TOC1, ELF3 and Gl (James et al., 2012, Wang et al., 2012, Kwon et al., 2014).
Even though other processes have been reported to influence alternative
splicing of clock genes (Kwon et al., 2014, Mancini et al., 2016), the abundance
of various splicing variants seems to be regulated overall by temperature
(James et al., 2012, Seo et al., 2012).

In spite of its ability to reset and entrain every day the clock, changes in
temperature can be also buffered by the clock in order to maintain a relatively
constant pace (Gould et al., 2006). This property, known as temperature
compensation, is intrinsic to circadian oscillators and ensures the accuracy of
the clock regardless the temperature changes within a physiological range.
PRR9, PRR7, CCA1, LHY and Gl have been described as important players in
this mechanism. PRR7 and PRR9 are necessary for temperature entrainment of
the Arabidopsis clock as double mutant prr7-3/prr9-1 plants are not able to
properly respond and entrain to variations in temperature (Salome and
McClung, 2005). Further analyses showed that the inability of prr7-3/prr9-1 to
maintain proper circadian rhythmicity in response to changes in temperature is
due to the increased activation of CCA1 and LHY. Indeed, PRR7 and PRR9 are
in charge of repressing CCA1 and LHY expression during the early morning
(Nakamichi et al., 2010). Induced down-regulation of these morning-expressed
genes in the prr7/prr9 double mutant rescued the long period phenotype and
abolished the over-compensation defects observed at high temperatures
(Salome et al., 2010). Moreover, proper Gl expression is needed to extend the
range of temperatures at which robust and accurate circadian rhythmicity can
be maintained. This is achieved by Gl-mediated regulation of CCA71 and LHY
expression in a temperature-dependent manner (Salome and McClung, 2005,

Gould et al., 2006). Other studies have shown that the molecular mechanism

23



Introduction

underlying temperature compensation might rely on the balance between two
antagonistic activities: phosphorylation by the protein kinase CK2 (CASEIN
KINASE 2) and the transcriptional activity of CCA71. Both activities are
antagonistic but they are similarly regulated by high temperature. As CCA1
function is essential for maintaining the period of the clock, its regulation by CK2
provides an accurate means for avoiding that the clock runs faster at high

temperatures (Portoles and Mas, 2010).

Besides light and temperature, other external stimuli can play a role on clock
synchronization. For instance, PRR7 is transcriptionally repressed by
photosynthetically-derived sugars (Haydon et al., 2013). PRR7 repression
results in an early activation of CCA1 (at the so-called metabolic dawn), thus
contributing to the gated entrainment of the Arabidopsis circadian oscillator
(Haydon et al., 2013).

2.3. Output pathways: biological processes under circadian control

As mentioned in section 1, the circadian clock controls the rhythmic oscillation
of a myriad of processes that are essential for plants. Some of these processes
include among others, photoperiodic flowering, metabolism, hormone signaling,
responses to biotic and abiotic stresses and growth responses. In the following
sections, we briefly describe some studies reporting the connection of the
circadian clock with hypocotyl elongation and leaf growth, as these processes

are directly related to the results described in this Thesis.

2.3.1. Circadian regulation of hypocotyl elongation

Hypocotyls in dicotyledonous plants are stems that connect the leaves or
cotyledons with the seedling root. After seed germination and radical
emergence, hypocotyls rapidly elongate in a process that is controlled by a vast
number of external and internal cues (Vandenbussche et al., 2005). Due to their
plasticity and morphological simplicity, hypocotyls have become a recurrent
model in the study of various processes controlling their growth and cell

expansion.
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Light, gravity, temperature, hormone and the circadian clock directly influence
hypocotyl growth (Vandenbussche et al., 2005). Hypocotyls follow a phototropic
growth response after germination by bending and growing toward light. This
process is characterized by an uneven elongation of their cells (Gendreau et al.,
1997). Seedling growth under dark conditions or skotomorphogenesis renders
highly elongated hypocotyls due to a rapid response of plants germinating
under the soil (Gendreau et al., 1997). The induction of the photomorphogenic
program by light relies on the action of a vast array of photoreceptors including
PHYs, CRYs and PHOTs (Kami et al., 2010). Consistent with their role, loss-of-
function mutants of the photoreceptors showed long hypocotyl phenotypes

under different quality and intensity of light.

The mechanisms governing hypocotyl elongation are different in seedling grown
in the presence or absence of light. Under constant darkness cells at the base
of the hypocotyl are the first ones to elongate, followed by those in the middle
and finally the ones close to the apex. Under constant light conditions,
hypocotyl elongation is very much reduced and only a slight expansion is
observed in epidermal cells. Additionally, DNA content analysis of hypocotyl
cells showed that seedlings grown under dark conditions showed an extra
round of endoreplication (please see section 3) compared to seedlings grown
under light (Gendreau et al., 1997).

The circadian clock plays an essential role in the regulation of hypocotyl
elongation. Although growth under constant darkness is arrhythmic (Nozue et
al., 2007), under constant light conditions, hypocotyl growth follows a circadian
pattern, with fastest growth around the subjective dusk (subjective is the name
assigned to the day and night cycle under constant, free-running conditions).
The rhythmic elongation is affected in several clock mutants leading to long or
short hypocotyl length phenotypes depending on the light conditions and the
genotypes. These results clearly show a direct connection of the circadian clock
regulating hypocotyl growth. Notably, under light/dark cycles the peak of
hypocotyl rhythmic growth is shifted 12h compared to free-running conditions

(Dowson-Day and Millar, 1999, Nozue et al., 2007). The molecular mechanism
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behind this regulation relies on the light and clock regulation of two bHLH (basic
Helix-Loop-Helix) transcription factors, PIF4 and PIF5, whose activity directly
correlates with growth (Nozue et al., 2007). Under light-dark cycles, the
expression patterns of these positive regulators of hypocotyl growth correlate
with the end of night phase of elongation. During the day, PIF4 and PIF5 protein
abundance is negatively regulated by light, whereas the clock in turn represses
their transcript accumulation during the early night. At the end of the night, the
clock repression on PIF4 and PIF5 transcripts is relieved, enabling protein
accumulation and function. The coincidence of high transcripts and protein
accumulation at the end of the night, allows PIF4 and PIF5 to promote
hypocotyl growth. Additionally, the circadian regulation of PIF4 and PIF5 relies
on their early evening repression by the EC (Nusinow et al., 2011). The activity
of PIF4 is inhibited through the direct interaction with ELF3 (Nieto et al., 2015)
during the early night (Nozue et al., 2007).

Plants miss-expressing TOC1 display significant hypocotyl phenotypes. The
circadian oscillation of TOCT is antiphasic with the transcriptional activation of
PIF3, specifically under Short-Day conditions. In fact, and as mentioned above,
TOC1 directly interacts with PIF3 after dusk and repress its transcriptional
activity. The decreasing accumulation of TOC1 from the middle of the night
relieves the repression on PIF3 and thereby, aiding in the control of PIF-related
growth just before dawn (Soy et al., 2016). Similarly to what it was proposed for
flowering time, hypocotyl elongation might be controlled by an external
coincidence model by which hypocotyl growth relies on the coincidence of a
particular phase of the external light-dark cycle with the oscillatory phase of a

molecular component essential for growth (Niwa et al., 2009).

2.3.2. Circadian regulation of leaf growth

Leaf growth is regulated by many exogenous (e.g. temperature, light, water and
carbon availability) and endogenous factors (e.g. developmental stages, cell
cycle). The interaction among these factors and pathways ultimately determines
optimal leaf growth. Notably, leaf expansion in vascular plants present a

rhythmic diurnal growth and in some cases, this is maintained under constant
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light and temperature conditions (Walter et al., 2009). Despite its relevance,
little is known about the spatiotemporal mechanisms underlying circadian

control of rhythmic leaf growth (Walter et al., 2009).

Studies using the model plant Arabidopsis revealed that during early stages, the
rhythmic growth oscillated with a 24-hour period, with maximum growth during
the day and with a trough at night (Poire et al., 2010). Interestingly, the
maximum rate of leaf growth shifted towards the night, with low growth rates
during the day at later stages of development (Poire et al., 2010). This occurred
progressively over time and has been described as the result of the shift from
metabolic growth control during the day at early stages to hydraulic growth
control during the night at older stages of development. The maximum growth
rate shift has been proposed to be a response to the transition of leaf growth

limitation from carbon to water (Pantin et al., 2011).

With the aim of elucidating the molecular mechanisms by which the circadian
clock may regulate growth during leaf development, recent studies have
showed the importance of the clock component ELF3 in the maintenance of
rhythmic leaf growth (Dornbusch et al., 2014). In Arabidopsis, leaf growth
preceded upward leaf movement (hyponasty) by several hours, and both of
these processes displayed circadian oscillations. ELF3 is required for the proper
phasing between elongation growth in leaves and upward leaf movement.
Consistent with this notion, leaf growth in early developing leaves of elf3
mutants showed that the peak of maximum growth rate moved towards the end
of the night while the wild-type maximum growth peaked during the day
(Dornbusch et al., 2014). Furthermore, similar to hypocotyl growth, leaf growth
also relies on the interplay between light and the circadian clock. However, the
molecular mechanisms underlying these regulations seemed to differ. Indeed,
analysis of leaf growth in the pif4/pif5 mutant revealed that PIF4 and PIF5 are
not essential for sustaining rhythmic leaf growth although they influence its
amplitude (Dornbusch et al., 2014). Overall, these results highlight the
importance of light and the circadian clock shaping the rhythms of growth in

young leaves.
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3. The cell cycle in plants

Plant growth and development also rely on a flexible and highly controlled
balance between cell division and cell expansion, which are controlled by the
different variants of the cell cycle. Studies carried on Arabidopsis have
contributed to our understanding of how these processes control growth and
development. The results described in this Doctoral Thesis link the circadian
clock function with plant growth through the regulation of cell cycle progression.
Therefore, in the next sections, we briefly described the role of the cell cycle
controlling leaf development. We also describe the cell cycle machinery,
including the mitotic cycle and the endocycle. The section ends with a brief
description of the S-phase and the role of CDC6 (CELL DIVISION CONTROL 6)

within the cell cycle.

3.1. Role of the cell cycle controlling leaf growth

Post-embryonic plant development relies primarily on the ability to produce
leaves, which are the plant’s main photosynthetic organs (Barber, 2009, Zhu et
al., 2010). In eudicots, leaves are initiated at the flank of the shoot apical
meristem (SAM) in a zone known as primordium (Efroni et al., 2010, Traas and
Moneger, 2010). Initially, growth is sustained by cell division (mitotic cycle)
throughout the entire primordium generating new cells of relative constant and
small size in what is known as proliferation. Later in development, and once
proliferation has stopped, cells increase their size rapidly, mainly by cell
expansion (Donnelly et al.,, 1999, De Veylder et al., 2001, Breuninger and
Lenhard, 2010). This occurs by cell wall loosening, which allows cell growth
(Cosgrove, 2005). Interestingly, inhibition of cell proliferation is very often
compensated by an enhancement of cell expansion, and an increase in cell
proliferation can be balanced by decreased cell expansion, so that the effects
on the whole size are often diminished (De Veylder et al., 2001, Tsukaya, 2002,
Beemster et al., 2003, Tsukaya, 2003) (Figure 5). The duration of proliferation
and expansion as well as the appropriate timing for the transition remain key

processes in the determination of the final organ and therefore plant size
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Figure 5. Kinematics parameters of leaf growth during development. Diagrammatic
scheme illustrating the phases of leaf growth during time. On the left axis and in yellow the
curve depicts the timing of cell division during the phase of proliferation (yellow box). On the
right axis and in green the curve depicts the timing of cell elongation during the phase of
expansion (green box). The box in gray indicates the maturity phase in which cells have
stopped proliferating and elongating (Modified from Fiorani and Beemster 2006).

As for hypocotyls, leaf cell expansion is often associated with endoreplication, a
variant of the cell cycle in which successive rounds of DNA replication occurs
without further division (Beemster et al., 2005) (please see section 3.3). During
the transition from proliferation to expansion cells stop dividing gradually from
the tip to the base of the leaf as they exit the mitotic cycle. Meanwhile, they start
to expand in the same direction (Donnelly et al., 1999, Nath et al., 2003). Thus,
at the cellular level, cell division and cell expansion are essential for the final
leaf size. Leaf development is extremely plastic and besides the balance
between cell growth and division rates, final leaf size depends on genetic
predisposition, leaf position, and environmental conditions (Andriankaja et al.,
2012).

Because of the importance of the mitotic cycle as basis for growth by
proliferation and the endocycle as indicator of growth by cell expansion, the
plant cell cycle has been studied for a number of years in plants. Studies carried
on the model plant Arabidopsis, revealed that many of the cell-cycle-related
genes share similarities with their homologues in yeast and animals, while most
of them are encoded by multiple loci. Key elements and pathways have been

discovered and new players are being identified and characterized.
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3.2. The plant mitotic cycle

As in other eukaryotes, the plant mitotic cycle consists of four consecutive
phases: the Gap 1 phase (G1-phase), the DNA synthesis (S-phase), the Gap 2
phase (G2-phase) and mitosis (M-phase). A highly conserved basic molecular
control of the mitotic cycle progression relies on the oscillatory activation/
deactivation of CYCLIN-DEPENDENT KINASES (CDKs) (Francis, 2007). The
interaction of these kinases with the key cell cycle components cyclins (CYCs)
triggers the transition from G1 to S-phase (G1/S) and from G2 to M-phase (G2/
M) (Figure 6).

The oscillatory pattern of CDK phosphorylating activity specifically at the G1/S
and G2/M transitions ensure the unidirectional progression of the cell cycle.
Their function is particularly relevant at the onset of DNA replication (S-phase)
and mitosis (M-phase). CDKs are regulated at multiple levels, including
transcriptional control, protein-protein interactions, post-translational
modifications and degradation (Inagaki and Umeda, 2011). In Arabidopsis, eight
classes of CDKs have been identified (A-type to G-type and CDK-like kinases,
CDKLs). Only the A-type (CDKA) and B-type (CDKB) CDKs have been clearly
shown to be directly involved in the control of the cell cycle progression
(Vandepoele et al., 2002, Menges et al., 2005, Dudits et al., 2007, Andersen et
al., 2008).

CDK activity relies on the timely regulated direct interaction with CYCs, which
provide substrate specificity. CYCs display phase-specific patterns of
expression along the cell cycle, thus defining the timing of the CDK-CYC protein
complex activity (Inagaki and Umeda, 2011). Although a large number of cyclin-
related proteins have been found in Arabidopsis, only 32 have been proposed
to play a role in cell cycle regulation (Menges et al., 2005). Broadly speaking, A-
type cyclins (CYCAs) control S- to M-phase progression, B-type cyclins
(CYCBs) control the G2/M transition and M-phase progression, while D-type
cyclins (CYCDs) control the G1/S transition (Inze and De Veylder, 2006).
CYCDs are also involved in the regulation of cell proliferation in response to

endogenous and exogenous stimuli like hormone signaling and nutrient
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availability that are sensed during G1 (Riou-Khamlichi et al., 2000, Menges et
al., 2006, Dewitte et al., 2007).

CDKs are controlled not only by cyclins as activators but also by a wide array of
inhibitors that directly bind to CDKs to negatively regulate their activity (Morgan,
1997, Nakayama and Nakayama, 1998). Two classes of main CDK inhibitors
have been described in plants. The first class, the so-called Kip-related proteins
(KRP) or CDK inhibitors (CKIl) includes a family of small proteins with a specific
C-terminal domain (CTD) that is necessary for inhibition of CDK activity (De
Veylder et al., 2001, De Clercq and Inze, 2006). In Arabidopsis, the KRP family
is composed of seven members, ICK1/KRP1, ICK2/KRP2 and KRP3 to KRP7
(De Veylder et al., 2001). Over-expression of some of these members result in
strong inhibition of the overall organ growth and morphology, suggesting a role
for these proteins in repressing the progression of the mitotic cycle (Wang et al.,
2000, De Veylder et al., 2001, Zhou et al., 2003). Supporting this idea, yeast
two-hybrid analyses showed that all KRPs except KRP5 are able to bind to
CDKA;1 (De Veylder et al., 2001) and inhibit the activity of the CYCD-CDKA
protein complex. Furthermore, all KRPs interact with at least one member of the
CYCD sub-families (Wang et al., 1998, Zhou et al., 2003).

The second class of CDK inhibitors is composed of the plant-specific proteins
SIAMESE (SIM) and SIM-related (SMR) (Churchman et al., 2006). The proteins
show sequence similarities with KRPs in their C-terminal cyclin-binding domain
(Churchman et al., 2006, Peres et al., 2007). SIM was shown to repress the
mitotic cycle in endoreplicating trichomes (Walker et al., 2000) and was
suggested to function as a repressor of the G2/M transition, promoting
endoreplication by inhibiting CDK activity (Churchman et al.,, 2006). The
expression of other SMR genes is regulated in response to external stress
conditions (Peres et al., 2007, Yi et al., 2014), suggesting that these SMRs
might be important for adapting the cell cycle progression in response to

external stimuli.
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The activity of CDK-CYC complexes is also regulated through various post-
translational modification events. Among them, the timely controlled ubiquitin-
mediated protein degradation is one of the key mechanisms assuring the
unidirectional progression of the cell cycle (Frescas and Pagano, 2008, Pesin
and Orr-Weaver, 2008, Marrocco et al., 2010). Positive and negative cell cycle
regulators are degraded in a cell cycle phase-dependent manner and in
response to endogenous and exogenous stimuli (Marrocco et al., 2010). In all
cases, ubiquitin E3 ligases mark target proteins for their selective proteolysis by
the 26S proteasome. Poly-ubiquitinylation by specific E3 ligases is the main
pathway by which cell cycle proteins are degraded (Pickart, 2001). The
Anaphase-promoting complex/cyclosome (APC/C) and Skp1/Cullin/F-box (SCF)
are the major E3 ubiquitin ligases involved in cell cycle control (Vodermaier,
2004). The SCF ES ligase is mainly involved in the regulation of the G1/S
transition while the APC/C E3 ligase is mostly implicated in the mid-M-phase to
end of the G1 progression during the mitotic cycle (Komaki and Sugimoto,
2012). Although the APC/C complex was initially described as having a function
restricted to the mitotic cycle, recent evidence suggests that the APC/C complex
is not only relevant during the mitotic cycle but it is also involved in post-mitotic
cell differentiation, as the different subunits of the complex are clearly

expressed in mature leaves (Marrocco et al., 2009).

Another important mechanism of cell cycle control, in particular for the G1/S
transition, is the E2F-RBR (E2 promoter-binding factor - Retinoblastoma-
related) pathway. E2Fs are transcription factors necessary for the transcriptional
activation of genes required in the cell cycle progression and DNA replication
(Dyson, 1998, van den Heuvel and Dyson, 2008). E2F target genes are
involved in the initiation and progression of DNA replication, DNA repair, and
chromatin regulation (Ramirez-Parra et al., 2003, Vandepoele et al., 2005,
Takahashi et al., 2008, Takahashi et al., 2010). E2F form heterodimers with
dimerization partner (DP) proteins in order to bind to the E2F-binding sites
present on the promoters of their target genes (Ramirez-Parra et al., 2003).
Three typical E2F proteins (E2Fa, E2Fb and E2Fc) and two DP proteins (DPa
and DPb) have been identified in Arabidopsis. E2Fa and E2Fb dimerize with
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DPa and function as transcriptional activators (De Veylder et al.,, 2002,
Rossignol et al., 2002, Magyar et al., 2005, Sozzani et al., 2006) while E2Fc
dimerizes with DPb and acts as a transcriptional repressor (del Pozo et al.,
2002, del Pozo et al., 2006). The regulation of the E2F-DP complex activity is
mediated by its interactions with the negative regulator RBR (Retinoblastoma-
related protein). Hypo-phosphorylation of RBR due to low activity of the CDK-
CYC complex allows RBR interaction with the E2F-DP heterodimer, and thus
impeding them from binding to their targets. On the other hand, CDK-mediated
phosphorylation of RBR during the G1-phase releases a functional E2F-DP
heterodimer that will be able to activate the key genes essential for driving the
G1/S transition and S-phase progression (Dyson, 1998, Shen, 2002, Attwooll et
al., 2004).

In addition to typical E2F proteins, plants also display atypical E2Fs (Lammens
et al., 2009). In Arabidopsis, three atypical E2F factors have been identified
(E2Fd/DEL2, E2Fe/DEL1 and E2Ff/DEL3, DEL stands for DP-E2F-like)
(Vandepoele et al., 2002). They can bind directly to DNA without
heterodimerizing with DP proteins (Kosugi and Ohashi, 2002, Mariconti et al.,
2002, Lammens et al., 2009). The absence of a Rb-binding domain suggests
that they are not regulated by RBR (Lammens et al., 2009). However, they can
compete with typical E2Fs to transcriptionally repress their targets (Kosugi and
Ohashi, 2002, Mariconti et al.,, 2002). E2Fe/DEL1 has been shown to inhibit
endoreplication in proliferating cells through the repression of the endocycle
positive regulator CELL CYCLE SWITCH PROTEIN 52 A2 (CCS52A2), which is
an activator subunit of the APC/C complex (Vlieghe et al., 2005, Lammens et
al., 2008). Although E2Fd/DEL2 has been shown to affect several cell cycle

regulators, thus far no direct targets have been identified (Sozzani et al., 2010).

3.3. The plant endocycle

The endocycle is a cell cycle variant of the mitotic cycle in which cells duplicate
their nuclear DNA content without further division in a process known as
endoreplication. This results in cells with multiple copies of their DNA, which are

referred as polyploids. Endoreplication is often associated will cell expansion
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and differentiation, therefore the switch from a mitotic cycle to an endocycle
tends to correlate with the passage from cell proliferation to cell differentiation
(Inagaki and Umeda, 2011, Edgar et al., 2014). Endocycles share much of the
molecular machinery from the G1/S transition and S-phase progression of
mitotic cycles. The main difference with the mitotic cycle resides on the lack of
chromosome segregation and division. In this section, we provide a brief
overview on the molecular machinery governing the onset and progression of

the endocycle (Figure 6).

Figure 6. Highlight of the events linked to DNA replication during cell cycle
progression. This simplified depiction of the mitotic cycle (left) and the endocycle (right) show
the main events related to DNA replication. These are mainly situated during the G1-phase
(DNA licensing and ORI specification) and the S-phase (chromatin duplication) when
replication actually takes place. The general molecular mechanism behind DNA replication are
the same for both variants of the plant cell cycle (Modified from Gutierrez 2016).

As mentioned above, CDKs are the main regulators of cell cycle progression.
They can be classified according to their phase-specific role as mitotic CDKs
(M-CDK), in charge of safeguarding the G2/M transition, and S-phase CDKs (S-
CDK), in charge of securing the G1/S transition and progression. Cells
undergoing endoreplication need to overcome the events linked to mitosis,
without blocking DNA replication, by inhibiting M-CDKs and promoting S-CDKs

activity. It was proposed that a higher threshold of CDK activity seems to be
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required for progression into mitosis rather than reentry into S-phase (Stern and
Nurse, 1996). Endocycling cells maintain oscillatory patterns of S-CDK activity
in order to allow the transition from G1 to S-phase. During the G1, low levels of
CDK activity enable the assembly of the pre-RC (pre Replication Complex) at
origins of replication, which will serve as DNA replication starting points.
Previous studies on different eukaryotes models have described the CDK-
dependent mechanisms by which M-CDKs suppress the assembly of the pre-
RC during the mitotic cycle which involve mainly targeted protein
phosphorylation (Remus and Diffley, 2009). However how S-CDKs accomplish

this same function in endoreplicating cells is still not clear (Edgar et al., 2014).

In plants, CDKA acts as both M-CDK and S-CDK while CDKBs only as M-CDK
(Boudolf et al., 2004, Nowack et al., 2012). Down-regulation of their activity can
be achieved by transcriptional repression of CYCs. For example, repression of
CYCAs expression suppresses M-CDKs activity leading to increase
endoreplication, while over-activation of the same family of CYCs reduces
endoreplication (Imai et al., 2006). Likewise, over-expression of CYCBs can
inhibit endoreplication onset (Schnittger et al., 2002, Qi and John, 2007,
Boudolf et al., 2009). Repression of M-CDK activity in order to progress into the
endocycle can be also regulated by CYC protein degradation through the APC/
C ES3 ligase pathway. Three genes encoding for co-activator subunits of the
APC/C complex have been described in plants. These are CDH1-type proteins
and are known as CELL CYCLE SWITCH 52 (CCS52) or FZR90 (CCS52A1,
CCS52A2 and CCS52B). All of them have been shown to promote the onset of
endoreplication although it is not clear if they contribute to the progression of
the endocycle itself (Tarayre et al., 2004, Larson-Rabin et al., 2009, Vanstraelen
et al., 2009, Kasili et al., 2010, Roodbarkelari et al., 2010, Takahashi et al.,
2013).

Besides the mechanisms involving proteolysis of CYCs, the onset and
progression into the endocycle can also be achieved by down-regulation of
CDK activity through the action of CDK inhibitors as KRPs. Some members of

the KRP family have been shown to be involved in the transition and
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progression of G1/S-phase by inhibiting S-CDK activity, while others as SIM
have been described as inhibiting both classes of CDKs activity throughout the
cell cycle (Churchman et al., 2006, Haga et al., 2011). Interestingly, KRPs can
be degraded by the SCF E3 ubiquitin ligase (Kim et al., 2008, Gusti et al., 2009,
Roodbarkelari et al., 2010, Zhao et al., 2012), and in turn, the SCF substrate-
specificity is conferred by CDK-dependent phosphorylation. Thus, this
regulatory network suggests the possible existence of a two-oscillator model in
which both components will negatively regulate each other. This mechanism
could explain the inhibition of endoreplication by high levels of KRP activity
(Weinl et al., 2005, Roodbarkelari et al., 2010, De Veylder et al., 2011). Despite
the interest of this hypothesis, the full mechanistic details behind KRP

oscillation still need to be identified.

Transcriptional regulation through the E2F-RBR pathway has also been shown
to play an important role in the switch from mitotic cycle to endocycle. High
levels of E2F-DP transcriptional activator complexes promote endoreplication
(De Veylder et al., 2002, Rossignol et al., 2002, Magyar et al., 2005) while low
levels of E2F transcriptional repressors (e.g. E2Fc) inhibit it (del Pozo et al.,
2002, del Pozo et al., 2006). Atypical E2Fs can also influence the onset of
endoreplication. For instance, E2Fe/DEL1 represses the expression of
CCS52A2 by direct binding to its promoter. Miss-regulation of E2Fe/DEL1 will
therefore change the timing of CCS52A2 transcription and disrupt the entry into
endocycle (Lammens et al., 2008). Overall, the different studies point to a core
mechanism based on the anti-phasic oscillatory pattern of CDK activity and
CDK inhibitors. This can be achieved by transcriptional regulation, protein-

protein interaction and targeted proteolysis.

3.4. Importance of G1/S phase transition during the plant cell cycle

Before entering the S-phase, cells need to get ready in order to meet the
requirements necessary to assure the proper progression of DNA replication.
The G1-phase serves to prepare the nuclei for entry into S-phase and acts as
the main integrator between environmental signals and cell cycle activation and

progression (Inze and De Veylder, 2006). External stimuli are determined by a
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wide range of signals that can be grouped into the ones promoting the G1/S
transition and therefore entry into mitosis and the ones inducting arrest at the
G1/S checkpoint. Plant hormones: auxin, cytokinins and brassinosteroids as
well as sucrose act as growth promoting factors by inducing the expression of
CDKA and CYCD and therefore the formation of the CDKA-CYCD complex that
is responsible for the G1/S transition (Sauter et al., 1995, Riou-Khamlichi et al.,
1999, Hu et al., 2000, Riou-Khamlichi et al., 2000, Richard et al., 2002). On the
other hand, the hormone ABA (Abscisic acid) and exposure to cold inactivate
the CDKA-CYCD complex through induction of KRPs expression, resulting in an
arrest and accumulation of cells at G1 (Redig et al., 1996, Wang et al., 1998,
Achard et al., 2008). Energy signaling plays a role in cell cycle progression too.
The plant energetic status sensed by TOR1 kinase (TARGET OF RAPAMAYCIN
1) can promote G1/S phase progression by direct phosphorylation and
activation of E2Fa (Xiong et al., 2013). Low energy homeostasis on the other
hand, induces KRP expression, resulting in G1 arrest, most likely by the action
of SnRK1 (SUCROSE NON-FERMENTING 1-RELATED KINASE1), a kinase
involved in the maintenance of cellular energy homeostasis shown to
phosphorylate KRP6 and KRP7 (Guerinier et al., 2013).

As stated above, the decision to enter a new round of the cell cycle in response
to growth factors and hormones is made at the G1/S transition (Gutierrez et al.,
2002, Inze and De Veylder, 2006). However, in the absence of these signals, it
is widely accepted that the CDK-CYCLIN complexes are in charge of controlling
the transition by regulating two coupled pathways: the inactivation of the RBR/
E2F/DP pathway and the modulation of the pre-RC components, which are
required for S-phase entry and progression (Nakagami et al., 2002, Uemukai et
al., 2005, Zhao et al., 2012). Only when all the requirements have been met at
the G1-phase, cells commit into the S-phase in order to allow genome

duplication.

3.5. DNA replication during the S-phase

Most of the euchromatin replicates during the early and mid S-phase while the

heterochromatin and the remaining euchromatin replicate during the late S-

37



Introduction

phase (Lee et al., 2010). To ensure genome integrity, the initiation, progression
and finalization of genome duplication are tightly controlled. Different regulatory
mechanisms are engaged to ensure that DNA replication only occurs once

every cell cycle round (Susan, 2014).

The first point of control before committing into DNA replication occurs during
the G1-phase when the potential origins of replication are licensed for later use
during the S-phase. In plants, as in all eukaryotes, DNA replication origin sites
are scattered along the genome (Mechali, 2010, Leonard and Mechali, 2013).
Origins to be used are marked by the sequential and interdependent assembly
of the pre-RC in a process called origin specification or licensing. This first level
of regulation is essential to avoid genome instability (Arias and Walter, 2007).
The pre-RC is a protein complex composed by the six sub-units of the ORIGIN
RECOGNITION COMPLEX 1-6 (ORC1-6), CDC6, CDT1a (ARABIDOPSIS
HOMOLOG OF YEAST CDT1A) and the six subunits of the
MINICHROMOSOME MAINTENANCE complex (MCM2-7). As in other
multicellular organisms, origin specification in plants is not determined by
specific DNA sequences. However, it seems that epigenetic modifications as
DNA methylation and histone modifications play a crucial role in this
determination. The second point of control, known as origin firing, occurs at the
G1/S transition and along the S-phase. During this process, only a small
amount of the previously licensed origins will become active. Pre-RC firing from
active replication origins relies among others on the selective proteolysis of pre-
RC components, changes in subcellular localization and binding of inhibitors of

the pre-RC components (Shultz et al., 2007).

The plant pre-RC and other players involved in DNA replication share high
homology with those described in other eukaryotes (Caro and Gutierrez, 2007,
Shultz et al., 2007). The shared underlying dynamics of their roles during the
G1 and S-phases seems to indicate functional homology too. However, some
studies have shown that plants have developed unique mechanisms to control
replication, as for example DNA helicase (or MCM complex) release from

origins of replication only during mitosis (Shultz et al., 2009) (Figure 7).
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Figure 7. Assembly of the pre Replication Complex. Scheme describing the steps between
DNA origin specification and entry into the S-phase. For DNA replication to take place DNA
origins of replication need to be specified. In eukaryotes the assembly of the pre-RC is the first
step of this process. First, ORC will determine the potential sites for DNA replication to start.
The recruitment of CDC6, CDT1 and MCM9 proteins is essential for the loading of the
MCM2-7 complex (helicase) in order to open the DNA double helix and start with replication
spring the S-phase (Modified from Méchali 2010).

3.5.1. Role of CDCE6 in the formation of the Arabidopsis pre-replication complex

CDC6 is a key component of the pre-RC, playing a central role for complex
assembly and maintenance and therefore for the initiation of DNA replication. Its
importance has been shown in different organisms where its association with
ORC during G1 has been demonstrated to be essential for licensing origins of
replication and the subsequent DNA synthesis initiation (Kelly et al., 1993, Liang
et al.,, 1995, Piatti et al., 1995, Costas et al., 2011). CDC6 function, together

with that of CDT1, is essential for the MCM complex recruitment and for the
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final conformation of the pre-RC (Bell and Dutta, 2002). Similar to other
organisms, in the absence of CDC6, plant cells fail to initiate DNA replication
(Cocker et al., 1996). In contrast, CDC6 over-expression results in extra rounds
of endoreplication, therefore increasing the cell ploidy (Nishitani and Nurse,
1995, Muzi Falconi et al., 1996, Wolf et al., 1999, Bermejo et al., 2002).

Plant CDC6 shares some structural characteristics with its homologues in other
species. CDC6 proteins display a conserved region corresponding to the
nucleotide triphosphatases family (NTPase) with two peptide motifs (Walker-A
and B) common to nucleotide binding proteins (Wang et al., 1999). The NTP
binding domain is essential for its interaction with other components of the pre-
RC (Wang et al.,, 1999, Mizushima et al., 2000, Castellano et al., 2001).
Moreover, the presence of consensus CDK phosphorylation sites at the protein
N-terminal region (Ramos et al., 2001) indicates that as in other eukaryotes,
Arabidopsis CDC6 may also be regulated by phosphorylation events for
targeted ubiquitinylation and proteolysis (Elsasser et al., 1999). This regulation

might be important to allow just one round of DNA replication per cycle.

The similarities among CDC6 in eukaryotes suggest that the specific molecular
mechanisms of CDC6 activity during DNA replication must be conserved
(Masuda et al., 2004). Indeed, as in metazoans, plant CDC6 expression is cell
cycle regulated. Transcripts in Arabidopsis cultured cells accumulate during G1
followed by a decreased in the S-phase (Castellano et al., 2001, Ramos et al.,
2001). This is also supported by the fact that the levels of other pre-RC
components in plants and other eukaryotes follow the same expression pattern
(Kelly et al., 1993, Nishitani and Nurse, 1995, Piatti et al., 1995, Williams et al.,
1997). Another common point in the regulation of S-phase components is their
up-regulation at the G1/S transition by the E2F/DP pathway. In Arabidopsis,
nearly all of the pre-RC components display a putative E2F consensus binding
motif in their promoters (Masuda et al., 2004). In particular, CDC6 showed
increased accumulation in plants over-expressing the transcriptional activator
E2Fa/DPa (De Veylder et al., 2002) and decreased levels by over-expression of

the transcriptional repressor E2Fc (Ramirez-Parra et al., 2003).
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Expression analysis performed in Arabidopsis showed that the activity of the
CDC6 promoter was localized in cells of rapidly proliferating tissues (e.g. root
meristems, leaf primordial and young leaves). Interestingly, CDC6 activity was
also seen in cells of tissues undergoing endoreplication (e.g. etiolated
hypocotyls, mature leaves). This indicated that CDC6 role in DNA replication is
important for both the mitotic cycle and the endocyle in plants (Castellano et al.,
2001, Ramos et al., 2001). Moreover, and as mentioned before, over-
expression of CDC6 in Arabidopsis seedlings lead to an increase of the overall
ploidy level in adult tissues (Castellano et al., 2001). These results indicate that
ectopic expression of CDC6 is sufficient to induce extra rounds of

endoreplication in plants.
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The main goal of this Thesis is to understand the cellular and molecular basis
underlying the circadian control of cell and organ growth in Arabidopsis. In
particular, we focused on the functional interplay between the circadian
clock and the cell cycle. This general goal was achieved by several specific

objectives:

1. To examine the role of the circadian clock on the mitotic cycle and
growth in developing leaves. We examined leaf area, cell number and cell
area in Wild-Type and TOC1 miss-expressing plants. The studies also included
analyses of the average cell division rates and the duration of the G1, S and
G2/M phases.

2. To examine the role of the circadian clock in the control of
endoreplication in developing leaves. The studies were completed by
analyses of ploidy distribution by flow cytometry of leaves in Wild-Type and
TOC1 miss-expressing plants grown under different photoperiodic conditions.
The studies also included calculation of the Endoreplication Index of the

different genotypes under the different conditions.

3. To analyze the expression profiles of core cell cycle genes during
development in leaves miss-expressing TOC1. We analyzed the expression
pattern of core cell cycle genes during proliferation, expansion and leaf
maturation to obtain an overview of the cell cycle gene transcriptional changes

in plants over-expressing TOC1.

4. To examine the diurnal oscillatory pattern of cell cycle genes in leaves
of plants miss-expressing TOC1. We explored the diurnal rhythms of key cell
cycle genes in leaves of plants miss-expressing TOC1. We also used a battery
of mutant and over-expressing plants in which the accumulation of TOC1 was

altered.
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5. To elucidate the molecular mechanism coupling the circadian clock and
the cell cycle. We performed chromatin immunoprecipitation assays in order to
identify cell cycle gene promoters to which TOC1 might directly bind. We used
TOC1 over-expressing plants and plants expressing TOC1 under its own

promoter to identify a possible rhythmic binding.

6. To characterize the CDC6 and TOC1 genetic interaction. We performed
genetic interaction studies between the DNA replication licensing factor CDC6
and TOC1. Single and double CDC6 and TOC1 over-expressing plants were
used to examine the growth phenotypes and polyploidy profiles. The effects of

TOCH1 over-expression on tumor progression were also examined.
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1. TOC1 regulates the timing of cell division in developing leaves

TOC1-ox plants show a dwarf phenotype, with reduced plant size (Figure 8A)
and small leaves (Figure 8B). At early stages of leaf development, active cell
division during the mitotic cycle controls growth. To examine the possible
involvement of TOC1 in cell division, we conducted time course analyses at
early time points of growth with the first pair of leaves grown under Short Days
(ShD, 8h light:16h dark) (Figure 9A-C) and Long Days (LgD, 16h light:8h dark)

w,?’ ’, 990
900088000

Figure 8. TOC1 over-expression affects plant growth. (A) Representative images of WT
and TOC1-ox plants at 24 das and (B) rosette leaves from WT (top) and TOC1-ox (bottom)
plants at 22 das. Leaves are shown from the oldest, including the two cotyledons (left) to the
youngest (right). (A-B) Plants were grown under LgD.

The blade area of Wild-Type (WT) plants showed a progressive growth,
consistent with the trend reported by previous studies (De Veylder et al., 2001).
In contrast, leaf area was considerably reduced in TOC1-ox (Figure 9A); a
phenotype that was evident at early stages (6 and 7 days after stratification,
das). Although leaves continued growing over the days, the growth rate in
TOC1-ox was noticeably reduced compared to WT and resulted in a 60%
reduction at 9 das (Figure 9A). Leaf epidermal cell number was reduced in
TOC1-ox at early stages (Figure 9B), which indicate that cell proliferation is
affected by accumulation of TOC1. Cell area was also reduced in TOC1-ox
(Figure 9C) suggesting that both the reduced cell number and area contribute to
the reduction of leaf size. A role for TOC1 controlling the duration of the mitotic
cycle was supported by the analysis of the average cell division rate, which

showed a slower speed in TOC1-ox (0.032 cells cell'' h-1) compared to WT
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(0.050 cells cell'* h-1) (Figure 11A). A similar reduced leaf area, cell area and cell
number were observed in TOC1-ox under LgD (Figure 10A-C) which also led to
a reduced average cell division rate (Figure 11B). Therefore, over-expression of

TOC1 affects the speed of the cell cycle, altering cell division during the mitotic

cycle.
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Figure 9. TOC1 modulates growth during leaf development under ShD. Early time course
analyses of (A) leaf blade area, (B) cell number and (C) cell area of the first leaf pair. (A-C)
Plants were grown under ShD conditions. Data are represented as the mean + SEM of n =
10-20 leaves and n = 100 cells. At least two biological replicates per experiment were
performed.
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Figure 10. TOC1 modulates growth during leaf development under LgD. Early time
course analyses of (A) leaf blade area, (B) cell number and (C) cell area of the first leaf pair.
(A-C) Plants were grown under LgD conditions. Data are represented as the mean + SEM of n
=~ 10-20 leaves and n = 100 cells. At least two biological replicates per experiment were
performed.
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Figure 11. TOC1 modulates the cell division rate in young developing leaves. (A-B)
Average cell division rates of abaxial epidermal cells and linear regression analyses of the first
four points of the kinematic assay. Plants were grown under (A) ShD and (B) LgD conditions.

50



Results

Analyses of ztl-3 mutant plants, harboring a mutation in ZTL (Somers et al.,
2000), the F-box protein responsible for TOC1 protein degradation (Mas et al.,
2003b) showed a decreased plant size and leaf area that correlated with
reduced cell number and cell size (Figure 12A and B, 14A-F), following a similar
trend to that observed in TOC1-ox. Conversely, toc71-2 mutant plants displayed
increased leaf size that coincided with higher cell number at early stages of

development and increased cell area at later stages (Figure 12A and B, 13A-F).
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Figure 12. TOC1 miss-expression affects overall plant growth. (A) Representative images
of WT, toc1-2 and ztl-3 plants and (B) leaves from WT (top), foc1-2 (middle) and zt/-3 (bottom)
at 19 das. Leaves are shown from the oldest, including the two cotyledons (left) o the
youngest (right). (A-B) Plant were grown under LgD.
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Figure 14. Mutation of ZTL
reduces overall growth in
Arabidopsis leaves during
development. Time course
analyses of (A-B) leaf blade area,
(C-D) cell number, and (E-F) cell
area of the first leaf pair in zt-3
mutants grown under LgD. Values
of (B) leaf area, (D) cell number,
and (F) cell area at early stages of
development are separately
represented. Data in panel (C) is
graphed in log2 scale. Data are
represented as the mean + SEM of
n = 10-20 leaves and n = 100 cells.
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To determine if a specific cell cycle phase is affected in TOC1-o0x, we conducted
flow cytometry analyses to examine ploidy profiles of leaves from plants grown
at 9 das under ShD (Figure 15A) or 7 das under LgD (Figure 15D). WT and
TOC1-ox mostly showed nuclear DNA content (C-values) of 2C and 4C,
correlating with the high proliferation at this developmental stage (Figure 15A
and D). Calculation of the relative amount of cells in the G1-, S-, and G2/M-
phases revealed that TOC1-ox leaves displayed a decreased proportion of
nuclei in S and G2/M phases and a clear enrichment of the G1-phase under
both ShD (Figure 15B) and LgD (Figure 15E). The data indicates that the G1-
phase takes much longer in TOC1-ox (aprox. 22h) than in WT (aprox. 13h) at
the expense of a shorter S-phase (1.6h versus 2h in WT) (compare TOC1-0x in
the outer ring with WT in the inner ring in Figure 15C). A similar trend was
observed under LgD (Figure 15F). Thus, the slow circadian clock in TOC1-ox
plants correlates with an extended G1-phase and reduced S-phase. The results
indicate that TOC1 is important not only for controlling the pace of the clock but

also the cell cycle.
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Figure 15. TOC1 modulates the mitotic cycle in developing leaves. Ploidy distribution by
flow cytometry of WT and TOC1-ox first pair of leaves at (A) 9 das and (D) 7 das. Estimation
of the relative amounts of cells in G1, S and G2/M phases in proliferating leaves analyzed by
flow cytometry at (B) 9 das and (E) 7 das. Estimated duration (hours) of the G1, S and G2/M
phases at (C) 9 das and (F) 7 das in WT (inner rings) and TOC1-ox (outer rings). (A-C) Plants
were grown under ShD and (D-F) under LgD conditions. At least two biological replicates per
experiment were performed.

2. TOC1 controls the timing of the endocycle in leaves

Our results suggest that TOC1 regulates the mitotic cycle at early stages of leaf
development. However, after the mitotic cycle, cells transition to the endocycle
in which endoreplication predominates at mid and late stages of leaf growth (De
Veylder et al.,, 2011). To determine whether in addition to the mitotic cycle,
TOCH1 also regulates endoreplication in leaves, we conducted a time course
analysis by flow cytometry to examine ploidy of leaves at later stages of
development (Figure 16A and B). At 13 das, WT plants grown under ShD
showed around 5% of the nuclei with 8C content, which represent cells entering
the endocycle (Figure 16C). The frequency of 2C and 4C nuclei progressively
decreased over time in favor of higher-order C values that can be attributed to
extra rounds of endoreplication (Figure 16C). In TOC1-ox seedlings at 13 das,
the 4C/2C ratio was reduced compared to WT (Figure 16D). The sharp 4C
increase observed in WT was delayed and reached a peak only at 15 das in
TOC1-ox (Figure 17A) while the marked reduction of the 2C content at 9 to 13
das observed in WT leaves was less pronounced in TOC1-ox (Figure 16C and
D). From day 13 onward, the proportion of 8C and 16C nuclei was considerably
reduced in TOC1-ox compared to WT (Figure 17B and C).

53



Results

C3 2C @3 4C =W 8C mm 16C
100
WT 75
£
8 5
Qo
=]
=z
25
A ‘ e -
0 T T
7 9 13 15 20 24
Time after stratification (days)
C3 2C =3 4C mm 8C mm 16C
100
TOC1-0x _ 754
X
S5
[X)
3
F
A \
0 T T T T
7 9 13 15 20 24

Time after stratification (days)

Figure 16. TOC1 modulates endoreplication in developing leaves under ShD. Ploidy
distribution by flow cytometry of (A) WT and (B) TOC1-ox first leaf pair at 13, 15, 20 and 24
das. Kinematics of polyploid nuclei in (C) WT and (D) TOC1-ox. (A-D) Plants were grown
under ShD conditions. Data are represented as the mean + SEM of n = 10000 nuclei. At least
two biological replicates per experiment were performed.
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Figure 17. TOC1 over-expression alters ploidy progression in developing leaves under
ShD. Relative profiles of (A) 4C, (B) 8C and (C) 16C content in WT and TOC1-ox. (A-C)
Plants were grown under ShD conditions. Data are represented as the mean + SEM of n =
10000 nuclei. At least two biological replicates per experiment were performed.

Leaf ploidy of plants grown under LgD also revealed a delayed enrichment of
higher-order C values in TOC1-ox compared to WT (Figure 18A-D and 19A-C),
suggesting that alteration of endoreplication in TOC1-ox is not dependent on a
particular environmental condition. The DNA content was eventually reached
but at a slower pace, suggesting a delayed progression of endoreplication.

These results are noteworthy as TOC1-ox also delays the phase of the clock
under diurnal conditions.
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distribution by flow cytometry of (A) WT and (B) TOC1-ox first leaf pair at 11, 13, 15 and 20
das. Kinematics of polyploid nuclei in (C) WT and (D) TOC1-ox. (A-D) Plants were grown
under LgD conditions. Data are represented as the mean + SEM of n = 10000 nuclei. At least
two biological replicates per experiment were performed.

o

7 9 13 15 20 24
Time after stratification (days)

60 50
LgD - 4C - WT 204 o wr
40 -0 TOC1-ox
—_ . ~ 151
X 2 304 X
— 40+ =30 =
° 2 2 10
S S 204 S
z =z 4 z
’ - WT 54
10 A ¥
204 -0 TOC1-ox §o-0m""77 LgD - 16C
T T T T . . 01— T T T T ] T T T T
7 9 13 15 20 24 8 12 16 20 24 12 16 20 24
Time after stratification (days) Time after stratification (days) Time after stratification (days)

Figure 19. TOC1 over-expression alters ploidy progression in developing leaves under
LgD. Relative profiles of (A) 4C, (B) 8C and (C) 16C content in WT and TOC1-ox. (A-C)
Plants were grown under LgD conditions. Data are represented as the mean + SEM of n =
10000 nuclei. At least two biological replicates per experiment were performed.

Calculation of the endoreplication activity, measured as the average number of
endocycles per nucleus (Endoreplication Index, El) of z{l mutant plants showed
reduced El (Figure 20A), which confirmed that over-accumulation of TOCH1
correlates with a reduction of endoreplication. The phenotypes were not
exclusive for TOC1 gain-of-function since toc7-2 mutant and over-expression of
ZTL (ZTL-ox) leaves showed enhanced endoreplication (Figure 21A-C).
Calculation of the El confirmed the reduced index in TOC1-ox (Figure 20B and
C) and its increment in foc1-2 and ZTL-ox plants (Figure 21D). Therefore,
proper accumulation of TOC1 is important for endocycle activity and influences

endoreplication in developing leaves.
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3. TOC1 controls the endocycle in hypocotyl cells

We next examined whether regulation of endoreplication by TOC1 was
exclusive for leaves or also pervaded other organs. Hypocotyl cells are a
convenient and simple system to analyze endocycle activity as the Arabidopsis
hypocotyl epidermal and cortex cells only undergo endoreplication (Gendreau
et al., 1997). We first examined hypocotyl length of TOC1-ox plants under
constant white light conditions (WL, 40 pE) and found significantly shorter
hypocotyls compared to WT (Figure 22A, left panel). Conversely, TOC1-RNAI
plants showed longer than WT hypocotyls (Figure 22A, left panel). The trend of
hypocotyl phenotypes was similar at low fluences (1 yE, WL1) (Figure 22A,
right panel).
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Figure 22. TOC1 miss-expression affects hypocotyl elongation. (A) Analyses of hypocotyl
length at WL40 (40 pmol-quanta-m-2-s-') and WL1 (1 pmol-quanta-m-2-s-1) and (B) growth
kinetics of WT, TOC1-ox and TOC1-RNAi. Graphs represent mean + SEM of n = 20
hypocotyls (per genotype and/or condition). At least two biological replicates per experiment
were performed. Length under WL1 in (A) is represented on the right axe. ***P< 0.0001;
***P<0.001.

Analyses of ztl-3 mutant plants also resulted in short hypocotyls (Figure 23A
and B), confirming that over-accumulation of TOC1 correlates with inhibition of
hypocotyl growth. Very short hypocotyls were also observed in TOC1 minigene
(TMG) seedlings, which express TOC1 genomic fragment fused to the yellow
fluorescent protein in a zt/ mutant background (ztl-1/TMG) (Figure 23C).
Contrarily, over-expression of ZTL resulted in long hypocotyls (Figure 23A and
B) similar to TOC1-RNAi seedlings. Time course analyses of hypocotyl growth
over 7 days revealed that the phenotypes were readily observed at 1 das and
continued throughout the time course (Figure 22B). Thus, TOC1 engages in the

control of hypocotyl elongation at early stages of post-embryonic growth.
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Figure 23. ZTL miss-expression modulates hypocotyl elongation. Hypocotyl length of WT,
ztl-3 and ZTL-ox seedlings under (A) WL40 (40 pmol-quanta-m-2-s-1) and (B) WL1 (1
pmol-quanta-m-2-s-1). (C) Hypocotyl length of WT, zt/-1 and zt/-1/TMG seedlings under WL1.
Graphs represent the mean + SEM of n = 20 hypocotyls (per genotype and/or condition). At
least two biological replicates per experiment were performed.
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We next examined the number and size of hypocotyl epidermal cells. Cell
number was not significantly altered in TOC1-ox or TOC1-RNAi compared to
WT plants (Figure 24A). The results agree with the fact that hypocotyl growth is
mostly regulated by cell expansion rather than cell division (Gendreau et al.,
1997). Analyses of the bottom, mid or top regions of hypocotyls showed a
significantly reduced cell length in TOC1-ox and conversely, and increased
elongation in TOC1-RNAi (Figure 24B and C). In WT and TOC1-RNAi plants,
cells were longer at the mid-region compared to the top or the bottom. This
relationship was lost in TOC1-ox with a constant and reduced cell length in
every region. A similar trend in cell length phenotypes was observed in zt/-1 and
ztl-1/TMG plants (Figure 24D). Thus, the hypocotyl phenotypes due to miss-

expression of TOC1 correlate with significant changes in cell expansion.
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Figure 24. TOC1 modulates hypocotyl cell length. Hypocotyl epidermal (A) cell number
and (B-D) cell length at the bottom, mid and top regions of (B-C) WT, TOC1-ox and TOC1-
RNAi and (D) WT, ztl-1 and ztl-1/TMG hypocotyls. Seedlings were grown under (A left panel,
C and D) 40 pmol-quanta-m-2-s-1 (WL40) and (A right panel and B) 1 pumol-quanta-m-2-s-1
(WL1). Graphs represent the mean + SEM of n = 20 hypocotyls and n = 100 cells (per
genotype and/or condition). At least two biological replicates per experiment were performed.
****P< 0.0001; ***P<0.001.
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Flow cytometry analyses to determine the ploidy profiles of hypocotyls revealed
that WT cells showed three evident peaks corresponding to nuclear DNA
content of 2C, 4C and 8C (Figure 25A-C). In TOC1-ox seedlings, the proportion
of 4C nuclei was higher than in WT, with a reduction in the proportion of 8C and
16C nuclei (Figure 25A-C). In contrast, TOC1-RNAi cells showed a small but
reproducible enrichment of the 8C and 16C peaks (Figure 25A-C). Thus, TOC1
over-expression decreases the 8C/4C ratio while TOC1-RNAi increases
endoreplication leading to an incomplete repression of the third endoreplication
round. Although polyploidy is not necessarily coupled with elongation, the
Endoreplication Index (El) showed a direct correlation with hypocotyl length in
lines with decreasing amounts of TOC1 (Figure 25D). These results suggest
that proper expression of TOC1 is also important for modulating the endocycle

activity during hypocotyl growth.
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Figure 25. TOC1 modulates endoreplication in hypocotyl cells. Flow cytometry of ploidy
profiles under constant white light (A) 40 pmol-quanta-m-2-s-1, WL40 and (B) 1
pmol-quanta-m-2-s-1, WL1. (C) Relative proportions of polyploid nuclei in hypocotyls of
seedlings grown under WL40 and WL1 for 7 days. Data are represented as the mean + SEM
of n = 10000 nuclei. (I) Correlation of hypocotyl length and the endoreplication index in lines
with decreasing amounts of TOC1. Graph represents the mean + SEM of n = 20 hypocotyls
and n = 10000 nuclei. At least two biological replicates per experiment were performed.
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4. The developmental expression of cell cycle genes is altered in TOC1-0x

As TOC1 functions as a transcriptional regulator, we investigated which cell
cycle genes could be transcriptionally altered in TOC1-ox. The timing of mitotic
exit is different between the leaf tip and base (Donnelly et al., 1999) so that the
first pair of leaves were cut in halves and the expression of selected core cell
cycle genes was separately examined at the leaf tip and base. Overall, the
trend of expression of cell cycle genes in WT leaves was similar to that
described in previous reports and correlated with their cell cycle function. At the
leaf tip, the G1-expressed D3-type cyclins showed a slight but reproducible up-
regulation (Figure 26A-C) that might be consistent with the longer G1-phase
and altered endoreplication in TOC1-ox, as CYCDs restrain the transition to
endocycling (Dewitte et al., 2007). The slight up-regulation of CYCDS3;1 (Figure
26A) might also contribute to the delayed S-phase, as CYCD3;1 is repressed
during the S-phase (Menges et al., 2005). A down-regulation was observed for
CYCD4;1 (Menges and Murray, 2002) (Figure 26D), and CDKA;1 (Figure 26F).
For CYCB1;1 a down-regulation was observed in TOC1-ox at the tip of the leaf
while no change was observed at the base (Figure 26E).
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Figure 26. Miss-expression of CYCs and CDKs in TOC1-ox developing leaves. Time
course analyses of cell cycle genes in WT and TOC1-ox leaves over development. Plants
were grown under LgD and samples were collected at ZT7. Leaves were cut in halves and
gene expression was separately examined at the tip of leaves. Expression of (A) CYCD3;1,
(B) CYCD3;2, (C) CYCD3;3, (D) CYCD4,1, (E) CYCB1,;1, and (F) CDKA;1 at the tip of leaves.
Relative expression was obtained by Quantitative real-time PCR (Q-PCR) analyses. Data
represent as te mean + SEM of technical triplicates. The experiment was repeated twice,
giving similar results.
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The expression of CDK inhibitors such as KRPZ2 shifted from up-regulated at
early stages to down-regulated at late stages (Figure 27B). This pattern might
reflect the mismatch in timing between proliferation and differentiation in TOC1-
ox, as KRP2 not only inhibits cell proliferation but also sustains differentiation
(Verkest et al., 2005). A similar pattern was observed for KRP4 (Figure 27C)
and KRP1 (Figure 27A). In contrast, the expression of KRP7 was clearly up-
regulated mostly at late stages (Figure 27D). The expression of the inhibitors
SMR (SIAMESE-RELATED) was also altered in TOC1-ox. For instance, SMR1
and SMR8 (Figure 28A and E) were down-regulated mostly at late stages of
development while a very significant down-regulation was observed for SMR5
and SMR7 at all time points (Figure 28C and D). However, others as SMR4
displayed WT expression levels throughout development (Figure 28B). The
down-regulation of SMRs contrasted with the up-regulation of SIM (SIAMESE)
(Figure 28F). The up-regulation of SIM correlates with the slow growing
phenotype of plants over-expressing SIM but not with their increased DNA
content. It is possible that the reduced expression of other endoreplication
promoting factors in TOC1-ox might be able to overcome the over-expression of
SIM.
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and samples were collected at
ZT7. Leaves were cut in halves
and gene expression was
separately examined at the tip
of leaves. Expression of (A)
KRP1, (B) KRP2, (C) KRP4,
and (D) KRP7, at the tip of
leaves. Relative expression
was obtained by Q-PCR
analyses. Data are
represented as the mean +
SEM of technical triplicates.
The experiment was repeated
twice, giving similar results.
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Figure 28. Miss-expression of SMRs in TOC1-ox developing leaves. Time course
analyses of cell cycle genes in WT and TOC1-ox leaves over development. Plants were grown
under LgD and samples were collected at ZT7. Leaves were cut in halves and gene
expression was separately examined at the tip of leaves. Expression of (A) SMR1, (B) SMR4,
(C) SMR5, (D) SMR7, (E) SMR8 and (F) SIM at the tip of leaves. Relative expression was
obtained by Q-PCR analyses. Data are represented as the mean + SEM of technical
triplicates. The experiment was repeated twice, giving similar results.

In agreement with this idea, the expression of the endocycle promoting factor
CCS52A2 and the DNA replication factor CDC6 was clearly down-regulated in
TOC1-ox (Figure 29A and B). In WT, the expression decreased until day 12-13

to subsequently rise again. However, in TOC1-0x, expression failed to rise and

remained lower than in WT. The expression of CDT1a was reduced in TOC1-0x

at early stages of development (Figure 29C).
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Figure 29. Miss-expression of endocycle related genes in TOC1-ox developing leaves.
Time course analyses of cell cycle genes in WT and TOC1-ox leaves over development.
Plants were grown under LgD and samples were collected at ZT7. Leaves were cut in halves
and gene expression was separately examined at the tip of leaves. Expression of (A)
CCS52A2, (B) CDC6, and (C) CDT1a at the tip of leaves. Relative expression was obtained
by Q-PCR analyses. Data are represented as the mean + SEM of technical triplicates. The
experiment was repeated twice, giving similar results.
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Although values and timing varied, similar trends of gene expression were
observed at the bases of leaves (Figure 30). Thus, there is considerable
transcriptional miss-regulation of cell cycle genes involved in both the mitotic
cycle and the endocycle. The changes in gene expression correlate with the

phenotypes in cell and organ size, cell number and ploidy.
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Figure 30. Miss-expression of cell cycle genes in TOC1-ox developing leaves. Time
course analyses of cell cycle genes in WT and TOC1-ox leaves over development. Plants
were grown under LgD and samples were collected at ZT7. Leaves were cut in halves and
gene expression was separately examined at the tip of leaves. Expression of (A) CYCB1;1,
(B) CYCD3;1, (C) CYCD3;2, (D) CYCD3;3, (E) CYCD4;1, (F) CDKA;1, (G) KRP1, (H) KRP2,
(I) KRP4, (J) KRP7, (K) SIM, (L) SMR1, (M) SMR2, (N) SMR4, (O) SMR5, (P) SMR7, (Q)
SMRS8, (R) CCS52A2, (S) CDC6 and (T) CDT1a at the base of leaves. Relative expression
was obtained by Q-PCR analyses. Data are represented as the mean + SEM of technical
triplicates. The experiment was repeated twice, giving similar results.
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5. The diurnal expression of cell cycle genes is altered in TOC1-0x

We next examined whether the expression of cell cycles genes followed a
diurnal oscillatory trend and whether this oscillation was affected in TOC1-ox.
Analyses of clock core gene expression in plants grown under LgD conditions
at 7 or 14 das confirmed the reliability of the diurnal time course showing the
proper rhythmic oscillation and its decreased expression in TOC1-ox (Figure
31A-D).
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Figure 31. TOC1 acts as a repressor of the circadian clock network. Time course
analyses of circadian clock genes over a diurnal cycle. Plants were grown under LgD and
samples were collected at (A and B) 7 das and (C and D) 14 das every 4h over a 24h cycle.
Expression of (A) CCA1, (B) PRR9, (C) PRR7 and (D) PRR5. Relative expression was
obtained by Q-PCR analyses. Data are represented as the mean + SEM of technical
triplicates. The experiments were repeated at least twice.

For cell cycle genes, we found a slight oscillation of CYCDs showing higher
expression during the day and lower during the night (Figure 32A-C). Consistent
with an antagonistic function, KRP2 expression followed an inversed trend with
higher expression during the night (Figure 33A-C). In TOC1-ox, CYCDs were
up-regulated, particularly close to dusk, and also before dawn for CYCD3;2.
The up-regulation of CYCD3;1 before dusk was not so evident at Zeitgeber
Time 7 (ZT7; ZTO0: lights-on), the time point of the developmental expression

analyses. The results highlight the importance of full time course diurnal
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analyses to obtain a view of the regulatory interactions. The expression of
KRP2in TOC1-ox showed a slight but reproducible up-regulation during the day
and down-regulation during the night at 7 das (Figure 33A), 14 (Figure 33B) and
18 das (Figure 33C). KRP7 also followed a similar trend of expression (Figure
33D). Consistent with the developmental results, the expression of SMR5 was
severely reduced in TOC1-ox at all time points (Figure 33E). For SMR7, the
peak of expression was delayed in TOC1-ox with a clear down-regulation at
ZT17, the time point used for the developmental time course (Figure 33F). The
expression of other genes (e.g. E2Fa) was not clearly oscillating although the

expression was affected in TOC1-ox (Figure 32D).
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Figure 32. TOC1 regulates the diurnal expression of G1/S phase transition cell cycle
genes. Time course analyses of cell cycle genes over a diurnal cycle under LgD at 7 das
every 4h over a 24h cycle. Expression of (A) CYCD3;1, (B) CYCD3;2, (C) CYCD3,3, and (D)
E2FA. Relative expression was obtained by Q-PCR analyses. Data are represented as the
mean + SEM of technical triplicates. The experiments were repeated at least twice.
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Figure 33. TOC1 regulates the diurnal transcriptional expression of CDK inhibitors.
Time course analyses of cell cycle genes over a diurnal cycle under LgD at (A,D-F) 7 das, (B)
14 das and (C) 18 das every 4h over a 24h cycle. Expression of (A-C) KRP2, (D) KRP7, (E)
SMR5 and (F) SMR7. Relative expression was obtained by Q-PCR analyses. Data are
represented as the mean + SEM of technical triplicates. The experiments were repeated at
least twice.

Based on the gene expression profiles from our developmental assays, we also
examined endocycle genes such as CCS52A2 and CDCé6 at later stages of
growth (18 das). Our results showed that CCS52A2 expression was down-
regulated in TOC1-ox throughout the diurnal time course (Figure 34A). We also
observed an acute up-regulation of CDC6 in WT leaves that was completely
abolished in TOC1-ox (Figure 34C), suggesting that over-expression of TOC1
strongly represses this induction. A similar severe repression was observed at
14 das (Figure 34B). Compared to WT, CDC6 expression rose at the mid-, end-
of night in TOC1-ox (Figure 34B and C), which indicates that other components
are able to overcome the repressive function of TOC1 after dusk. We found that
the diurnal peak of CDC6 coincided with a very low expression of TOC1 and
conversely, the high expression of TOC1 correlated with low expression of
CDC6 (Figure 34D).
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Figure 34. TOC1 regulates the diurnal expression of endocycle related genes. Time
course analyses of cell cycle genes over a diurnal cycle under LgD at (B) 14 das and (A and
C-D) 18 das every 4h over a 24h cycle. Expression of (A) CCS52A2, (B-D) CDC6, and (D)
TOC1. Relative expression was obtained by Q-PCR analyses. Data are represented as the
mean + SEM of technical triplicates. The experiments were repeated at least twice.

Notably, a similar oscillation was observed in the expression of the S-phase
marker Histone 4 (H4) with a peak around midday that was delayed in TOC1-ox
(Figure 35A). These results suggest the interesting possibility of a diurnal
synchronization of the S-phase. To explore this possibility, we analyzed ploidy
every 4h over a 24h LgD cycle in WT and TOC1-ox leaves. Despite the
expected variation among the biological replicates, we found an interesting
trend in the proportion of cells in S-phase, which accumulated during the mid-,
late day in WT leaves. Notably, the oscillatory pattern of the S-phase population
was clearly delayed in TOC1-ox (Figure 35B). Therefore, the S-phase follows
an oscillatory trend that is controlled by the circadian clock through TOCH1
repression of CDC6 expression. This regulation might define a temporal window

before dusk in which S-phase progression is favored.
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Figure 35. TOC1 controls the diurnal oscillation of the S-phase. (A) Time course analyses
of H4 over a diurnal cycle under LgD at 7 das. Relative expression was obtained by Q-PCR
analyses. Data are represented as the mean + SEM of technical triplicates. (B) Estimation of
S-phase occurrence by modeling with ModFit the ploidy profiles under LgD at 7 das. At least
two biological replicates per experiment were performed.

6. TOC1 directly binds to the CDC6 promoter

As TOC1 acts as a repressor that binds to the promoters of nearly all central
oscillator genes, we next performed chromatin immunoprecipitation (ChlIP)
assays followed by Q-PCR analyses of the promoters of selected cell cycle
genes. ChIP assays were performed with TOC1-ox plants (Huang et al., 2012)
at 7 das using an anti-MYC antibody to immunoprecipitate the MYC-tagged
TOC1 protein. Our results showed specific amplification of the promoter of
CDC6 (Figure 36A) while no amplification was observed for other promoters
including for instance CDKB1; 1, CYCA2,3, CYCB1;1, CDKA;1, ACTIN2 (ACT2)
or when samples were incubated without antibody (-a). Analyses at later stages
(14 and 22 das) also rendered amplification of the CDC6 promoter while the
promoters of other cell cycle genes were not significantly enriched (Figure 36B
and C). We also monitored the possible oscillation of TOC1 binding by using
ChIP assays with TMG seedlings, which express the TOC1 genomic fragment
fused to the yellow fluorescent protein in the toc7-2 mutant background (Huang
et al.,, 2012). Fold enrichment analyses following TOC1 immunoprecipitation
with the anti-green fluorescent protein (GFP) antibody showed a clear
amplification of CDC6 promoter at ZT15 compared with ZT3 (Figure 36D).
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Figure 36. TOC1 binds to the CDC6 promoter. (A-C) Chromatin immunoprecipitation (ChIP)
assays with TOC1-ox plants examined at (A) 7, (B) 14, and (C) 22 das and sampled at ZT7
using an anti-MYC antibody to immunoprecipitate the MYC-tagged TOC1 protein. ChIP
enrichment was calculated relative to the input. Samples were incubated with anti-MYC
antibody (+a) or without antibody (-a). (D) ChIP assays with TMG plants grown under LgD and
collected at ZT3 and ZT15. ChIPs were performed with an anti-GFP antibody to
immunoprecipitate the GFP-tagged TOC1 protein. For comparisons of the different time
points, fold enrichment was calculated relative to the input and to values without antibody (-a).
At least two biological replicates per experiment were performed.

The binding to the CDC6 locus occurs in a region containing a previously
identified TOC1 binding motif (Huang et al., 2012), the so-called Evening
Element (EE). Consistently, GUS (GLUCURONIDASE) activity of the CDC6
promoter was reduced in protoplasts co-transfected with TOC1 while no effect
was observed in mutated versions of the promoter lacking the EE (Figure 37A).
Our results are noteworthy as CDC6 is key for both the mitotic cycle and the
endocycle. The effects are not due to artifacts TOC1-ox plants as accumulation
of TOC1 in ztl-3 mutant plants also results in reduced CDC6 expression (Figure
38A). Furthermore, if TOC1 controls the cell cycle through regulation of CDC6
expression, down-regulation of TOC1 should lead to the opposite phenotypes to
those observed in TOC1-ox plants. Indeed, our results showed that CDC6
expression was up-regulated in toc71-2 and ZTL-ox compared to WT plants
(Figure 38B and C).
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3 present at the CDC6 promoter. (A) Relative GUS activity of
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Figure 38. TOC1 and ZTL miss-regulation disrupts the oscillatory expression pattern
of CDC6. Expression of CDC6 in WT and (A) ztl-3 mutant, (B) ZTL-ox and (C), toc1-2
mutant plants. Plants were grown under LgD and samples were collected at 18 das every 4h
over a 24h cycle. Relative expression was obtained by Q-PCR. Data are represented as the
mean + SEM of technical triplicates. The experiments were repeated at least twice.

Previous studies have shown that over-expression of CDC6 increases somatic
ploidy (Castellano et al., 2001). Our analyses confirmed the increased leaf size
and ploidy of CDC6-ox plants (Figure 39A and B, 40A and B). To further confirm
the direct link between TOC1 and CDC6, we performed genetic interaction
studies using TOC1-ox plants transformed with the CDC6 over-expressing
construct. Analyses of double over-expressing plants (ox/ox) showed that the
reduced size of TOC1-ox plants was reverted by over-expression of CDC6
(Figure 41A and B). Furthermore, time course analysis by flow cytometry
showed that the reduced ploidy and delayed enrichment of higher-order C
values in TOC1-ox plants (Figure 42A, B, D and E) were overcome by over-
expression of CDC6 (Figure 42A, C, D and F). Calculation of the
Endoreplication Index also confirmed the recovery of the endoreplication activity
(El) (Figure 43A). A similar phenotypic reversion was observed in other double
over-expressing lines (Figure 43B). These results suggest that the reduced
expression of CDC6 contributes to the observed phenotypes in TOC1-ox.

Although it is possible that TOC1 may directly regulate other checkpoint factors

70



Results

or regulators of cell cycle progression, our data are consistent with the direct
binding of TOC1 to the CDC6 promoter to control its developmental and diurnal

transcriptional expression.
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Figure 39. CDC6 over-expression leads to an increased leaf size. (A) Relative CDC6
expression in WT and three different lines over-expressing CDC6. Samples were collected at
ZT7. Relative expression was obtained by Q-PCR. Data is presented relative to WT and
represented as the mean + SEM of technical triplicates. (B) Representative images of WT and
CDC6-ox leaves. Plants were grown under LgD. The experiments were repeated at least

twice.
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Figure 40. CDC6 over-expression increases endoreplication in developing leaves. (A)
Ploidy distribution by flow cytometry of WT and CDC6-ox line 1 of the first pair of leaves at 9
das. (B) Proportion of polyploid nuclei in WT and three different CDC6-0x lines. Data are
represented as the mean + SEM of n = 10000 nuclei. Plants were grown under LgD. The
experiments were repeated at least twice.
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Figure 41. Over-expression of CDC6 rescues the growth phenotype of TOC1-ox plants.
(A) Relative CDC6 expression in WT and three different double CDC6 and TOC1 over-
expressing lines (ox/ox). Samples were collected at ZT2 and ZT9. Data is presented relative
to WT ZT2 and represented as the mean + SEM of technical triplicates. (B) Representative
images of WT, TOC1-ox and CDC6-0x/TOC1-0x leaves. Plants were grown under LgD. The
experiments were repeated at least twice.
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Figure 42. Over-expression of CDC6 rescues the ploidy phenotype of TOC1-ox plants.
Ploidy distribution by flow cytometry of (A) WT, (B) TOC1-ox, and (C) CDC6-ox/TOC1-ox (ox/
ox1) first pair of leaves at 9 das. Kinematics of polyploid nuclei in (A) WT, (B) TOC1-ox and
(C) CDC6-0x/TOC1-0x line 1 (ox/ox1). Plants were grown under LgD. Data are represented
as the mean + SEM of n = 10000 nuclei. At least two biological replicates per experiment were
performed.
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Figure 43. Over-expression of CDC6 rescues the ploidy phenotype of TOC1-ox plants.
(A) Endoreplication index in WT, TOC1-ox and CDC6-ox/TOC1-ox line 1 (ox/ox1) leaves. (B)
Kinematics of polyploid nuclei in TOC1-ox (Tox) and two CDC6-ox/TOC1-ox lines (2 and 3). (A
and B) Plants were grown under LgD. Data are represented as the mean + SEM of n =~ 10000
nuclei. At least two biological replicates per experiment were performed.
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7. Tumor progression is affected in TOC1-ox inflorescence stalks

If TOC1 regulates the cell cycle, then cellular systems in which the cell cycle is
miss-regulated should display a differential response in WT versus TOC1-0x
plants. To explore this possibility, we monitored if the slow pace of the cell cycle
in TOC1-ox correlated with delayed tumor growth. To that end, we inoculated
the bases and first internodes of inflorescence stalks with a virulent
Agrobacterium tumefaciens strain (A281) (Deeken et al., 2003). The T-DNA
contains the B-glucuronidase (GUS) gene so that tumor development can be
followed after infection. At 5 days after inoculation (dai), staining was readily
observed as small blue foci of variable sizes (Figure 44A, left two images,
Figure 46A). The areas of GUS foci were considerable increased at 7 dai,
forming bigger and strongly stained patches (Figure 44A, right image). The
staining appeared higher in tumors at the base of the stalks than at the
internodes (Figure 44A). Tumors were also observed in TOC1-ox stalks and
internodes (Figure 44B and 46B). However, the small and medium size GUS
foci were clearly reduced compared to WT (Figure 45A and B). Comparative
analyses of the proportion of the different areas clearly showed an enrichment
of bigger patches in WT compared to TOC1-ox (Figure 45C and 46C). The
reduction in GUS foci area in TOC1-ox was even more evident at the first
internode (Figure 45D-F). No staining or other visible phenotypes were
observed when plants were inoculated with the non-tumorigenic Agrobacterium
strain GV3101 (Figure 46A and B). Altogether, our results suggest that the
slowed cell cycle and reduced S-phase duration in TOC1-ox might contribute to

the observed delay in tumor progression.

A WT B TOC1-0x

Figure 44. Tumor progression is delayed in
g V. y ' ' TOC1-ox. Representative images of
N ' , ' ‘ inflorescence stalks inoculated with the
» L. : J A Agrobacterium virulent strain A281 at the base
» L of inflorescence stalks in (A upper image) WT
and (B upper image) TOC1-ox at 5 dai (left two
& images) and 7 dai (right images). Inoculations
B A were also performed at the first internode of (A
3 ' P lower image) WT and (B lower image) TOC1-
\ ox. At least 15 stalks per genotype were
inoculated and GUS stained.
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Figure 45. Quantification of the delayed tumor progression in TOC1-ox. Mean area of
small and medium GUS foci at the (A) base of inflorescence stalks and in the (D) first
internode. Distribution of the different GUS areas (B and E) and proportion of sizes (C and F)
at the (B and C) base and at the (E and F) first internode of inflorescence stalks. Graphs
represent the mean + SEM of n = 110 foci. At least two biological replicates were performed.
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Figure 46. Tumor progression is delayed in young TOC1-ox inflorescence stalks.
Representative images of inflorescence stalks inoculated with the Agrobacterium non-virulent
strain GV3101 and virulent strain A281 at the base of inflorescence stalks in (A) WT and (B)
TOC1-ox at 5 dai. (C) Distribution of the proportion of sizes of the different GUS areas at the
base of inflorescence stalks at 5 dai. Graphs represent the mean +SEM of n = 110 foci. At
least two biological replicates were performed.
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Discussion

In this Thesis we have addressed a key question regarding the circadian clock
control of organ growth in Arabidopsis. We have found that the circadian clock,
through the function of the core clock component TOC1, regulates the G1/S
phase transition during the mitotic cycle in young developing leaves, as well as
the progression of the endocycle during later stages of leaf development and
during hypocotyl growth. This correlated with changes in the developmental and
diurnal expression of key genes of the cell cycle machinery. More specifically,
we have discovered that TOC1 safeguards the G1/S phase transition by direct
binding and repression of the DNA replication licensing factor CDC6. Moreover,
the role of TOC1 in the control of the cell cycle was verified by analyzing tumor
progression in Arabidopsis. Further studies of the cell cycle in different circadian
clock mutants might help to identify other possible clock components important

for cell cycle progression.

Coordination of the cell cycle progression is essential for proper regulation of
post-embryonic plant development. This coordination is particularly important
when cells undergo cell division to form new cell types and tissues. They can
also sense changes in the environment and therefore alter the rate of cell
proliferation and differentiation. Many of the cell cycle regulators show
differential expression patterns when subjected to diverse external cues (Peres
et al., 2007). This shows that cells can integrate exogenous and endogenous

signals to decide whether or not to progress from the G1 to the S-phase.

Regulation of the G1/S transition is essential for proper cell cycle progression
as cells only commit to division once they have replicated their DNA (Johnson
and Skotheim, 2013). Our results show that TOC1 regulates the proper timing
of the G1-to-S-phase transition, as indicated by the relative duration of the G1
and S phases as well as by the delayed S-phase entrance. These results are
fully consistent with the slow cell division rate and the reduced progression of
cell number observed in TOC1-ox developing leaves. Inhibition of cell

proliferation in leaves is often associated with cell expansion. This mechanism
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is known as compensation, and reduces the impact of decreased cell number
on organ size (Beemster et al., 2006). In TOC1-ox, both cell number and cell
size are affected and hence the overall leaf area is reduced. The reduction
might be due to uncoupled cell division and cell growth in TOC1-ox. It is also
possible that there is a threshold below which compensation is induced
(Horiguchi et al., 2006) so that the cell number reduction in TOC1-ox does not

reach such as threshold.

Similar reduction in cell number and area are observed in the zt/-3 mutant
plants. In the absence of a functional ZTL, TOC1 protein accumulates,
mimicking the effect of TOC1 over-expressing plants. The opposite phenotypes
are observed in toc1-2 mutant plants, where more cells are produced at
younger stages of development while displaying increased cell sizes. These
phenotypes reinforce our conclusions regarding the role of TOC1 controlling
proper timing of the G1/S-phase transition. The function of TOC1 in the mitotic
cycle resembles that of the mammalian circadian component NONO, an
interacting partner of the clock protein PERIOD that circadianly gates the S-
phase in fibroblasts (Kowalska et al., 2013). It would be interesting to check
whether in addition to TOC1, other clock components in plants contribute to the
regulation of the cell cycle at different cell cycle phases. Studies in unicellular
and multicellular algae have shown that the circadian clock regulates the growth
phase and gates this process to the night (Sweeney and Hastings, 1958,
Edmunds and Laval-Martin, 1984, Carre and Edmunds, 1993, Goto and
Johnson, 1995, Makarov et al., 1995, Mori et al., 1996, Nikaido and Johnson,
2000, Serrano et al., 2009). Indeed, DNA replication during the cell cycle is
limited to the night through circadian regulation most likely to avoid DNA

damage by the UV radiation during the day (Nikaido and Johnson, 2000).

Our results opened the question about the mechanism responsible for the
alteration of the cell cycle progression in plants miss-expressing TOC1. To
address this question, we first focused on the pattern of expression of the core
cell cycle machinery during leaf development. Although post-translational

regulation of cell cycle components is crucial for cell cycle function, the
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transcriptional regulation of cell cycle genes is highly important for cell cycle
progression (Beemster et al., 2005, Menges et al., 2005). Furthermore, there is
a clear correlation between transcribed cell cycle genes and their protein
accumulation in yeast and human cells. We found that during the mitotic cycle,
the developmental expression of several cell cycle genes was altered in TOC1-
ox plants. Genes affected include the D-type cyclins, which have essential roles
for cell cycle responses to nutrients and hormones during the G1/S-phase
transition (Riou-Khamlichi et al., 1999, Menges and Murray, 2002). The
observed transcriptional changes correlated well with the phenotypes of the
slow cycle in TOC1-ox. The phenotypes also correlated with the changes in the
expression of the KRP inhibitors, which were increased at early stages and
decreased at later stages of leaf development. KRP2 not only inhibits cell
proliferation but its weak over-expression inhibits CDKA;1 activity and leads to
increased polyploidy (Verkest et al.,, 2005). Therefore, the increased
accumulation of KRP2 at early stages is consistent with the decreased cell
number, while the decreased accumulation later in development agrees with the
reduced endoreplication in TOC1-ox. The expression of SMR5 and SMR7 was
also clearly altered in TOC1-ox. SMR5 and SMR7 are important for cell cycle
checkpoint activation following DNA damage by ROS (Yi et al., 2014). Although
SMR5 and SMR7 over-expression promotes endoreplication, the corresponding
knock-outs display no altered ploidy (Yi et al., 2014), suggesting that the effects

of TOC1-ox on their expression might rather be linked to altered ROS response.

The transcriptional miss-expression of the cell cycle core machinery was
observed in the tip and bases of leaves along development. Overall, the trends
of expression were similar, indicating that despite the spatio-temporal regulation
of entry and exit from the mitotic cycle in proliferating leaves, TOC1 is able to
ultimately regulate the cell cycle progression by altering the expression of its
molecular machinery on the whole leaf. Our findings suggest that the circadian
clockwork constitutes an additional layer of transcriptional regulation of the cell
cycle components. Similar transcriptional regulations have been reported in
other organisms such as unicellular algae (Goto and Johnson, 1995) or

mammalian cells (Matsuo et al., 2003), which indicate that transcriptional cell
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cycle control is a common feature for the circadian regulation of the cell cycle

progression.

Our gene expression analyses revealed that a disrupted clock alters not only
the expression of genes involved in the mitotic cycle but also the expression of
components needed for the entrance and maintenance of the endocycle. These
results opened the question of the importance of the circadian clock in the
regulation of endoreplication in growing organs during development. Multiple
layers of endogenous and exogenous signals converge to ensure proper
regulation of the endocycle. Tight control of the endocycle progression is
essential for the coordinated growth of diverse plant organs and for the
maintenance of cell fate (Bramsiepe et al., 2010). The physiological and
molecular analyses performed in this study indicated that the circadian clock
controls nuclear DNA replication in leaves through TOC1 function. TOC1-0x
delays the endocycle activity and conversely, loss of TOC1 function accelerates
this event. Proper regulation of endoreplication provides a means to increase
gene copy number and to ensure increased protection against irradiation (Traas
et al.,, 1998). Thus, the circadian clockwork might provide proper timing

information for endoreplication to fulfill these functions.

The time between seed germination and the establishment of the first true
leaves constitutes a crucial period in plant development. Right after
germination, seedlings need to accurately control their overall growth in order to
reach photosynthetic success. Thus, hypocotyl elongation enables buried
seedlings to reach the light. Because of the embryonic origin of Arabidopsis
hypocotyls, their growth mostly relies on cell expansion rather than cell division
after germination (Gendreau et al., 1997). Miss-expression of TOC1 perturbs
hypocotyl cell expansion and affects the successive rounds of DNA replication.
Although polyploidy is not necessarily coupled with elongation, and
endoreplication might not have the same sensitivity threshold as cell expansion
(Vandenbussche et al., 2005), the inverse correlation of the endocycle activity in
lines accumulating increasing amounts of TOC1 suggests an important

connection of TOC1 with replication of the nuclear genome. Altering the timing
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of DNA synthesis by higher or lower than WT expression of TOC71 slows-down
or speeds-up the successive rounds of endoreplication, respectively. Light not
only inhibits hypocotyl elongation but also reduces one round of endoreplication
in comparison with dark-grown seedlings (Gendreau et al., 1997). Proper
expression of TOC1 might thus regulate this repression such that TOC1-ox
plants are hypersensitive to the light-dependent repression of endoreplication
while reduced expression of TOC1 attenuates this response. Thus, the
endocycle activity might be part of a circadianly controlled developmental

program.

Our results thus indicate that proper circadian function is important for the
appropriate progression of both the mitotic cycle and the endocycle. The
coordinated transition of these events is essential for plant growth. They also
share some molecular components, which seem to exert different roles
depending on the cell cycle variant taking place. A threshold in their expression
was also proposed to play a role determining which cycle variant dominates
depending on the developmental stage. From our data, we conclude that the
circadian clock works as a key mechanism regulating the exit of the mitotic
cycle an entry of the endocycle in response to changes in the environment in

order to achieve optimal growth rate.

Strict control of S-phase entry is crucial as DNA replication occurs during this
phase. In our study we found that TOC1 acts as a repressor of CDC6
expression by direct binding to its promoter. The downregulation of CDC6 in
TOC1-ox explains why both the cell division and endoreplication are affected as
these factors, are required for the S-phase progression during both cycles
(Castellano et al., 2001, Castellano Mdel et al., 2004). In S. pombe, CDC18/
CDC6 over-expression induces multiple rounds of DNA replication (Nishitani
and Nurse, 1995, Jallepalli and Kelly, 1996) while extra rounds of
endoreplication were observed by CDC6 over-expression in cultured
megakaryocytes (Bermejo et al., 2002). TOC1-ox plants are dwarf. In humans,
mutations in the genes encoding components of the pre-replication complex,
including CDC6 were linked to the Meier-Gorlin Syndrome (MGS), an
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autosomal recessive disorder characterized by primordial dwarfism (short-
stature, microcephaly) (Bicknell et al., 2011). Ensuring that DNA replication only
occurs under “safe” conditions is essential for maintaining genome integrity, and
thus, TOC1 regulation of CDC6 might allow or delay DNA licensing in

consonance with external and internal cues.

Diurnal expression of other cell cycle key components showed a clear
oscillation and an altered expression in plants over-expressing TOC1. It is
possible that the changes in CDC6 expression trigger a cascade of
transcriptional changes in other cell cycle genes in order to accommodate the
“‘unexpected” down-regulation of CDC6 in TOC1-ox plants. It is also possible
that the alteration of other clock components by TOC1-ox affect other cell cycle
checkpoints. Regardless the additional possible clock components also
regulating the cell cycle, our results clearly indicate that the circadian clockwork
through TOC1 maintains the appropriate pace of the cell cycle not only during

development but also during the diurnal cycle.

Previous studies in Arabidopsis (Castellano et al., 2001) as well as our own
results have shown that over-expression of CDC6 results in bigger plants with
higher somatic ploidy. CDC6 is a key component of the DNA pre-replication
complex; its location on the DNA during the late G1-phase will determine the
origins of DNA replication that will be activated during the S-phase (Costas et
al., 2011). The observed phenotypes are likely due to an increased number of
licensed, active origins of replication as a consequence of the higher
abundance of functional CDC6 protein. However, in addition to CDC6 other
components are necessary to complete the pre-replication complex. All these
components eventually allow the docking of the DNA helicase (MCM complex)
responsible for the establishment of the replication fork, which will mark the start
of DNA replication during the S-phase. Two possible scenarios could explain the
phenotypes observed in CDC6-ox plants. In the first one, it is possible that the
higher level of CDC6 triggers the induction of the other elements needed to
complete the formation of the pre-replication complex (CDT1, ORC and MCM

proteins). Increased components will be therefore necessary to cover the higher
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number of licensed DNA origins marked by CDC6 so that they can become

active and serve as initiation points of DNA replication.

It is also possible that the increased CDC6-bound-DNA regions somehow
induce the accumulation of the remaining members of the pre-replication
complex. In any of these two scenarios, the higher number of active DNA
origins poses an induction in the amount or in the activity of the elements
needed for the establishment of the replication fork and the initiation of DNA
replication in order to reach higher than WT somatic ploidy levels. A more
precise study of the molecular signaling cascades triggered by CDC6 over-
expression will be needed in order to elucidate the mechanism of DNA

replication enhancement.

Genetic interaction analyses showed that the dwarf phenotypes and reduced
somatic ploidy levels displayed in TOC1-ox plants were reverted when CDC6
was also over-expressed. The restoration of the phenotypes reinforces the idea
that TOC1 regulates the cell cycle by repressing CDC6 expression. The direct
binding of TOC1 to the CDC6 promoter and the GUS activity assays with
versions of the CDC6 promoter in which the TOC1 DNA binding motif was
mutated confirmed this notion. Our data indicates that the function of TOC1 is
essential for the proper expression of CDC6 and therefore the establishment of

DNA origins of replication during the late G1-phase.

Human cancer is characterized by increased cell proliferation, invasion and
metastasis. Among many others, several DNA replication initiation proteins are
over-expressed in human cancers. We found that the reduced expression of
CDC6 in TOC1-ox correlates with the slow progression of tumors. Notably, a
recent study has shown that miR26 represses replication licensing and
tumorigenesis by targeting CDC6 in lung cancer cells (Zhang et al., 2014). A
similar situation might be happening in plants in which TOC1 represses CDC6
expression. Loss of circadian function increases the susceptibility to cancer and
affect anticancer treatments (Brown, 2014). In this scenario, several research

lines are focusing on the possible modulation of clock-related proteins as an
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effective anticancer strategy. Our study opens the possibility of incorporating the
circadian clockwork for the prevention of crown gall in crops. As previously
proposed (Brown, 2014) and beyond cancer prevention, we envision a circadian
system that moves past its canonical function as a 24h timer and serves as a

flexible metronome that modulates complex cellular processes in organisms.

Altogether, we have used in this study a combination of physiological, molecular
and biophysical approaches to follow the progression of the cell cycle and to
show that the circadian clock controls the overall duration of the cell cycle by
modulating the S-phase in Arabidopsis. The circadian clock component TOC1
operates by binding to the promoter of the DNA replication factor CDC6 to
repress its diurnal expression. Thus, miss-expression of TOC1 not only changes
the pace of the clock but also affects cell division during the mitotic cycle and
endoreplication during the endocycle. Cell size and number, somatic ploidy,
organ size and the overall plant growth are coordinated and regulated by the
clock in synchronization with the environment. By controlling the pace of the cell
cycle, the circadian clock not only regulates normal growth but also tumor

progression in Arabidopsis (Figure 47).

Figure 47. Schematic representation
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Conclusions

In this Doctoral Thesis we found that the circadian clock sets the pace of the
cell cycle, controlling both the mitotic cycle and the endocycle. The clock
component TOC1 regulates the expression of the DNA replication licensing
gene CDC6 by direct binding to its promoter. We found that the concerted
interplay of the clock and the cell cycle controls plant growth. More specifically,

the main conclusions of our studies include:

1. The circadian clock, through TOC1 function, modulates growth and the
mitotic cycle at early stages of leaf development. Leaf area, cell number and
cell size are affected in plants miss-expressing TOC1. The cell division rate is
slowed down in TOC1 over-expressing plants due to an extended G1-phase

and shortened S-phase.

2. The circadian clock, through TOC1 function, modulates endoreplication
and cell expansion in hypocotyl cells and developing leaves. Time course
analyses of ploidy profiles by flow cytometry showed that somatic ploidy and the
endoreplication index are clearly affected in hypocotyls and developing leaves

of plants miss-expressing TOC1.

3. TOC1 regulates the developmental expression of core cell cycle genes
involved in proliferation and endoreplication. Developmental time course
analyses showed that the expression of key cell cycle genes is altered in

developing leaves of TOC1 over-expressing plants.

4. TOC1 regulates the diurnal expression of core cell cycle genes involved
in proliferation and endoreplication. Diurnal time course analyses showed
that the expression of key cell cycle genes is altered in developing leaves of

TOC1 over-expressing plants.

5. TOC1 regulates the cell cycle by direct binding to the promoter of the

DNA replication licensing factor CDC6. Chromatin immunoprecipitation
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assays with plants over-expressing TOC1 and with plants expressing TOCH1
under its own promoter showed that TOC1 binds to CDC6 locus and that this
binding is rhythmic. Mutation of the TOC1 binding motif at the CDC6 promoter

reduces the repression.

6. The genetic interaction between TOC1 and CDC6 confirms that the
circadian clock through TOC1 function regulates the cell cycle by
repressing the expression of CDC6. Over-expression of CDC6 in plants over-
expressing TOC1 rescue the ploidy and size phenotypes observed in TOC1-o0x,

confirming that TOC1 indeed function through repression of CDCB.
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La funcion circadiana es esencial para el crecimiento y adaptacion de las
plantas a su entorno. La maquinaria molecular responsable de la generacion de
ritmos circadianos esta basada en la expresion ritmica de genes cuyo pico de
expresion oscila en diferentes fases durante el dia y la noche. Los ritmos de
expresion génica se traducen en oscilaciones de procesos fisiologicos y de
desarrollo. El crecimiento de las plantas esta regulado por una plétora de
procesos que en ultima instancia operan a través del control de la proliferacion
y diferenciacion celular. La proliferacion celular depende de la progresion del
ciclo mitbtico, el cual esta dividido en 4 fases: S (Sintesis del ADN), M (Mitosis)
y de las interfases G1 y G2 (en inglés Gap 1 y 2) que ocurren antes de las
fases S y M respectivamente. El proceso de diferenciacion celular coincide con
el cambio al endociclo, una variante del ciclo mitético en la que el ADN
gendmico se duplica pero sin posterior division, es decir en ausencia de fase M.
Aunque la regulacion circadiana y el ciclo celular han sido individualmente
estudiados en plantas, no se ha demostrado hasta la fecha la posible conexion
de ambos ciclos en plantas. El trabajo realizado durante esta Tesis Doctoral se
ha centrado en el estudio del papel del reloj circadiano en el control del ciclo
celular durante la regulacion del crecimiento de la planta. Los resultados
obtenidos muestran que plantas con un reloj circadiano de ritmo lento
desaceleran la progresion del ciclo celular, mientras que un reloj de ritmo
rapido lo acelera. EI componente esencial del reloj denominado en inglés
TIMING OF CAB EXPRESSION 1 (TOC1) controla la transicion de la fase G1 a
la fase S, regulando asi el ritmo del ciclo mitético durante los estadios
tempranos del desarrollo foliar. Asimismo, TOC1 también controla la ploidia
somatica caracteristica del endociclo durante estadios tardios del desarrollo
foliar y en las células del hipocotilo. Utilizando técnicas de citometria de flujo y
parametros de cinéticas de crecimiento foliar se pudo determinar que en
plantas que sobre-expresan TOC1 la fase S es mas corta, lo que se
correlaciona con la represion diurna del gen CELL DIVISION CONTROL 6
(CDC®6). Este gen codifica un factor esencial en la formacién de los complejos
de pre-replicacion que determinan los origenes de replicacion del ADN.
Mediante técnicas de inmunoprecipitacibn de cromatina encontramos que la
represion de CDC6 ocurre a través de la union directa de TOC1 al promotor de
CDCE6. Los analisis de interaccion genética demostraron que los fenotipos de
crecimiento reducido y de ploidia somatica alterada observados en plantas que
sobre-expresan TOC1, quedaban revertidos al sobre-expresarse también
CDCe6. Estos resultados confirman que la funcion de TOC1 en el ciclo celular
ocurre en gran medida a través de la represion de CDC6. La desaceleracion de
la progresion del ciclo celular en plantas que sobre-expresan TOC1 afecta no
solo el desarrollo de los 6rganos de la planta, sino también el desarrollo
tumoral en los tallos de las inflorescencias. Por lo tanto, nuestros estudios
demuestran que la funcién de TOC1 es importante en la regulacién ritmica de
la maquinaria pre-replicativa del ADN para controlar el crecimiento de las
plantas en resonancia con el medio ambiente.
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The circadian function is essential for plant growth and its adaptation to the
environment. The molecular machinery responsible for the establishment of the
circadian rhythmicity relies on the rhythmic oscillation of differentially expressed
genes with different peaks of expression along the day and night. The rhythms
in gene expression are translated into oscillations of physiological and
developmental processes. Plant growth is controlled by a plethora of different
processes that ultimately work through the control of cell proliferation and
differentiation. Cell proliferation relies on the proper progression of the mitotic
cycle, which is divided in 4 phases: S (DNA synthesis), M (Mitosis) and two gap
phases G1 and G2, that take place before S and M phases, respectively. Cell
differentiation coincides with the entry into the endocycle, a variant of the mitotic
cycle in which genomic DNA duplicates without further division or mitosis. Even
though the circadian clock and cell cycle as separate pathways have been well
documented in plants, the possible direct interplay between these two cyclic
processes has not been previously addressed. The work performed during this
Thesis has focused on the characterization of the role of the circadian clock in
the control of the cell cycle during plant growth. We found that plants with
slower than Wild-Type circadian clocks slow down the progression of the cell
cycle, while plants with faster clocks speed it up. The core clock component
TIMING OF CAB EXPRESSION 1 (TOC1) controls the G1 to S-phase
transition, thereby regulating the rhythm of the mitotic cycle during the early
stages of leaf development. Likewise, TOC1 controls somatic ploidy during later
stages of leaf development and of hypocotyl cell elongation. The use of flow
cytometry analyses and of leaf growth kinetics showed that in plants over-
expressing TOC1, the S-phase is shorter, which correlates with the diurnal
repression of the CELL DIVISION CONTROL 6 (CDC6) gene. This gene
encodes an essential component of the pre-replication complex, which is
responsible for the specification of DNA origins of replication. Chromatin
immunoprecipitation assays showed that the diurnal repression of CDC6 most
likely relies on the direct binding of TOC1 to the CDC6 promoter. Genetic
interaction analyses showeed that the reduced growth and altered somatic
ploidy phenotypes observed in plants over-expressing TOC1 were reverted
when CDC6 was over-expressed. Thus, our results confirm that TOCH
regulation of the cell cycle occurs through CDCB6 repression. The slow cell cycle
progression in plants over-expressing TOC1 has an impact not only in organ
development but also on tumor growth in stems and inflorescences. Thus,
TOC1 sets the time of the DNA pre-replicative machinery to control plant growth
in resonance with the environment.
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1. DNA constructs and plant transformation

Generation of single CDC6-ox and CDC6-0ox/TOC1-ox double over-expressing
plants (ox/ox) was performed by Agrobacterium tumefaciens (GV2260)
mediated DNA transfer (Clough and Bent, 1998) of WT and TOC1-ox plants
with a CDC6 over-expressing construct. The construct was generated by PCR-
mediated amplification of the CDC6 coding sequence followed by cloning into
the pENTR/D-TOPO vector (Invitrogen). The coding sequence was cloned into
the plant destination vector pGWB514 (35S pro, C-3xHA) (Nakagawa et al.,
2007a, Nakagawa et al., 2007b) following the manufacturer’s recommendations
(Invitrogen). Several one insertion, T2 lines were used for the kinematic
analyses of ploidy. Cloning of the CDC6 promoter was performed by PCR
amplification of 2000 base pairs (bp) of the genomic region upstream of the
gene’s transcription start site (TSS) (primer pairs A and D). The mutated
versions of the CDC6 promoter lacking the Evening Element (EE) (-670 bp from
TSS) were obtained following two strategies. The mut1 CDC6p was generated
by just deleting the EE (-10 bp). A second mutated version (mut2CDC6p) was
obtained by deleting the EE plus 10 nucleotides on each side flanking the motif.
To generate the mutants, a PCR-based mutagenesis by overlap extension was
performed (Lee et al., 2004). The WT and mutated versions of the CDC6
promoter were then cloned into a vector derived from the pCAMBIA1305.1
vector containing the GLUCURONIDASE gene (GUSplus) under the control of a

minimal 35S promoter (Lee et al., 2017).

2. Hypocotyl measurements

For hypocotyl length measurements, seeds were stratified on MS medium in the
dark for 4 days at 4°C, exposed to white light (40 umol-quanta-m-2-s-1) for 6 h
and maintained in the dark for 18 h before transferring to chambers under
constant white light, 40 umol-m-2-s-1 (WL40) or 1 pmol-quanta-m-2-s-1 (WL1).
Hypocotyl length was measured using the Imaged software at 7 days after

stratification or every day over 7 days for the growth kinetic analyses. Hypocotyl
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epidermal cell length and number were examined at 7 days after stratification by
using a wide-field fluorescence microscope (Axiophot Zeiss) and analyzed
using the ImageJ software. At least 20 hypocotyls and about 100 cells per
condition and genotype were measured. Each experiment was repeated at least
twice using a similar “n” number. Statistical analyses were performed by two-

tailed t-tests with 99% of confidence.

For flow cytometry analyses, the apex, cotyledons and roots were removed with
a razor blade, and about 10 hypocotyls were chopped in ice-cold LBO1 buffer
(15 mM Tris, 2 mM Na2EDTA, 0.5 mM spermine tetrahydrochloride, 80 mM KClI,
20 mM NaCl, 0.1% (vol/vol) Triton X-100, pH 7,5) (Galbraith et al., 1983,
Dolezel et al., 2007). The suspension was filtered through a 30 &/m nylon mesh
(Sysmex CellTrics) before incubation with 50 g mL-' DNase-free RNase and
50 g mL-1 propidium iodide (Sigma-Aldrich). DNA content was examined with
a FACSCalibur flow cytometer (Becton Dickinson) and the BD CellQuest Pro
software (Becton Dickinson). Propidium iodide was detected using the FL2
(585/42) channel. Gates were set in the fluorescence intensity (FL2)/side
scatter density plot. At least 10000 nuclei were measured within a gate. Each
experiment was repeated at least twice using a similar “n” number. The
endoreplication index or cycle value (Barow and Meister, 2003) was calculated
taking the number of nuclei of each ploidy multiplied by the number of
endoreplication cycles required to reach that ploidy. The sum of the resulting

products was divided by the total number of nuclei measured.

3. Kinematic analyses and flow cytometry

Approximately 30 leaves (at young stages) or 10 leaves (at old stages) were
chopped with a razor blade in extraction buffer LBO1 (15 mM Tris, 2 mM
Na2EDTA, 0.5 mM spermine tetrahydrochloride, 80 mM KCI, 20 mM NacCl,
0.1% (vol/vol) Triton X-100, pH 7,5) (Galbraith et al., 1983, Dolezel et al., 2007).
The suspension was filtered through a 30 #m nylon mesh (Sysmex CellTrics)
followed by incubation with 50 ¢g mL-' DNase-free RNase, and 50 xg mL-1
propidium iodide (Sigma-Aldrich). Nuclei were analyzed with a FACSCalibur
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flow cytometer (Becton Dickinson) and BD CellQuest Pro software (Becton
Dickinson). At least 10000 nuclei were counted per sample. Analyses were
performed as described for hypocotyls (see section above). Cell cycle analysis
on proliferating leaves was analyzed by using the ModFit software (Verity
Software House). Each experiment was repeated at least twice using a similar

“n” number.

For the kinematic analysis of leaf growth (De Veylder et al., 2001),
approximately 10 seedlings grown under ShD and LgD conditions were
harvested at the specified days after stratification. Plants were incubated with
methanol overnight to remove chlorophyll, and subsequently stored in lactic
acid before microscopy analyses. Leaf blade area of the first pair of true leaves
(at young stages 3-7 das) was measured using a wide-field fluorescence
microscope (Axiophot Zeiss) while leaves at older stages (10-24 das) were
measured with a magnifying glass (Olympus DP71). Cell area of the first pair of
true leaves for all stages was measured using a wide-field fluorescence
microscope (Axiophot Zeiss). Measurements were performed by drawing leaf
areas containing approximately 100 cells, located 25% and 75% from the
distance between the tip and the base of the leaf blade of the abaxial epidermis
of each leaf. Total number of cells was estimated by dividing the leaf blade area
by the average cell area of each leaf. Average cell division rates were estimated
as the slope of the log 2—transformed number of cells per leaf, using a five-point
differentiation formula (Fiorani and Beemster, 2006). Each experiment was

repeated at least twice using a similar “n” number.

4. Real-time PCR analysis

For the developmental time course analyses, the first pair of leaves were cut in
halves and the expression of selected core cell cycle genes was separately
examined at the tip and base of leaves. RNA was isolated using the Maxwell 16
LEV simply RNA Tissue kit (Promega). Single strand cDNA was synthesized
using iScript™ Reverse Transcription Supermix for RT-Q-PCR (BioRad)

following manufacturer recommendations. For quantitative real-time gene
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expression analysis (Q-PCR), cDNAs were diluted 10-fold with nuclease-free
water and Q-PCR was performed with the Briliant Il Ultra-Fast SYBR Green
QPCR Master Mix (Agilent Technologies) in a 96-well CFX96 Touch Real-Time
PCR Detection System (BioRad). Each sample was run in technical triplicates.
The geometric mean of APA1 and IPP2 expression was used as a control.
Crossing point (Cp) calculation was used for quantification using the Absolute
Quantification analysis by the 2nd Derivative Maximum method. Table 1 shows
the specific sequences for primers used in this study. For the developmental
time course analyses, samples were harvested at ZT7. For the diurnal gene
expression analyses samples were harvested every 4 hours over a 24 hours

cycle. Each experiment was repeated at least twice.

5. Protoplast transfection

Leaves from 3-week-old plants were cut into 0.5-mm pieces using a fresh razor
blade. Twenty leaves were digested in 15 ml of enzyme solution [0.8% cellulase
(Yakult), 0.2% macerozyme (Yakult), 0.4 M mannitol, 10 mM CaCl,, 20 mM KCl,
0.1% bovine serum albumin, and 20 mM MES (pH 5.7)], vacuumed for 20 min,
and incubated in the dark for 5 hours at 22° to 23°C. Protoplasts were then
passed through 40-um stainless mesh and collected after a gentle wash with
W5 media (154 mM NaCl, 125 mM CaClz, 5 mM KCI, 2 mM MES, 5 mM
glucose adjusted to pH 5.7 with KOH). For transient expression assays using
Arabidopsis protoplasts, reporter and effector plasmids were constructed. The
reporter plasmid contains a minimal 35S promoter sequence and the GUS
gene. The CDC6 promoter was inserted into the reporter plasmid. To construct
effector plasmids, TOC1 cDNA was inserted into the effector vector containing
the CaMV 35S promoter. Recombinant reporter and effector plasmids were co-
transformed into Arabidopsis protoplasts by PEG-mediated transformation. The
GUS activities were measured by a fluorometric method. A CaMV 35S
promoter—Luc construct was also co-transformed as an internal control. The Luc

assay was performed using the Luciferase Assay System kit (Promega).
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6. Chromatin immunoprecipitation

Plants grown under LgD conditions (7, 14 and 22 day-old) were sampled at ZT7
for TOC1-ox and ZT3 and ZT15 for TMG. Chromatin immunoprecipitation
(ChIP) assays were essentially performed as previously described (Huang et
al.,, 2012). Samples were fixed under vacuum with 1% of formaldehyde (16%
formaldehyde solution (w/v) methanol-free, Thermo Scientific) for a total of 15
min, shaking the samples every 5 min. Special care was taken with the fixation
process as it was found to be crucial for successful ChIP results. Soluble
chromatin was incubated overnight at 4°C with an Anti-MYC antibody (Sigma-
Aldrich) for assays with TOC1-ox plants or Anti-GFP (Invitrogen by Thermo
Fisher Scientific) antibody for the assays with TMG plants. Chromatin antibody
conjugates were then incubated for 4 hours at 4°C with Protein G-Dynabeads
beads (Invitrogen by Thermo Fisher Scientific). ChlPs were quantified by Q-
PCR analysis using a 96-well CFX96 Touch Real-Time PCR Detection System
(BioRad). Crossing point (Cp) calculation was used for quantification using the
Absolute Quantification analysis by the 2nd Derivative Maximum method. ChIP
values for each set of primers were normalized to Input values. Table 1 shows

the sequences of primers used in this study.

7. Tumor induction and progression

The Agrobacterium tumefaciens strain A281, p35SGUSint (Van Wordragen et
al., 1992) was grown on Yeast Extract Broth (YEB) medium (0.5% tryptone,
0.5% yeast extract, 0.5% sucrose, 50 mm MgSO4 and 1.5% agar, pH 7.8) for 24
h at 28°C. Tumors were induced by applying the Agrobacterium strain at the
base of slightly wounded inflorescence stalks. Seven and five days after
inoculation, tissues were excised under a binocular to avoid contamination of
the inflorescence stalk and stained with GUS for visualization of tumor
progression. The same procedure was used while inoculating the first
internodes. GUS staining was performed by incubating inflorescence stalks and
internodes with GUS staining solution (1mM X-Gluc, 0.5mM potassium
ferrocyanide, 0.5 mM potassium ferricyanide and 0.5% triton X-100) for 30

minutes under vacuum and then for 6 hours at 37° C in the dark. Samples were
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rinsed in water and cleared with 70% Ethanol. Samples were mounted in water
and images were taken using an Olympus DP71 magnifying glass. The same
procedure was used to inoculate the non-tumorigenic Agrobacterium strain
GV3101. This wounded but uninfected inflorescence stalks and internodes were

used as controls. Two biological replicates were performed.

8. Quantification and statistical analysis

Quantification of hypocotyl length (Figures 22 and 23), leaf blade area (Figures
9A, 10A, 13A and B, and 14A and B), hypocotyl cell length (Figure 24 B-D), leaf
cell area (Figures 9C, 10C, 13E and F and 14E and F) and tumor foci area
(Figures 44 and 45C) were measured using the Imaged software. For hypocotyl
measurements data are mean + SEM of n = 20 hypocotyls and n = 100 cells
(per genotype and/or condition). Statistical analyses were performed by two-
tailed t-tests with 99% of confidence. For leaf and cell area measurements data
are mean + SEM of n = 10-20 leaves and n = 100 cells. For all flow cytometry
experiments (Figures 15A and D, 16, 17, 18, 19, 20, 21, 25, 40B, 41A, 42 and
43) data are mean + SEM of n = 10000 nuclei per gate. For gene expression
analysis using Q-PCR (Figures 26, 27, 28, 29, 30, 31, 32, 33, 34, 35A, 38, 39A
and 41A), data represent means + SEM of technical triplicates. Crossing point
(Cp) calculation was used for quantification using the Absolute Quantification
analysis by the 2nd Derivative Maximum method. All of the experiments were

repeated at least twice using a similar “n” number.

Table 1: List of primers used in this study

Name Sequence Experiment
APA1_EXP_F TCCCAAGATCCAGAGAGGTC Expression analysis
APA1_EXP_R CTCCAGAAGAGTATGTTCTGAAAG Expression analysis
IPP2_EXP_F CATGCGACACACCAACACCA Expression analysis
IPP2_EXP_R TGAGGCGAATCAATGGGAGA Expression analysis
CCA1_EXP_F TCGAAAGACGGGAAGTGGAACG Expression analysis
CCA1_EXP_R GTCGATCTTCATTGGCCATCTCAG Expression analysis
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PRR7_EXP_F
PRR7_EXP_R
PRR9_EXP_F
PRR9_EXP_R
CYCB1;1_EXP_F
CYCB1;1_EXP_R
CYCD3;1_EXP_F
CYCD3;1_EXP_R
CYCD3;2_EXP_F
CYCD3;2_EXP_R
CYCD3;3_EXP_F
CYCD3;3_EXP_R
CYCD4;1_EXP_F
CYCD4;1_EXP_R
CCS52A2_EXP_F
CCS52A2_EXP_R
CDC6_EXP_F
CDC6_EXP_R
CDT1a_EXP_F
CDT1a_EXP_R
CDKA;1_EXP_F
CDKA;1_EXP_R
E2Fa_EXP_F
E2Fa_EXP_R
KRP1_EXP_F
KRP1_EXP_R
KRP2_EXP_F
KRP2_EXP_R
KRP4_EXP_F
KRP4_EXP_R

KRP7_EXP_F

AAGTAGTGATGGGAGTGGCG
GAGATACCGCTCGTGGACTG
ACCAATGAGGGGATTGCTGG
TGCAGCTTCTCTCTGGCTTC
CTCAAAATCCCACGCTTCTTGTGG
CACGTCTACTACCTTTGGTTTCCC
CCTCTCTGTAATCTCCGATTC
AAGGACACCGAGGAGATTAG
TCTCAGCTTGTTGCTGTGGCTTC
TCTTGCTTCTTCCACTTGGAGGTC
TCCGATCGGTGTGTTTGATGCG
GCAGACACAACCCACGACTCATTC
GAAGGAGAAGCAGCATTTGCCAAG
ACTGGTGTACTTCACAAGCCTTCC
CGTAGATACCAACAGCCAGGTGTG
CGTGTGTGCTCACAAGCTCATTC
AGGCTCTATGTGTCTGCAGGAG
ACCACTTGACACTCTGGAACTGG
AATCGCTCTTCGGAAAGTGTTTCG
CCTCTGGAACTTCATCACCCTGAG
ACTGGCCAGAGCATTCGGTATC
TCGGTACCAGAGAGTAACAACCTC
TAGATCGGGAGGAAGATGCTGTCG
TTGTCGCCTTTCTCTTTCGTGAAG
ACGGAGCCGGAGAATTGTTTATG
CGAAACTCCATTATCACCGACGAC
TAGGAGATTATGGCGGCGGTTAGG
TTTCACCGTCGTCGTCGTAACTC
AAGCTTCAACAGGACCACAAGGG
GGGTTGTCATGATTTCAGGCCTTC
GAGGCTCATGAAATCTCCGAAACC
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Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis

Expression analysis



KRP7_EXP_R
SIM_EXP_F
SIM_EXP_R

SMR1_EXP_F

SMR1_EXP_R

SMR2_EXP_F

SMR2_EXP_R

SMR4_EXP_F

SMR4_EXP_R

SMR5_EXP_F

SMR5_EXP_R

SMR7_EXP_F

SMR7_EXP_R

SMR8_EXP_F

SMR8_EXP_R

ACT2_CHIP_F
ACT2_CHIP_R
CCSS52A1_CHIP_F
CCS52A1_CHIP_R
CDC6_CHIP_F
CDC6_CHIP_R
CDKB1;1_CHIP_F
CDKB1;1_CHIP_R
CYCA2;3_CHIP_F
CYCA2;3_CHIP_R
CYCB1;1_CHIP_F
CYCB1;1_CHIP_R

DEL_CHIP_F

DEL_CHIP_R

E2Fa_CHIP_F

E2Fa_CHIP_R

CCGAGTCCATTTCTGCTGTTTCTC
AGCCATCAAGATCCGAGCCAAC
TTGTGGTCGGAAGAAGTGGGAGTG
CAAAGAAGGACGAAGGTGATGACG
TGTTCTTGGGATGTGGGTGTGC
TCACAAGATTCCGGAGGTGGAGAC
ATCTCACGCGGTCGCTTTCTTG
AACGGGTACTTTCAGCCACCAG
TTCTCTTCGAGGCTGTGCGTAG
ACGCCTACACGTGATGATTGCC
TATCCCTTCTTCGGTGGTTCCC
TTCACTAAAGCCGGTGAAGACG
CGCCGTGGGAGTGATACAAATTC
GCGGTTTCCGTCAGAATTCCAAG
GCACTTCAACGACGGTTTACGC
CGTTTCGCTTTCCTTAGTGTTAGCT
AGCGAACGGATCTAGAGACTCACCTTG
ACGCCTGCCATCTAAGATTC
GGCTTGAAGATGGGCCTAAA
CTATATCAATGCATTGATATTTTGG
AATCATTGAAGTATGAGATATCATC
CGTCAACTCACGCAAATCAT
TCGTTCGTGACAACTGCAAC
CAAAGCCATGACAAGAAACATC
CGAGTGGAGTGGTGTATGTTA
AGAATAAGTGGGCCGTTG
TTAGAGGTCGTGGGCTTG
TTGCTCCCTCCATCTTAATTATTTTG
TTGTGTGTGTGTGTATGTTAGTTTC
GCTCAAATGGGGTACACTCG
CCTGCGCCGTTAGCTTATTA
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Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
Expression analysis
ChIP assays
ChlIP assays
ChIP assays
ChIP assays
ChlIP assays
ChIP assays
ChIP assays
ChlIP assays
ChIP assays
ChIP assays
ChlIP assays
ChIP assays
ChIP assays
ChlIP assays
ChIP assays

ChIP assays
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E2Fb_CHIP_F CATAGCTTTATTAACTTCGTTGACTTT ChIP assays
E2Fb_CHIP_R GCGCTCTTTATCTCTCTCTTTGT ChIP assays
E2Fc_CHIP_F TCGCGTTAGTGCACTTGAAA ChiP assays
E2Fc_CHIP_R TGTGACAAACAAACAAAACAAGATT ChIP assays
KRP2_CHIP_F TCTTTGTTCTTTTGAAGTCAACAA ChIP assays
KRP2_CHIP_R TCTCTCTCTTTTTTACACTCACTATA ChiP assays
CDC6_CLN-F CACCATGCCTGCAATCGCCGGACC Cloning
CDC6_CLN-R TAGAAGACAGTTGCGGAAGAATCGA Cloning
WTCDC6p(A)_CLN_F CACCAACCAAACGCTAAATGTCCAAA Cloning
WTCDC6p(D)_CLN_.R  TGTAGGTTATCAGAAGGAGGCAGAAAAA Cloning
Mut1CDC6p(B)_CLN_R ACGACGTGGCATGTATATCTGGTTCAT Cloning
Mut1CDC6p(C)_CLN_F ATATACATGCCACGTCGTCTTTATATG Cloning
Mut2CDC6p(B)_CLN_R ACATATAAATGGTTCATAAAAGGTTTT Cloning
Mut2CDC6p(C)_CLN_F TATGAACCATTTATATGTTGATATGAT Cloning

Table 2: List of reagents and materials used in this study

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Cat#M4439-10
Mouse monoclonal anti-c-MYC antibody Sigma — Aldrich OSL
Invitrogen by

Rabbit polyclonal anti-GFP antibody (Anti-GFP, IgG)  Thermo Fisher ~ CatrA-11122-1

Scientific oout
Bacterial Strains
One Shot TOP10 Chemically Competent E. coli Life Technologies Cat#C404010
Agrobacterium tumefaciens (strain GV2260) N/A N/A
Agrobacterium tumefaciens (strain GV3101) N/A N/A
Agrobacterium tumefaciens (strain A281, p35SGUSInt) (Van Wordragen N/A

et al., 1992)
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Chemicals

Propidium iodide solution (1.0 mg/ml in water)
DL-Lactic acid

Pierce 16% Formaldehyde (w/v), Methanol-free
Protein G Dynabeads® for Immunoprecipitation
Protease Inhibitor Cocktall

MG-132 (powder, 20mg)

Antipain

Chymostatin

Cellulase

Macerozyme (Macerating enzyme)

Poly(ethylene glycol) (PEG)

Critical Commercial Assays
pENTR/D-TOPO Cloning Kit

Gateway LR Clonase® Il enzyme mix
Phusion high fidelity DNA polymerase

Maxwell® 16 LEV simplyRNA Tissue Kit

iScript™ Reverse Transcription Supermix for RT-gPC
Brilliant 11l Ultra-Fast SYBR green QPCR Master Mix

Luciferase assay system kit

Experimental Models: Organisms/Strains
Arabidopsis thaliana: WT Col-0
Arabidopsis thaliana: WT C24

Arabidopsis thaliana: TOC1-MYC-ox
Arabidopsis thaliana:TOC1-RNAi
Arabidopsis thaliana: toc1-2 (C24)
Arabidopsis thaliana: toc1-2 (Col-0)

Arabidopsis thaliana: TMG-YFP/toc1-2
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Sigma — Aldrich

Sigma — Aldrich
Thermo Scientific
Life Technologies
Sigma — Aldrich
Calbiochem
Sigma — Aldrich
Calbiochem

Yakult
Yakult

Sigma — Aldrich

Life Technologies

Life Technologies

New England
Biolabs

Promega

BioRad

Agilent
Technologies

Promega

N/A

N/A

(Huang et al.,
2012)

(Més et al., 2003)

(Strayer et al.,
2000)

NASC

(Huang et al.,
2012)

Cat#P4864-10
ML

Cat#69785-1L
Cat#28908
Cat#10004D
Cat#P9599
Cat#474790
Cat#10791
Cat#230790

“Onozuka” R-10

Macerozyme
R-10

Cat#82240

Cat#K240020
Cat#11791019

Cat#M0530L

Cat#AS1280
Cat#1708841

Cat#600883

Cat#E1500

N/A
N/A

N/A
N/A
N/A

N2107710

N/A



Materials and methods

(Somers et al.,

Arabidopsis thaliana: ztl-1 2000) N/A
. . . (Somers et al.,
A thal s ztl- N/A
rabidopsis thaliana: ztl-3 2000)

Arabidopsis thaliana: ZTL-ox (Mas et al., 2003) N/A

Arabidopsis thaliana: ztl-1/TMG (Mas et al., 2003) N/A

Arabidopsis thaliana: CDC6-HA-0x This study N/A

Arabidopsis thaliana: CDC6-HA-ox/TOC1-MYC-ox This study N/A

Oligonucleotides

Primers for plasmid construction This study Table1 N/A

Primers for Q-PCR This study Table1 N/A

Primers for ChIP-PCR This study Table1 N/A

Primers for promoter cloning This study Table1 N/A

Recombinant DNA

35S::CDC6-HA (pGWB514) This study N/A

WTCDC6p::GUS (pMIN35S/pCAMBIA1305) This study N/A

Mut1CDC6p::GUS (pMIN35S/pCAMBIA1305) This study N/A

Mut2CDC6p::GUS (pMIN35S/pCAMBIA1305) This study N/A

Software and Algorithms
https://

ImageJ Imaged imagej.nih.gov/
ij/
https://

BD CellQuest Pro software Becton Dickinson ps
www.bd.com
http://

ModFit software Verity Software www.vsh.com/

House products/mflt/
index.asp
https://

GraphPad Prism GraphPad www.gr.aph.p.ad.

Software com/scientific-
software/prism/
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SUMMARY

The circadian clock and cell cycle as separate path-
ways have been well documented in plants. Eluci-
dating whether these two oscillators are connected
is critical for understanding plant growth. We found
that a slow-running circadian clock decelerates the
cell cycle and, conversely, a fast clock speeds it up.
The clock component TOC1 safeguards the G,-to-S
transition and controls the timing of the mitotic cycle
at early stages of leaf development. TOC1 also regu-
lates somatic ploidy at later stages of leaf develop-
ment and in hypocotyl cells. The S-phase is shorter
and delayed in TOC1 overexpressing plants, which
correlates with the diurnal repression of the DNA
replication licensing gene CDC6 through binding of
TOC1 to the CDC6 promoter. The slow cell-cycle
pace in TOC1-ox also results in delayed tumor pro-
gression in inflorescence stalks. Thus, TOC1 sets the
time of the DNA pre-replicative machinery to control
plant growth in resonance with the environment.

INTRODUCTION

Biological rhythms are ubiquitous in nature, from the heart
ventricle depolarization with subsecond periods to the flowering
of Chinese bamboo every 100-120 years. Within a cell, distinct
rhythmic activities are coordinated by metabolic and environ-
mental cues to ultimately sustain cellular homeostasis. Both
the circadian clock and the cell cycle exhibit rhythmic phases
of activation and repression, operated by interlocked feedback
loops. Evolution might have favored the interplay between two
such oscillators, providing circadian timing information to cell
division and differentiation. Despite its biological relevance,
the possible connection between the circadian clock and the
cell cycle in plants has remained elusive.

The circadian function is crucial for adaptation to the environ-
ment. In Arabidopsis thaliana, virtually every cell contains a clock

displaying different degrees of circadian coupling depending on
the organ and the environmental conditions (e.g., Bordage et al.,
20186; Endo et al., 2014; Takahashi et al., 2015; Thain et al., 2000;
Wenden et al., 2012; Yakir et al., 2011). The molecular architec-
ture responsible for the generation of rhythms relies on regulato-
ry waves of clock core gene expression that oscillate at different
phases during the day and night (Nohales and Kay, 2016). The
rhythms in gene expression are translated into oscillations of
physiological and developmental outputs.

One key component of the Arabidopsis circadian system is
the pseudo-response regulator TOC1/PRR1 (TIMING OF CAB
EXPRESSION1/PSEUDO RESPONSE REGULATOR1) (Makino
et al, 2002; Strayer et al., 2000). TOC1 belongs to a family
composed of five members sequentially expressed from dawn to
dusk (Matsushika et al., 2000). TOC1 overexpression (TOC1-ox)
slows down the pace of the clock under diumal conditions and
leads to arrhythmia under constant light conditions (Makino et al.,
2002; Mas et al., 2003a). Conversely, the clock runs faster in
TOC1 mutant or silenced plants (Mas et al., 2003a; Somers et al.,
1998; Strayer et al., 2000), TOC1 also represses the expression
of nearly all clock core genes (Gendron et al., 2012; Huang et al.,
2012; Pokhilko et al., 2012). Misexpression of TOC1 also affects
rhythmic outputs including among others hypocotyl growth, flow-
ering time (Mas et al., 2003a; Niwa et al., 2007; Somers et al.,
1998), and responses to drought (Legnaioli et al., 2009). TOC1
also contributes to clock resonance with the environment for
proper growth (Mas et al., 2003a; Yamashino et al., 2008).

Plant growth is regulated by a plethora of pathways that even-
tually operate through the control of cell proliferation and differ-
entiation (Inzé and De Veylder, 2006). Broadly speaking,
changes in the rate and duration of the cell cycle determine the
cell number and size that correlate with organ growth during
development (Gonzalez et al., 2012; Sablowski and Carnier
Dornelas, 2014). Cell proliferation through progression of the
mitotic cycle is governed by the activation of cyclin-dependent
kinases (CDKs), which associate with specific cyclins (CYCs)
to control the G, (Gap 1) to S (DNA Synthesis) and the G, (Gap
2) to M (Mitotic) transition phases (Gutierrez, 2009). Critical
checkpoints at the transitions ensure proper control of the cell
cycle. After proliferation, differentiation often coincides with
the switch to the endocycle (or endoreplication), an alternative
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mode of the cell cycle in which the mitotic CYC-CDK complex
activity decreases. During this cell-cycle variant, cells duplicate
their genomic DNA without mitoses, which is characteristic of
polyploid cells (Edgar et al., 2014),

Control of the plant cell cycle at the G,-S-phase transition is
exerted by D-type CYCs (CYCD) and A-type CDKs (CDKA)
(Nowack et al,, 2012) that also contributes to M-phase entry
(De Veylder et al., 2007). A key regulatory event for cell-cycle pro-
gression is licensing DNA for replication, which allows cells to
progress into S-phase. Origin licensing relies on the sequential
formation of pre-replicative complexes composed of a number
of proteins including the Origin Recognition Complex (ORC),
CELL DIVISION CONTROL 6 (CDC6), ARABIDOPSIS HOMOLOG
OF YEAST CDT1 (CDT1a), and Minichromosome maintenance
(MCM). In Arabidopsis, CDC6 is upregulated at the G,-S transi-
tion, reaching a peak early in S-phase (Castellano et al., 2001).
CDC6 and CDT1a are active in dividing and endoreplicating cells,
and their overexpression induces endoreplication (Castellano
et al., 2001, 2004). The S-phase relies on a balance between
the inhibition of the E2F/DP transcriptional activity by the
hypophosphorylated retinoblastoma-related (RBR) protein and
RBR phosphorylation by the CDKA-CYCD kinase activity, which
relieves the repression (De Veylder et al., 2007). E2Fa/b activate
the expression of genes involved in DNA synthesis and replica-
tion including CDC6 and CDT1 (de Jager et al., 2005). Their
transcriptional and post-transcriptional regulation are key for
sustaining the balance between cell proliferation and differentia-
tion (Gutierrez, 2009).

Gating of cell division by the clock has been reported in unicel-
lular organisms (Johnson, 2010; Pando and van Oudenaarden,
2010). However, studying the circadian regulation of the cell
cycle in the context of a growing multicellular organism adds

leaf development, active cell division during the mitotic cycle
controls growth. To examine the possible involvement of TOC1
in cell division, we conducted time-course analyses at early
time points of growth with the first pair of leaves grown under
short days (ShD; 8 hr light,16 hr dark) and long days (LgD;
16 hr light, 8 hr dark). The blade area of wild-type (WT) plants
showed a progressive growth, consistent with the trend reported
by previous studies (De Veylder et al., 2001). In contrast, leaf area
was considerably reduced in TOC1-ox (Figure 1C), a phenotype
that was evident at early stages (6 and 7 days after stratification
[das]). Although leaves continued growing over the days, the
growth rate in TOC1-ox was noticeably reduced compared
with WT and resulted in a 60% reduction at 9 das (Figure 1C).
Leaf epidermal cell number was reduced in TOC1-ox at early
stages (Figure 1D), which indicates that cell proliferation is
affected by accumulation of TOC1. Cell area was also reduced
in TOC1-ox (Figure 1E), suggesting that both the reduced cell
number and area contribute to the reduction of leaf size. A role
for TOC1 controlling the duration of the mitotic cycle was sup-
ported by the analysis of the average cell division rate, which
showed a slower speed in TOC1-ox (0.032 cells cell ' hr )
compared with WT (0.050 cells cell " hr ") (Figure 1F). A similar
reduced leaf area, cell area, and cell number were observed in
TOC1-ox under LgD (Figure $1), which also led to a reduced
average cell division rate (Figure S1). Therefore, overexpression
of TOC1 affects the speed of the cell cycle, altering cell division
during the mitotic cycle. Analyses of ztl-3 mutant plants,
harboring a mutation in ZTL (ZEITLUPE) (Somers et al., 2000),
the F-box protein responsible for TOC1 protein degradation
(Mas et al., 2003b), showed a decreased plant size and leaf
area that correlated with reduced cell number and cell size (Fig-
ure S1), following a similar trend to that observed in TOC1-ox.

numerous layers of complexity that highly the
studies (Brown, 2014; Hunt and Sassone-Corsi, 2007). For
instance, the circadian gating of cell division has been described
in mammals (e.g., Kowalska et al., 2013; Matsuo et al., 2003;
Nagoshi et al., 2004). However, other studies have reported
the lack of such circadian regulation (e.g., Pendergast et al,
2010; Yeom et al, 2010). Another open question concerns
the unidirectional versus bidirectional regulation between the
cell cycle and the circadian clock (Feillet et al,, 2015).

The role of the circadian clock in controlling plant growth and
nearly every aspect of development raises the appealing idea of
a connection between the circadian clock and the cell cycle.
Despite its biological relevance, the interplay of these two
oscillators remains to be fully explored in higher plants. Here
we tackle this question to demonstrate that the circadian clock,
through TOC1 function, drives the speed of the cell cycle in
Arabidopsis. By regulating the DNA pre-replicative machinery,
the circadian clock modulates cell division during proliferation
and somatic ploidy during differentiation and thus controls not
only normal growth but also tumor development.

RESULTS

TOC1 Regulates the Timing of Cell Division in
Developing Leaves

TOC1-ox plants show a dwarf phenotype, with reduced plant
size (Figure 1A) and small leaves (Figure 1B). At early stages of

2 Developmental Cell 45, 1-13, April 9, 2018

Cc ly, toc1-2 mutant plants displayed increased leaf size
that coincided with higher cell number at early stages of develop-
ment and increased cell area at later stages (Figure S1).

To determine whether a specific cell-cycle phase is affected in
TOC1-0x, we conducted flow-cytometry analyses to examine
ploidy profiles of leaves from plants grown at 9 das under ShD
or 7 das under LgD. WT and TOC1-ox mostly showed nuclear
DNA content (C values) of 2C and 4C, correlating with the high
proliferation at this developmental stage (Figure S1). Calculation
of the relative amount of cells in the G4, S, and G,/M phases
revealed that TOC1-ox leaves displayed a decreased proportion
of nuclei in S and G,/M phases and a clear enrichment of the G
phase under both ShD (Figure 1G) and LgD (Figure $1), The data
indicate that the G; phase takes longer in TOC1-ox (approx.
22 hr) than in WT (approx. 13 hr) at the expense of a shorter S-
phase (1.6 hr versus 2 hr in WT) (compare TOC1-ox in the outer
ring with WT in the inner ring in Figure 1H). A similar trend was
observed under LgD (Figure S1). Thus, the slow circadian clock
in TOC1-ox plants correlates with an extended G, phase and
reduced S-phase. The results indicate that TOC1 is important
not only for controlling the pace of the clock but also the
cell cycle.

TOC1 Controls the Timing of the Endocycle in Leaves

Our results suggest that TOC1 regulates the mitotic cycle at
early stages of leaf development. However, after the mitotic cy-
cle, cells transition to the endocycle in which icati
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Figure 1. TOC1 Modulates Growth and the Mitotic Cycle in Developing Leaves
(A-E) Representative images of (A) WT and TOC1-ox plants at 24 das and (B) leaves from WT (top) and TOC1-ox (bottom) plants at 22 das under LgD. Leaves are

shown from the oldest, g the two

(left) to the

y (right). Early ti
of the first leaf pair. Data are mean + SEM of n = 10-20 leaves and n = 100 cells.

f (C) leaf blade area, (D) cell number, and () cell area

(F) Average cell division rates of abaxial epidermal cells and linear regression analyses of the first four points of the kinematic assay.

G) of the relative

of cells in G,, S, and Gy/M phases in proliferating first pair of leaves analyzed by flow cytometry at 9 das.

(H) Estimated duration (hr) of the G,, S, and G./M phases at 9 das in WT (inner rings) and TOC1-ox (outer rings). Plants were grown under ShD. At least two

were
See also Figure S1.

predominates at mid and late stages of leaf growth (De Veylder
et al., 2011). To determine whether in addition to the mitotic
cycle TOC1 also regulates endoreplication in leaves, we con-
ducted a time-course analysis by flow cytometry to examine
ploidy of leaves at later stages of development (Figure 2A). At
13 das, WT plants grown under ShD showed around 5% of
the nuclei with 8C content, which represent cells entering the
endocycle (Figures 2B and S2). The frequency of 2C and 4C
nuclei progressively decreased over time in favor of higher-
order C values that can be attributed to extra rounds of endor-
eplication (Figures 2B and $2). In TOC1-ox seedlings at 13 das,
the 4C/2C ratio was reduced compared with WT (Figure 2C).
The sharp 4C increase observed in WT was delayed and
reached a peak only at 15 das in TOC1-ox (Figure 2D) while
the marked reduction of the 2C content at 9 to 13 das observed
in WT leaves was less pronounced in TOC1-ox (Figures 2B and
2C). From day 13 onward, the proportion of 8C and 16C
nuclei was considerably reduced in TOC1-ox compared with
WT (Figures 2B, 2C, and S2).

Leaf ploidy of plants grown under LgD also revealed a
delayed enrichment of higher-order C values in TOC1-ox
compared with WT (Figure S2), suggesting that alteration of
endoreplication in TOC1-ox is not dependent on a particular
environmental condition. The DNA content was eventually
reached but at a slower pace, suggesting a delayed progres-

sion of endoreplication. These results are noteworthy as
TOC1-ox also delays the phase of the clock under diurnal con-
ditions. Calculation of the endoreplication activity, measured
as the average number of endocycles per nucleus (Endorepli-
cation Index [El]) of zt/ mutant plants showed reduced El
(Figure S2), which confirmed that overaccumulation of TOC1
correlates with a reduction of endoreplication. The phenotypes
were not exclusive for TOC1 gain of function since toc1-2
mutant and overexpression of ZTL (ZTL-ox) leaves showed
enhanced endoreplication (Figures 2E-2G). Calculation of
the El confirmed the reduced index in TOC1-ox (Figures 2H
and 2l) and its increment in toc7-2 and ZTL-ox plants (Fig-
ure 2J). Therefore, proper accumulation of TOC1 is important
for endocycle activity and influences endoreplication in devel-
oping leaves.

TOC1 Controls the Endocycle in Hypocotyl Cells

We next examined whether r i of er plication
by TOC1 was exclusive for leaves or also pervaded other
organs. Hypocotyl cells are a convenient and simple system
for analysis of endocycle activity, as the Arabidopsis hypocotyl
epidermal and cortex cells only undergo endoreplication
(Gendreau et al., 1997). We first examined hypocotyl length of
TOC1-ox plants under constant white light conditions (40 uE,
WL40) and found significantly shorter hypocotyls compared
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Figure 2. TOC1 dul. inD ping Leaves

(A=l) Ploidy distribution by flow cytometry (A) of WT and TOC1-ox first pair of leaves at 15 das (left two panels) and 24 das (right two panels).
Kinematics of polyploidy nuclei in (B) WT and (C) TOC1-ox. (D) Relative profiles of 4C content in WT and TOC1-ox. Plants were grown under ShD in (A) to
(D). Kinematics of polyploid nuclei in (E) WT, (F) toc1-2, and (G) ZTL-ox under LgD. Endoreplication Index in WT and TOC1-ox leaves under (H) ShD and

{1) LgD.

{J) Endoreplication Index of WT, toc7-2 and ZTL-ox leaves under LgD. Data are mean + SEM of n = 10,000 nuclei. At least two biological replicates

per experiment were performed.
See also Figure 52,

with WT (Figure 3A, left panel). Conversely, TOC7-RNA/ plants
showed longer hypocotyls than WT (Figure 3A, left panel). The
trend of hypocotyl phenotypes was similar at low fluences
(1 pE, WL1) (Figure 3A, right panel). Analyses of zt/-3 mutant
plants also resulted in short hypocotyls (Figure S3), confirming
that overaccumulation of TOC1 correlates with inhibition of
hypocotyl growth. Very short hypocotyls were also observed in
TOC1 minigene (TMG) seedlings, which express TOC1 genomic

4 Developmental Cell 45, 1-13, April 9, 2018

fragment fused to the YFP in a zt/ mutant background (zt/-1/TMG)
(Figure S3). Contrarily, p 1 of ZTL resulted in long
hypocotyls (Figure S3) similar to TOC1-ANAI seedlings. Time-
course analyses of hypocotyl growth over 7 days revealed that
the phenotypes were readily observed at 1 das and continued
throughout the time course (Figure 3B). Thus, TOC1 engages
in the control of hypocotyl elongation at early stages of post-
embryonic growth.
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Figure 3. TOC1 F Cell and pli
cation

(A-D) Hypocotyl length (A), growth kinetics (B), epidermal cell number (C), and
cell length (D) at the bottom, mid, and top regions of hypocotyls. Graphs
represent mean + SEM of n = 20 hypocotyls and n = 100 ceils (per genotype
and/or condition).

(E-H) Flow cytometry of ploidy profiles under constant white light
(40 pmol-quanta-m?-s”", WL40; E-G) and (H) relative proportions of poly-
ploid nuclei in hypocotyls of seedlings grown under WL40 and
1 ymol-quanta-m 2.5~ (WL1) for 7 days. Data are mean + SEM of n = 10,000
nuclei.

(1) Correlation of hypocotyl length and the Endoreplication Index in lines with
decreasing amounts of TOC1. Graph represents mean = SEM of n = 20 hy-
pocotyls and n = 10,000 nuciei,

Length under WL1 in (A) is represented on the right axis. ***"p < 0.0001,""'p <
0.001. At least two per i were See
also Figure S3.

We next examined the number and size of hypocotyl
epidermal cells. Cell number was not significantly altered in
TOC1-ox or TOC1-RNAi compared with WT plants (Figure 3C).
The results agree with the fact that hypocotyl growth is mostly
regulated by cell expansion rather than cell division (Gendreau

pocotyls showed a significantly reduced cell length in TOC1-0x
and, cor ly, inc d elong: 1 in TOC1-RNAI (Figures
3D and S3). In WT and TOCT1-RNAI plants, cells were longer
at the mid region compared with the top or the bottom. This
relationship was lost in TOC1-ox, with a constant and reduced
cell length in every region. A similar trend in cell length pheno-
types was observed in ztl-7 and zt/-1/TMG plants (Figure S3).
Thus, the hypocotyl phenotypes due to misexpression of
TOC1 correlate with significant changes in cell expansion.

Flow-cytometry analyses to determine the ploidy profiles
of hypocotyls revealed that WT cells showed three evident
peaks corresponding to nuclear DNA content of 2C, 4C, and
8C (Figures 3E, 3H, and S3). In TOC1-ox seedlings the propor-
tion of 4C nuclei was higher than in WT, with a reduction in the
proportion of 8C and 16C nuclei (Figures 3F, 3H, and S3). In
contrast, TOCT-RNAi cells showed a small but reproducible
enrichment of the 8C and 16C peaks (Figures 3G, 3H, and S3).
Thus, TOC1 overexpression decreases the 8C/4C ratio while
TOC1-RNA:i increases endoreplication, leading to an incomplete
repression of the third endoreplication round. Although poly-
ploidy is not necessarily coupled with elongation, the El showed
adirect correlation with hypocotyl length in lines with decreasing
amounts of TOC1 (Figure 3I). These results suggest that proper
expression of TOC1 is also important for modulating the endo-
cycle activity during hypocotyl growth,

The Developmental Expression of Cell-Cycle Genes Is
Altered in TOC1-ox

As TOC1 functions as a transcriptional reg! , weil ig:
which cell-cycle genes could be transcriptionally altered in
TOC1-ox. The timing of mitotic exit is different between the
leaf tip and base (Donnelly et al., 1999) so that the first pair of
leaves were cut in halves and the expression of selected core
cell-cycle genes was separately examined at the leaf tip (Figure 4)
and base (Figure S4). Overall, the trend of expression of cell-
cycle genes in WT leaves was similar to that described in previ-
ous reports and correlated with their cell-cycle function. At the
leaf tip, the G,-expressed D3-type cyclins showed a slight but
reproducible upregulation (Figures 4A and 4B) that might be
consistent with the longer G, phase and altered endoreplication
in TOC1-ox, as CYCDs restrain the transition to endocycling
(Dewitte et al., 2007). The slight upregulation of CYCD3;1 (Fig-
ures S4 and 5A) might also contribute to the delayed S-phase,
as CYCD3;1 is repressed during the S-phase (Menges et al.,
2005). Downregulation was observed for CYCD4;1 (Menges
and Murray, 2002) (Figure 4C) and CDKA;1 (Figure 4D).

The expression of CDK inhibitors (CKls) such as KRP2
(Interactors of CDK/Kip-Related Protein) shifted from upregu-
lated at early stages to downregulated at late stages (Figure 4E).
This pattern might reflect the mismatch in timing between prolif-
eration and differentiation in TOC1-ox, as KRP2 not only inhibits
cell proliferation but also sustains differentiation (Verkest et al.,
2005). A similar pattern was observed for KRP4 (Figure 4F) and
KRP1 (Figure S4). In contrast, the expression of KRP7 was
clearly upregulated, mostly at late stages (Figure Sd). The
expression of the inhibitors SMR (SIAMESE-RELATED) was
also altered in TOC1-ox. For instance, SMR1, SMR2, and
SMR8 (Figures 4G, 4H, and S4) were downregulated mostly at
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late stages of development while a very significant downregula-
tion was observed for SMRS5 at all time points (Figure S4), The
downregulation of SMRs d with the upregulation of
SIM (SIAMESE) (Figure 4l). The upregulation of SIM correlates
with the slow-growing phenotype of plants overexpressing SIM
but not with their increased DNA content. It is possible that the
reduced expression of other endoreplication-promoting factors
in TOC1-ox might be able to overcome the overexpression of
SIM. Indeed, the expression of the endocycle-promoting factor
CELL CYCLE SWITCH PROTEIN 52 A2/FIZZY-RELATED 1
(CCS52A2) and the DNA replication factor CDC6 was clearly
downregulated in TOC1-ox (Figures 4J and 4K). In WT, the
expression decreased until day 12-13 only to subsequently
rise again. However, in TOC1-ox, expression failed to rise and re-
mained lower than in WT, The expression of CDT1a was reduced
in TOC1-ox at early stages of development (Figure 4L). Although
values and timing varied, similar trends of gene expression
were observed at the bases of leaves (Figure S4). Thus, there
is considerable transcriptional misregulation of cell-cycle genes
involved in both the mitotic cycle and the endocycle. The

hanges in gene exp ion correlate with the phenotypes in
cell and organ size, cell number, and ploidy.

The Diurnal Expression of Cell-Cycle Genes Is Altered in
TOC1-ox

We next examined whether the expression of cell-cycle genes
followed a diurnal oscillatory trend and whether this oscillation
was affected in TOC1-ox. Analyses of clock core gene expres-
sion in plants grown under LgD conditions at 7 or 14 das
confirmed the reliability of the diurnal time course showing the
proper rhythmic and its d d exp ion in
TOC1-ox (Figure S5). For cell-cycle genes, we found a slight
oscillation for CYCDs showing higher expression during the
day and lower expression during the night (Figures 5A and 5B).
Consistent with an antagonistic function, KRP2 expression
followed an inverse trend with higher expression during the night
(Figure 5C). In TOC1-0x, CYCDs were upregulated, particularly
close to dusk, and also before dawn for CYCD3;2. The upregu-
lation of CYCD3;1 before dusk was not so evident at zeitgeber
time 7 (ZT7; ZTO = lights on), the time point of the developmental
expression analyses. The results highlight the importance of full
time-course diurnal analyses to obtain a view of the regulatory
interactions. The expression of KRP2 in TOC1-ox showed a
slight but reproducible upregulation during the day and down-
regulation during the night at 7 das (Figure 5C), 14 das, and 18
das (Figure S5). KRP7 also followed a similar trend of expression
(Figure 5D). Consistent with the developmental results, the
expression of SMR5 was severely reduced in TOC1-ox at all
time points (Figure 5E). The expression of other genes (e.g.,
E2Fa) was not clearly oscillating although the expression was
affected in TOC1-ox (Figure 5F).

Based on the gene expression profiles from our developmental
assays, we also examined endocycle genes such as CCS52A2
and CDCE at later stages of growth (18 das). Our results showed
that CCS52A2 expression was downregulated in TOC1-ox
throughout the diurnal time course (Figure S5). We also observed
an acute upregulation of CDC6 in WT leaves that was completely
abolished in TOC1-ox (Figure 5G), suggesting that overexpres-
sion of TOC1 strongly represses this induction. A similar severe
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repression was observed at 14 das (Figure S5). Compared with
WT, CDC6 expression rose at the mid to end of night in TOC1-
ox (Figures 5G and S5), which indicates that other components
are able to overcome the repressive function of TOC1 after
dusk. We found that the diurnal peak of CDC6 coincided with a
very low expression of TOCT and conversely, the high expression
of TOC1 correlated with low expression of CDC6 (Figure SH).
Notably, a similar oscillation was observed in the expression of
the S-phase marker Histone 4 (H4) with a peak around midday
that was delayed in TOC1-ox (Figure 5I). These results suggest
the interesting possibility of a diurnal synchronization of the
S-phase. To explore this possibility, we analyzed ploidy every
4 hr over a 24-hr LgD cycle in WT and TOC1-ox leaves. Despite
the expected variation among the biological replicates, we found
an interesting trend in the proportion of cells in S-phase, which
accumulated during the mid to late day in WT leaves. Notably,
the oscillatory pattern of the S-phase population was clearly
delayed in TOC1-ox (Figure 5J). Therefore, the S-phase follows
an oscillatory trend that is controlled by the circadian clock
through TOC1 repression of CDC6 expression. This regulation
might define a temporal window before dusk in which S-phase
progression is favored.

TOC1 Directly Binds to the CDC6 Promoter

As TOC1 acts as a repressor that binds to the promoters of
nearly all central oscillator genes, we next performed chromatin
immunoprecipitation (ChIP) assays followed by qPCR analyses
of the promoters of selected cell-cycle genes. ChIP assays
were performed with TOC1-ox plants (Huang et al., 2012) at 7
das using an anti-MYC antibody to immunoprecipitate the
MYC-tagged TOC1 protein. Our results showed specific amplifi-
cation of the promoter of CDC6 (Figure 5K) while no amplification
was observed for other promoters including, for instance,
CDKB1:1, CYCA2;3, CYCBT1;1, CDKA;1, and ACTIN2 (ACT2),
or when samples were incubated without antibody (-«). Ana-
lyses at later stages (14 and 22 das) also rendered amplification
of the CDC6 promoter while the promoters of other cell-
cycle genes were not significantly enriched (Figure S5). We
also monitored the possible oscillation of TOC1 binding by using
ChIP assays with TMG seedlings, which express the TOC1
genomic fragment fused to the YFP in the toc7-2 mutant back-
ground (Huang et al., 2012). Fold-enrichment analyses following
TOC1 immunoprecipitation with the anti-GFP antibody showed a
clear amplification of CDC6 promoter at ZT15 compared with
ZT3 (Figure 5L). The binding to the CDC6 locus occurs in aregion
containing a previously identified TOC1 binding motif (Huang
et al., 2012), the so-called Evening Element (EE). Consistently,
GUS (GLUCURONIDASE) activity of the CDC6 promoter was
reduced in protoplasts co-transfected with TOC1 while no
effect was observed in mutated versions of the promoter lacking
the EE (Figure S5). Our results are noteworthy, as CDC6 is key for
both the mitotic cycle and the endocycle. The effects are not
due to artifacts TOC1-ox plants, as accumulation of TOC1 in
2ztl-3 mutant plants also results in reduced CDC6 expression (Fig-
ure S5). Furthermore, if TOC1 controls the cell cycle through
regulation of CDC6 expression, downregulation of TOC7 should
lead to the opposite phenotypes to those observed in TOC1-ox
plants. Indeed, our results showed that CDC6 expression was
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Figure 4. Cell-Cycle Gene Exp: Is in TOC1-0x D ping Leaves

Time-course analyses of cell-cycle genes in WT and TOC1-ox leaves over development, Plants were grown under LgD and samples were collected at ZT7.

Leaves were cutin halves

(F), SMRT (G), SMR2 (H), SIM (1), CCS52A2 (J), COC6 (K), and CDT1a (L) expression at the tip of leaves. Relative
4 The 2

analyses, Data represent means + SEM of

d g at the tip and base of leaves. CYCD3:2 (A), CYCD3;3 (B), CYCD4:1 (C), CDKA:1 (D). KRP2 (E), KRP4

qPCR

was

by
twice. See also Figure S4,

upregulated in toc7-2 and ZTL-ox compared with WT plants
(Figure S5).

Previous studies have shown that overexpression of COC6
increases somatic ploidy (Castellano et al., 2001), Our analyses
confirmed the increased leaf size and ploidy of CDC6-ox plants
(Figure S6). To further confirm the direct link between TOC1 and
CDC6, we performed genetic interaction studies using TOC1-ox
plants transformed with the CDC6-overexpressing construct.
Analyses of double overexpressing plants (ox/ox) showed that

was

the reduced size of TOC1-ox plants was reverted by overexpres-
sion of CDC6 (Figure S6). Furthermore, time-course analysis by
flow cytometry showed that the reduced ploidy and delayed
enrichment of higher-order C values in TOC1-ox plants (Figures
5M and 5N) were ne by {s] 10of CDCE6 (Figures
50 and $6). Calculation of the El also confirmed the recovery of
the endoreplication activity (Figure 5P). A similar phenotypic
reversion was observed in other double overexpressing lines
(Figure S6). These results suggest that the reduced expression
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Figure 5. TOC1 Regulates the Diurnal Expression of Cell-Cycle Genes and Binds to the CDC6 Promoter
Time-course analyses of cell-cycle genes over a diurnal cycle under LgD at 7 das (A-F) or 18 das (G and H).
(A~l) Expression of CYCD3:1 (A), CYCD3:2 (B), KRP2 (C), KRP7 (D), SMRS (E), E2FA (F), CDC6 (G), CDC6 and TOCT (H), and H4 (l). Relative expression was

by real-time GPCR Data
[N} of S-phase by

means + SEM of technical triplicates.
ing with ModFit the ploidy profiles under LgD at 7 das.

(K) ChiP assays were performed with TOC1-ox plants at ZT7 using an anti-MYC antibody to immunoprecipitate the MYC-tagged TOC1 protein. ChIP enrichment
was calculated relative to the input. Samples were incubated with anti-MYC antibody (+2) or without antibody (- ).

(L) ChiP assays with TMG plants grown under LgD and collected at ZT3 and ZT15. ChiPs were performed with an anti-GFP antibody to immunoprecipitate the
GFP-tagged TOC1 protein. For comparisons of the different time points, fold enrichment was calculated relative to the input and to values without antibody (—«).
(M-0) Kinematics of polyploidy nuclei in (M) WT, (N) TOC1-ox, and (O) COC6-0x/TOC1-0x line 1 (ox/ox1). Plants were grown under LgD.

(P) Endoreplication Index in WT, TOC1-ox, and CDC6-0x/TOC1-0x line 1 {ox/ox1) leaves of plants grown under LgD.

Data are mean + SEM of n = 10,000 nuclei. At least two

of CDC6 contributes to the observed phenotypes in TOC1-ox.
Although it is possible that TOC1 may directly regulate other
checkpoint factors or regulators of cell-cycle progression, our
data are consistent with the direct binding of TOC1 to the
CDC6 promoter to control its developmental and diurnal tran-
scriptional expression.

Tumor Progression Is Affected in TOC1-ox

Inflorescence Stalks

If TOC1 regulates the cell cycle, cellular systems in which the cell
cycle is misregulated should display a differential response in WT

8 Developmental Cell 45, 1-13, April 9, 2018

per

were See also Figures S5 and S6,

versus TOC1-ox plants. To explore this possibility, we monitored
whether the slow pace of the cell cycle in TOC1-ox correlated
with delayed tumor growth. To this end, we inoculated the
bases and first internodes of inflorescence stalks with a virulent
Agrobacterium tumefaciens strain (A281) (Deeken et al., 2003).
The transfer DNA contains the 8-glucuronidase (GUS) gene so
that tumor devel can be fol after infi . At
5 days after inoculation (dai), staining was readily observed as
small blue foci of variable sizes (Figure 6A, left two images; Fig-
ure S7). The areas of GUS foci were considerably increased at 7
dai, forming bigger and strongly stained patches (Figure 6A, right

143

Annexes



Please cite this article in press as: Fung-Uceda et al., The Circadian Clock Sets the Time of DNA Repiication Licensing to Regulate Growth in Arabi-
dopsis, Developmental Cell (2018), https://doi.org/10.1016/.devcel. 2018.02.022

o]

TOC1-0x Stalk base Stalk base Stalk base
% __' —wr 10, - 0001
i | "Een ':Ea Tocten| & = :;;.;
Fots 3“ 3
gau gﬂ §”
VR SEEN Gl
-
. T Toctes by % s 75 w0 wr Toctes
GUS foci J
¢ wr D TOC1-0x Ho o ! R POy
3 1 -~ " P . — e -0 0015
. = . & z =
o A B ‘a’ é" Yo B Tocker| =R
ﬂ y 8 |3 3o i
L) a8t = 0.0
3 . t? § §“ g"
‘ g 005, g @ 3“ 1 ‘
- 000 00
- WI ToCtox © 2 s 75 0 125 1% Wi 1ot

Figure 6. Tumor Progression Is Delayed in TOC1-ox

GUS foci

P ive images of stalks i with the
TOC1-ox at 5 dai (left two images) and 7 dai (right images).

were also

virulent strain A281 at the base of inflorescence stalks in (A) WT and (B)

atthe first i of (C) WT and (D) TOC1-ox. Mean area of small

and medium GUS foci at the base of (E) inflorescence stalks and (H) in the first internode. Graphs represent mean + SEM of n = 110 foci. (F and I) Distribution of
the different GUS areas, and (G and J) proportion of sizes at the base (F, G) and at the first internode of inflorescence stalks (I, J). At least two blolegical replicates

were performed. See also Figure S7,

image). The staining appeared higher in tumors at the base of
the stalks than at the internodes (Figures 6A and 6C). Tumors
were also observed in TOC1-ox stalks and internodes (Figures
6B-6D). However, the small and medium-sized GUS foci were
clearly reduced compared with WT (Figures 6E and 6F), Compar-
ative analyses of the proportion of the different areas clearly
showed an enrichment of bigger patches in WT compared
with TOC1-ox (Figure 6G). The reduction in GUS foci area in
TOC1-ox was even more evident at the first internode
(Figures 6H-6J). No staining or other visible phenotypes were
observed when plants were inoculated with the non-tumorigenic
Agrobacterium strain GV3101 (Figure S7). Altogether, our results
suggest that the slowed cell cycle and reduced S-phase duration
in TOC1-ox might contribute to the observed delay in tumor
progression.

DISCUSSION

Cells integrate exogenous and endogenous signals to decide
whether or not to progress from the G, to the S-phase. We found
that the circadian clock controls the overall duration of the cell
cycle by modulating the S-phase in Arabidopsis. The circadian
clock component TOC1 operates by binding to the promoter
of the DNA replication factor CDCE6 to repress its diurnal expres-
sion. Thus, misexpression of TOC1 not only changes the pace of
the clock but also affects cell division during the mitotic cycle
and endoreplication during the endocycle. Cell size and number,
somatic ploidy, organ size, and the overall plant growth are
coordinately regulated by the clock in synchronization with the
environment (Figure 7). By controlling the pace of the cell
cycle, the circadian clock not only regulates normal growth but
also tumor progression in Arabidopsis.

Regulation of the G,-S transition is essential for proper cell-
cycle progression, as cells only commit to division once they

have replicated their DNA (Johnson and Skotheim, 2013).
TOC1 regulates the proper timing of the G4- to S-phase transi-
tion, as indicated by the relative duration of the G, and S-phases
as well as by the delayed S-phase entrance. These results are
fully consistent with the slow cell division rate and the reduced
progression of cell number observed in TOC1-ox developing
leaves. Inhibition of cell proliferation in leaves is often associ-
ated with cell expansion. This mechanism is known as compen-
sation, and reduces the impact of decreased cell number on
organ size (Beemster et al., 20086), In TOC1-ox, both cell number
and cell size are affected and hence the overall leaf area is
reduced. The reduction might be due to uncoupled cell division
and cell growth in TOC1-ox. It is also possible that there is a
threshold below which compensation is induced (Horiguchi
et al, 2006) so that the cell number reduction in TOC1-ox
does not reach such a threshold. The function of TOC1 in the
mitotic cycle resembles that of the mammalian circadian
component NONO, an interacting partner of the clock protein
PERIOD that circadianly gates the S-phase in fibroblasts
(Kowalska et al., 2013). It would be interesting to check
whether in addition to TOC1, other clock components in plants
contribute to the regulation of the cell cycle at different cell-
cycle phases.

Although post-transiational regulation of cell-cycle compo-
nents is crucial for cell-cycle function, the expression of key
cell-cycle genes clearly oscillates during the cycle (Beemster
etal., 2005; Menges et al., 2005), suggesting that transcriptional
regulation is also important for cell-cycle progression. Further-
more, there is a clear correlation between periodically tran-
scribed cell-cycle genes and their protein accumulations in
yeast and human cells. We found that during the mitotic cycle,
the expression of various cell-cycle genes was altered in
TOC1-ox. Genes affected include the D-type cyclins, which
have essential roles for cell-cycle responses to nutrients and
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CIRCADIAN CLOCK

Mitotic cycle Endocycle
v v v v
Cell size/number Ploidy Organ size Growth
Figure 7. i P! ion D the Ci be-

tween the Circadian Clock and the Cell Cycle in Arabidopsis

The circadian clock modulates the timing of the cell cycle through the rhythmic
binding of TOC1 to the promoter of the DNA replication factor CDC6. Regu-
lation of the S-phase affects both the mitotic cycle and the endocycle so that
cell size and number, somatic ploidy, organ size, and overall plant growth are
affected in plants ing TOC1. g that DNA ion only
occurs under “safe” it is for maintaining genome integrity,
and thus TOC1 regulation of COC6 might allow or delay DNA licensing in
consonance with external and internal cues.

hormones during the G,-S-phase transition (Menges and
Murray, 2002; Riou-Khamlichi et al., 1999). The observed tran-
scriptional changes correlate with the slow cycle in TOC1-0x
that alters the timing of expression compared with WT. This
idea is in agreement with the expression of the KRP inhibitors,
which are increased at early stages and decreased later during
development. KRP2 not only inhibits cell proliferation but its
weak overexpression inhibits CDKA;1 activity and leads to
increased polyploidy (Verkest et al, 2005). Therefore, the
increased accumulation of KRP2 at early stages is consistent
with the decreased cell number, while the decreased accumula-
tion later in development agrees with the reduced endoreplica-
tion in TOC1-ox. The expression of SMRS was also clearly
altered in TOC1-ox. SMRS5 is important for cell-cycle checkpoint
activation following DNA di by oxygen sp:
(ROS) (Yi et al., 2014). Although SMRS5 overexpression pro-
motes endoreplication, the corresponding knockouts display
no altered ploidy (Yi et al.,, 2014), suggesting that the effects
of TOC1-ox on their expression might rather be linked to an
altered ROS response.

Muiltiple layers of ous and is  signals
converge to ensure proper regulation of the endocycle. The
circadian clock also controls nuclear DNA replication in leaves.
TOC1-ox delays the endocycle activity and, conversely, loss of
TOC1 function accelerates this event. Proper regulation of

10 Developmental Cell 45, 1-13, April 9, 2018

end provides a means to increase gene copy num-
ber and to ensure increased protection against irradiation
(Traas et al., 1998). Thus, the circadian clockwork might
provide proper timing information for endoreplication to fulfill
these functions. Misexpression of TOC1 also perturbs hypo-
cotyl cell expansion and affects the successive rounds of
DNA replication. Post-embryonic hypocotyl growth primarily
relies on cell expansion rather than on cell division, which
makes this organ amenable for studies of cell elongation
(Gendreau et al., 1997). Although polyploidy is not necessarily
coupled with elongation, and endoreplication might not
have the same sensitivity threshold as cell expansion (Vanden-
bussche et al., 2005), the inverse lation of the endocycl

activity in lines accumulating increasing amounts of TOC1
suggests an important connection of TOC1 with replication
of the nuclear genome. Altering the timing of DNA synthesis
by higher or lower than WT expression of TOC1 slows down
or speeds up the successive rounds of endoreplication,
respectively. Light not only inhibits hypocotyl elongation but
also reduces one round of endoreplication in comparison
with dark-grown seedlings (Gendreau et al., 1997). Proper
expression of TOC1 might thus regulate this repression such
that TOC1-ox plants are hypersensitive to the light-dependent
repression of endoreplication while reduced expression of
TOC1 attenuates this response. Thus, the endocycle activity
might be part of a circadianly controlled developmental
program.

Strict control of S-phase entry is crucial, as DNA replication
occurs during this phase. Here we found that TOC1 acts as a
repressor of CDC6 expression by direct binding to its pro-
moter. The downregulation of CDC6 in TOC1-ox explains
why both the cell division and endoreplication are affected,
as this factor is required for the S-phase progression during
both cycles (Castellano et al., 2001, 2004). In Schizosaccharo-
myces pombe, CDC18/CDC6 overexpression induces multiple
rounds of DNA replication (Jallepalli and Kelly, 1996; Nishitani
and Nurse, 1995) while extra rounds of endoreplication were
observed by CDC6 over fon in cultured megakaryo-
cytes (Bermejo et al., 2002). TOC1-ox plants are dwarf. In
humans, mutations in the genes encoding components of the
pre-replication complex, including CDC6, were linked to the
Meier-Gorlin syndrome, an autosomal recessive disorder char-
acterized by primordial dwarfism (short stature, microcephaly)
(Bicknell et al., 2011). Ensuring that DNA replication only
occurs under “safe” conditions is essential for maintaining
genome integrity, and thus, TOC1 regulation of COC6 might
allow or delay DNA licensing in consonance with external
and internal cues.

Human cancer is characterized by increased cell proliferation,
invasion, and metastasis. Among many others, several DNA
replication initiation p: are p d in human
cancers. We found that the reduced expression of CDC6 in
TOC1-ox correlates with the slow progression of tumors.
Notably, a recent study has shown that miR26 represses replica-
tion licensing and tumorigenesis by targeting CDC6 in lung can-
cer cells (Zhang et al, 2014). A similar situation might be
happening in plants in which TOC1 represses CDC6 expression.
Loss of cil ian function inci the ptibility to cancer
and affects anticancer treatments (Brown, 2014). In this
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scenario, several research lines are focusing on the possible
modulation of clock-related proteins as an effective anticancer
strategy. Our study opens the possibility of incorporating the
circadian clockwork for the prevention of crown gall in crops.
As previously proposed (Brown, 2014) and beyond cancer pre-
vention, we envision a circadian system that moves past its ca-
nonical function as a 24-hr timer and serves as a flexible metro-
nome that modulates complex cellular processes in organisms.
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STAR*METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse monocional anti-c-MYC antibody Sigma - Aldrich Cati¥M4439-100ul; RRID: AB_ 10895876
Rabbit polyclonal anti-GFP antibody (Anti-GFP, IgG) Invitrogen by Thermo Cat#A-11122-100uL: RRID: AB_221569
Fisher Scientific

Bacterial and Virus Strains
One Shot TOP10 Chemically Competent E. coli Life Technologies Cat#C404010
Agrobacterium tumefaciens (strain GV2260) N/A N/A
Agrobacterium tumefaciens (strain GV3101) NA N/A
Agrobacterium tumefaciens (strain A281, p35SGUSInt) (Van Wordragen et al., 1992) N/A
Chemicals, Peptides, and Recombinant Proteins
Propidium iodide solution (1.0 mg/ml in water) Sigma - Aldrich Cat#P4864-10ML
DL-Lactic acid Sigma ~ Aldrich Cat#69785-1L
Pierce 16% F yde (w/v), fre Thermo Scientific Cat#28908
Protein G Dy ds® for | Life Technologies Cat#10004D
Protease Inhibitor Cocktail Sigma ~ Aldrich Cat#P9599
MG-132 (powder, 20mg) Calbiochem Cat#474790
Antipain Sigma - Aldrich Cat#10791
Chymostatin Calbiochem Cat#230790
Cellulase Yakuit “Onozuka" R-10
N y Yakult Macerozyme R-10
Poly(ethylene glycol) (PEG) Sigma - Aldrich Cat#82240
Critical Commercial Assays
PENTR/D-TOPO Cloning Kit Life Technologies Cat#K240020
Gateway LR Clonase® Il enzyme mix Life Technologies Cat#11791019
Phusion high fidelity DNA polymerase New England Biolabs Cat¥MO0530L
Maxwell® 16 LEV simplyRNA Tissue Kit Promega Cat#AS1280
iScript™ Reverse Transcription Supermix for RT-gPC BioRad Cat#1708841
Brilliant Il Ultra-Fast SYBR green QPCR Master Mix Agilent Technologies Cat#600883
Luciferase assay system kit Promega Cat#E1500

i Models: O
Arabidopsis thaliana: WT Col-0 N/A N/A
Arabidopsis thaliana: WT C24 N/A N/A
Arabidopsis thaliana: TOC1-MYC-ox (Huang et al,, 2012) N/A
Arabidopsis thaliana:TOC1-RNAi (Més et al., 2003a) N/A
Arabidopsis thaliana: toc1-2 (C24) (Strayer et al., 2000) NA
Arabidopsis thaliana: toc1-2 (Col-0) NASC N2107710
Arabidopsis thaliana: TMG-YFP/toc1-2 (Huang et al., 2012) NA
Arabidopsis thaliana: zti-1 (Somers et al., 2000) N/A
Arabidopsis thaliana: z1-3 (Somers et al., 2000) NA
Arabidopsis thaliana: ZTL-ox (Mas et al., 2003a) N/A
Arabidopsis thaliana: ztI-1/TMG (Mas et al., 2003a) N/A
Arabidopsis thaliana: CDC6-HA-ox This study N/A
Arabidopsis thaliana: CDCE-HA-0x/TOC1-MYC-ox This study A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primers for plasmid construction This study Table S1 NA

Primers for qRT-PCR This study Table S1 NA

Primers for ChIP-PCR This study Table S1 N/A

Primers for promoter cloning Thissn.uyrable S1 N/A

Recombinant DNA

355::CDC6-HA (pGWBS514) This study N/A

WTCDCBp::GUS (pMIN35S/pCAMBIA1305) This study N/A

Mut1CDC6p::GUS (PMIN35S/pCAMBIA1305) This study N/A

Mut2CDC6p::GUS (pMIN35S/pCAMBIA1305) This study N/A

Software and Algorithms

ImageJ ImageJ hitps://imagej.nih.gov/il/

BD CellQuest Pro software Becton Dickinson https://vwww.bd.com

ModFit software Verity Software House hitp//www.vsh.com/products/
mfit/index.asp

GraphPad Prism GraphPad Software https://www.graphpad.com/

scientific-software/prism/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Paloma
Mas (paloma.mas@cragenomica.es).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Arabidopsis thaliana seedlings were grown on Murashige and Skoog (MS) agar medium. Seedlings were synchronized under
Light:Dark cycles, ShD (8h light:16h dark), LD (12h light:12h dark), LgD (16h light:8h dark) as specified in each experiment, with
50-100 pmol m ?s ' of cool white fluorescent light at 22°C. WT Columbia (Col-0) or C24, TOC1-MYC-ox (Huang et al., 2012),
TOC1-RNAI (Mas et al., 2003a), toc1-2 (Strayer et al., 2000), TMG-YFP/toc1-2 (Huang et al., 2012), zt/-1, zt-3, (Somers et al.,
2000) ZTL-ox, ztl-1/TMG (Mas et al., 2003b) were described elsewhere. Transgenic CDC6-HA over-expressing plants (CDC6-
HA-ox) in Wild-Type and TOC1-MYC-ox backgrounds were generated by Agrobacterium tumefaciens (GV2260) mediated DNA
transfer of the CDC6-HA-ox construct specified below.

METHOD DETAILS

DNA Constructs and Plant Transformation

Generation of single CDC6-ox and CDC6-ox/TOC1-ox double over-expressing plants (ox/ox) was performed by Agrobacterium
tumefaciens (GV2260) mediated DNA transfer (Clough and Bent, 1998) of WT and TOC1-ox plants with a CDC6 over-expressing
construct. The construct was generated by PCR-mediated amplification of the CDC6 coding sequence followed by cloning into
the pENTR/D-TOPO vector (Invitrogen). The coding sequence was cloned into the plant destination vector pGWB514 (35S pro,
C-3xHA) (Nakagawa et al., 2007a, 2007b) following the manuf; 's recommendations (Invitrogen). Several one insertion, T2 lines
were used for the kinematic analyses of ploidy. Cloning of the CDC6 promoter was performed by PCR amplification of 2000 base
pairs (bp) of the genomic region upstream of the gene's transcription start site (TSS) (primer pairs A and D). The mutated versions
of the CDC6 promoter lacking the Evening Element (EE) (-670 bp from TSS) were obtained following two strategies. The mut1CDC6p
was generated by just deleting the EE (-10 bp). A second mutated version (mut2CDC6p) was obtained by deleting the EE plus 10
nucleotides on each side flanking the motif. To generate the mutants, a PCR-based mutagenesis by overlap extension was
performed (Lee et al., 2004). The WT and mutated versions of the CDC6 promoter were then cloned into a vector derived
from the pCAMBIA1305.1 vector containing the GLUCURONIDASE gene (GUSplus) under the control of a minimal 35S promoter
(Lee et al., 2017).

Hypocotyl Measurements

For hypocotyl length measurements, seeds were stratified on MS medium in the dark for 4 days at 4°C, exposed to white light
(40 pmol-quanta-m 2.8 ') for 6 h and maintained in the dark for 18 h before transferring to chambers under constant white light,
40 ymol-m 2.5 (WL40) or 1 pmol-quanta-m ?-s ' (WL1). Hypocotyl length was measured using the ImageJ software at 7 days
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after stratification or every day over 7 days for the growth kinetic analyses. Hypocotyl epidermal cell length and number were
examined at 7 days after stratification by using a wide-field fluorescence microscope (Axiophot Zeiss) and analyzed using the ImageJ
software. At least 20 hypocotyls and about 100 cells per condition and genotype were measured. Each experiment was repeated at
least twice using a similar “n" number. Statistical analyses were performed by two-tailed t-tests with 99% of confidence.

For flow cytometry analyses, the apex, cotyledons and roots were removed with a razor blade, and about 10 hypocotyls were
chopped in ice-cold LBO1 buffer (15 mM Tris, 2 mM Na2EDTA, 0.5 mM spermine tetrahydrochloride, 80 mM KCI, 20 mM NaCl,
0.1% (vol/vol) Triton X-100, pH 7,5 (Dolezel et al., 2007; Galbraith et al., 1983). The suspension was filtered through a 30 um nylon
mesh (Sysmex CellTrics) before incubation with 50 ug mL ' DNase-free RNase and 50 ug mL ' propidium iodide (Sigma-Aldrich).
DNA content was examined with a FACSCalibur flow cytometer (Becton Dickinson) and the BD CellQuest Pro software (Becton
Dickinson). Propidium iodide was detected using the FL2 (585/42) channel. Gates were set in the fluorescence intensity (FL2)/side
scatter density plot. At least 10000 nuclei were measured within a gate. Each experiment was repeated at least twice using a similar
“n"” number. The endoreplication index or cycle value (Barow and Meister, 2003) was calculated taking the number of nuclei of each
ploidy multiplied by the number of endoreplication cycles required to reach that ploidy. The sum of the resulting products was divided
by the total number of nuclei measured.

Kinematic Analyses and Flow Cytometry

Approximately 30 leaves (at young stages) or 10 leaves (at old stages) were chopped with a razor blade in extraction buffer LBO1
(15 mM Tris, 2 mM Na2EDTA, 0.5 mM spermine tetrahydrochloride, 80 mM KCI, 20 mM NaCl, 0.1% (vol/vol) Triton X-100, pH 7.,5)
(Dolezel et al., 2007; Galbraith et al., 1983). The suspension was filtered through a 30 um nylon mesh (Sysmex CellTrics) followed
by incubation with 50 ug mL~' DNase-free RNase, and 50 ug mL "' propidium iodide (Sigma-Aldrich). Nuclei were analyzed with
a FACSCalibur flow cytometer (Becton Dickinson) and BD CellQuest Pro software (Becton Dickinson). At least 10000 nuclei were
counted per sample. Analyses were performed as described for hypocotyls (see section above). Cell cycle analysis on proliferating
leaves was analyzed by using the ModFit software (Verity Software House). Each experiment was repeated at least twice using a
similar “n" number.

For the kinematic analysis of leaf growth (De Veylder et al., 2001), approximately 10 seedlings grown under ShD and LgD conditions
were harvested at the specified days after stratification. Plants were incubated with methanol overnight to remove chlorophyll, and
subsequently stored in lactic acid before microscopy analyses. Leaf blade area of the first pair of true leaves (at young stages 3-7 das)
was measured using a wide-field fluorescence microscope (Axiophot Zeiss) while leaves at older stages (10-24 das) were measured
with a magnifying glass (Olympus DP71). Cell area of the first pair of true leaves for all stages was measured using a wide-field fluo-
rescence microscope (Axiophot Zeiss). Measurements were performed by drawing leaf areas containing approximately 100 cells,
located 25% and 75% from the distance between the tip and the base of the leaf blade of the abaxial epidermis of each leaf. Total
number of cells was estimated by dividing the leaf blade area by the average cell area of each leaf. Average cell division rates
were estimated as the slope of the log 2-transformed number of cells per leaf, using a five-point differentiation formula (Fiorani
and Beemster, 2006). Each experiment was repeated at least twice using a similar “n” number.

Real-Time PCR Analysis

For the developmental time course analyses, the first pair of leaves were cut in halves and the expression of selected core cell cycle
genes was separately examined at the tip and base of leaves. RNA was isolated using the Maxwell 16 LEV simply RNA Tissue kit
(Promega). Single strand cDNA was synthesized using iScript™ Reverse Transcription Supermix for RT-qPCR (BioRad) following
manufacturer recommendations. For quantitative real-time gene expression analysis (QPCR), cDNAs were diluted 10-fold with
nuclease-free water and qPCR was performed with the Briliant lll Ultra-Fast SYBR Green gPCR Master Mix (Agilent Technologies)
in a 96-well CFX96 Touch Real-Time PCR Detection System (BioRad). Each sample was run in technical triplicates. The geometric
mean of APAT and /PP2 expression was used as a control. Crossing point (Cp) calculation was used for quantification using the
Absolute Quantification analysis by the 2" Derivative Maximun method. Table S1 shows the specific sequences for primers used
in this study. For the developmental time course analyses, samples were harvested at ZT7. For the diurnal gene expression analyses
samples were harvested every 4 hours over a 24 hours cycle. Each experiment was repeated at least twice.

Protoplast Transfection

Leaves from 3-week-old plants were cut into 0.5-mm pieces using a fresh razor blade. Twenty leaves were digested in 15 ml of
enzyme solution [0.8% cellulase (Yakult), 0.2% macerozyme (Yakult), 0.4 M mannitol, 10 mM CaCl,, 20 mM KCl, 0.1% bovine serum
albumin, and 20 mM MES (pH 5.7)], vacuumed for 20 min, and incubated in the dark for 5 hours at 22° to 23°C. Protoplasts were then
passed through 40-pm stainless mesh and collected after a gentle wash with W5 media (154 mM NaCl, 125 mM CaCl,, 5 mM KClI,
2 mM MES, 5 mM glucose adjusted to pH 5.7 with KOH). For transient expression assays using Arabidopsis protoplasts, reporter and
effector plasmids were constructed. The reporter plasmid contains a minimal 35S promoter sequence and the GUS gene. The CDC6
promoter was inserted into the reporter plasmid. To construct effector plasmids, TOC1 cDNA was inserted into the effector vector
containing the CaMV 35S promoter. Recombinant reporter and effector plasmids were co-transformed into Arabidopsis protoplasts
by PEG-mediated transformation. The GUS activities were measured by a fluorometric method. A CaMV 35S promoter-Luc
construct was also co-transformed as an internal control. The Luc assay was performed using the Luciferase Assay System kit
(Promega).
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Chr o precipitati
Plants grown under LgD conditions (22 day-old) were sampled at ZT7 for TOC1-ox and ZT3 and ZT15 for TMG. Chromatin immuno-
precipitation (ChiP) assays were essentially performed as previously described (Huang et al., 2012). Samples were fixed under
vacuum with 1% of formaldehyde (16% formaldehyde solution (w/v) methanol-free, Thermo Scientific) for a total of 15 min, shaking
the samples every 5 min. Special care was taken with the fixation process as it was found to be crucial for successful ChIP results.
Soluble chromatin was incubated overnight at 4°C with an Anti-MYC antibody (Sigma-Aldrich) for assays with TOC1-ox plants or
Anti-GFP (Invitrogen by Thermo Fisher Scientific) antibody for the assays with TMG plants. Chromatin antibody conjugates were
then incubated for 4 hours at 4°C with Protein G-Dynabeads beads (Invitrogen by Thermo Fisher Scientific). ChIPs were quantified
by gPCR analysis using a 96-well CFX96 Touch Real-Time PCR Detection System (BioRad). Crossing point (Cp) calculation was used
for quantification using the Absolute Quantification analysis by the 2™ Derivative Maximun method. ChiP values for each set of
primers were normalized to Input values. Table S1 shows the sequences of primers used in this study.

Tumor Induction and Progression

The Agrobacterium tumefaciens strain A281, p35SGUSint (Van Wordragen et al., 1992) was grown on Yeast Extract Broth (YEB)
medium (0.5% tryptone, 0.5% yeast extract, 0.5% sucrose, 50 mm MgSO, and 1.5% agar, pH 7.8) for 24 h at 28°C. Tumors
were induced by applying the Agrobacterium strain at the base of slightly wounded inflorescence stalks. Seven and five days after
inoculation, tissues were excised under a binocular to avoid contamination of the inflorescence stalk and stained with GUS for visu-
alization of tumor progression. The same procedure was used while inoculating the first internodes. GUS staining was performed by
incubating inflorescence stalks and internodes with GUS staining solution (1mM X-Gluc, 0.5mM potassium ferrocyanide, 0.5 mM
potassium ferricyanide and 0.5% triton X-100) for 30 minutes under vacuum and then for 6 hours at 37°C in the dark. Samples
were rinsed in water and cleared with 70% Ethanol. Samples were mounted in water and images were taken using an Olympus
DP71 magnifying glass. The same procedure was used to inoculate the non-tumorigenic Agrobacterium strain GV3101. This

1 |

wounded but uninfected inflorescence stalks and internodes were used as Two biological repli were perf

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of hypocotyl length (Figures 3A, 3B, 3l, and S3A-S3C), leaf blade area (Figures 1G, S1A, S1J, S1M, and S1N), hypo-
cotyl cell length (Figures 3D, S3D, and S3E), leaf cell area (Figures 1E, S1C, S1L, and $1Q) and tumor area (Figures 6A-6J and S7A-
§7C) were measured using the ImageJ software. For hypocotyl measurements data are mean + SEM of n = 20 hypocotylsandn =
100 cells (per genotype and/or condition). Statistical analyses were performed by two-tailed t-tests with 99% of confidence. For leaf
and cell area measurements data are mean + SEM of n = 10-20 leaves and n = 100 cells. For all flow cytometry experiments (Figures
1G, 2A-2J, 3E-3l, 5M-5P, S1E, S1F, S2A-S2I, S3F-S3H, S6C, S6D, S6G, and S6H) data are mean + SEM of n = 10000 nuclei per
gate. For gene expression analysis using qPCR (Figures 4A-4L, 5A-5l, 5K, 5L, S4A-S4P, S5A-S5I, S5K, S5L, S6A, and S6E), data
represent means + SEM of technical triplicates. Crossing point (Cp) calculation was used for quantification using the Absolute Quan-
tification analysis by the 2" Derivative Maximun method. All of the experiments were repeated at least twice using a similar “n"
number,
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Figure S1. TOC1 modulates growth and the mitotic cycle in developing leaves, related to Figure 1. Early time course analyses of (A)
leaf blade area, (B) cell number and (C) cell area of the first leaf pair of plants grown under LgD. Data are mean + SEM of n =~ 10-20
leaves and n=100 cells. (D) Average cell division rates of abaxial epidermal cells and linear regression analyses of the first four points of
the kinematic assay. (E) Ploidy distribution by flow cytometry of WT and TOCI-ox first pair of leaves at 7 das under LgD. (F) Estimation
of the relative amounts of cells in G1, S and G2/M phases in proliferating first pair of leaves analyzed by flow cytometry at 7 das. (G)
Estimated duration (hours) of the Gl, S and G2/M phases at 7 das under LgD in WT (inner rings) and TOCI-ox (outer rings).
Representative images of (H) WT, roc/-2 and z¢/-3 plants and (1) leaves from WT (top), toc/-2 (middle) and z¢/-3 (bottom) plants at 19 das
under LgD. Time course analyses of leaf blade area in (J) zt/-3 and (M, N) foc/-2 mutants. Cell number of the first leaf pair in (K) z¢/-3 and
(O, P) tocl-2 mutants. Cell area in (L) zt/-3 and (Q) tocl-2 mutants grown under LgD. Values of (N) leaf area and (P) cell number at early
stages of development are separately represented. Data in panels (B), (K) and (O) are graphed in log2 scale. Data are mean + SEM of n =
10-20 leaves and n=100 cells. At least two biological replicates per experiment were performed.
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Figure S2. TOC1 modul endoreplication in developing leaves, related to Figure 2. (A) Ploidy distribution by flow cytometry of WT
and TOC1-ox first pair of leaves at 13 and 20 das under ShD and 13 and 15 das under LgD. Relative profiles of (B) 8C and (C) 16C content
under ShD. Kinematics of polyploid nuclei in (D) WT and (E) TOC1-o0x in plants grown under LgD. Relative profiles of (F) 4C, (G) 8C and
(H) 16C content under LgD in WT and TOC1-ox leaves. (I) Endoreduplication index of WT and z1/-3 leaves of plants grown under ShD.
Data are mean + SEM of n =~ 10000 nuclei. At least two biological replicates per experiment were performed.
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Figure S3. Proper accumulation of TOCI is important for cell expansion and endocycle activity during hypocotyl growth,
related to Figure 3. Hypocotyl length of WT , z#/-3 and ZTL-ox seedlings under (A) WL40 and (B) WLI. (C) Hypocotyl length of
WT, ztl-1 and ztl-1/TMG seedlings under WL1. (D) Epidermal cell length at the bottom, mid or top sections of hypocotyls from WT,
TOC1-ox and TOCI-RNAI and (E) WT, zt/-1 and zt/-1/TMG seedlings under WL40. (F, G, H) Ploidy profiles by flow cytometry of
WT, TOCI-o0x and TOC1-RNAi hypocotyls of seedlings grown under WL1. Data are mean + SEM of n = 20 hypocotyls and n=100

cells. At least two biological replicates per experiment were performed.
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Figure S4. Miss-expression of cell cycle genes in TOC1-ox developing leaves, related to Figure 4. Time course analyses of cell cycle genes in WT
and TOC1-ox leaves over developmem Plants were grown under LgD and samples were collected at ZT7. Leaves were cut in halves and gene

was ly ined at the base of leaves. Expression of (A) CYCD3;1, (B) CYCD3:2, (C) CYCD3:3, (D) CYCD4:1, (E) CDKA;1, (F)
KRI’I (G) KRP2, (H) KRI’4 [U)] KRP7 (J) SMR1, (K) SMR2, (L) SMRS5, (M) SMRS, (N) CCS5242, (O) CDC6, (P) CDTla at the base of leaves. Relative
was d by Q ve real-time PCR (Q-PCR) analyses. Data represent means + SEM of technical triplicates. The experiment was

repcalcd twice, giving similar results to those shown here.
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Figure S5. TOCI regulates the diurnal expression of cell cycle genes, related to Figure 5. Time course analyses
of gene expression over a diurnal cycle. Plants were grown under LgD and samples were collected at (A-B) 7 das,
(C-D, G) 14 das or (E, F) 18 das every 4h over a 24h cycle. Expression of (A) CCA/, (B) PRRY, (C) PRR7, (D)
KRP2 at 14 das and (E) 18 das, (F) CCS5242 and (G) CDC6 in WT and TOC1-ox plants. Relative expression was
obtained by Quantitative real-time PCR (Q-PCR) analyses. Data represent means + SEM of technical triplicates.
ChIP assays with TOC1-ox plants sampled examined at (H) 14 das and (1) 22 das. ChIP enrichment was calculated
relative to the input. Samples were incubated with an anti-MYC antibody (+a) or without antibody (-a). (J) Relative
GUS activity of WT CDC6 promoter (WTCDC6p) and two mutated versions lacking the Evening Element
(mutlCDC6p and mut2CDC6p). Activity was yed in protopl co-transfected with TOC1. The Minimal 35S
promoter (Min35Sp) was used as a control. Expression of CDC6 in (K) WT and z¢/-3 and in (L) WT, toc/-2 mutant
and ZTL-ox plants. Plants were grown under LgD and samples were collected at 18 das. Relative expression was
obtained by Q-PCR. Data represent means + SEM of technical triplicates. The experiments were repeated at least
twice.
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Figure S6. Analyses of CDC6 and TOCI genetic interaction, related to Figure 5. (A) Relative CDC6 expression in WT and three different lines
over-expressing CDC6. Plants were grown under LgD and samples were collected at ZT7. Rclalive expression was obtained by RT-Q-PCR. Data is
presented relative to WT and represent means + SEM of technical tripli (B) R ve images of WT and CDC6-ox leaves of plants
grown under LgD. (C) Proportion of polyploidy nuclei in WT and three different CDC6—ox lines. Plants were grown under LgD. (D) Ploidy
distribution by flow cytometry of WT and CDC6-o0x line 1 of the first pair of leaves at 9 das under LgD. (E) Relative CDC6 expression in WT and
three different double CDC6 and TOC1 over-expressing lines (ox/0x). Plants were grown under LgD and samples were collected at ZT2 and ZT9.
Relative expression was obtained by RT-Q-PCR. Data is presented relative to WT ZT2 and represent means + SEM of technical triplicates. (F)
Representative images of WT, TOC1-ox and CDC6-0x/TOC1-o0x leaves of plants grown under LgD. Ploidy distribution by flow cytometry of WT,
TOC1-0x, and CDC6-0x/TOC1-0x (ox/ox1) plants of the first pair of leaves at 9 das under LgD. (H) Kinematics of polyploidy nuclei in TOC1-0x
(Tox) and two CDC6-0x/TOC1-0x lines (2 and 3). Plants were grown under LgD. Data are mean + SEM of n=10000 nuclei. The experiments were
repeated at least twice.
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Figure S7. Tumor progression is delayed in TOCI-ox, related to Figure 6. Representative
with the Agrobacterium non-virulent strain

images of infl stalks i

lated

GV3101 and virulent strain A281 at the base of inflorescence stalks in WT (A) and TOC1-0x
(B) at 5 dai. (C) Distribution of the proportion of sizes of the different GUS areas at the base
of inflorescence stalks at 5 dai. At least two biological replicates per experiment were

performed.
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Table S1. List of primers used in this study, related to STAR Methods.

Name
APA1_EXP_F
APA1_EXP_R

IPP2_EXP_F
IPP2_EXP_R
CCA1_EXP_F
CCA1_EXP_R
PRR7_EXP_F
PRR7_EXP_R
PRRI_EXP_F
PRRI_EXP_R
CYCD3;1_EXP_F
CYCD3;1_EXP_R
CYCD3;2_EXP_F
CYCD3;2_EXP_R
CYCD3;3_EXP_F
CYCD3;3_EXP_R
CYCD4;1_EXP_F
CYCD4;1_EXP_R
CCS52A2_EXP_F
CCS52A2_EXP_R
CDC6_EXP_F
CDC6_EXP_R
CDT1a_EXP_F
CDT1a_EXP_R
CDKA;1_EXP_F
CDKA;1_EXP_R
E2Fa_EXP_F
E2Fa_EXP_R

KRP1_EXP_F

Sequence
TCCCAAGATCCAGAGAGGTC
CTCCAGAAGAGTATGTTCTGAAAG
CATGCGACACACCAACACCA
TGAGGCGAATCAATGGGAGA
TCGAAAGACGGGAAGTGGAACG
GTCGATCTTCATTGGCCATCTCAG
AAGTAGTGATGGGAGTGGCG
GAGATACCGCTCGTGGACTG
ACCAATGAGGGGATTGCTGG
TGCAGCTTCTCTCTGGCTTC
CCTCTCTGTAATCTCCGATTC
AAGGACACCGAGGAGATTAG
TCTCAGCTTGTTGCTGTGGCTTC
TCTTGCTTCTTCCACTTGGAGGTC
TCCGATCGGTGTGTTTGATGCG
GCAGACACAACCCACGACTCATTC
GAAGGAGAAGCAGCATTTGCCAAG
ACTGGTGTACTTCACAAGCCTTCC
CGTAGATACCAACAGCCAGGTGTG
CGTGTGTGCTCACAAGCTCATTC
AGGCTCTATGTGTCTGCAGGAG
ACCACTTGACACTCTGGAACTGG
AATCGCTCTTCGGAAAGTGTTTCG
CCTCTGGAACTTCATCACCCTGAG
ACTGGCCAGAGCATTCGGTATC
TCGGTACCAGAGAGTAACAACCTC
TAGATCGGGAGGAAGATGCTGTCG
TTGTCGCCTTTCTCTTTCGTGAAG

ACGGAGCCGGAGAATTGTTTATG
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KRP1_EXP_R
KRP2_EXP_F
KRP2_EXP_R
KRP4_EXP_F
KRP4_EXP_R
KRP7_EXP_F
KRP7_EXP_R

SIM_EXP_F
SIM_EXP_R
SMR1_EXP_F
SMR1_EXP_R
SMR2_EXP_F
SMR2_EXP_R
SMR5_EXP_F
SMR5_EXP_R
SMR8_EXP_F
SMR8_EXP_R
ACT2_CHIP_F
ACT2_CHIP_R
CCSS52A1_CHIP_F
CCS52A1_CHIP_R
CDC6_CHIP_F
CDC6_CHIP_R
CDKB1;1_CHIP_F
CDKB1;1_CHIP_R
CYCA2;3_CHIP_F
CYCA2;3_CHIP_R
CYCB1;1_CHIP_F
CYCB1;1_CHIP_R
DEL_CHIP_F

DEL_CHIP_R

CGAAACTCCATTATCACCGACGAC

TAGGAGATTATGGCGGCGGTTAGG

TTTCACCGTCGTCGTCGTAACTC

AAGCTTCAACAGGACCACAAGGG

GGGTTGTCATGATTTCAGGCCTTC

GAGGCTCATGAAATCTCCGAAACC

CCGAGTCCATTTCTGCTGTTTCTC

AGCCATCAAGATCCGAGCCAAC

TIGTGGTCGGAAGAAGTGGGAGTG

CAAAGAAGGACGAAGGTGATGACG

TGTTCTTGGGATGTGGGTGTGC

TCACAAGATTCCGGAGGTGGAGAC

ATCTCACGCGGTCGCTTTCTTG

ACGCCTACACGTGATGATTGCC

TATCCCTTCTTCGGTGGTTCCC

GCGGTTTCCGTCAGAATTCCAAG

GCACTTCAACGACGGTTTACGC

CGTTTCGCTTTCCTTAGTGTTAGCT

AGCGAACGGATCTAGAGACTCACCTTG

ACGCCTGCCATCTAAGATTC
GGCTTGAAGATGGGCCTAAA
CTATATCAATGCATTGATATTTTGG
AATCATTGAAGTATGAGATATCATC
CGTCAACTCACGCAAATCAT
TCGTTCGTGACAACTGCAAC
CAAAGCCATGACAAGAAACATC
CGAGTGGAGTGGTGTATGTTA
AGAATAAGTGGGCCGTTG
TTAGAGGTCGTGGGCTTG
TTGCTCCCTCCATCTTAATTATTTTG

TTGTGTGTGTGTGTATGTTAGTTTC
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E2Fa_CHIP_F
E2Fa_CHIP_R
E2Fb_CHIP_F
E2Fb_CHIP_R
E2Fc_CHIP_F
E2Fc_CHIP_R
KRP2_CHIP_F
KRP2_CHIP_R
CDC6_CLN-F
CDC6_CLN-R

WTCDC6p(A)_CLN_F
WTCDC6p(D)_CLN_R

Mut1CDC6p(B)_CLN_R

Mut1CDC6p(C)_CLN_F

Mut2CDC6p(B)_CLN_R

Mut2CDC6p(C)_CLN_F

GCTCAAATGGGGTACACTCG
CCTGCGCCGTTAGCTTATTA
CATAGCTTTATTAACTTCGTTGACTTT
GCGCTCTTTATCTCTCTCTTIGT
TCGCGTTAGTGCACTTGAAA
TGTGACAAACAAACAAAACAAGATT
TCTTTGTTCTTTTGAAGTCAACAA
TCTCTCTCTTTTTTACACTCACTATA
CACCATGCCTGCAATCGCCGGACC
TAGAAGACAGTTGCGGAAGAATCGA

CACCAACCAAACGCTAAATGTCCAAA

TGTAGGTTATCAGAAGGAGGCAGAAAAA

ACGACGTGGCATGTATATCTGGTTCAT
ATATACATGCCACGTCGTCTTTATATG
ACATATAAATGGTTCATAAAAGGTTTT

TATGAACCATTTATATGTTGATATGAT
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The Elongator complex regulates hypocotyl growth in darkness

and during photomorphogenesis

Magdalena Woloszynska':2*, Olimpia Gagliardi'?, Filip Vandenbussche®, Steven De Groeve':?, Luis Alonso
Baez'?, Pia Neyt"2, Sabine Le Gall'?, Jorge Fung®, Paloma Mas*, Dominique Van Der Straeten® and

Mieke Van Lijsebettens’ 2+

six subunits, ELP1 to ELP6, and two subcomplexes ELP1 to ELP3
and ELP4 to ELP6, with ELP3 conferring HAT and DNA
hylation activities (Nelissen et al,, 2005, 2010; Glatt and

ABSTRACT

The Elong: [ (h Elongator) promoles RNA 5
ll-mediated transcript ion through

acllvmes such as histone acetylation. El laty growlh

Al

P immune resp and sensmvnty to drought and
abscisic acid. We demonstrate that elo mutants exhibit defective
hypocotyl elongation but have a normal apical hook in darkness and
are hyposensitive to light during photomorphogenesis. These elo

Miiller, 2013; DeFraia et al., 2013). The ELP4-ELP6 subcomplex
plays a role in the modification of uridines at the wobble position in
transfer RNAs (Glatt and Miiller, 2013). In plants, an epigenetic role
for Elongator in transcription and processing of primary
microRNAs has bcn.n shown (Fang et al., 2015). Analysis of
Arabidopsi: ired in the of El

phenotypes are supported by transcriptome changes, including

P &
" 1

mvcalcd that El g growth, devel and

of circadian clock positive regul,
of skoto- or photomorphogenesis, hormonal pathways and cell wall
biogenesis-related factors. The downregulated genes LHY, HFR1
and HYH are selectively targeted by El or for histone H3K14
acetylation in darkness. The role of Elongator in early seedllng

P
El

to envi 1 stimuli (Ding and Mou, 2015).
is exp in meri ic tissues, which correlates
with delayed gmwlh shortened primary roots, reduced lateral root
density, abnormal leaves, defective inflorescence phylotaxis and

duced apical domi in el (elo) (Neli etal.,

q

development in darkness and light is supported by h y
phenotypes of mut defective in components of |he gene
network regulated by Elongator, and by double mutants between

elo and mutants in light or darkness signaling components. Amodel is

2010; Skylar et al., 2013; Jia et al,, 2015). In addition, e/o mutants
have altered sensitivities to drought and abscisic acid (Chen
et al,, 2006; Zhou et al., 2009), whereas genes of the plant
i are down- or upregulated (DeFraia etal,, 2010;

proposed in which Elongator repmsses the plant immune

Wang etal., 2013, 2015). Reduced histone H3K 14 acetylation of
auxin response-related genes (Nelissen et al., 2010), of genes
g transcription factors essential for root development

and promotes hyp yl elc and photomorphog via
transcriptional control of posmve pholomorphogenesns mgulalots and S
a growth-regulatory network that ges on genes involved in cell

wall biogenesis and hormone signaling.

This article has an associated First Person interview with the first
author of the paper.

KEY WORDS Arabidopsis, Histone acetyl I

(Jiaetal., 2015) and of genes coding for salicylic acid, jasmonic
acid and ethylene signaling (An et al., 2017; Wang et al., 2013,
2015) correlated with their reduced gene expression and the
specific phenotypes in elo mutants.

Followmg gm\manon seedlings develop according to the

Hypocotyl elong Light, T

INTRODUCTION

The conserved Elong: comp Elongator) is a
transcription elongation factor that binds in yeast to CTD-
phosphorylated RNA polymerase 11 (RNAPII) at the coding part
of genes and facilitates transcript clongation via histone acetyl
transferase (HAT) activity, preferentially targeting lysine 14 of
histone H3 (Otero et al., 1999; Woloszynska et al., 2016; Van
Lijsebettens and Grasser, 2014). The Elongator complex consists of

lex (hercaft
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2 in which hypocotyls clongate (so-
called euolahon) aplcal hooks are closed and cotyledons are folded.
When seedlings reach the soil surface, the developmental program
switches to photomorphogenesis, resulting in de-etiolation, in which
hypocotyl elongation is inhibited, apical hooks open and cotyledons
expand. Morphological changes are driven by light-stimulated
transcriptional or post-lmnscnpnonal Shlﬂb in thc accumulation of
positive skoto- and p ph g lled by
ph P and the circadian clock. I ingly, ch in

dificati dulate the exp of genes encoding regulators
of skoto- and photomorphogenesis, such as lhc phylochmmc
(PHYA) photoreceptor; the positive p S
ELONGATED HYPOCOTYL 5 (HYS) and HY5- HOMOLOG (H)II)
(Cloix and Jenkins, 2008); the positive sk
SUPPRESSOR OF PHYA-105 1 (SPAT) (Bourbousse etal, 7012)
the EARLY LIGHT-INDUCIBLE PROTEIN 1 (ELIPI) (Cloix and
Jenkins, 2008); and the circadian clock genes CIRCADIAN CLOCK
ASSOCIATED 1 (CCAl), LATE ELONGATED HYPOCOTYL (LHY),
TIMING OF CAB EXPRESSION | (TOCI), LUX ARRHYTHMO
(LUX), EARLY FLOWERING 4 (ELF4), PSEUDO RESPONSE
REGULATOR 7 (PRR7) and PRRY (Hemmes et al., 2012; Himanen
et al., 2012; Malapeira et al., 2012).
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Here, we show that Elongator regulates seedling development in
darkness and light via a growth-regulatory network of genes that
converge on cell wall biogenesis and positive photomorphogenesis
factors, some of which are targeted by Elongator HAT activity
specifically in darkness, suggesting target gene selection.

RESULTS
Phenotypes of the elo seedlings in darkness and light
Narrow, elongated and hyp ic leaves and petioles of elo
ble those of ph (Fig. S1A), suggesting that
Elongator plays a role in the light response. Therefore, we investigated
the role of El in early Arabidopsis develoy in darkness or
light (during etiolation or de-ctiolation, respectively) by scoring
hypocotyl elongation and apical hook formation, two characteristics
of scedling growth that differ between the skoto- and
) 1 ic develoy | prog! Seeds of elo3-6 and

'Col-O (wil.d type) were sown, stratified for 48 h, illuminated for 6 h in

eceptor

Annexes
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white light to induce germination, and transferred either to darkness or
10 red, far-red or blue light. Representative seedling phenotypes are
shown at 4 days after germination (DAG) (Fig. 1A). The hypocotyl
length and seedling morphology was compared between the elo3-6
mutant and Col-0 control every day between 3 and 7 DAG (Fig. 1A,B;
Fig. S1B). Darkness-grown elo3-6 seedlings had shorter hypocotyls
than Col-0 seedlings (Fig. 1B), but cotyledons and apical hooks were
similar (Fig. 1A; Fig. SIB), indicating that the mutation affected only
hypocotyl growth. The hypocotyl length difference between Col-0
and elo3-6 seedlings was maximal at 3 DAG (0.55 cm and 0.33 cm,
respectively) (Fig. 1B). At 5 DAG, hypocotyl clongation nearly
stopped for Col-0, whereas efo3-6 hypocotyls still clongated,
ultimately reaching lengths similar to those of the wild types at 7
DAG (Fig. 1B).

The elo3-6 seedlings grown in red, far-red or blue light had
reduced de-etiolation, visible as longer hypocotyls between 3 and 7
DAG (Fig. 1B), reduced cotyledon exj and hyponastic

Fig. 1. Ph y of elo grown in
A or under different light conditions. (A) Representative
seedlings germinated and grown on half-strength MS
medium for 4 days in darkness or under continuous
monochromatic light of different wavelengths. (B) Hypocoty!
lengths of Col-0 and ef03-6 seedlings grown in darkness (D)
or under continuous red (R), far-red (FR) and blue (8) light.
(C) Hypocotyl lengths of mutants of different Elongator
subunits grown on half-strength MS medium in darkness or
under continuous monochromatic light of different
Bars mean length of 25
g d.). Di mutant and
wild type were with an
two-tailed Student's t-test; *P<0.05,
Col0 elo3-6 Col0 e/o3-6 Col-0 elod-6 Col0 elo3-6
“Darkness Redight  Farredlight  Biue light
B 18
1
(o] 3 4 5 6 7 [DAG]
16
14 1Ler 5
2 0/03-1
12 I, I g 2 3 alot-1 e
. 4 0lo2 @
£ 1 . 5 elod i
= . i 5
= 08 * " . I - 6 dr1-2 )
H os 4" I.I T : T
= l * * o
§ 04 I ey * I' . I';“ ns
-
i s 1 P
s iliil il iliil it 5
0 - c
123456 123456 123456 123456 123456 123456 123456 123456 5
Darkness __Red Far-red Blue Darkness Red Far-red Blye o
4 DAG 6 DAG 2%
2
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growth of the cotyledons (Fig. 1A; Fig. S1B), showing that the
mutant is hyposensitive to all light qualities. Light inhibited
hypocotyl elongation in the Col-0 seedlings already at 3 or 4 DAG,
whereas hypocotyls elongated until 5 to 7 DAG in the ¢lo3-6
mutant, depending on the light quality (Fig. 1B).

The seedling phenotypes of the elo3-/ Landsberg erecta (Ler)
mutant grown in darkness, red, far-red or blue light were assessed at 4
and 6 DAG relative to the Ler control. Alterations were parable to

Annexes

Journal of Cell Science (2018) 131, jcs203927. doi:10.1242/jcs. 203927

Hypocotyl lengths of double mutants combining phyB-1 or phvA-201
with elo3-1 were significantly longer than those of elo3-1, but shorter
than those of phy single mutants (Fig. 2A,B). This intermediate
phenotype probably results from the additive effect of the phyB-1 or
phyA-201 mutations, leading to increased hypocotyl elongation
(comparable to the effect of darkness on the wild type), and the elo3-/
mutation that disables hypocoty! elongation under such conditions.

those of the elo3-6 Col-0 allele (Fig. 1C), confirming that ELP3
regulates hypocotyl growth in darkness and in light. Hypocotyl
lengths of the efo /-1 (mutation in the accessory subunit ELP4 gcnc)
elo2 (the core subunit ELPI gene), elod/drli-4 and drll-2 (the
Elongator interactor DRLI/ELO4 gene) mutants, and the wild-type
Ler were assayed at 4 and 6 DAG. Results were similar to those
obtained for the elo3-1 and elo3-6 mutants (Fig. 1C), suggesting that
the Elongator as an integral complex regulates hypocotyl elongation

Therefore, the deficit of Elongator results in two defects leading to
opposite changes in hypocotyl growth, First, the elo3-/ mutant has
decreased light sensitivity, resulting in longer hypocotyls in light-
grown seedlings and, second, it grows more slowly in conditions of
i cell el such as darkness or the phy
backgmund These results confirm that Elongator is indi ble for
the light response and for the fast growth stimulation that occurs in
darkness or upon phy mutation.
The hypocolyl length of the e/o3-6 mutant grown in darkness was

in darkness and in different light conditions in Arabide

(&

duced more than that of lhc pi/3-3 ptﬂ-’ mutant compared to the
Col-0 control (Fig. 2C), g that Elong lates hypocotyl

growth via factors different or addmonal to PIF3 and PIF4. The

combination of e/o3-6 and pif3-3 pif4-2 mutations in the triple mutant

G i b El and light-
depend and regul for hyp yl g it
To the role of El in the ion of hypocotyl

growth, the clo3-l (Ler) or ¢lo3-6 (Col-0) mutants were used as
proxy for the E lex and bined with the phyB-1,
phyA-201, hfrl- 101 and plfj -3 pif4-1 mutants in Ilghl-depcndem

resulted in only slightly shorter hypocotyls than elo3-6, suggesting
that the PIF pathway positively regulating hypocotyl elongation could
already have been downregulated in elo3-6 in darkness. Therefore, in
darkness, Elongator might control hypocotyl elongation via PIFs and

receptors and regulators. Hypocotyl length was comp:

the control, the parental lines and their double or triple mutant
combinations grown in darkness or in red or far-red light at 4 and 6
DAG (Fig. 2).

The phyB-1 (Fig. 2A) and phyA-201 (Fig. 2B) mutants had
significantly longer hypocotyls than the Ler control in darkness and
light, because a decrease in active phytochrome molecules results in
increased levels of PHY TOCHROME INTERACTING FACTORS
(PIFs), which stimulate cell clongation (Leivar et al., 2008ab).

other pathways. In red light, the hypocotyl length of pif3-3 pif4-2 was
significantly shorter than that of the Col-0 control, whereas it was
intermediate in the elo3-6 pif3-3 pif4-2 triple mutant compared with
its parental lines. This effect was a result of the additive effect of
mutations inversely regulating hypocotyl length in red light. These
findings suggest that the PIF pathway is not affected by Elongator
during growth in red light.

The Afrl-10] mutant had significantly longer hypocotyls than
the Col-0 control in darkness, indicating that HFRI (LONG

A B (o] D
2 . 2 )
e -
o E * ¥
g :
g‘ 1 1 .
i o
£
I
8333 2338 3385 3383 3338 334 T g' 53
§i§ gig 3*% gii §§§ %%E oé%.ﬁ.’ §§§-
- T T O B
3 % g g 3
Darkness Red Darkness Far-red Darkness Red Darkness Far-red
Fo. 2 Ganet fons for hyp growth Elongator and phyA, phyB, PIF or HFR1. (A-D) Seedlings of Arabidopsis Ler (A,B) or Col-0 (C,D)

wild types, and elo3-1 (AB), 6/03-6 (C.D), phy81 and e/03-1 phyB-1 (A), phyA-201 and elo3-1 phyA-201 (B), pif3-3 pifé-1 and elo3-6 pif3-3 pifd-1 (C), and hfr1-
101 and el03-6 hfr1-101 (D) mutants were grown for 4 days on half-strength MS medium without sucrose in darkness continuous red or far-red light. Hypocotyl

lengths were quarmﬁed Eror bars represent mean values of hyp yl length of 25 gs with d.). Differences
were with an Mo-!aied S(udenl s i-test; *P<0.05. Differences in hypocotyl langm between single, double or triple
mutants and their respective wild types were always stati igni and fore not i d in the graphs. The experiment was repeated twice.
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HYPOCOTYL IN FAR-RED 1, a positive photomorphogenesis
regulator and suppressor of PIF action) is active in the absence of
light and counteracts exaggerated hypocotyl elongation (Fig. 2D).
The Afri-101 mutation did not increase the hypocotyl elongation of
elo3-6 in the elo3-6 hfir1-10] double mutant in darkness, indicating

Annexes
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2 (LACS2), ENHANCED DISEASE SUSCEPTIBILITY 5 (EDSS),
GRETCHEN HAGEN 3.12 (GH3.12), ARABIDOPSIS THALIANA
SULFOTRANSFERASE 1 (ATSOT1), ACTIVATED DISEASE
RESISTANCE | (ADRI) and ADRI-LIKE 1. Some of the genes
involved in carbohydrates catabolism together with genes coding

that Elongator and HFR1 are involved in the same pathway

for subunits of the mitochondrial el chain and ATP

regulating hypocoty! elongation in darkness and that Elongator is

located upstream of HFR1. In far-red light, hypocotyls of the elo3-6
and Afr1-101 mutants were longer than those of Col-0, and the elo3-
6 hfir1-101 double mutant had hypocotyls longer than those of both
parents, indicating a synergistic interaction between Elongator and
HFR1 in hypocotyl elongation. This result suggests that in far-red
light, in contrast to darkness, the ELO3 and HFRI activitics
converge on the same process of hypocotyl elongation, leading to a
dramatic elongation of the double-mutant hypocotyl.

ynthase were grouped in the P 1 GO category ‘Energy
derivation by oxidation of organic compounds’. Two smaller GO
calcgoncs of upnegulated genes were identified: ‘Cell wall
or 2 or b ining genes related to defense
and/or cell wall firmness (chumascs. pcclm methylesterases), and
‘Localization’, including the genes coding for transporters of
sugars, amino acids, proteins, lipids and metal ions.

In summary, the set of genes upregulated in the e/o3-6 mutant in
darkness matches transcriptome profiles typical for the plant

In conclusion, double-mutant analyses show that Elong; is

to pathogens (Rojas et al., 2014). The upregulation of

required for fast hypocotyl elongation in darkncss and lhat this
Elongator function is involved in growth-sti i

other than the PIF pathway. Under light diti El

defc lated pathways is followed by the upregulation of primary
g boli: gcncs |nvo|vcd in energy production (carbohydmlcs
boli ial ides and

promotes inhibition of hypocotyl growth by acting in far-red llght
via an HFR 1-interacting pathway.

The elo3-6 i in dark

The gene regulatory network underlying the hypocotyl elongation
phenotype of elo3-6 was compared with that of Col-0 in the
microarray dataset of 4-day-old darkness-grown seedlings: 2489
genes were downregulated and 2533 genes were upmgulaled in lhe

amino acid biosynthesis) or synthesis of signaling molecules
(carbohydrates and lipids). The upregulation of defense-related
genes results in energy deprivation, which activates compensatory
dow lation of other p and ulti ly leads to growth
deceleration, as observed in the e/o3-6 mutant in darkness.

GO categories with significantly downmgulatcd genes were

mutant, at —0.52log2FC20.5, P<0.05 (NCBI, Gene Exp
Omnibus, accession number GSE42053).

Upregulated genes in elo3-6 clustered in two large Gene
Ontology (GO) categories (Table S1), i.e. ‘Response to stimuli’
(defense response genes and genes induced by light, cold, osmotic
stress, oxidative stress, water, desiccation, salt, carbohydrates, mctal
ions, hormones and other org; ) and ‘Metabolic p

‘Resp to light stimulus’, ‘R toh lus’, “Cell
wall bmgcncsns. 'Regulanon of transeription’, ‘Regulation of
devels p sses” and ‘Regulation of cell cycle’, with a

large pmpomon of transcription factors within each GO category.
From the downregulated GO categories, a growth-controlling
network was deduced that consisted of four main hubs: circadian
clock, regulators of skoto- and photomorphogenesis, different
hormone response pathways, and primary and secondary cell wall
biogenesis (Table S2). D @ lated genes ded both posilive

(genes related to catabolism of carbohydrate, coding for enzy
driving glycolysis, pentose phosphate pathway, TCA cycle, starch
breakdown, photorespiration and Calvin cycle, and genes involved
in biosynthesis of amino acids, lipids, nucleotides, gibberellins and
flavones). The GO category ‘Defense response’ contains 140 genes,
Tudi lhosc g important def 1 and showing

I and direct dow effectors of growth, in
line with the dclaycd hypocotyl elongation observed for elo3-6
seedlings grown in darkness. Some of these pathways were
functionally analyzed by means of reporter gene constructs or
hypocotyl growth experiments upon treatment,

Cireadi

clock

hreefold 1 1
Iy two- to ) upreg

ion. phy in
deficient 4 (PAD4)isa p ofbasal i

The circadian clock is one of the four main hubs of the growth-

y against vnmlent
pathogens and also contributes to effector-triggered i y and
systemic acquired resistance (Louis et al., 2012). PAD3/CYP71BI1S
catalyzes biosynthesis of camalexin, determining clicilor»induccd
resistance  against fungal pathogens (Fermari et al 2007); it
upregulated are marl for blosynthcsls
(Prince et al., 2014) Cytochrome P450s (CYP79B2 and
CYP79B3) am involved in tryptoph bolism and bi
of path | PENI:TRATIONJ(PENB) playsa
role in the focal i P and to fungal and
bacterial pathogens and is a marker of plant-pathogen interaction
(Xin et al., 2013). Two ELICITOR PEPTIDE PRECURSORs
(PROPEP2 and 3) are massively upregulated following pathogen

hallenges and gnized by PERPI/PERP2 receptors of
defense signaling. Upregulation of GLYCERALDEHYDE-3-
PHOSPHATE DEHYDROGENASE C SUBUNIT 1 (GAPC1)
enhances glycolysis, providing ATP and pyruvate (reactive
oxygen species scavenger) for plants undergoing immune
response (Henry et al., 2015) Other genes wilh a confimed positive
effect on plant i ly were also up d in elo3-6: AZELAIC
ACID INDUCED 1 (AZII) LONG-CHAIN ACYL-COA SYNTHETASE

gulatory network downregulated in e/o3-6 in darkness. Seven
genes from this hub (LHY, CCAI RVES, CIRI, LCLI/RVE4, RVE2
and PRRS) sh d d ion levels in elo3-6 in
darkness (Table S2: Fig. 3A). To check whether downregulation
of two key circadian clock comp (CCAl and LHY)
contribute to the elo phenotype, we assayed the hypocotyl length
of the thy-21 ccal-11, ccal-1lhy RNAi and lhy-21 mutants together
with their wild type, Wassilewskija (Ws). In darkness, similarly to
the elo mutants, the hypocotyls of the circadian clock-regulatory
mutants were significantly shorter than those of the wild type at 2
and 4 DAG, but the apical hooks remained closed and cotyledons
did not expand (Fig. 3B). The effects in the Jhy-21 ccal-11 double
and the /hy-2/ single mutants were comparable, indicating that
mumuon of LHY i n sufficient to cause decreased hypocotyl length;
of the LHY gene in the elo mutant
might contribute to the observed short hypocotyl phenotype in
darkness.

Next, the diurnal expression profiles of the CCA/ and LHY genes
were examined in wild-type and e/o3-6 mutant plants synchronized
under short-day conditions. Samples were taken every 4 h during

4
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y genes, clock assays and response to BL and BRZ

of the elo3-6 mutant. (A) Relative expression levels of CCAT and LHY genes in seedlings of e/03-6 and Col-0 wild type. (8) Hypocotyl length of single and
double mutants of CCAT1 and LHY genes (Ihy-21, Ihy-21 ccal-11 and cca1-11 lhyRNAJ) compared with Ws wild type in darkness. Thirty seedlings were

and hyp were with ImageJ

(C) gPCR

elo3-6 seedlings grown for 12 days in a short-day photoperiod and analyzed for 48 h in short-day conditions or continuous white light with samples taken every

4 h. White and black boxes below the graphs indicate alternation of light and dark,

reporter lines measured in the Col-0 wild type and elo3-6 mutant (R14.7, R14.10 and R15.10 lines for pCCAT1; 23.2.1 and Z23.2.2 lines for pTOC1) in atime-course

analysis under constant white light conditions. (E) Relative expression levels of positive
(HYS, HYH and HFR1) in darkness. (F) Rolaﬂvo hypocotyl lengths of the Col-0 wild type and elo3-6 seedlings grown in

of p
constant dartmess or white light in the absence (mock control M) or

of

on half-strength MS medium were analyzed. In A and E, the relative expression levels were detected by qPCR with six biological replicates and PP2A and

SAND genes as reference genes (Czechowski et al., 2005). The

hypocotyl length of at least 25 seedlings are presented. Differences between mutant and wild type were

ttest; *P<0.05. BRZ, brassinazole; BL, brassinolide.

were

168

relative levels of CCAT and LHY genes in the Col-0 and
i (D) Bi of pCCA1::LUC and pTOC1::LUC
of genesis (PIF4, SPA1 and EID1) and positive
of BLor BRZ. In A, E and F, 4-day-old seedlings grown
twice. Bals P meants.d. In B and F, mean values of
i with P tailed Student's
5
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48 h under short-day or under continuous light conditions following
the synchronization. The diurnal fluctuations of the CCAf and LHY
transcripts in the ¢/o3-6 mutant followed a similar oscillatory trend
to that observed in wild-type plants, but mRNA accumulation was
clearly reduced in the elo3-6 mutant under both conditions
(Fig. 3C). These results indicate that functionality of ELO3 is
important for proper amplitude of CCA/ and LHY expression.

The downregulation of circadian clock was further

Annexes

Journal of Cell Science (2018) 131, jcs203927. doi:10.1242/jcs. 203927

id (BR) pathway p These genes were well
represented and included three enzymes crucial for BR synthesis
(CPD, DWF4 and CYP90D1), the signaling component BSU/, and
five genes (VHI, MERIS, THEI, TCH4, and IBHI) encoding
response proteins related to control of cell elongation via cell wall
modification. To check whether a defective BR pathway contributes
to the reduced hypocotyl elonganon m clo3-6 we lcstcd mutant
sensitivity lo the BR le (BRZ) and

d by itoring  biolumi of rep lines
expressing the LUCIFERASE (LUC) gene fused to the CCAl or
TOC! promoters (pCCAI::LUC or pTOCI::LUC) in elo3-6. Our
results show that the amplitude of the circadian activity for both
promoters was decreased in the elo3-6 mutant compared with the
wild type and that the circadian period was not affected by the elu.i-
6 mutation (Fig. 3D). These results are i with the d

de (BL) by means of the hypocotyl elongation
assay in darkness. Both Col-0 and elo3-6 responded with reduced
hypocotyl elongation to 0.5 and 5 uM BRZ, but the decrease in
hypocotyl length was smaller in the mutant (Fig. 3F). This result
hints at BRZ hyposensitivity and reduced activity of BR
biosynthesis enzymes, in line with their decreased expression in

CCAI and LHY expression observed by quantitative polymerase
chain reaction (QPCR) analysis (Fig. 3C) and suggest that altered
clock function by mis-expression of oscillator components might
contribute to the elo3 hypocotyl phenotype.

Regulators of skoto- and photomorphogenesis
PHYTOCHROME INTERACTING FAC TOR 4 (PlF4) and genes
encoding other positive such as
SPAI and EMPFINDLICHER IM DUNKELROTEN LICHT 1
(EIDI) (Fig. 3E), and B-box zinc finger proteins BBX24 and
BBX25 (Table S2) showed significantly lower expression in the e/o3-
6 mutant. Downregulation of such factors reduced hypocotyl
clongation, as shown in pif4 and multiple pif mutants (Leivar et al.,
2012), spal detl-1 (Nixdorf and Hoecker, 2010), bbx24 copl-4 and
bbx25 copi-4 (Gangappa et al., 2013), and might contribute to the
reduced hypocotyl elongation in e/o3-6 in darkness. PIF4 is the key
player among factors positively regulating hypocotyl growth. A
reduced relative mRNA level of PIF4 in elo3-6 in darkness is in line
with genetic interactions between PIF4 and Elongator observed in the
triple elo3-6 pif3-3 pif4-2 mutant. Indeed, the genes downregulated in
the elo3-6 transcriptome in darkncss largely ovcrlappcd with PIF4

elo3-6 pared with Col-0. BL treatment did not reverse the short
hypocotyl phenotype of elo3-6, ind g that BR deficiency
caused by reduced biosynthesis gene expression is not the primary
reason for the short hypocotyl mutant phenotype. This elo3-6
mutant showed h; itivity to BL, with a decreased
hypocotyl length even at the lowest BL concentration (1 nM). In the
wild type, only the highest concentration of BL (1 pM) decreased
the hypocotyl length (Fig. 3F). BRZ hyposensitivity and BL
hypersensitivity of elo3-6 resembled those of the hzr/-1D mutant,
which contai d of the BRASSINAZOLE-
RESISTANT | (BZRI) transcription factor, activated by BRs,
which dimerizes with PIF4 to p cell elongation in etiol

hypocotyls (Wang et al., 2002) Like the bzrl/-1D mutant, elo3-6
might also have increased levels of free BZRI caused by
downregulation of PIF4 and, hence, a reduced amount of PIF4-
BZR1 dimers and retarded cell clongation. High BZR1 levels in
elo3-6 were suggested by fewer transcripts of BR biosynthesis
enzymes, implying feedback inhibition as also detected in bzr/-
1D (Wang et al., 2002). BRZ and BL sensitivities were modestly
affected in elo3-6, suggesting that malfunction of the BR pathway
contributes only partially to the short elo3-6 hypocotyls. As
indicated by the transcriptome, other growth-related hormonal

targets identified by ch pathways that might contribute to defective hypocotyl elongation
(ChIP-seq) in 5-day-old etiolated seedlings (Oh et al., 2014) There are downregulated in elo3-6. For example, downregulation of
was 41% overlap in the GO category ‘Response to hormones’, 38%  PIF4 could affect the auxin resp b PIF4 stimul
in “Response to light’, 36% in *S dary cell wall biogenesis™ and pression of the auxin biosynthetic gene YUCCAS (Sun et al.,
23% in ‘Regulation of transcription’. 2012), whose expression is reduced in e/o3-6 (Table S2).

In addition to genes of positiwa ) ,' genesis regul
(including PIF4), the positive | hi if genes  Cell wall biogenesis

HYS, HYH, HFR! (Fig. 3E) and Hyl (Tablc SZ) were also

Hormone pathways regulate growth by convergence to the cell

downregulated in the elo3-6 mutant in dark

of these regul: leads to hypocotyl el and
of the apical hook and cotyledon expansion. Con:ldcnng that posmvc
regulators of skoto- and photomorphogenesis are known to interact and
suppress each other's phenotypes (Ang and Deng, 1994; Xuetal., 2014;
Srivastava et al, 2015), coincidental downregulation of positive
regulators of both skoto- and photomorphogenesis in the elo3-6
mutant could blend into the combinatorial phenotype of a
moderately shorter hypocotyl and a closed apical hook. This
mechanism is supported by the hypocotyl length of the elo3-6 hfrl-
101 double mutant, which is the same as in elo3-6, indicating that
introduction of the Afr/ mutation into elo3-6 does not n:sull in
additional hypocotyl g bec: hfirl exp is
decreased by the efo3-6 mutation.

P

Hormone response
Downregulated genes of the growth-regulatory network are related
to hormonal pathways (Table S2), in particular those encoding the

wall biog pathways, In the elo3-6 mutant, more than 40
genes related to cell wall formation were downregulated in
darkness: these included three genes (/RXY, IRX10, IRX14-L)
encoding enzymes of xylan biosynthesis, which are involved in the
generation of both primary and secondary cell walls. The irx9,
irx!0 and irx/4-L mutants are similar to e/o3-6 in that they have
moderately shorter hypocotyls than the wild type in darkness and
no opened cotyledons (Faik et al., 2014). In the e/o3-6 mutant,
genes  regulating  secondary  cell  wall  biogenesis  are
downregulated. These genes include xylem differentiation
factors (ATHBIS, REV, PHV), NAC and MYB factors
(AtC3HI4, AtC3HIS, BLH6, MYB42, MYB43, MYB46, MYB32,
MYB54, MYB83, MYBS85, MYBI03, NAC075, XNDI, SND2,
VND2 to ¥ND6), representing all three tiers of the transcription
factor cascade (Hussey et al., 2013): and enzymes of cellulose
(CESA4, CESA7, CESAS and IRX6/COBL4), hemicellulose (/RXS,
IRX9.IRX10,IRX14L, FRA8 and GUX1) and lignin (LAC4, LACI0
and LAC17) synthesis (Table S2).
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H3K14 acety
HFR1 in darkness
Expression of CCA/ and LHY correlates with the level of the histone
H3 modifications, H3K4Me2 and H3K9Ac (Ni et al,, 2009).
Similarly, some of the light- and/or darkness-related regulatory
genes are controlled by histone modifications, suggesting that they
might also be direct targets of Elongator HAT activity. Hence, ChIP-
qPCR was carried out on chromatin of e/o3-6 and Col-0 4-day-old
seedlings germinated in darkness. The analysis used antibodies
against acetylated histone H3K14 and primers for promoter and
coding regions of the circadian clock genes CCA/ and LHY
(Fig. 4A.B), and of the regulatory genes PIF4 (Fig. 4C), H)H
HFRI (Fig. 4D.E), SPAI, EIDI and HYS5. Results were normali

y of El at LHY, HYH and

Annexes
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decreased expression in elo3-6 was targeted by Elongator HAT
activity, as illustrated for PIF4 (Fig. 4C). These factors might be
regulated via other activities of Elongator or via HAT regulation of
the higher-order regul For . because PIF4 is controlled
by the circadian clock (Yamashino et al., 2003; Kidokoro et al.,
2009), it is possible that the d gulation of PIF4 in the elo3-6
mutant is a conseq ¢ of the d gulation of CCAI and
Elongator target LHY.

Gene expression in the elo3-6 mutant in light
Expn:ssnon levels of genes encoding the main regulators of skoto- and
phogenesis, the light response, cell wall-related biosyn

versus both input and the ACTIN2 gene. To check whether
Elong: targets dow transcription  factors related to
hormone and cell wall pathways, ChIP-qPCR was done on the

and brassi id bi were d by qPCR in 4—day-old
elo3-6 and Col-0 sccdhngs grown in conlmuous red, far-red or bluc
light. The genes g positive regul. of pt i

(HYS HYH and HFRI) and skolomorphogcnesls (LIDI) were

CPD, DWF4,CYP90DI and BSU1 genes from the BR p y; the
CGA and GNC cytokinin response genes: the secondary cell wall
regulator-encoding genes PHAV, REV, VND4, MYB46, MYB83 and
MYB103; and the structural genes CESA4, CESA7 and CESAS
(Table S2).

Of the 20 analyzed genes, H3K14 acetylation was only
significantly decreased in the coding regions of the LHY, HYH
and HFRI genes in elo3-6 seedlings. The results show that LHY,
HYH and HFRI are direct targets of Elongator HAT activity in
darkness (Fig. 4B,D,E) and suggest that Elongator provides
selective epigenetic control to a few of the highest order
transcription factors. Identification of LHY as a target for the

downregulated under at least one light condition. By contrast, PIF4,
which is downregulated in darkness, was upregulated in far-red and
blue light (Flg 5/\) The HY5 gene, encoding the main positive
photc was de gulated in all light
qualmes but HYH and HFRI g two HYS i were
downregulated in red light. HYH, which plays an important role in
blue light photomorph is, also sh i lower transcript levels
in blue light. Reduced exy of these which
cooperate in the inhibition of hypocotyl elongation and in the
promotion of apical hook opening and cotyledon growth, was
consistent with the increased hypocotyl length and unexpanded and
hyponastic cotyledons of the light-grown elo3-6 scedlings. HYS

histone H3K14 acetylating activity of Elongator, together with
decreased expression of LHY in elo3-6 and similar hypocotyl
phenotypes of /iy and elo3-6 mutants in darkness, indicate that
epigenetic control of LHY expression via Elongator HAT activity
might contribute to hypocotyl growth regulation. Targeting of HYH
and HFRI by Elongator in darkness suggests a fine-tuning
mechanism of hypocolyl g,mwlh regulation, whereby positive
gulators of ph p cxaggcmtcd longati

dow lation in elo3-6 coincided with extreme upregulation of
WALL-ASSOCIATED KINASE 1 (WAK1), moderate upregulation of
INCREASED SIZE EXCLUSION LIMIT 2 (ISET) (Fig. 5A), and no
difference in expression of ARF2, UBP1S, ATHB-2, ATASE2, APG3
and MSL3, which are all HYS target genes (Zhang et al., 2011).
WAKT is negatively regulated by HYS (Zhang et al., 2011), plays a
positive role in cell elongation (Lally et al., 2001) and is the receptor
of ol I ides, which are cell wall-integrity signaling

1 h 1
PUOS 8!

None of the poem\e o showing
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AT -/ - . RO S .

components that induce defense responses. High WAK/ expression

HYH HFR1
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Fig. 4. Histone acetylation of circadian clock and skoto- and p i y genes in the e/o3-6 mutant in darkness. Histone H3K14 (o]
acetylation levels in the CCA1, LHY, PIF4, HYH and HFR1 promo(er and coding regions. The relative H3K14Ac enri was i with o
against H3K14Ac for ChIP and primers (P1-P6, Table S5), ify of and coding for qPCR. Results were normalized versus 'l
input and the actin gene. The exp was rep four times (LHY and HYH) or twice (CCA1, PiF4 and HYS) with four biological replicates each ‘5
time. Four—dayold seedlings grown in darkness on half-strength MS ium were d. Bars rep meanzs.d. Differences between mutantand wildtype [
=

were with an two-tailed Student's t-test; *P<0.05.
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Fig. 5. Exp

wi genes ]
and
eoll wall blogonnll qonol and histone
acetylation of HY5 and HYH in
monochromatic light. (A) Relative
expression levels of indicated genes
determined by qPCR in 4-day-old el03-6
and Col-0 seedlings grown under
continuous monochromatic light,
Expression was normalized using PP2A
and SAND as reference genes.

(B) Histone H3K14 acetylation in the HY5
and HYH promoter and coding regions.
The relative H3K14Ac enrichment was
established with antibodies against
H3K14Ac for ChIP and primers (P1-P4,
Table S5), amplifying fragments of
promoter and coding sequences for
qPCR. Results were normalized versus
input and the actin reference gene.
Average values of six (QPCR) or four

X

B (ChIP-qPCR) biological replicates are
"ns i with (mean
Pl P2 P3 P4 P1 P2 P3 154, ). Differences between mutant and
S8 .. BE _N I wild type were statistically analyzed with
W Cod W elo36 an unpaired two-tailed Student's t-test;
2 Red light Blue light Blue light £0.05
§
§ 15
]
x
i 05
°TR P2 P3P Pl P2 P3 P4 P P2 PR3
might contribute to enh d hypocolyl 1 and/or i phog gul h pathways and cell wall
response activation, in line with do lation of dary cell  bi is. The regulatory role of El is supported by the

wall biogenesis genes under red light (an 5A) (Miedes et al.,
2014). Decreased expression of the BR biosynthesis genes CPD,
CYP90CII and DWFA2 in the elo3-6 mutant under red light
(Fig. 5A) might result from negative feedback regulation by free
BZR1 proteins. Free BZR 1 might ov late in elo3-6 b
of lower HYS levels and, consequently, lower the formation of
BZR1/HYS dimers that supy hypocotyl el (Liand He,
2016). Accordingly, elo3-6 was hyposensitive to BL and BZR in
light (Fig. 3F), confirming that BR signaling was affected in elo3-6.
ChIP-gPCR was applied to check whether Elongator p

hypocolyl phenotypes of elo3-6 and elo3-1 and growth-related
mutants; identification of the LHY, HYH and HFR! regulators as
direct targets of Elongator HAT activity; hormone sensitivity
assays: LUC reporter gene activity in the elo3-6 mutant background:
and genetic interactions studies with skotomorphogenesis and light
response regulators.

Elongator affects early growth in darkness and light through
ag h trolling rk
Unlike de mutants such as cop/ and pif, which combine

photomorphogenesis  via histone H3K14 acetylation of the
regulatory genes HYS, HYH and HFRI in light. Chromatin
isolated from elo3-6 and Col-0 seedlings grown for 4 days in red.
far-red or blue light did not differ in histone acetylation, indicating
that Elongator-mediated HAT activity did not target /Y5, HYH
(Fig. 5B) or HFR! in light. Thus, Elongator is necessary for the
cxpmwon of HY5 HYH and HFRI, which encode thc main

short hypocotyls with expanded cotyledons in darkness, elo3-6 has
a short hypocotyl although apical hook and cotyledon folding
remain normal. Cotyledons expand in darkness in cop/ because of
hlgh levels of HYS, HYH and/or HFRI: they also expand in

Itiple pif pecially those includi ion in PIF],
which is the main cotyledon-folding suppressor in darkness (Leivar
et al,, 2012). Cotyledons of ¢lo3-6 do not expand in darkness,

I and for the dow T
conlrolled by HYS dunng photomorphogenesis, but not vna
Elongator HAT activity.

DISCUSSION

We show that the Elongator complex modulates hypocotyl growth

and ph ph is via the of a growth-controlling
K isting of circadian clock skoto- and photo-

b the exy of HYS, HYH and HFR1 is lowered and only
PIF4 is downregulated out of all PIFs. Hypocotyl phenotypes
similar to those of e/o3-6 were observed in lhy-21, lhy-21 ecal-11,
ccal-11 thyRNAi (Fig. 3B), pif4 (Leivar et al., 2012), and irx9,
irx10, and irxI4-L (Faik ct al, 2014). These plants contain
mutations in circadian clock and cell wall biogenesis genes,
which are main hubs of the growth-controlling network
downregulated in elo3-6, indicating that the elo3-6 hypocotyl

8
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phenotype is the result of multiple reduced gene activities. This
observation is in line with the network topology that consists of
upstream regulatory transcription factor pathways converging on
cell wall biogenesis and resulting in a cumulative repressing effect
on hypocotyl growth. The importance of cell wall biosynthesis for
growth and cell elongation has been demonstrated in mutants with
impaired cell wall composition (Desnos et al., 1996; McCarthy
etal., 2010; Faik etal., 2014). However, growth seems to be reduced
in response to cell wall-integrity signaling that activates plant
immune responses (Hématy et al., 2007), rather than inhibited
directly by a physically weakened cell wall. Mutants defective in
the MYB46 regulator of cell wall formation (Ramirez et al.,
2011) or in CESA4, CESA7 and CESAS cellulose synthase
ired for s dary cell wall synthesis (Hernandez-
Blanco et aI 2007) activate the plant immune response, leading
to growth attenuation (Rojas et al., 2014). Downregulation of
over 40 cell wall-related genes (including MYB46, CESA4,
CESA7 and CESAS) and up lation of deft ¢ genes

(including important key e‘_ s) and boli genes

Journal of Cell Science (2018) 131, jcs203927. doi:10.1242/jcs. 203927

result of reduced cell wall biosy and, e
activation of the planl immune response (Fig. 6).

d has been shown for the elo2
mutant, ¢ 2 posmvc lation of the plant immune
response by Elongator via the targeting of genes encoding
important components of the salicylic acid pathway (VPRI, PR2,
PRS, EDSI and PAD4) (Wang et al., 2013) and the jasmonate/
ethylene pathway (WRKY33, ORASY and PDFI.2) (Wang et al.,
2015) for histone acetylation and/or DNA methylation. Elongator
also controls the reactive oxygen species-salicylic acid
amplification loop and targets important defense genes for histone
acetylation, including the homolog AtrbohD that encodes the
Arabidopsis respiratory burst oxidase, and the salicyclic acid
biosynthesis gene ISOCHORISMATE SYNTHASE! (An et al,
2017). The incongruences between our data and the results of others
(Wang et al., 2013) related to the role of Elongator in the immune

p could d to different (elo3 versus elo2),
diverse developmental stages, or different growth conditions
lied in the studies. For example, delayed induction and lower

F
™

involved in the plant immune response coincide in elo3-6;
hence, the hypocotyl growth defects in this mutant might be a

I of some deft genes (including PAD4) in the elo2
mutant were observed only after pathogen infection, whereas basal

Fig. 6. Model for Elor \gator control of hyp tyl growth in dark and ph is. Elongator controls hypocotyl elongation via
several P "] ys | g positive of (HY5, HYH and HFR1) or immune response genes,
and i thway 9 clock, PIF4, iosy is or g, and cell wall biog is. In (purple arrows),

tion of genes m thy yl ion and ion of immune gene: prevail, ingina
shorter hypoociyl of the elo3-6 mutant. In light (y 7 is inhibited very early in the wild type, whmas elongation inhibition fails i m the

elo3-6 mutant because of downregulation of positive pholomorphogenesas regulators and strong upregulation of WAK1, which stimulates cell elongation and

results in a longer hypocotyl. Elongator also regulates cotyledon expansion via positive

of

is. The HY5 gene was downregulated

under red, far- md and blue light (blue filling); HYH under red and biue light; and HFR1 under red light only (blue-white filling). Expression of BR pathway and cell

and red light. Pictures present 4-day-old seedlings grown in darkness (lower panel) or in red light (upper panel).

wall bi genes was in
The asterisks indicate targets of Elongator HAT activity in Blue orred
palhway Genes half-shaded with blue color have levels d

indicate, y. a loweror haghef expression level of the given gene or

in

and d light The level of BZR1 is

d,asi by P circles. D qulati
clear whether of cell wall biog
transcription of genes involved in the immune response in €/03-6.

of hyp

Y

by the immune response is represented by a dashed line because itis not

lated genes affects hypocotyl elongation directly or via the immune response, as suggested by higher
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expression was similar in the mutant and the wild type (Wang et al.,
2013). Moderately increased expression of selected immunity
pathways in efo3-6 might result in growth inhibition, but does not
necessarily trigger constitutive activation of plant defense pathways,

Annexes
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consequently inhibiting hypocotyl elongation. The final
phenotype of short hypocotyls indicates that the defect in cell
wall biogenesis prevails. Low expression of HY5, HYH and
HFRI also prevents colyledon expansion in elo3-6.

which requires high levels of upregulation (usually in resp to
pathogen infection) to exceed the defense activation threshold
(Kwon etal., 2009). Therefore, in addition to well-established direct
positive regulation of the plant immune response, under some
conditions Elongator might play an opposite and possibly indirect

Elong is also required for llghl responses, because the
genes of the major positive ph regulators HY35,
HYH and HFRI are downncgulalcd in elo3-6 although,
strikingly, their H3K14Ac levels are unaffected in light. The
HAT activity of Elongator might be very dynamic and difficult to

role as a positive of cell wall-related genes. El

might contribute independently and inversely to different i |mmunc
response pathways, and thus modulate the growth-def
(Hématy et al., 2007).
Alternatively, a negative role of Elongator in the plant response to
“oundlng is suggested by the increased levels of jasmonic acid (JA),
d JA bi and ive gene exp ion levels

p in a ChIP-qPCR assay using acetylated histone
antibodies, which could cxplam the limited number of genes
targeted for El d hi acetylation. In plants,
the i ion between Elongator subunits and the SPT4/SPTS
transcript elongation complex (Van Lijsebettens et al., 2014)
snggcsls |hal Elongator might affect RNAPII transcript

directly, next to its histone acetylation activity

(Nelissen et al., ZOIO). and ind of the j lled
MY C2 transcriptional cascade (Wang etal., 2015) reported carlier for
the elo mutants. The plant response to wounding, similar to the
immune response, has a negative JA-mediated effect on growth.

However, we did not find JA-related genes among those differentially

(Amosz etal, 2017). An alternative explanation is that, in light,
another epigenetic activity of Elongator such as DNA
demethylation (DeFraia et al., 2013; Wang et al,, 2013) or
processing of primary microRNAs (Fang et al., 2015) might be

ible for d i expression of HYS, HYH and HFRI. In

regulated in elo3-6 in our ray dataset. M , JA acts
during skotomorphogenesis to reduce hypocotyl length, but also
promotes cotyledon openmg m ellolated seedlings (Zheng et al.,

2017), Iting in the hogenic phenotype.
This is not the case for darkness-gmwn elo3 secdllngs which are
shorter but have normal apical hooks, arguing against the role of JA
and ding in the efo3 ph

Transcription-based model of the role of Elongator in early
plant development

We propose a model for the role of El in early plant develoy
that clucldanes why hypomiyl gmwlh of elo mutants is slower in
dark is defective in light, resulting in a
longer hvpocolyl and uncxpandcd cotyledons (Flg, 6). El

hghl hypocotyl elongation i |s inhibited very carly in wild-type
seedlings by diverse factors including HYS, HYH and HFRI,
possibly involving suppression of the cell elongation activity of
WAKI1 (Fig. 6B). In the elo3-6 mutant, decreased expression of
HY5 leads to a higher accumulation of WAK/ mRNA and
induced hypocotyl el ion. On the other hand, upregulation
of WAK! might trigger immune responses, as suggested by
decreased levels of cell wall biogenesis genes, and might

Pr hypocotyl elongation. The two pathways contribute to a
final hypocotyl length that is longer in e/o3-6 than in the wild
type, indicating that the pathway promoting cell elongation
prevails. Lower expression of HY5, HYH and HFRI in the
mutant also results in less expanded cotyledons, yielding the
phcnolypc lyplcal of photomorphogenesis defect.

regulates hypocotyl elongation and cotyledon expansion by comn;iling
cell wall biogenesis genes and positive photomorphogenesis regulators.
Depending on the light conditions, one of the pathways becomes

restrictive and El promotes opposite growth behaviors.
In darkness, exp of the circadian clock regulator LHY and
of the positive ph rphogenesis regul HFRI and HYH is
i d by Elong; diated, transcript el ion-facilitating

histone acetylation. As shown by hypocotyl growth analysis of the

Inc El is known as an enzymatic complex with
diverse activities that directly or indirectly, positively or negatively,
influence expression of genes located in various pathways. Here, we
show that Elongator acts as an interface between growth, immune

p and p phog and plays a fine-tuning role
in mutual regulatory interactions of those processes at the
transcriptional level.

MATERIALS AND METHODS
Plant and lines

thy-21, thy-21 ccal-11 and ccal-11 IhyRNAi mutants, the circadi

clock components LHY and CCAL1 positively regulate hypocotyl
clongation. One of the possible mechanisms of this regulation
involves PIF4, which is controlled by the circadian clock (Nozue
etal., 2007) at the transcriptional level and stimulates expression of
genes involved in hypocotyl elongation. LHY, CCAl and PIF4
genes are downregulated in darkness in elo3-6 mutants, which
affects the expression of many transcription factors, such as
components of hormonal and cell wall biosynthesis pathways
that partially slow down hypocotyl elongation via activation of
the plant immune response (Hématy et al., 2007). A lower level
of PIF4 reduces formation of complexes with the BZRI
transcription factor of the BR pathway and compromises
induction of cell wall biog genes (L Durén et al.,
2013). In conclusion, in darkness, the elo3-6 hypocotyl
phenotype is determined by the combined effect of decreased
levels of cell wall b is genes, reduced exp of clock
1 and d d ex of HYS, HYH and HFRI,

P
The dril-2 (Nelissen et al,, 2003), elol-1, elo2-1, elo3-1 and elo4 (Nelissen
et al., 2005) mutants corresponding to alleles of ELP4, ELPI, ELP3 and
DRLI genes in Ler and the elo3-6 mutant in Col-0 (GABI-KAT collection
code GABIS55_HO06, Nelissen et al,, 2010) are described previously.
pCCAL:LUC (Salome and McClung, 2005) and pTOC!I::LUC (Portolés
and Mas, 2007) are reporter lines in Col-0. The mutants phyB-9, hfri-101
and pif3-3 pif-2 in Col-0 and phyA-201, phyB-1 and phyA-201 phyB-5 in
Ler were p d at the Nottingh Arabidopsis Stock Centre (NASC).
The lhy-21 ccal-11 (N9380) and Jhy-21 (N9379) mutants in Ws background
were also obtained from NASC. The ccal-1/ lhyRNAi mutant in Ws
background was a kind gift from Steve Kay (The Scripps Research Institute,
La Jolla, CA, USA). The double or triple mutants efo3-6 hfrl, elo3-6 pif3-3
pifd-2, elo3-1 phyB-1 and elo3-1 phyA-20] were generated by crossing.
Homozygous individuals were identified by PCR genotyping with the
primers listed in Table S3.

Growth conditions and assays
For hypocotyl assays, seeds were sterilized in 5% (v/v) bleach containing 0.05%
(v/v) Tween 20 for 10 min, washed in water, sown on half-strength Murashige
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and Skoog (MS) medium (Murashige and Skoog, 1962) without sucrose and
stratified at 4°C for 48 h. Seeds were exposed for 6h to white light
(100 pmol m™* s™') 1o induce germination. Plants were grown in cither
darkness, white (cool white fluorescent light; Philips), red [cool white
fluorescent light, filtered through red plastic (Rohm and Haas) and red
cellophane, (UCB-Sidac, Gent, Belgium)], far-red (i light
combined with a 700-nm pass filter) or blue light (dragen tape LEDs,
470 nm; Osram), all at the high fluence rate of 10 pmol m=* s~* for the
indicated time at 21°C. Seedlings analyzed for hypocotyl length were put
on 1% (w/v) agar and phologmphcd Hypocotyl Icnglh of at least 25
seedlings for cach genotyp ion was d using Image) 1.45
software. Slgnlﬁcnnl differences were recovered with the two-tailed
Student’s t-test in Microsoft Excel,

For the hormone assays, BL (24-¢pibrassinolide; Duchefa-Direct, Cat.
E0940.0010) was used at concentrations of 1073, 1072, 107" and 1 uM:
BRZ (TCI Europe, Cat. B2829) was used at concentrations of 0.5 and 5 uM.

The clock reporter lines expressing pCCA L LUC and pTOCL::LUC were
crossed into the elo3-6 mutant. Lines homozygous for the elo3-6 mutation
and the pCCAL::LUC reporter (R14.7, R14.10, R15.10) and lines
homozygous for the elo3-6 mutation and the pTOCI::LUC reporter
(Z3.2.1 and Z3.2.2) were d by in vivo lumi assays. Plants
were stratified for 3 days at 4°C on MS agar medium and grown for 7 days
under lighvdark cycles (12-h light/12-h dark) with 60 pmol m~* s™" white
light at 22°C, Secedlings were subsequently transferred to 96-ch| plalcs
containing MS agar and 3mM luciferine (P ga). 1
thythms were monitored using a luminometer LB-960 (Berthold
Technologies) and the software MikroWin 2000, version 4.34 (Mikrotek
Laborsysteme) for the analysis.

RNA isolation, cDNA lyans and qPCR

For gene exy six biologi i were used. RNA was
isolated with the RNeasy Planl Kit (Qlagcn) with on-column DNase
digestion, The f I was modified by two additional

washes of RNeasy spin columns with RPE buffer. Compl y DNA
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