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OVERVIEW AND OBJECTIVES

Overview and Objectives

In the beginning of winter 2013, a gigantic hazat tehrouded north and east China
lasted for over a month. Particulate matter (PMhes main constituent of air pollutant
in haze. Millions of people in China breathe a ¢atkof hazardous chemicals every
day. These chemicals are produced by coal-firedepglants, factories and vehicles.
Unsurprisingly, such air pollution events occur nmany places around the world
including London, Los Angeles, New Delhi and othd? 2.5 (diameter lesser than
2.5 um) containing genotoxic chemicals is provemeoharmful for plant and animal
cells (André et al.,, 2011; Brito et al.,, 2013). Médas accumulating epidemiologic
evidence that exposure to air pollutants, includparticulate matter (PM) and
polyaromatic hydro carbons (PAHS) could induce akice DNA damage, eventually
causing significant reductions in both crop quaétyd yield, or inducing cancers and

other diseases in humans and animals.(Sgrensen20G8; Huang et al., 2012)

Pollution has been found to be present widely @ eéhvironment. Soil contamination

from metal elements and xenobiotic (human-madenates are dangerous to health or
to the environment. The metal ion such as aluminfaij iron (Fe), copper (Cu), and

cobalt (Co) or chemicals toxicity involves the puwotlon of superoxide radicals and
hydroxyl radicals (Jomova and Valko, 2011) whichiseaDNA damage (Dizdaroglu et
al., 2002; Roldan-Arjona and Ariza, 2009).

To counteract the risks of DNA damage, eukaryotigagism developed a complex
mechanism to maintain the integrity of their genofenerally, upon detection of DNA
damage, three different responses can occur: gelk @arrest, DNA damage repair or
apoptosis if DNA can't be repaired sufficiently. IICgycle checkpoints are the control
mechanisms that ensure the fidelity of the celleyrocess. An important function of
checkpoints is to assess DNA damage (Veylder e8D3; Cools and De Veylder,
2009). However, we know very little about the malec players that adjust the plant
cell cycle in response to DNA stress.Amabidopsis thalianathe cell cycle inhibitor

WEE1 interacts with CDKA;1 upon replication strgg€Xols and De Veylder, 2009;
Cools et al., 2011). However, this mechanism wamdoto be essential only under

replication stress and single strand breaks.



Overview and Objectives

The objectives of this study were to understand cgtle regulation in response to
DNA damage and identify new components and mecitenia DNA damage related
stress in plants. Therefore, the first part of thiwk was focused on determining new
CDK inhibitors (CKIl) belonging to SIAMESE/SIAMESE RATED (SIM/SMR)
family (Peres et al., 2007). Three family memb&®R4 SMR5 andSMR7 respond
specifically towards DNA damaging drugs, suggestimgt they control the cell cycle
checkpoint upon the occurrence of DNA stress. Wauded on the function and
transcriptional regulation oSMR genes upon DNA damage. To this end, we have
developed an independent strategy to identify $igiaasduction components driving
SMR7 expression, We opt to use a positive selectioatesjly, making use of the D-
amino acid oxidaseDAOYL) selection marker (Erikson et al., 2004). We gatest
transgenic lines that hold ti»AO1 selector under control of tf&®VR7promoter.

E2F transcription factors act as transcriptiongltators of cell cycle, and are known to
play important roles upon DNA damage response imals (Martinez et al., 2010;

Chen et al., 2012). Plants possess a set of E2ABctiption factors, but there are no
adequate reports that describe their role upon BdttAss (Cools and De Veylder,
2009). The second part of this work focused onstigating new elements of the DNA
damage pathway in plants. Thus we investigated E&® phenotypes and

transcriptome upon DNA stress to connect E2Fs withironmental or endogenous

DNA damage stress.
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INTRODUCTION

DNA, Deoxyribonucleic acid is the basic blueprint for all life. It providesetistarting
template for every new cell. In cells, DNA exists lang structured macromolecules
called chromosomes. These contain the geneticusigins for all of the traits that
control organism growth, development and reprodactiDNA reproduction is the
primary process of cell division. During cell dia, the genome is duplicated in a
process called DNA replication, providing each eeilih its own complete set of the
genome. In eukaryotic cells, DNA replication usyadccurs as part of a cell cycle
process. Multiple cell cycle checkpoints have bamtified, which make sure each
phase of cell cycle is completed before progressitm the next phase (Watson and
Berry, 2009).

Cyclins and cyclin-dependent kinases (CDKs) comlinérm kinase complexes that
are conserved in all eukaryotes. Several distimi@K€and cyclins have been shown to
work in different stages of the cell cycle in anisn@Morgan, 2007). Similar to animals,
there are several types of CDKs and cyclins in tsldWeylder et al., 2003). Besides
CDKs and cyclins, other key regulators like CAK (Kfactivating kinase), CKI
(cyclin-dependent kinase inhibitor), and RBR/E2Ftcal the cell cycle through
interacting with CDK/Cylin complexes (van den Helusad Dyson, 2008) (Figure 1).
In the first part of this chapter, we will focus ¢@me functions of cell cycle regulation
elements and the differences between plants amaadsi

DNA can be damaged by many kinds of mutagens fraogenous and endogenous
sources, which change the DNA sequence or breaR#e structure. Double stranded
breaks (DSBs) and single stranded breaks (SSBsjharéwo main types of DNA
damage which are produced by these different tygesutagens. These mutagens
include physical mutagens like ionizing radiatidR)( or ultraviolet light (UV) and
DNA reactive chemicals agents such as reactive exypecies (ROS), metal ions or

intercalating agents (De Bont and van Larebeke42B@rper and Elledge, 2007).

To maintain the integrity of the genome, organidmase developed a DNA damage
response system that is involved in a variety dpoases including cell cycle
regulation, DNA repair and apoptosis. When damagedetected, the DNA damage
checkpoint is activated and a cell cycle arrestdsiced, allowing the cell time to repair
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the damage. If the damage is too extensive, prageancell death (PCD) is induced
(Nyberg et al., 2002).

The DNA damage response pathway and cell cyclekplogats are conserved but not
exactly the same in all eukaryotes. ATM and ATR tave important conserved DNA
damage sensing mechanisms in animals and planes. ATM/ATR are activated by
DNA damage, they will modulate the cell cycle thgbucontrolling the CDK/cyclin
complexes. In animals, this process has been descim detail, with the identification
of CHK1/CHK2, p53, CDC25 and WEE1 as downstreanmelgs of ATM/ATR. In
contrast, much less is known about this procegdaints. Plant specific regulators such
as SOG1 and SIM/SMRs have been investigated imteeports. In the second part of
this chapter, we will mainly describe the DNA damagesponse and the recent
discoveries of DDR in plants (Harper and Elledd#) D).
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Figure 1. Schematic representation of cell cycle ntrol in plants.

Gl

Progression through the mitotic cycle involves thaccessive formation, activation and
subsequent inactivation of cyclin-dependent protkinases (CDKs). The kinases bind
sequentially to a series of cyclins, which are oasjble for differential activation of the kinase
during the cell cycle. The G1 to S transition isught to be controlled by CDKs containing D-
type cyclins that phosphorylate the retinoblastgraein, releasing E2F transcription factors.
E2F are involved in the transcription of genes eeefr the G1 to S transition. The G2 to M
transition is carried by CDK complexes containingc& and CycB cyclins. CDK complexes

are kept in inactive state by phosphorylation by YWEE1 kinase, and by interaction with
inhibiting proteins (CKIs). At the G2 to M boundaagtivation of the kinase is brought about by
release of the CKI protein.(base on the Mironoalgt1999)

-12 -
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CELL CYCLE REGULATION

The cell cycle represents the series of eventsttia place in a cell leading to its
duplication and division, resulting in a parentl @#Viding into two daughter cells . In
prokaryotes, the cell cycle is termed binary fissiovhich takes place without the
formation of spindles. In contrast to the prokaiyatell division, the eukaryotic cell

cycle is more complex (Morgan, 2007).

There are two distinct types of eukaryotic cellision: a vegetative division, whereby
each daughter cell obtains the complete genome thmmparent cell (mitosis) and a
reductive cell division, whereby the number of ¢chosomes in the daughter cells is
reduced by half, to produce haploid gametes (m®iodihe vegetative cell cycle

consists of four consecutive phases: G1 phase,aSep(synthesis), G2 phase and M
phase (mitosis). G1, S and G2 phases are collgctregerred to as interphase. For
multicellular organisms, the cell-division cycle ascritical process by which a single
zygote cell develops into a mature organism. Dugstonportance for development and
multiplication of the organism, it is crucial to derstand the molecular mechanisms

regulating the eukaryotic cell cycle (Inzé and DeyMer, 2006; Morgan, 2007).

CDKs and Cyclins

Cyclin-dependent kinases (CDKSs) are a group ohsétireonine kinases regulating the
cell cycle process together with their binding pars, the cyclin proteins. The first
CDK member was identified from yeast in 1975 (Nur@75). For their enzymatic

activation CDKs need to associate with a cyclinutetpry subunit, which determines

the temporal CDK activation and substrate spetyfigtopinathan et al., 2011).
In animals

Up to date, there are more than 20 CDK family memmescribed in the human
genome (Malumbres et al., 2009). Throughout the C@#de family, a number of
domains are conserved and essential for their fumcturing the cell cycle. Basically,
we can distinguish 3 core motives in the CDKs prosequences: 1) an ATP-binding
pocket, 2) a cyclin-binding domain and 3) an adinga T-loop motif. There are

inhibitory phosphorylation sites in the ATP-bindingocket, and an activating

-13 -
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phosphorylation site in the T-loop motif. Collealy, these domains control the
temporal activation of CDKs (Lim and Kaldis, 2013).

The size of the CDK and cyclin gene families sugdgiest they exert many related but
different roles during cell cycle regulation. Fotaenple, the M phase is controlled by
CDK1/CycA and CDK1/CycD complexes. CDK4/CDK®6 arestip working on G1 and
S phase and respond to DNA stress by interactittyayclin D. (Dean et al., 2012).

In plants

CDKs in plants were found based on the homologyyarsawith CDKs in animals and
yeasts. CDKs in arabidopsis can be classified ahteast six subsets (CDKA-F) based
on protein sequences (Inzé and De Veylder, 20061g/Mé al., 2008). Two classes of
them, CDKAs and CDKBs, patrticipate in core celldeypegulation in arabidopsis. A-
type CDKs contain the conserved PSTAIRE cyclin donpecket, which is present in
animals and yeast CDKs as well (Ferreira et aBli9akashi et al., 1991; Porceddua
et al., 1999). CDKA activity controls both the Gla8d G2-M transitions of the cell
cycle. CDKBs contain a PPTALRE or PPTTLRE motifteesd of the PSTAIRE motif
in their cyclin binding domain (Joubes et al., 20BOudolf et al., 2001). This group of
CDKs responds to light and plant hormones suchrassimosteroid, gibberellic acid and
jasmonic acid (Yoshizumi et al., 1999; Fabian et2000;Swiatek et al., 2004). There
are two subgroups of CDKB. CDKB1 with the PPTALRIBtihis expressed in the S,
G2 and M phase, and CDKB2 with the PPTTLRE motiéxpressed during the G2 to
M phase. Both regulate the G2-M transition (Umetale 1999; Oakenfull et al.,
2002). Two other kinds of CDKs named CDKC and CD&ést in plants, but no clear
roles for them have been described in the cellecgolfar (Inzé and De Veylder, 2006).
CDKD and CDKF are to classes CDK-activating king€&\K) which activates the
cyclin-CDK complex by phosphorylation (Inzé and Ydeylder, 2006)

In Arabidopsisthe cyclins constitute a large gene family. Theeea least 32 members
predicted to be involved in cell cycle progressfgiandepoele et al., 2005). According
to their sequence similarity to animals, cyclinArabidopsis can be divided into 10 A-
type cyclins, 11 B-type cyclins, 10 D-type cycliaad 1 H-type cyclin. Generally,

cyclin A proteins are involved during S-to-M phasdiereas cyclin B proteins mainly
control the G2-M and intra-M phase. D-type cyclare thought to regulate the G1-S
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transition, but there is numerous data indicathrg D-type cyclins also take part in the
G2-M transition (Schnittger et al., 2002; Kono ket 2003).

CKI

CDK inhibitors (CKI) are a group of proteins thaghtly interact with CDK/cyclin

complexes which broadly exist in animals (Lim anald{s, 2013) and plants (Wang et
al., 2008). They have been described as imporgatorfs for organism development and
external signal response, during which they moduldite cell cycle process by

influencing the CDK/cyclin complexes.
In animals

In animals, CKIls can be categorized into two geamilies based on their evolutionary
origins, structure, and CDK specificities, nameNKKl and Cip/Kip. The INK4 gene
family contains p18¥*? (Cdkn2a), p18*** (Cdkn2b), p18**® (Cdkn2c) and p1¥*
(Cdkn2d), all of which target CDK4/CDK6 and inhibiheir kinase activities by
interfering with their ability to interact with Dgpe cyclins. Conversely, Cip/Kip family
proteins, including p21”* (Cdknla), p2'¥** (Cdknlb) and p58%? (Cdknlc), widely
interfere with both cyclin and CDK subunits and mlade the activity of cyclin D, E,
A, and B/CDK complexes (Sherr and Roberts, 1999).

INK4 gene family

The INK4 family consists out of proteins that has@nserved sequences containing
ankyrin repeats. Expression analysis revealed ndistitissue-specificity and
developmental expression of the different familynmbers in mice (Ortega et al., 2002;
Pei and Xiong, 2005). The different expressiongratt ofINK4 genes imply there are
various functions for each INK4 protein in the DNdamage response, cellular
processes and development through regulation afeheycle.

Regulation of INK4 is mainly controlled at the tszniption level by transcription
factors such as ETS, FOXO and SP1, resulting inlest&K4 protein levels in the cell
(Ohtani et al.,, 2001; Xue et al., 2004; Katayamaalet 2007). Besides inhibiting
CDK4/CDK®6 directly, INK4 proteins can interact withe p53 and E2F transcription
factors to modulate the cell cycle.

- 15 -
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Cip/Kip family

Cip/Kip family proteins are more broad regulatofsGDK/Cylin complexes in cell
cycle regulation process, compared to the INK4 kamihe three members of the
Cip/kip family, p2£"™* (Cdkn1a), p2'#** (Cdkn1b) and pS%#? (Cdknlc), have related
but different functions in cellular processes andjanism development. p2%*
(Cdknla) mostly responds to DNA damage under trgstgmal control of p53 tumor
suppressor. Activated p21 arrests cells in the GG phases to allow DNA damage
repair (Dult et al., 1998; Nakayama and Nakayama, 1998). Actation of p2#P*
(Cdknlb) causes cells to exit the cell cycle angtrea quiescent state, and it will be
rapidly degraded when cells re-enter the cell cy€leu et al., 2008). p57? (Cdkn1lc)
plays a very important role in embryonic developmdrecause embryos lacking a
functional p57 die off due to the inability to prote cell differentiation. Besides
interaction with CDKs, Cip/Kip proteins also modigacell cycle gene expression by
CDK-independent functions in transcriptional regola (Besson et al., 2008). Control
of Cip/Kip protein activity occurs mainly on the gbein level, such as through
phosphorylation (Dash and El-Deiry, 2005; Chu et @007) and proteasomal
degradation through ubiquitination by E3-ubiquiigases (Glickman and Ciechanover,
2002). Cip/Kip inhibitors can be redistributed untlee influence of INK4 proteins to
repress the kinase activity of Cdk2/cyclinE compexSherr and Roberts, 1999). INK4
proteins compete with Cip/Kip proteins for CDK4/tgcD. Increased INK4 protein
results in formation of INK4—-CDK complexes and addization of cyclin D.
Consequently, release of Cip/Kip proteins from tloenplexes inhibits cyclin E (and
A)-dependent CDK2.

In plants

In contrast to animals, little is known about Ckisplants. Three groups of CKIs have
been discovered: the Inhibitor of CDK/Kip Relatetein (ICK/KRP) CDK inhibitor
family (Wang et al., 1998; De Veylder et al., 200ihe SIAMESE/SIAMESE-
RELATED (SIM/SMR) gene family (Churchman et al.,08) Peres et al., 2007) and
the tissue-specific inhibitors of CDK (TIC) (DePget al., 2011; 2012). They are three
different but related groups of CDK inhibitors.
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KRPs

The most studied family of plant CDK inhibitors féynis the ICK/KRP CDK inhibitor
family. This CKI family was discovered through apl yeast two-hybrid library screen
using Arabidopsis thalianaCDKA;1 and CYCD3;1 as bait. In Arabidopsis, the
ICK/KRP family consists of seven members (De Veyklkeal., 2001).

All seven ICK/KRP proteins in Arabidopsis containC®K inhibitory region which
shows amino acid sequence homology to the mammalatin-dependent kinase
inhibitor p27°P* (Wang et al., 1998; Lui et al., 2000; De Veyldeak, 2001; Zhou et
al., 2002) This conserved C-terminal domain was/@moto interact with CDKA (De
Veylder et al.,, 2001)In addition, another shorter conserved domaincatjato the
CDK inhibitory motif (Zhou et al., 2002) was showm interact with D-type cyclin
(Wang et al., 1998; Jakoby et al., 2006). Basetheir evolutionary conservation, the
ICK/KRP family genes in Arabidopsis can be classifinto 3 groups: (iKRP1and
KRP2 (ii) KRP6andKRP7and (iii) KRP3, KRPAndKRP5(Wang et al., 2008).

The ICK/KRP family of CDK inhibitors plays an imgant role in cellular processes
and plant development, through its interaction esgllation of the CDKA and D-type
cyclin proteins. Several reports confirm that ICRRK proteins are cell division
inhibitors, as seen by the reduction in cell numbed growth inhibition upon
overexpression OfICK/KRP genes. OverexpressinCK/KRP Arabidopsis plants
display all similar phenotypes including smalleamdl size, serrated leaves, reduced cell
number and enlarged cells.(Wang et al., 2000; Dgdée et al., 2001; Jasinski et al.,
2002; Zhou et al., 2002; Barréco et al., 2006)erestingly, the influence dCK/KRP
on endoreduplication is dose-dependent. Althougtrexpression ofCK/KRP mainly
inhibits endoreduplication, weak overexpressionGi1/KRP1 or ICK2/KRP2 has the
opposite effect on endoreduplication (Verkest et 2005; Weinl et al.,, 2005). In
contrast to overexpression, downregulation of rpldtiCK/KRPs in plants leads to
enhancement of seedling dry weight and cotyledahleaf size (Cheng et al., 2013).
ick3/krp5 mutants display a decrease in the 16C populatoth im etiolated seedlings
and roots (Jégu et al., 2013; Wen et al., 2013} Jiggests tha€RP5promotes higher
endoreduplication levels. Corresponding with thde r@f endoreduplication in
promoting growthjck3/krp5 primary roots show a growth reduction compareaild

type controls (Wen et al., 2013) .
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ICK/KRP genes show different expression patterns. In hioetsapexKRP1andKRP2
expression can solely be detected in the tissussatie undergoing endoreduplication,
but KRP4 andKRP5 are mainly expressed in mitotically dividing celBxpression of
the other KRPsSHRP3, KRP&andKRP7) can be detected in both mitotically active and
endoreduplicating tissues (De Veylder et al., 200&n et al., 2013). This classification
result is partially compatible with the evolutiopaconservation analysis of KRP
proteins(Wang et al., 2008). Besides transcriptional rejuta the level of ICK/KRP
proteins is also regulated post-translationallye Niterminal region of KRP1 protein
controls the stability, while the C-terminal regia important for CDK inhibition
activity through interacting with the kinase comgplénterestingly, the central domain
of ICK1 is responsible for nuclear localization ¢zZhet al., 2003). ICK/KRP proteins
are degraded through the ubiquitin—proteasome mgthwwo different ubiquitin
protein ligases, SCFSKP2 and the RING protein RK&k on its degradation(Ren et
al., 2008). Furthermore, similar as KRP1, KRP6 KRP7 proteins are also degraded
by RING-finger E3 ligases RHF1la and RHF2a or theé®?$KCullinl-F-box protein
FBL17, which is involved in gametocyte developmesubcellular localization studies
using the GFP reporter proved that the ArabidofSK/KRP family proteins are all
localized in the nucleus, which is important for ICkinction or to regulate their
functions(Zhou et al., 2003; Bird et al., 2007)tehestingly, these seven ICK/KRP
proteins show two types of nuclear localization, KIRKRP3, KRP4 and KRP5 present
a punctate pattern distribution in nucleus, and ERRRP6 and KRP7 always exist
throughout the nucleoplasm. However, there is rtailden the relation between these

two type sub-unclear localization patterns andiinetions of the ICK/KRP proteins.
SMRs

The SIAMESE/SIAMESE-RELATED (SIM/SMigne family encodes for a new group
of plant-specific CKls. Homologs of SIM/ISMR wereteleted both in dicots and in
monocots (Churchman 2006; Peres et al 2007 Walkg0)2 Based on protein analysis,
SIM/SMRs have a conserved motif that resembles aydin-binding domain of
ICK/KRP proteins. Peres et al. (2007) reported that Arabidopsis genome encodes
five SIAMESE-RELATED genes, and recent researchaegpd this to 13 family
members (Yi et al., 2014). Besidasabidopsis thalianaSIM/SMR also exist in other
plants. There are at least four conserved motifghan SIM/SMR gene family. As
discussed before, Motif 4 of the SIM/SMR proteigssimilar to the motif of the
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ICK/KRP CDK-inhibitory proteins (De Veylder et aR001). Motif 3, containing the
Cy or zRxL moaotif, is predicted to interact with senCYCA and CYCD/CDK
complexes (Adams et al., 1996; Wohlschlegel et24Q1). Motifs 1 and 2 show no

obvious similarity to any domain with known funatio

According to subcellular localization experimenige know that all the investigated
SIM/SMR proteins (SIM, SMR1, SMR2, SMR3, SMR4, SMEB/R7; Orysa;EL2) are
localized in the nucleus (Churchman et al., 200&e® et al., 2007). These results
support the function of SIM/SMRs as CDK inhibitors.

In accordance to being a part of the family of Opibteins, SIM/SMR proteins
influence the cell cycle process. In the meantithere is data showing that SIM/SMR
proteins not only exist in proliferating tissuekelithe root and shoot apical meristem
and in leaf primordia, but also in differentiateells such as vascular cells and in the
root elongation zone (Churchman et al.,, 2006; Petesal., 2007; Yi et al., 2014),
indicating there are different functions of SIM/SKIRh plants. This speculation has
been supported by the report from Van Leene et28ll{). Based on their co-
purification with CDK/Cyclin, we can discern at &atwo groups of SIM/SMR
proteins. The first group contains the SIM, SMRH aertain SMR family members
linked with endocycle onset as CKls function toilrihthe activity of B1-type of CDKs
(Boudolf et al., 2004; 2009). The second group IM/SMR proteins, including SMR4,
SMR5 and SMRY7, only co-purified with A-type CDK aBdtype cyclins (Van Leene et
al., 2010).

Mutation of theSIAMESEgene triggers multi-cellular trichomes and a daseel in the
DNA content in these cells, which indicates tha $iM gene can block mitosis and
trigger endoreduplication. (Churchman 2006). SIAMEHSELATED 1(SMR1) gene is
also named LGO (loss of giant cells from organspeder et al., 2010). In thigo
mutant, high ploidy epidermis cells in both leavasd sepals are reduced, but
overexpressing LGO gene produces excess giant WéHian predict that the SIM and
SMR1, standing by the first group SIM/SMR proteimhibit CDK kinase activity to

trigger endocycle onset.

New research showed that the second grouplldfSMRgenes includingMR4 SMR5
and SMR7respond to abiotic stress (Peres et al., 200&t¥l., 2014). This result can
be confirmed by the functions of CYCD/CDKA compléhis complex is responsible
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for control of cell cycle onset in response to imdic and extrinsic signals, and
specifically G1-to-S phase progression (Riou-Khahiliet al., 2000; Dewitte and
Murray, 2003; Nowack et al., 2010; Nowack et alQl12). Specifically, it was
confirmed thatSMR5and SMR7respond to oxidative stress together with genactoxi
stress (Yi et al., 2014). In this process, expogssf SMR5andSMR7is under control
of ATM and SOG1, which are involved in the doubleasded DNA damage response
(DDR), but not under control of ATR that respondssingle-stranded DNA damage. In
summary, SMR4, SMR5 and SMR7 are important fadiokéng abiotic stress signals
to cell cycle checkpoint activation. Meanwhile, #VSelated gene in ricedryza
sativg, Orysa;EL2also is considered to belong to the second grouysa;EL2 protein
interacts with CDKA1;1 and D-type cyclins, but neith B-type CDKs (Peres et al.,
2007).

SCl1

Stigma/style cell cycle inhibitor 1 (SCI1) is thest and unique tissue-specific inhibitor
of CDK (TIC) described in plants (DePaoli et aD12; 2012). Th&Cllgene encodes
a 156 amino acids protein, which is mainly exprdsisethe early stages of tobacco
stigma/styles. SCI1 controls the development ajnséi/style through modulating cell
proliferation/differentiation(DePaoli et al., 20119 process which depends on auxin
signaling (DePaoli et al., 2012). In Arabidop$€;I1expression is both cell cycle- and
auxin signaling-dependent through tbis-acting elements in its upstream regulatory
region (URR) (DePaoli et al., 2012) Both silico and experimental observations
suggest that SCI1 protein functions as a CDK intbibFrom protein sequence analysis,
SCI1 shows no sequence similarity with ICK/KRP pmes and only very limited
similarity region with the SIM/SMR family. In summa SCI is proposed to be a new
kind CDK inhibitor, giving us new insights aboutliceycle regulation and tissue-
specific development (DePaoli et al., 2011; DePeiodil., 2012).

E2F transcription factors

E2F transcription factors are well-studied cell leyegulators. In the beginning, E2F
was identified as a cellular factor that promotes éxpression of the adenovirus E2
promoter (Kovesdi et al., 1986). Then E2F proteirse been found to stimulate the

expression of a wide variety of genes that are Imaevolved cell cycle process
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(Pagano et al., 1992; Ramirez-Parra et al., 19B@}tinoblastoma/Retinoblastoma
related protein (RB/RBR) acts as a repressor tmatsbE2F/DP complexes, inhibiting
their activity and therefore inhibiting cell cycpgogression (Murphree and Benedict,
1984; Weinberg, 1995). Typically, E2F proteins asse with dimerization partners
(DP) proteins to form a heterodimeric complex thads to the promoter of a multitude
of target genes (van den Heuvel and Dyson, 2008).

Over the last decades, the core functions of E2FB@¥F been partially characterized.
These transcription factors are crucial for the utagon of DNA replication,
endoreduplication onset and maintenance, checkpwmontrol, apoptosis, and cell
differentiation. Specifically, E2Fs play a crucriale in the regulation of G1-to-S-phase
transition(Ren et al., 2002). In mammals, deregutabf E2F/DP activity has a big
impact on health and disease by controlling trapgon of a wide range of genes
which are involved in cell-cycle progression andMsynthesis, replication and repair.
(Tsuge et al., 2005; DeGregori and Johnson, 200gjikber et al., 2007). In contrast,
there is few report investigated their function®NA damage response.

In human, there are eight E2F (E2F1-8) and thregp@ieins(DP1, DP2/3and DP4)
present and in Arabidopsis there are six E2F (H2fpaeoteins and two DP (DPa and
DPb) proteins. (Mariconti et al., 2002; Attwooll &t, 2004; Christensen et al., 2005;
Dimova and Dyson, 2005; Maiti et al., 2005). Tha=EZan be classified into typical
(E2F1-6 in mammals and E2Fa, E2Fb, E2Fc in Aralsidgd@nd atypical (E2F7, E2F8
in mammals and DEL1/E2Fe, DEL2/E2Fd, and DEL3/E2FArabidopsis) subgroups

based on their structure and function (Lammens €2@09).
Typical E2F members

Typical E2F proteins contain a DNA binding domaandimerization domain and a
transcriptional activation domain that includesRBR binding domain. DP proteins.
E2F and DP interact with each other as a heteradimeegulate downstream gene
expression. In mammals, six classical E2F protéiage been described (E2F1-6).
According to whether E2Fs act positively or negaivon gene transcription, they are
grouped into transcriptional activators (E2F1-3) suppressors (E2F4-6). E2F
transcription factors play an integral role in twordination of DNA replication events.
The activators E2F behave as sequence-specifisctigtional activators of cellular
genes, including those associated with growth aotif@ration, whereas the repressors
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play opposing roles (Wong et al.,, 2011). E2Fs @aguiCYC/CDK to trigger DNA
damage checkpoints or apoptosis. This process eardulated by CDK4/6 , RB or
CHKs (Matrtinez et al., 2010; Dean et al., 2012)tlkermore, E2Fs can mediate DDR
that centers on activation of the ATM kinase an@® pRogoff et al., 2002; E et al.,
2011).

As typical E2Fs in Arabidopsis, E2Fa, E2Fb and E2Eed to cooperate with a
dimerization partner, being DPa or DPb, which as#t®F protein binding to defined
DNA sequences to induce gene expression (Mariatrdl., 2002). E2Fa and E2Fb are
two positive regulators that promote S-phase eatny progression. They are mostly
expressed in proliferating tissues, have specHaression patterns and play similar but
distinct roles during cell cycle progression (DeyMer et al., 2002; Mariconti et al.,
2002; Sozzani et al., 2006). Co-overexpres&ifgaandDPa plants show extreme cell
proliferation and increased endoreduplication, ltegy into severe developmental
defects. A clear induction of S-phase specific gerpression could be observed in
E2Fa—DPa co-overexpressing seedlings (Vandepoele et alQ520These results
indicate the E2Fa-DPa complex is a key regulatontroting cell proliferation,
differentiation and endoreduplication in plantsFB2nd E2Fa recognize the same E2F
consensugis-regulatory elements in the promoter of target gédesugi and Ohashi,
2002). Therefore it is very difficult to indicatbet different specific target genes of
E2Fa and E2Fb, respectively. But some evidenceestggnon-overlapping regulation
exists between E2Fa and E2E2Fa and E2Fb overexpression lines show a different
reaction to auxin in cell suspension cultures(Magptaal., 2005). E2Fa and E2Fb have
a different function in lateral root developmenbg3ani et al., 2006; Berckmans et al.,
2011b). Moreover, chromatine-IP experiments shdwsetare E2Fa- and E2Fb-specific
target genes in the Arabidopsis genome (Naoudr, &099).

In contrast to E2Fa and E2Fb, E2Fc is a transonptirepressor (del Pozo et al., 2002).
There is no transcription activator domain in E25t, it can combine with DPb to bind
DNA sequences with E2F binding sites (Maricontiakt 2002). Thus, the reasonable
conclusion is that E2Fc operates as a competitiitor of E2Fa and E2Fb. As a
repressor, E2Fc blocks entry into S-phase to athestcell cycle, and reduced E2Fc
activity increases cell proliferation (del Pozo at, 2002; del Pozo et al., 2006).
Consequently, there are studies which reveal thgettive relation between E2Fb and
E2Fc in regulation of the target gene expressi@dBnans et al., 2011a). Such kind of
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relation also exists between E2F1 and E2F2 in dsifaolov et al., 2001; Cayirlioglu
et al., 2003). This means that interplay betweesitpe regulators and repressors of

E2F is conserved and an important way to balareentbdulation in cell cycle onset.
Atypical E2F members

Atypical E2Fs are a set of novel E2F transcriptiactors, which includes E2Fd/DEL
(DP-E2F-like) 2, E2Fe/DEL1, and E2Ff/DEL3 in Araty$is and E2F7 and E2F8 in
mammals. However, the sequence similarity betwgpicdl E2Fs and atypical E2Fs is
relatively low, showing about 20% similarity (Lamngeet al., 2009). In contrast to
typical E2Fs, atypical E2F proteins contain two DNMMAding domains instead of a
dimerization domain, which indicates that atypiE&lFs can bind to DNA containing
the consensus E2F binding site without the heljmfeo DP dimerization partner. The
absence of a transcriptional activation domainsiessthat atypical E2Fs can’t perform
all the functions of typical E2F proteins, therefothey negatively modulate

downstream gene expression, acting as transcripgessors.

E2Fe/DEL1 controls the onset of the endocycle thihowa direct transcriptional
repression ofCCS52A2hat is involved in controlling the switch fromllcdivision to
endoreduplication by regulating APC/C activity (Laens et al., 2008E2Fe/DEL1®
plants show higher UV-B tolerance compared to wyjok, due to increased expression
of the photolyase photoreactivating enzyfER1, which is a type-Il cyclobutane
pyrimidine dimer-photolyase DNA repair gene, beiongder control conditions
repressed bYEL1 (Radziejwoski et al., 2011). E2Fd/DEL?2 is a fadtioat has been
shown to promote cell proliferation and reduce sélk. This protein accumulates by
the auxin signaling pathway at the post-transoial level (Sozzani et al., 2010).
E2F/DEL3, without RB binding domain, negative régas cell size but does not
influence the DNA ploidy level distribution and tefoliferation(Ramirez-Parra et al.,
2004). Similarly to E2Fe/DEL1, the mammalian atgbi€2F7 and E2F8 also have
crucial roles in endocycle control. LossE2F7 andE2F8 results in endocycle defects
in the trophoblast giant cells and probably gowegnihe maintenance of endocycle

progression (Lammens et al., 2009; Meserve andridor@012).
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Regulations of E2F

In animals, as a group of transcription factorsF&€2an regulate each other on the
transcriptional level. E2F3 acts upstream of EZEAFL in turn acts upstream of E2F2.
Upon DNA damage, E2F2 responds to the DNA damagmugih E2F3, initializing
apoptosis, making E2F3 a key regulator of DNA dasiagluced apoptosis (Martinez
et al.,, 2010). Such cross regulation also existvéen typical and atypical E2Fs.
Atypical member€2F7 andE2F8 are under the control of typical E2F1(Christensen
al., 2005). Furthermore, the increase of E2F7 a@&8Eprotein level can give a
feedback to reduc&2F1 expression. In contrast, low level of E2F7/E2F8t@ins
increaseE2F1 expression (Chen et al., 2012). In Arabidopsisi-iE2ccumulates in
E2FaF plants, both on the transcriptional and post-teptonal level (Sozzani et al.,
2006). Overexpression &2FD/DEL2increases the expressionEffFa (Sozzani et al.,
2010). MeanwhileDEL1, the homologue of E2F7 and E2F8, is a transcnptitarget
of the E2Fb and E2Fc, which are regulated by Igighal(Berckmans et al., 2011a).
FurthermoreE2Fa expression is regulated by the auxin-signalindnway through the
LATERAL ORGAN BOUNDARY DOMAIN18/LATERAL ORGAN BOUNDARY
DOMAIN33 (LBD18/LBD33) dimer to mediate lateral roorganogenesis (Berckmans
et al., 2011b).

At the post-transcriptional level, two distinct rhaaisms have been described. One of
them is based on the RB protein. Under genotoxiditons, the interaction between
E2F and RB protein is enhanced by ATM-CHK1/2 meatigbhosphorylation (Inoue et
al., 2007). Through an independent mechanism, 2&tein can be phosphorylated by
ATM and CHK2 kinases upon DNA damage (Stevens .et2803). So far, in plants
there has been no data on transcriptional andrpostriptional control of E2Fs in
response to DNA stress. Under the stimulation atage, target-of-rapamycin (TOR)
kinase phosphorylates E2Fa, which leads to actiz&eéa target gene expression to

promote cell proliferation in the root (Xiong et,&013).
RBR

E2Fs can be regulated by RBs, present both in dsiamal plants. The Retinoblastoma
protein (RB) is a tumor suppressor discovered imdms (Murphree and Benedict,
1984) which can interact with E2F proteins (Colix;ir2005). It belongs to the pocket
protein family, containing RB, Retinoblastoma-likeotein 1 (RBL1) (Ewen et al.,
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1991) and Retinoblastoma-like protein 2 (RBL2) (Gop et al., 2006). In plants, RB
homologues (RBR, retinoblastoma-related) have lmated from maize (Grafi et al.,
1996), tobacco (Nakagami et al., 1999), and ArgisdfKong et al., 2000; Ebel et al.,
2004). Yeast-two-hybrid assays showed that RBganote with E2F proteins through
two pocket domains (Ramirez-Parra et al., 1999)s Type of interaction normally
happens using the C-terminal domain of the E2Fressing the transcriptional
activation of the E2F/DP complex. RB proteins iars and animals contain conserved
pocket domains A and B. Due to the high degreeoofkervation of the E2F/DP/RB
pathway, RB proteins from plants can inactivate tta@sactivation activity of human
E2F (Huntley et al., 1998).

RBR is a crucial regulator of cell cycle, DNA dameagsponse and organ development.
Apparently, the main regulatory activity of RB pgots operates through the E2F/DP
pathway. In animalsmutants ofpl105(Rbl)can be detected in nearly all cancerous
specimens, implying its functions as tumor suppregsiguyen and McCance, 2005).
RB proteins are phosphorylated by CDK/cyclin compkein the G1-S phase (Harbour
and Dean, 2000; Nakagami et al., 2002; Magyar .et28l12). After phosphorylation,
RB protein detaches from E2F/DP complexes. Theseplexes can subsequently
promote downstream gene expression and thus drevedll into S-phase. In animals,
RBRdefective mutants can form gametes, but homozygmizyos fail to develop and
initialize apoptosis (Jacks et al., 1992; Du andg@y 1999). Actually, E2F proteins are
not the unique targets of RB proteins. Besides B&keins, RB can also regulate
several other transcription factors (Korenjak amdhgn, 2005; Nguyen and McCance,
2005; Calo et al., 2010). In animals, RB can irdergith the a-globin promoter by
recruiting a tissue-specific transcription factdf.P (Rekhtman et al., 2003). It can also

1CIP

cooperate with Mitfl to regulafg21-" gene expression (Carreira et al., 2005).

In Arabidopsis, RETINOBLASTOMA RELATEDRBR) is the single homologue of
pRB, and the pRB-E2F pathway is largely conserddtere are 3 T-DNA insertion
knockout lines available abr® mutant allelesrpri-1, rbr1-2 andrbri-3). There is no
rbrl-1 and rbrl-3 homozygous line because these alleles cause tgthadi
gametophytes, especially in female gametophyte®l(Eb al., 2004). Recent work
demonstrated that RBR genetically interact with ¢beserved epigenetic regulators of
the Polycomb Repressive Complex 2 (PRC2) to comtldevelopment of both male
and female gametophytes (Johnston et al., 2008)ddggousrbrl-2 plants are viable,
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though they are not fully knockout, but have argjréeemperature-sensitive phenotype
(Nowack et al., 2012). Therefore an RBR RNA intefee system has been developed
to research the function of RBR protein (Borghiakt 2010). This report shows that
decreasing the RBR expression level leads to rejoresof cell differentiation and
disruption of stem cell niche and meristem mainteeathus arresting root growth, leaf
development and inflorescence development. RBReprointeracts with cytokinin
signaling to stimulate cell differentiation in tlheot meristem (Perilli et al., 2013). In
these processes, inhibition of RBR expression avilte cell ploidy switch from 2C to
4C, but will not increase the endoreduplicationtifar. Similar phenotypes also are
detected in other plants such as maize (Sabebi.e2013).In Arabidopsis, pRB is
known to interact with members of the E2Fs tramdicnn factor proteins, thus
interfering with their ability to activate tranggtion of genes necessary for the G1-to-S
transition (Magyar et al., 2012). Whereas, the refrom Cruz-Ramirez et al. (2012)
shows that in Arabidopsis root, RBR1 can directijefact with the SCARECROW
transcription factor to modulate asymmetric sterth digision in stem cells. Together,
these reports suggested that tRBR regulatory network can function differently
depending on the developmental context. The dewstopal role of RBR during
sporophytic development remains poorly understqmimarily due to the lack of

genetic tools.

DNA DAMAGE AND DNA DAMAGE RESPONSE

As the genome contains all the information requicdddevelopment and maintenance
of an organism, it is of utmost importance that Bi¢A content is efficiently repaired
upon the occurrence of DNA breaks or replicatiostakes. These breaks and errors
can arise from environmental stresses, includirayglnt, soil contamination by heavy
metals, and increasing genotoxic chemicals owingoltution from industry (Ma et al.,
2012; Xu et al., 2012). These conditions often ltaauhe production of DNA damage
in the cell, eventually causing significant redans in both crop quality and vyield.
Reactive oxygen species (ROS) are mainly direchtagehat inhibit DNA replication
and cause DNA damage (De Bont and van Larebeke4)2M0 absence of a cell
division arrest, cells would proceed with damagédADnto mitosis, causing cell death
or oncogenesis. Therefore, a functional DNA stres$ cycle checkpoint is of utter
importance for cell survival. To cope with theses$ conditions, cells have developed
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a set of complicated mechanisms that monitor théustand structure of the DNA
during cell cycle progression. DNA damage checkigzoame biochemical pathways that

delay or arrest cell cycle progression in respaa€eNA damage.(Nyberg et al., 2002)

Mutagens

DNA damage can occur spontaneously or be inducezkteynal mutagens which is is a
physical or chemical agent like metal ions, IRUM to break DNA directly or through
the ROS (Table 1).

ROS inducing DNA damage

Reactive oxygen species can oxidize and damage de wange of organic
macromolecules, including lipids, proteins and eicchcids (Dizdaroglu et al., 2002;
Roldan-Arjona and Ariza, 2009). In living cells, BQire produced by exogenous and
endogenous sources. Exogenous elements are mavwilp@mental genotoxic agents,
including high-light conditions, ultraviolet lighf{tyV) and pollutants in the air and soil,
e.g. heavy metal ions and toxic chemicals. Endogesources are mainly chloroplasts,

mitochondria and peroxisomes (Foyer and Noctor3200

Aerobic respiration is crucial for many organismespecially for eukaryotes. In this
process, ROS are continuously produced from mitodtia. In humans, excessive ROS
will lead to many kinds of diseases such as Paokiissand amyotrophic lateral
sclerosis(Emerit et al., 2004). In plants, besisét®chondria, ROS are also generated
by photosynthesis as byproducts in chloroplast©,Hnd O2 are the products of O
disproportionation (Asada, 2006). Oxidative attacksDNA generate altered bases and
damage sugar residues causing fragmentation ansegoently single-strand breaks
(SSB) (Roldan-Arjona and Ariza, 2009). Thus orgaraswill initialize the processes of
base excision repair (BER) and nucleotide excisgpair (NER) to remove the oxidized
nucleotides (Dizdaroglu, 2005). In these procesbespoly (ADP-ribose) polymerase
(PARP) superfamily proteins are considered as apgod modulating elements both in
animal and plants cells (Lindahl et al., 1995; Babuk et al., 1998). Furthermore,
oxidative DNA damage generated by ionizing radiattan also cause double-strand
breaks (DSB) through the generation of clustersadfcals that affect nearby sites on

both strands(Culligan et al., 2006). This leadsatBDNA damage response involving
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both ATM and ATR. ATM can also be activated by @tide stress directly in the form

of exposure to kD, in human cells (Guo et al., 2010b).
HU induced genotoxicity

Hydroxyurea (HU) is a ribonucleotide reductase hitbr, which inhibits class 1
ribonucleotide reductase and limits the cellulapmy of deoxyribonucleotides
(Timson, 1975; Lopes et al., 2001; Sogo et al. 220Depletion of ANTP pools through
HU leads to DNA replication fork arrest and subsadugenomic instability, most likely
through substrate starvation (Foti et al., 2005).

Besides inhibition of DNA replication, HU also casgsDNA damage through the
formation of DSBs(Kurose et al., 2006). This metra HU can initialize two kinds of
DNA damage response pathways, which are based dvi &1d ATR. Furthermore,
besides damaging the DNA, HU also shows more bpessibilities as a cytotoxic
compound. According to recent research, HU carctiyréarget and inhibit catalase that
catalyzes the decomposition oL® to water and oxygen (Juul et al.,, 2010). This
inhibition leads to an increasing,®, concentrationin vivo. Additionally, there are
studies that have demonstrated that HU caug€s idduction in the presence of Cu(ll)
and Fe in EColi (Sakano et al., 2001; Davies et al., 2009). AHgD, accumulation,
ROS-derived DNA oxidation will lead to DNA damagéafiderauwera et al., 2011).

Metal ion induced DNA damage

Metal elements like aluminium (Al), iron (Fe), caypCu), chromium (Cr) and cobalt
(Co) are important nutrients for organisms. Thewmypimportant roles in many
biological processes and organism development. Mexvean excess of heavy metal
ions is toxic for cells. Heavy metal ion toxicitgviolves the production of superoxide
radicals and hydroxyl radicals (Jomova and Valkal D). Meanwhile, accumulation of
these ion will repress DNA damage repair and imfbgecell cycle process (Hartwig et
al., 2002).

Fe (II) and (Ill) are soluble in biological fluidsnd produce highly reactive hydroxyl
radicals through the Fenton reaction. This lead$et® radical-mediated DNA damage
(Dizdaroglu et al., 2002). Cu(ll) ions occur in teicand bind to DNA (Kamunde and
MacPhail, 2011; Linder, 2012). Copper ions will dagg DNA and chromatin by

oxidative activity, producing DNA single and doukd&rand breaks, crosslinks and
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adducts, point mutations, and even chromosomehitiggg(Cao and Wang, 2007; Ruiz
et al., 2010; Buchtik et al., 2011). Even more, pgpalso can alter DNA methylation
and histone acetylation to influence gene exprassioan epigenetic level (Tang and
Ho, 2007; Fragou et al., 2011; Ziech et al., 201J9(ll) ions produce DNA DSBs
through production of ROS that results in the atton of ATM, p53 and Rad51
(Galanis et al., 2009). The same research alsgidesdhat exposure to non-toxic doses

of Co nanoparticles will result in oxidative DNAmage.

Aluminum (Al) is the most abundant metal elementha Earth’'s crust. Al (lll) is a
strong hydroxide ion, which can produce oxidatitress and DNA damage (Yamamoto
et al., 2002; Panda et al., 2009). In agricult@l@minum toxicity is a serious factor
limiting crop productivity, especially in acid soBesides ROS, aluminum binding to
DNA causes condensation of DNA molecules, blockiiNA replication and repressing
gene transcription by reducing the capacity to gl®\a viable template (Rounds and
Larsen, 2008). IMrabidopsis the als3mutant is hypersensitive to aluminium and a
suppressor screen revealed #itd-1 mutant, which showed increased root growth on
the heavy metal. This could later be attributed fmartial loss of function of ATR in the
mutant. Further research showed that diremutant is impaired in the detection of
DNA damage caused by aluminium and subsequently fairespond to the stress.
Aluminium leads to the terminal differentiation stem cells in the root meristem in an
ATR-dependent manner (Rounds and Larsen, 2008% dduld mean that the brittle
root system in wild type plants is the result oplant defense mechanism and not
because of the aluminium stress itself. The mowtulaif this defense mechanism could

therefore lead to plants that grow better on maignils.

Boron (B) is an essential nutrient in plants. lingolved in the cell wall and membrane
structure and function, which are important for nplaoot growth. There is an
antagonistic effect between B and Al. Supplementiogn can rescue aluminum stress
in root growth and cell culture (Lukaszewski ane\Bhs, 1996; Koshiba et al., 2009;
Horst et al., 2010). However, in high concentraid is harmful to both plants and
animals. In animals, B can cause reproductive abalities, such as a decrease in the
X:Y sperm ratio (Robbins et al., 2008). In plarggcess B induces DNA damage by
producing ROS (Cervilla et al., 2007). But thisst the only mechanism of action of
boron to induce genotoxicity. In the report fronk&aoto et al. (2011), they found two
knockout mutantsebl-landheb2-1 which are hypersensitive to high concentration of
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B and the genotoxic chemicals zeocin and aphidicdiut not to ROS generating
agents.HEB1 and HEB2 encode the CAP-G2 and CAP-H2 subunits of condehsin
(Fujimoto et al., 2005), which is an important cament to ameliorate DSBs.
Supplemented excess B combined with defect of amiddl induces the accumulation
of DSBs which lead to hypersensitiieb mutants. Taken together, these data indicate
that B toxicity might be caused by a combinatioD&Bs and replication stress, which

is induced by some unidentified (new) mechanisnidessthe production of ROS.

Table 1. Overview of genotoxic agents

Type Agents Action

X-rays, Gamma rays, Alpha | Cause DNA breakage and

lonizing radiations particles other damages

Absorbed strongly by bases,
producing pyrimidine dimers,
which can cause error in

replication if left uncorrected.

Ultraviolet

Production of many base
adducts, as well as DNA
strand breaks and crosslinks.

Reactive oxygen species Superoxide, Hydroxyl
(ROS) radicals, Hydrogen peroxide

Transfer methyl or ethyl group
to bases or the backbone
phosphate groups.

Ethylmethylsulfone (EMS),

Alkylating Nitrosamines

Insert between bases in DNA,
| causing frameshift mutation,
"block transcription and
replication.

Intercalation Ethidium bromide, Proflavin

Associated with the
production of ROS, alter the
fidelity of DNA replication,
DNA hypermethylation and
histone deacetylation

Arsenic, Cadmium,

Metals Chromium, Nickel, Iron

Hydroxyurea, Aphidicolin,

Actinomycin D Block the cell cycle process

DNA replication inhibitor

DNA intercalation, generation
of highly reactive free radicals
that damage intercellular
molecules

Cytotoxic antibiotics Bleomycin, Mitomycin

-30 -



CHAPTER 1

DNA Damage Response

After DNA damage occurred, the DNA damage respqbd2R) mechanism will be
activated to arrest cell division. DDR is a congerbio-process in eukaryotes. When
damage is detected, the DNA damage checkpointtisaged and a cell cycle arrest is
induced, allowing the cell time to repair the damalj the damage is too extensive,
programmed cell death (PCD) is induced (Nyberg ket 2002)But such kind
conservation just a part conservation. There asedbrelated but different components

existing in animals and plants (Figure 2).
DDR in animals
ATM and ATR

The first important step in the DDR is initializingtaxia Telangiectasia Mutated
(ATM) and Ataxia telangiectasia mutated and Rad&ted (ATR), which are two
important conserved DNA damage sensing mechaniSuoissequently, a set of DDR
genes will be promoted to rescue the damage c&lM and ATR are two
phosphotidylinositol-3-kinase (PI3K)-related protéinases that trigger the activation,
stabilization or degradation of a number of tramsdiand effector proteins in the DNA
damage response to arrest cell division and alleNg ¢o repair damaged DNA before
entering mitosis (Zhou and Elledge, 2000; Abrah2001; Bartek and Lukas, 2001,
Kurz and Lees-Miller, 2004). These PI3K regulatoase different but related functions
in the DNA damage response. ATM mainly senses dostrhnd breaks (DSBs) and
ATR responds to replication inhibition and singteaad breaks (SSBs) generated by
processing of DSBs (Kastan and Bartek, 2004) (léi@4y).
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Figure 2. DNA damage response.

(A) In animals, the ATM ATR signaling pathway is acted which leads to the
phosphorylation and activation of Chkl and Chk2 anthe subsequent modulation of Cdc25,
p53 and WEEL.As cell cycle regulators, E2Fs alge tzart in the DDR proces@) In plants,
several key components of DDR existing in the ahiana absent (p53, CHK1, and CHK2) or
non-functional homologs (CDC25). DNA damage signdisough ATM/ATR transducing
kinases, SOG1 transcription factor and WEEL leattinDPNA repair, cell-cycle checkpoint or
programmed cell death.
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Under normal conditions, ATM is not essential fall csurvival and differentiation,
however, ATM mutations lead to predispose carriers to canaendton by facilitating
senescence and bypassing apoptosis and cellul#ertion despite the accumulation
of DNA damage(Shiloh and Kastan, 2001; Luo et28lQ9). Meanwhileatm-null mice
show meiotic defects because of absence of ATM+uige DSBs repair during
meiotic recombination (Lange et al.,, 2011; Danitelak, 2012). Beyond the DNA
damage response, there are experiments that deatertste direct ATM activation in
the presence of hydrogen peroxide@g) independently of both DNA and MRN (Guo
et al., 2010a; Guo et al., 2010b). ATM protein anstitutively expressed in cells. This
means that ATM needs some kind of posttranslatiactation under genotoxic stress.
First step to initialize the DNA damage responsgeiecting the DNA damage. Reports
show that the Mrel1/Rad50/Nbsl (MRN) complex dst&$Bs and recruits ATM to
the site of the damage (Carson et al., 2003; LeePaull, 2004). Upon the modulation
of the MRN complex, DSBs stimulate the ATM homodinte autophosphorylate its
subunits. This leads to the dissociation into twative ATM monomers that can

promote the downstream DNA damage response geaég&éBist and Kastan, 2003)

ATR is another PI3K which contains a motif that@nserved between both ATM and
SpRad3 (Cimprich et al., 1996). ATR controls anebodinates DNA replication origin
firing, replication fork stability, cell cycle chkpoints and DNA repair (Nam and
Cortez, 2011). Unlike ATM, ATR is crucial for caflevelopment and differentiation.
Absence of ATR in mice results in early embryoreath (Brown and Baltimore, 2000)
and deletion oATRIn adult mice has also shown to lead to stemlasdl and premature
aging (Ruzankina et al., 2007) ATR exists in a faimt is constitutively ready to
phosphorylate substrates. Furthermore, its kinaseitg doesn’t increase during DNA
damage stress. It appears the activation to ATRargely controlled through its
subcellular localization (Abraham, 2001; Kastan d&aftek, 2004). In human cells,
there is an ATR interacting protein (ATRIP) thatrfs a stable complex with ATR, and
this protein is considered as a potential regwapartner for ATR (Cortez et al., 2001,
Unsal-Kagmaz and Sancar, 2004). Replication profei(RPA), an ssDNA-binding
protein, can recruit ATR-ATRIP complexes to ssDNdquced by DNA damage (Lee
et al., 2003; Zou and Elledge, 2003). RecruitmdrADR—-ATRIP to DNA lesions or
stalled forks is not the only reaction for checkpasignalling. A new ATR activator
TOPBP1 which contains a region termed the AAD (Addvating domain) binds
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surfaces on both ATR and ATRIP ant it is recruitedependently of ATR-ATRIP

localization. (Mordes et al., 2008).
CHK1 CHK2

The ATM and ATR kinases transduce the DNA stregedaito the checkpoint kinases
CHK1 (Walworth et al., 1993) and CHK2 (Murakami a@#tayama, 1995), which in
turn arrest the cell cycle by directly modulatimg tactivity of the effectors that control
cell cycle progression (Chen and Sanchez, 2004KXCahd CHK2 are regulated by
ATR and ATM, respectively, in response to DNA reption blocks or DNA damage
(Liu et al., 2000).

When ATR is translocated to DNA replication fotiistkinase phosphorylates CHK1 to
activate it. Consequently, activated CHK1 phosplatseg downstream elements such as
Cdc25-A, Cdc25-B and Cdc25-C. Apparently, phospladign of CHK1 will be
blocked in cells that lack the ATR kinase. Like AT&deficiency in CHK1 will block
mice embryo development, which implies an essertial of the ATR-CHK1 pathway

in the cell cycle (Liu et al., 2000).

In contrast to CHK1, CHK2 is dispensable for prahambryo development in mice.
CHK2 responds in an ATM-dependent way to DSBs (#lgaal., 2000; Melchionna et
al., 2000). Biochemical analysis indicates thaivatéd CHK2 phosphorylates Cdc25A,
Cdc25C, BRCA1 and p53 (Bartek and Lukas, 2003). AitM—CHK2 pathway is

important during the DNA damage checkpoint, resgltin cell cycle arrest and DNA

repair, or induction of apoptosis (Smith et al.1@pD
WEEL1 and CDC25

In mammals, CDC25 and WEEL1 are two other key factbney are a pair of analogous
opposites. At the G2/M transition, Cdkl is actidatdoy Cdc25 through
dephosphorylation of Tyrl5 and inactivated by WERDugh phosphorylation at its C-
terminus. Under genotoxic conditions, they are nteted by ATM and ATR directly or
through CHK1 and CHK2 (Lee et al., 2001; Harper Bliddge, 2007).

CDC25 was first described in yeaSthizosaccharomycgsombe as a cell cycle
defective mutant (Strausfeld et al., 1991). The @b@roteins represent a group of

phosphotyrosine phosphatases, which activates CIbKs removing inhibitory
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phosphates from residues in the CDK active sitprtamote cell cycle. There are 3
members of CDC25 (CDC25A CDC25B CDC25C) in animals.

Under genotoxic conditions, CDC25 proteins are phosylated by CHK1/CHK2. The

consequent binding of 14-3-3 proteins to phosplabed CDC25 leads to

downregulation of their phosphatase activity (Blaset al., 1999; Uto et al., 2004),
through their exclusion from the nucleus (Pengletl®97), and degradation by the
ubiquitin-proteasome pathway (Falck et al., 2001).

WEE1encodes a tyrosine kinase that through phosphimylaf CDKs inhibits their
activity. Nurse (1975) described this kinase firstyeast. In yeast and animal cells,
WEE1 kinase regulates CDK/cyclin activity togetheth CDC25 (Harper and Elledge,
2007). Knockout of WEEL in yeast results in prematentry in mitosis. In contrast,
constitutive expression blocks cells in the G2 ph@¢urse, 1975; Russell and Nurse,
1987). Under replication stress conditions, WEEd @bDC25 will be phosphorylated
by ATR-CHK1/2. After phosphorylation, CDC25 will bdegraded through the
ubiquitin-proteasome pathway to arrest cell entmtoi mitosis. In contrast,
phosphorylated WEEL1 can interact with 14-3-3 tadlimtotic CDK/cyclin and repress
complex activity (Lee et al., 2001; Rothblum-Oviattal., 2001).

p53

The mammalian tumor suppressor p53 protein is ar&gylator in preventing cancer
(Prives and Hall, 1999; Green and Chipuk, 2006)e Hctivity of p53 is mainly
regulated by post-transcriptional modificationselibhosphorylation, SUMOlylation,
neddylation and acetylation (Appella and Anders2®)1). Under normal conditions,
p53 protein is degraded though the Mdm2-mediateduitin-proteasomes pathway
(Liang and Clarke, 2001). Upon DNA damage stre€s3 protein degradation is
inhibited by its hyperphosphorylation by ATR/ATMrectly and through CHK1/CHK2
(Maya et al., 2001). Activated p53 arrests cellthmn G1 phase through the induction of
expression of pZ1!. Meanwhile, p53 promotes many DNA damage respgeses to
initialize cell cycle arrest, DNA repair or apopw$Wahl and Carr, 2001; Green and
Chipuk, 2006) .
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DDR in plants

The sedentary nature and plasticity of plants kaslted in specific adjustments of the
checkpoints (Cools and De Veylder, 2009). In plaAlEM/ATR-dependent signaling

pathways also control the activation of a cell eycheckpoint upon DNA stress (Garcia
et al., 2000; Garcia et al., 2003; Culligan et 2004; Culligan et al., 2006). Besides
ATM and ATR, several key components of the aninghaling pathways appear to be
absent (p53, CHK1, and CHK2) or non-functional htoggCDC25) in plants (Figure

2B), indicating that fundamental differences ekistween distantly related phyla in the
recognition and signaling of DNA stress. Insighbithe plant DNA damage response

will be described below, with a focus on the difieces with animals.
ATM

Similar as in animals, ATM plays a very importaalerin plants. ATM in Arabidopsis
was isolated based on sequence homology cloningigat al., 2000). ATM protein in
plants is highly similar to human ATM (67 and 45%wigarity in the PI3K-l and rad3

domains, respectively).

As one of core DNA damage response reactors inQI&TM is playing a similar role
as in animals. ATM controls a DSB checkpoint in Bidopsis. ATM® mutants are
hypersensitive toy-radiation and methylmethane sulfonate but not t-BJ light
(Garcia et al., 2003). Activated ATM proteins induthe expression of downstream
genes involved in cell cycle arrest and DNA refRiccaud et al., 2007b). Specifically,
ATM phosphorylates the transcription factor SOGIiokh is an important plant-
specific transcription factor involved in the DNAmage response (Adachi et al., 2011;
Yoshiyama et al., 2013). If DNA damage can’t bearegal effectively, ATM can induce
a SOG1-dependent apoptosis program (Fulcher anidv&sb, 2009; Furukawa et al.,
2010).

In response to DNA damage, ATM is mostly regulaethe protein level (Garcia et al.,
2000). Like animals, the Mrell-Rad50-Nbsl (MRN) ptew in Arabidopsis cells is
the first sensor of double-strand breaks, which sibsequently activate ATM during
the DNA damage response. (Waterworth et al., 2@0@iard et al., 2010). Different
with animals, an ATM defect in Arabidopsis lead$ya partial sterility (Garcia et al.,
2003), indicating that ATM activity is crucial dag meiosis. ATM deficient
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Arabidopsis plants show a fragmentation of chromwes®in the early prophase I. This
fragmentation is generated by SPO11, a topoisomdites endonuclease, to form
recombinations between homologous chromosomes glihie prophase of the first
meiotic division. ATM is needed to induce the repair process of thesegemous
DSBs. Without functional ATM this will lead to arsésterile phenotype (Culligan and
Britt, 2008).

ATR

ATR in Arabidopsis is highly conserved with ATR pgms in other species. Besides its
conserved parts, it contains motifs that are partisimilar to ATM. Interestingly,
different with animals, ArabidopsiTR° lines show the same phenotype as wild type
plants under normal growth conditions (Culligaralet 2004). HoweverATR© mutants
show hypersensitivity to replication stress indgcagents such as HU, aphidicolin and
UV-B light, and only mild sensitivity to DSB-indumj agents likey-radiation, which
implies that ATR is primarily required to respordreplication stress, and secondary to
double-strand breaks. Together with ATM, ATR isalwed in the maintenance of
chromosomal stability (Amiard et al., 2010; 201AY.R, cooperating with a telomere
constituent CTC1/STN1/TEN1 (CST) complex, is areasial element to maintain plant
telomeres (Boltz et al., 2012). Upon genotoxicsstreor lacking functional CST, ATR
activates a G2 checkpoint or induces cell deatmuffawa et al., 2010; Amiard et al.,
2011; Boltz et al., 2012). Similar with animals, RTs also regulated by an ATRIP
protein. TheHUS2 gene encodes an ATRIP ortholog protein in Arabsikaghus2-1
mutants have been identified as mutants showingersgnsitivy to HU treatment
(Sweeney et al., 2009).

WEE1

In plants, WEE1-related kinases have been desciibethize (Zea mays) (Sun et al.,
1999), tomato$olanum lycopersicunfGonzalez et al., 2004) and Arabidopsis (Sorrell
et al., 2002). Similar to animals and yeast, plAfEE1 kinase also plays an important
role in the DNA damage response. HU increA§&&1expression at the transcriptional
level in an ATR-dependent way (De Schutter et241Q7). This result in an arrest of cell
cycle progression during S-phasa/EET°© mutant plants on the other hand are
hypersensitive to HU and show a large amount ofidesls. After a prolonged and
strong HU treatmeniVEE1® plants show disorganization in the xylem tissued(€ et
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al., 2011). MeanwhileWEEL1 expression induced by-irradiation was shown to be
controlled by ATM, butWEEZI® plants do not show sensitivity to BM (Cools et al.
2011), which means that the WEE1 pathway is disgg@esin response to DSBs. In
other words, there should be other mechanisms néralothe DSB response besides
WEEL. Above all, WEEL1 is regulating the S-phasecess under DNA damage

conditions.
SOG1

Besides WEE1, SOGL1 is the other important celleyelgulator in the DNA damage
response and cell cycle regulati®OG1 (suppressor of gamma resporasjodes a
transcription factor. It is required for the indioct of a large amount of transcripts in
response to gamma radiation (Yoshiyama et al., 20B8hough the aminacid
sequences of SOG1 are unrelated to those of maammah3, the two proteins
functions are similar to each other (Yoshiyama let 2013). SOGX© plants show
resistance to DNA double stranded break (DSB) imducagents such as
bleomycin/zeocin and y-irradiation (Yoshiyama et al., 2009). Furthermore,
endoreduplication under DNA damage is represse8OG1° (Adachi et al., 2011).
Meanwhile there is only a low level of cell deathroot stem cells iBOG1® during
genotoxic stress (Furukawa et al., 2010). Takesttmy, SOG1 plays an important role
in the DNA damage response, especially in the D&Bpaonse. SOG1 promotes
hundreds of transcripts in response to DNA damagarest cell proliferation for DNA
repair. On the other hand, if DNA damage can't bscued efficiently, SOG1 will
initialize programmed cell death (PCD) progress(kawa et al., 2010).

SOGL1 is activated by ATM (Preuss and Britt, 2008lliGan et al., 2006; Ricaud et al.,
2007a). Expression &OG1was significantly increased by 100 @yrradiation in wild
type andATR® mutants, but not i TMC. Besides regulation on the transcriptional
level, SOGL1 is also activated post-translationajy ATM. A serine-glutamine (SQ)
domain in SOG1 protein is phosphorylated in an Adi&pendent manner under
genotoxic stress, includingirradiation, zeocin or ROS (Yoshiyama et al., 20¥Bet
al., 2014). Interestingly, there is no evidencea ®@GL1 is directly regulated by ATR,
but several reports showed that the ATR-SOGL1 patlstil exists (Yoshiyama et al.,
2009; Furukawa et al., 2010pDR-induced cell expansion occurred ATM or

ATR single mutants, but was significantly suppressethe ATM‘/ATR® double
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mutant or in theSOG1° (Adachi et al., 2011). In the long-term responseradiation,
ATR© mutants but noATM exhibit a similar phenotype t80G1° seedlings. It
suggests that SOG1 is activated in response toathiwation of ATR by some
replication-blocking lesions (Yoshiyama et al., QD0SOG1 also triggers stem-cell
death by gamma irradiation or UVB, which is actediin both cases by either ATR or
ATM (Furukawa et al., 2010). These results empleaiz importance and complexity

of SOG1 during the DNA damage response.

CONCLUSION

The regulation of cell cycle process and DNA damaggponse is conserved in
eukaryotes. Because of that, the main elementdviegon cell cycle and DNA damage
in plants are identified based on comparative rebeaith animal and yeast. For
example, CDKA proteins exhibit high similarity thet CDKs in animal and yeast, both
on a structural and functional level. ICK/KRP piote contain the CDK inhibitory
region that is analogous to the mammalian CKI pngp@7<**. The E2F/RBR pathway,
which is crucial to regulate cell cycle process hboh eukaryotic growth and
development or response of environmental signalisgpws resemblance from

functional mechanisms to regulatory pathways.

However, in pace with recent research results,ppgears that plants have evolved
different specific elements and regulatory pathwenslved in cell cycle regulation
and DNA damage response. For instance, thereps@as CDKB family in plants that
regulates cell division under the control of plapecific hormones. New CKI members
e.g SIM/SMR and SCI1 are found in Arabidopsis. Thae involved in plant
organogenesis including stigma and trichomes, spaese to abiotic stress. Besides the
new elements of cell cycle regulation, new comptsmémvolved in the DNA damage
response also are identified. In plants, SOG1 pdagsre role to inhibition of cell cycle,
DNA repair and initialization of programmed cellatle, analogously to the role of p53

in mammals.

The discovery of new components and mechanismelbtycle regulation and DNA
damage response in plants is just beginning. fibrisseeable that to reveal more such
mechanisms should be based on the understandiplgriffeatures. These features can

include plant hormone signaling pathways, cell waimation, heavy metal ion
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accumulation from soil, or photoperiodism and phkgtihesis regulation. ldentifying
the pathway involved in DDR and cell cycle reguatis important to understand the

reaction network of plants when they face extrimsid intrinsic stresses.



CHAPTER 1

REFERENCE

Abraham, R.T. (2001). Cell cycle checkpoint signaling througle tATM and ATR
kinases. Genes Deéb,2177-2196.

Adachi, S., Minamisawa, K., Okushima, Y., Inagaki,S., Yoshiyama, K., Kondou,
Y., Kaminuma, E., Kawashima, M., Toyoda, T., Matsuj M., Kurihara, D.,
Matsunaga, S., and Umeda, M. (2011). Programmed induction of
endoreduplication by DNA double-strand breaks ialdopsis. Proceedings of
the National Academy of Scienc&88,10004-100009.

Amiard, S., Depeiges, A., Allain, E., White, C.l.,and Gallego, M.E. (2011).
Arabidopsis ATM and ATR Kinases Prevent PropagabbiGenome Damage
Caused by Telomere Dysfunction. The Plant Cell @&a#i3,4254-4265.

Amiard, S., Charbonnel, C., Allain, E., Depeiges, A White, C.l., and Gallego,
M.E. (2010). Distinct Roles of the ATR Kinase and theelML-Rad50-Nbs1
Complex in the Maintenance of Chromosomal StabilityArabidopsis. The
Plant Cell Online22,3020-3033.

Appella, E., and Anderson, C.W. (2001). Post-translational modifications and
activation of p53 by genotoxic stresses. Europ@amnal of Biochemistrn268,
2764-2772.

Asada, K. (2006). Production and Scavenging of Reactive @ryd@pecies in
Chloroplasts and Their Functions. Plant Physiolbgy,391-396.

Attwooll, C., Denchi, E.L., and Helin, K. (2004). The E2F family: specific functions
and overlapping interests. Emb®3,4709-4716.

Babiychuk, E., Cottrill, P.B., Storozhenko, S., Fuagthong, M., Chen, Y.,
O’Farrell, M.K., Van Montagu, M., Inzé, D., and Kushnir, S. (1998). Higher
plants possess two structurally different poly(ADBbse) polymerases. The
Plant Journal5, 635-645.

Bakkenist, C.J., and Kastan, M.B. (2003). DNA damage activates ATM through
intermolecular autophosphorylation and dimer digg@mn. Nature421, 499-
506.

Barréco, R.M., Peres, A., Droual, A.-M., De VeylderL., Nguyen, L.S.L., De Wolf,
J., Mironov, V., Peerbolte, R., Beemster, G.T.S.nké, D., Broekaert, W.F.,
and Frankard, V. (2006). The Cyclin-Dependent Kinase Inhibitor Gry&RP1
Plays an Important Role in Seed Development of .Ritant Physiologyi42,
1053-1064.

Bartek, J., and Lukas, J. (2001). Pathways governing G1/S transition andrthe
response to DNA damage. FEBS 1490,117-122.

Berckmans, B., Lammens, T., Van Den Daele, H., Magy, Z., Bogre, L., and De
Veylder, L. (2011a). Light-Dependent Regulation of DEL1 Is é&#gtined by
the Antagonistic Action of E2Fb and E2Fc. Plant $bipgy157,1440-1451.

Berckmans, B., Vassileva, V., Schmid, S.P.C., MaeS,, Parizot, B., Naramoto, S.,
Magyar, Z., Kamei, C.L.A., Koncz, C., Bdgre, L., Pesiau, G., De Jaeger,
G., Friml, J., Simon, R., Beeckman, T., and De Vegeér, L. (2011b). Auxin-
Dependent Cell Cycle Reactivation through Transiom@al Regulation of
Arabidopsis E2Fa by Lateral Organ Boundary Proteiie Plant Cell Online
23,3671-3683.

-41 -



Cell Cycle Regulation In DNA Damage Response

-42 -

Besson, A., Dowdy, S.F., and Roberts, J.M2008). CDK Inhibitors: Cell Cycle
Regulators and Beyond. Developmental @él|159-169.

Bird, D., Buruiana, M., Zhou, Y., Fowke, L., and Wang, H. (2007). Arabidopsis
cyclin-dependent kinase inhibitors are nucleardiaed and show different
localization patterns within the nucleoplasm. Pl@etl Rep26,861-872.

Blasina, A., de Weyer, 1.V., Laus, M.C., Luyten, WH.M.L., Parker, A.E., and
McGowan, C.H. (1999). A human homologue of the checkpoint kin@sis1
directly inhibits Cdc25 phosphatase. Current Biglégl-10.

Boltz, K.A., Leehy, K., Song, X., Nelson, A.D., an&hippen, D.E.(2012). ATR
cooperates with CTC1 and STN1 to maintain telomargsgenome integrity in
Arabidopsis. Molecular Biology of the C&B, 1558-1568.

Borghi, L., Gutzat, R., Futterer, J., Laizet, Y.h., Hennig, L., and Gruissem, W.
(2010). Arabidopsis RETINOBLASTOMA-RELATED Is Reqed for Stem
Cell Maintenance, Cell Differentiation, and Late@aigan Production. The Plant
Cell Online22,1792-1811.

Boudolf, V., Rombauts, S., Naudts, M., Inzé, D., ah De Veylder, L. (2001).
Identification of novel cyclirdependent kinases interacting with the CKS1
protein of Arabidopsis. Journal of Experimental 8#ot52,1381-1382.

Brown, E.J., and Baltimore, D. (2000). ATR disruption leads to chromosomal
fragmentation and early embryonic lethality. Gege®evelopmentl4, 397-
402.

Buchtik, R., Travnicek, Z., Vanco, J., Herchel, R.,and Dvorak, Z. (2011).
Synthesis, characterization, DNA interaction andachge, and in vitro
cytotoxicity of copper(ii) mixed-ligand complexesitiv 2-phenyl-3-hydroxy-
4(1H)-quinolinone. Dalton Transactioa®,9404-9412.

Calo, E., Quintero-Estades, J.A., Danielian, P.SNedelcu, S., Berman, S.D., and
Lees, J.A.(2010). Rb regulates fate choice and lineage comemt in vivo.
Nature466,1110-1114.

Cao, H., and Wang, Y.(2007). Quantification of oxidative single-basel antrastrand
cross-link lesions in unmethylated and CpG-metiegdaDNA induced by
Fenton-type reagents. Nucleic Acids Rese8&1833-4844.

Carreira, S., Goodall, J., Aksan, I., La Rocca, S.A Galibert, M.-D., Denat, L.,
Larue, L., and Goding, C.R. (2005). Mitf cooperates with Rb1l and activates
p21Cipl expression to regulate cell cycle progoesdiaturet33,764-7609.

Carson, C.T., Schwartz, R.A., Stracker, T.H., Lillgy, C.E., Lee, D.V., and
Weitzman, M.D. (2003). The Mrell complex is required for ATM &ation
and the G2/M checkpoint. EMBO22,6610-6620.

Cayirlioglu, P., Ward, W.O., Silver Key, S.C., and Duronio, R.J. (2003).
Transcriptional Repressor Functions of DrosophitdAE and E2F2 Cooperate
To Inhibit Genomic DNA Synthesis in Ovarian FolécCells. Molecular and
Cellular Biology23,2123-2134.

Cervilla, L.M., Blasco, B., Rios, J.J., Romero, L.and Ruiz, J.M. (2007). Oxidative
Stress and Antioxidants in Tomato (Solanum lycdpars) Plants Subjected to
Boron Toxicity. Annals of Botan00,747-756.

Chen, H.-Z., Ouseph, M.M,, Li, J., Pécot, T., ChoKks, V., Kent, L., Bae, S., Byrne,
M., Duran, C., Comstock, G., Trikha, P., Mair, M., Senapati, S., Matrtin,



CHAPTER 1

C.K., Gandhi, S., Wilson, N., Liu, B., Huang, Y.-W, Thompson, J.C.,
Raman, S., Singh, S., Leone, M., Machiraju, R., Hua, K., Mo, X,
Fernandez, S., Kalaszczynska, I., Wolgemuth, D.JSicinski, P., Huang, T.,
Jin, V., and Leone, G.(2012). Canonical and atypical E2Fs regulate the
mammalian endocycle. Nat Cell Bib#i, 1192-1202.

Cheng, Y., Cao, L., Wang, S., Li, Y., Shi, X., LiuH., Li, L., Zhang, Z., Fowke,
L.C., Wang, H., and Zhou, Y. (2013). Downregulation of multiple CDK
inhibitor ICK/KRP genes upregulates the E2F pathveayd increases cell
proliferation, and organ and seed sizes in Aralsdoplhe Plant Journals,
642-655.

Christensen, J., Cloos, P., Toftegaard, U., Klinkdmerg, D., Bracken, A.P., Trinh,
E., Heeran, M., Di Stefano, L., and Helin, K.(2005). Characterization of
E2F8, a novel E2F-like cell-cycle regulated repoes®f EZ2F-activated
transcription. Nucleic Acids R&:3,5458-5470.

Chu, 1., Sun, J., Arnaout, A., Kahn, H., Hanna, W.,Narod, S., Sun, P., Tan, C.-K,,
Hengst, L., and Slingerland, J.(2007). p27 Phosphorylation by Src Regulates
Inhibition of Cyclin E-Cdk2. Celll28,281-294.

Chu, .M., Hengst, L., and Slingerland, J.M.(2008). The Cdk inhibitor p27 in human
cancer: prognostic potential and relevance to anter therapy. Nat Rev Cancer
8,253-267.

Churchman, M.L., Brown, M.L., Kato, N., Kirik, V., Hulskamp, M., Inz¢, D., De
Veylder, L., Walker, J.D., Zheng, Z., Oppenheimer,D.G., Gwin, T.,
Churchman, J., and Larkin, J.C. (2006). SIAMESE, a Plant-Specific Cell
Cycle Regulator, Controls Endoreplication OnsefAmbidopsis thalianaThe
Plant Cell Onlinel8, 3145-3157.

Cimprich, K.A., Shin, T.B., Keith, C.T., and Schreber, S.L. (1996). cDNA cloning
and gene mapping of a candidate human cell cycleckgoint protein.
Proceedings of the National Academy of Scier82850-2855.

Cobrinik, D. (2005). Pocket proteins and cell cycle con2#)2796-2809.

Cools, T., and De Veylder, L.(2009). DNA stress checkpoint control and plant
development. Curr Opin Plant BidR, 23-28.

Cools, T., lantcheva, A., Weimer, A.K., Boens, STakahashi, N., Maes, S., Van
den Daele, H., Van Isterdael, G., Schnittger, A.,ral De Veylder, L. (2011).
The Arabidopsis thalianaCheckpoint Kinase WEE1 Protects against Premature
Vascular Differentiation during Replication Stre3$he Plant Cell Onlin€3,
1435-1448.

Cortez, D., Guntuku, S., Qin, J., and Elledge, S.J2001). ATR and ATRIP: Partners
in Checkpoint Signaling. Scien@94,1713-1716.

Cruz-Ramirez, A., Diaz-Trivifio, S., Blilou, I., Grieneisen, Verdnica A., Sozzani, R.,
Zamioudis, C., Miskolczi, P., Nieuwland, J., Benjanms, R., Dhonukshe, P.,
Caballero-Pérez, J., Horvath, B., Long, Y., M&hdnepAri P., Zhang, H., Xu,
J.,  Murray, James A.H., Benfey, PhilipN., Bako, L. Marée,
Athanasius F.M., and Scheres, B.(2012). A Bistable Circuit Involving
SCARECROW-RETINOBLASTOMA Integrates Cues to Inforsymmetric
Stem Cell Division. Cell50,1002-1015.

Culligan, K., Tissier, A., and Britt, A. (2004). ATR regulates a G2-phase cell-cycle
checkpoint inArabidopsis thalianaPlant Cell16,1091-1104.

-43 -



Cell Cycle Regulation In DNA Damage Response

- 44 -

Culligan, K.M., and Britt, A.B. (2008). Both ATM and ATR promote the efficient and
accurate processing of programmed meiotic doulbésdt breaks. The Plant
Journal55, 629-638.

Culligan, K.M., Robertson, C.E., Foreman, J., Doerar, P., and Britt, A.B. (2006).
ATR and ATM play both distinct and additive roles iesponse to ionizing
radiation. Plant Journdig, 947-961.

Daniel, J.A., Pellegrini, M., Lee, B.-S., Guo, ZFilsuf, D., Belkina, N.V., You, Z.,
Paull, T.T., Sleckman, B.P., Feigenbaum, L., and Nisenzweig, A(2012).
Loss of ATM kinase activity leads to embryonic ity in mice. The Journal
of Cell Biology198,295-304.

Dash, B.C., and El-Deiry, W.S.(2005). Phosphorylation of p21 in G2/M Promotes
Cyclin B-Cdc2 Kinase Activity. Molecular and CebiulBiology25, 3364-3387.

Davies, B.W., Kohanski, M.A., Simmons, L.A., Winkle, J.A., Collins, J.J., and
Walker, G.C. (2009). Hydroxyurea Induces Hydroxyl Radical-Méed Cell
Death in Escherichia coli. Molecular C8B, 845-860.

De Bont, R., and van Larebeke, N(2004). Endogenous DNA damage in humans: a
review of quantitative data. Mutagene$#; 169-185.

De Schutter, K., Joubes, J., Cools, T., Verkest, ACorellou, F., Babiychuk, E., Van
Der Schueren, E., Beeckman, T., Kushnir, S., Inz€)., and De Veylder, L.
(2007). Arabidopsis WEE1 kinase controls cell cyeleest in response to
activation of the DNA integrity checkpoint. Plan¢lC19,211-225.

De Veylder, L., Beeckman, T., Beemster, G.T.S., Ki® L., Terras, F., Landrieu, I.,
Van Der Schueren, E., Maes, S., Naudts, M., and lazD. (2001). Functional
Analysis of Cyclin-Dependent Kinase Inhibitors ofadidopsis. The Plant Cell
Online13,1653-1668.

De Veylder, L., Beeckman, T., Beemster, G.T., de Akida Engler, J., Ormenese,
S., Maes, S., Naudts, M., Van Der Schueren, E., dgoard, A., Engler, G.,
and Inze, D. (2002). Control of proliferation, endoreduplicatioand
differentiation by the Arabidopsis E2Fa-DPa traimn factor. EMBO J21,
1360-1368.

Dean, J.L., McClendon, A.K., and Knudsen, E.S(2012). Modification of the DNA
Damage Response by Therapeutic CDK4/6 Inhibitiaurdal of Biological
Chemistry287,29075-29087.

DeGregori, J., and Johnson, D.G(2006). Distinct and Overlapping Roles for E2F
Family Members in Transcription, Proliferation anipoptosis. Current
molecular medicin®, 739-748.

del Pozo, J.C., Boniotti, M.B., and Gutierrez, C(2002). Arabidopsis E2Fc Functions
in Cell Division and Is Degraded by the UbiquitiGiBSAtSKP2 Pathway in
Response to Light. The Plant Cell Onlitg 3057-3071.

del Pozo, J.C., Diaz-Trivino, S., Cisneros, N., an@utierrez, C. (2006). The Balance
between Cell Division and Endoreplication Depends &2FC-DPB,
Transcription Factors Regulated by the UbiquitinFSEP2A Pathway in
Arabidopsis. The Plant Cell Onlide8, 2224-2235.

DePaoli, H., Goldman, G., and Goldman, M.-H(2012). SCI1, the first member of
the tissue-specific inhibitors of CDK (TIC) class,probably connected to the
auxin signaling pathway. Plant Signaling & Behavip53-58.



CHAPTER 1

DePaoli, H.C., Brito, M.S., Quiapim, A.C., Teixeira S.P., Goldman, G.H.,
Dornelas, M.C., and Goldman, M.H.S. (2011). Stigma/style cell cycle
inhibitor 1 (SCI1), a tissue-specific cell cycleguator that controls upper pistil
development. New Phytologi$©0,882-895.

Dewitte, W., and Murray, J.A. (2003). The plant cell cycle. Annu Rev Plant B,
235-264.

Dimova, D.K., and Dyson, N.J.(2005). The EZ2F transcriptional network: old
acquaintances with new fac2$,2810-2826.

Dizdaroglu, M. (2005). Base-excision repair of oxidative DNA dagmaby DNA
glycosylases. Mutation Research/Fundamental andeddtdr Mechanisms of
Mutagenesi$91,45-59.

Dizdaroglu, M., Jaruga, P., Birincioglu, M., and Ralriguez, H. (2002). Free radical-
induced damage to DNA: mechanisms and measurelfes®.Radical Biology
and Medicine32,1102-1115.

Du, W., and Dyson, N.(1999). The role of RBF in the introduction of Gdgulation
during Drosophila embryogenesis. EMBQ8 916-925.

Duli¢, V., Stein, G.H., Far, D.F., and Reed, S.I(1998). Nuclear Accumulation of
p21Cipl at the Onset of Mitosis: a Role at the GPBNMse Transition.
Molecular and Cellular Biolog$8,546-557.

E, X., Pickering, M.T., Debatis, M., Castillo, J.,Lagadinos, A., Wang, S., Lu, S.,
and Kowalik, T.F. (2011). An E2F1-Mediated DNA Damage Response
Contributes to the Replication of Human Cytomegals: PLoS Pathog,
e1001342.

Ebel, C., Mariconti, L., and Gruissem, W.(2004). Plant retinoblastoma homologues
control nuclear proliferation in the female gamdétyte. Naturet29,776-780.

Emerit, J., Edeas, M., and Bricaire, F.(2004). Neurodegenerative diseases and
oxidative stress. Biomedicine & Pharmacothera@y39-46.

Ewen, M.E., Xing, Y., Lawrence, J.B., and Livingsta, D.M. (1991). Molecular
cloning, chromosomal mapping, and expression of ¢B&NA for pl07, a
retinoblastoma gene product-related protein. 6&I1155-1164.

Fabian, T., Lorbiecke, R., Umeda, M., and Sauter, M(2000). The cell cycle genes
cycAl;1 and cdc20s-3 are coordinately regulatedibigerellin in planta. Planta
211,376-383.

Falck, J., Mailand, N., Syljuasen, R.G., Bartek, J.and Lukas, J.(2001). The ATM-
Chk2-Cdc25A checkpoint pathway guards against radistant DNA synthesis.
Nature410,842-847.

Ferreira, P.C., Hemerly, A.S., Villarroel, R., Van Montagu, M., and Inzé, D.
(1991). The Arabidopsis functional homolog of tf8lpdc2 protein kinase. The
Plant Cell Online3, 531-540.

Foti, J.J., Schienda, J., Sutera Jr, V.A., and Lowg S.T. (2005). A Bacterial G
Protein-Mediated Response to Replication Arrestleleldar Cell17,549-560.

Foyer, C.H., and Noctor, G.(2003). Redox sensing and signalling associatetd wi

reactive oxygen in chloroplasts, peroxisomes andochondria. Physiol
Plantarunmil19,355-364.

- 45 -



Cell Cycle Regulation In DNA Damage Response

- 46 -

Fragou, D., Fragou, A., Kouidou, S., Njau, S., andovatsi, L. (2011). Epigenetic
mechanisms in metal toxicity. Toxicology Mechanisamsl Method21, 343-
352.

Frolov, M.V., Huen, D.S., Stevaux, O., Dimova, DBalczarek-Strang, K., Elsdon,
M., and Dyson, N.J. (2001). Functional antagonism between E2F family
members. Genes & Developmdri, 2146-2160.

Fujimoto, S., Yonemura, M., Matsunaga, S., Nakagawal., Uchiyama, S., and
Fukui, K. (2005). Characterization and dynamic analysis ahbfdopsis
condensin subunits, AtCAP-H and AtCAP-H2. Plaz2i2&,293-300.

Fulcher, N., and Sablowski, R(2009). Hypersensitivity to DNA damage in plargrst
cell niches. Proceedings of the National AcademySofences106, 20984-
20988.

Furukawa, T., Curtis, M.J., Tominey, C.M., Duong, Y.H., Wilcox, B.W.L.,
Aggoune, D., Hays, J.B., and Britt, A.B.(2010). A shared DNA-damage-
response pathway for induction of stem-cell deaghll/B and by gamma
irradiation. DNA Repai®, 940-948.

Galanis, A., Karapetsas, A., and Sandaltzopoulos, .R(2009). Metal-induced
carcinogenesis, oxidative stress and hypoxia diggal Mutation
Research/Genetic Toxicology and Environmental Men&giss74,31-35.

Garcia, V., Salanoubat, M., Choisne, N., and Tisgie A. (2000). An ATM
homologue fromArabidopsis thaliana complete genomic organisation and
expression analysis. Nucleic Acids Rese&81692-1699.

Garcia, V., Bruchet, H., Camescasse, D., Granier,.FBouchez, D., and Tissier, A.
(2003). AtATM Is Essential for Meiosis and the Sdim&Response to DNA
Damage in Plants. The Plant Cell Onlifs 119-132.

Glickman, M.H., and Ciechanover, A.(2002). The Ubiquitin-Proteasome Proteolytic
Pathway: Destruction for the Sake of Constructi®hysiological Reviews$2,
373-428.

Gonzalez, N., Hernould, M., Delmas, F., Gévaudant., Duffe, P., Causse, M.,
Mouras, A., and Chevalier, C.(2004). Molecular characterization of a WEE1
gene homologue in tomato (Lycopersicon esculentuith) MPlant Molecular
Biology 56,849-861.

Gopinathan, L., Ratnacaram, C., and Kaldis, P.(2011). Established and Novel
Cdk/Cyclin Complexes Regulating the Cell Cycle ddelvelopment. In Cell
Cycle in Development, J.Z. Kubiak, ed (SpringerlideHeidelberg), pp. 365-
389.

Grafi, G., Burnett, R.J., Helentjaris, T., Larkins, B.A., DeCaprio, J.A., Sellers,
W.R., and Kaelin, W.G. (1996). A maize cDNA encoding a member of the
retinoblastoma protein family: involvement in enelduplication. Proceedings of
the National Academy of Scienc@3, 8962-8967.

Green, D.R., and Chipuk, J.E.(2006). p53 and Metabolism: Inside the TIGAR. Cell
126,30-32.

Guo, Z., Deshpande, R., and Paull, T.T(2010a). ATM activation in the presence of
oxidative stress Cell Cyck 4805-4811.

Guo, Z., Kozlov, S., Lavin, M.F., Person, M.D., andPaull, T.T. (2010b). ATM
Activation by Oxidative Stress. Sciengg0,517-521.



CHAPTER 1

Harbour, J.W., and Dean, D.C.(2000). The Rb/E2F pathway: expanding roles and
emerging paradigms. Genes & Developneht2393-24009.

Harper, JW., and Elledge, S.J.(2007). The DNA Damage Response: Ten Years
After. Molecular Cell28, 739-745.

Hartwig, D., Schlager, F., Bucsky, P., Kirchner, H. and Schlenke, P.(2002).
Successful long-term erythrocytapheresis therapy patient with symptomatic
sickle-cell disease using an arterio-venous fistlifansfusion Medicin&2, 75-
7.

Hoglinger, G.U., Breunig, J.J., Depboylu, C., Rouaxi C., Michel, P.P., Alvarez-
Fischer, D., Boutillier, A.L., Degregori, J., Oertd, W.H., Rakic, P., Hirsch,
E.C., and Hunot, S.(2007). The pRb/E2F cell-cycle pathway mediate$ ce
death in Parkinson's disease. Proc Natl Acad S®iAl104,3585-3590.

Horst, W.J., Wang, Y., and Eticha, D.(2010). The role of the root apoplast in
aluminium-induced inhibition of root elongation amdaluminium resistance of
plants: a review. Annals of Botaii6,185-197.

Huntley, R., Healy, S., Freeman, D., Lavender, Pde Jager, S., Greenwood, J.,
Makker, J., Walker, E., Jackman, M., Xie, Q., Bannster, A., Kouzarides,
T., Gutiérrez, C., Doonan, J., and Murray, J.H. (1998). The maize
retinoblastoma protein homologue ZmRb-1 is regdlakaring leaf development
and displays conserved interactions with G1/S e#gus and plant cyclin D
(CycD) proteins. Plant Molecular Biolo@y7, 155-169.

Inoue, Y., Kitagawa, M., and Taya, Y.(2007). Phosphorylation of pRB at Ser612 by
Chk1/2 leads to a complex between pRB and E2Fetl BiNA damage. EMBO
J26,2083-2093.

Inzé, D., and De Veylder, L.(2006). Cell Cycle Regulation in Plant Development
Annual Review of Genetic$0, 77-105.

Jacks, T., Fazeli, A., Schmitt, E.M., Bronson, R.T.Goodell, M.A., and Weinberg,
R.A. (1992). Effects of an Rb mutation in the mouseuke359,295-300.

Jakoby, M.J., Weinl, C., Pusch, S., Kuijt, S.J.H.Merkle, T., Dissmeyer, N., and
Schnittger, A. (2006). Analysis of the Subcellular Localizatidfynction, and
Proteolytic Control of the Arabidopsis Cyclin-Depemt Kinase Inhibitor
ICK1/KRP1. Plant Physiolog¥41,1293-1305.

Jasinski, S., Perennes, C., Bergounioux, C., and &, N. (2002). Comparative
Molecular and Functional Analyses of the Tobaccali@yDependent Kinase
Inhibitor NtKISla and Its Spliced Variant NtKIS1®lant Physiologyl130,
1871-1882.

Jégu, T., Latrasse, D., Delarue, M., Mazubert, CBourge, M., Hudik, E., Blanchet,
S., Soler, M.-N., Charon, C., De Veylder, L., Rayna, C., Bergounioux, C.,
and Benhamed, M. (2013). Multiple Functions of Kip-Related Protein5
Connect Endoreduplication and Cell Elongation. PRhysiology161, 1694-
1705.

Johnston, A.J., Matveeva, E., Kirioukhova, O., Grosniklaus, U., and Gruissem,
W. (2008). A Dynamic Reciprocal RBR-PRC2 Regulatoriyc@t Controls
Arabidopsis Gametophyte Development. Current Biplb, 1680-1686.

Jomova, K., and Valko, M. (2011). Advances in metal-induced oxidative strasd
human disease. Toxicolo@B3,65-87.

-47 -



Cell Cycle Regulation In DNA Damage Response

- 48 -

Joubes, J., Chevalier, C., Dudits, D., Heberle-Bor<€., Inzé, D., Umeda, M., and
Renaudin, J.-P.(2000). CDK-related protein kinases in plantsnPMolecular
Biology 43,607-620.

Juul, T., Malolepszy, A., Dybkeer, K., Kidmose, R.Rasmussen, J.T., Andersen,
G.R., Johnsen, H.E., Jgrgensen, J.-E., and Anderse8.U. (2010). The in
Vivo Toxicity of Hydroxyurea Depends on Its Direarget Catalase. Journal of
Biological Chemistry285,21411-21415.

Kamunde, C., and MacPhail, R.(2011). Metal-metal interactions of dietary cadmju
copper and zinc in rainbow trout, Oncorhynchus mgkiEcotoxicology and
Environmental Safety4,658-667.

Kastan, M.B., and Bartek, J.(2004). Cell-cycle checkpoints and cancer. Nat.82,
316-323.

Katayama, K., Nakamura, A., Sugimoto, Y., Tsuruo, T, and Fujita, N. (2007).
FOXO transcription factor-dependent pl5INK4b an®IpK4d expression.
Oncogen&€7,1677-1686.

Kong, L.-J., Orozco, B.M., Roe, J.L., Nagar, S., OuS., Feiler, H.S., Durfee, T.,
Miller, A.B., Gruissem, W., Robertson, D., and Har¢y-Bowdoin, L. (2000).
A geminivirus replication protein interacts withethretinoblastoma protein
through a novel domain to determine symptoms asdudé specificity of
infection in plants. EMBO 19, 3485-3495.

Kono, A., Umeda-Hara, C., Lee, J., Ito, M., Uchimig, H., and Umeda, M.(2003).
Arabidopsis D-Type Cyclin CYCD4;1 Is a Novel Cyclitartner of B2-Type
Cyclin-Dependent Kinase. Plant Physioldf2,1315-1321.

Korenjak, M., and Brehm, A. (2005). E2F—-Rb complexes regulating transcriptbn
genes important for differentiation and developme@urrent Opinion in
Genetics & Developmerits, 520-527.

Koshiba, T., Kobayashi, M., and Matoh, T.(2009). Boron Nutrition of Tobacco BY-2
Cells. V. Oxidative Damage is the Major Cause off Death Induced by Boron
Deprivation. Plant and Cell Physiolo§9, 26-36.

Kosugi, S., and Ohashi, Y(2002). Interaction of the Arabidopsis E2F and ®¥Bteins
Confers Their Concomitant Nuclear Translocation dmdnsactivation. Plant
Physiology128,833-843.

Kovesdi, I., Reichel, R., and Nevins, J.R(1986). Identification of a cellular
transcription factor involved in E1A trans-activati Cell45,219-228.

Kurose, A., Tanaka, T., Huang, X., Traganos, F., DaW., and Darzynkiewicz, Z.
(2006). Effects of hydroxyurea and aphidicolin dmogphorylation of ataxia
telangiectasia mutated on Ser 1981 and histone Ha@&%er 139 in relation to
cell cycle phase and induction of apoptosis. Cytoyrieéart AG9A, 212-221.

Kurz, E.U., and Lees-Miller, S.P.(2004). DNA damage-induced activation of ATM
and ATM-dependent signaling pathways. DNA Repamég) 3, 889-900.

Lammens, T., Li, J., Leone, G., and De Veylder, L(2009). Atypical E2Fs: new
players in the E2F transcription factor family. fids in Cell Biology19, 111-
118.

Lammens, T., Boudolf, V., Kheibarshekan, L., Panagtis Zalmas, L., Gaamouche,
T., Maes, S., Vanstraelen, M., Kondorosi, E., La Téngue, N.B., Govaerts,
W., Inzé, D., and De Veylder, L.(2008). Atypical E2F activity restrains



CHAPTER 1

APC/CCCS52A2 function obligatory for endocycle angeroceedings of the
National Academy of Sciencd&95,14721-14726.

Lange, J., Pan, J., Cole, F., Thelen, M.P., JasiM., and Keeney, S.(2011). ATM
controls meiotic double-strand-break formation.uxa#i79,237-240.

Lee, J.-H., and Paull, T.T.(2004). Direct Activation of the ATM Protein Kinaby the
Mrell/Rad50/Nbsl Complex. Scierk@4,93-96.

Lee, J., Kumagai, A., and Dunphy, W.G.(2001). Positive Regulation of Weel by
Chk1 and 14-3-3 Proteins. Molecular Biology of @&l 12,551-563.

Lee, J., Kumagai, A., and Dunphy, W.G(2003). Claspin, a Chk1-Regulatory Protein,
Monitors DNA Replication on Chromatin Independently RPA, ATR, and
Radl17. Molecular Cell1, 329-340.

Liang, S.-H., and Clarke, M.F. (2001). Regulation of p53 localization. European
Journal of Biochemistr268,2779-2783.

Lim, S., and Kaldis, P. (2013). Cdks, cyclins and CKIs: roles beyond asitle
regulation. Developmerit40,3079-3093.

Lindahl, T., Satoh, M.S., Poirier, G.G., and Klunghnd, A. (1995). Post-translational
modification of poly(ADP-ribose) polymerase indudeg DNA strand breaks.
Trends in Biochemical Scienc§,405-411.

Linder, M.C. (2012). The relationship of copper to DNA damaged adlamage
prevention in humans. Mutation Research/Fundameraiatl Molecular
Mechanisms of MutagenesiS83,83-91.

Lopes, M., Cotta-Ramusino, C., Pellicioli, A., Libe, G., Plevani, P., Muzi-Falconi,
M., Newlon, C.S., and Foiani, M.(2001). The DNA replication checkpoint
response stabilizes stalled replication forks. kadd2,557-561.

Lui, H., Wang, H., DeLong, C., Fowke, L.C., Crosby,W.L., and Fobert, P.R.
(2000). The Arabidopsis Cdc2a-interacting prot€diK2 is structurally related
to ICK1 and is a potent inhibitor of cyclin-depentdinase activity in vitro.
The Plant Journ&l, 379-385.

Lukaszewski, K.M., and Blevins, D.G.(1996). Root Growth Inhibition in Boron-
Deficient or Aluminum-Stressed Squash May Be a Redumpaired Ascorbate
Metabolism. Plant Physiology12,1135-1140.

Luo, J., Solimini, N.L., and Elledge, S.J.(2009). Principles of Cancer Therapy:
Oncogene and Non-oncogene Addiction. @86,823-837.

Ma, B., Gao, L., Zhang, H., Cui, J., and Shen, Z(2012). Aluminum-induced
oxidative stress and changes in antioxidant desemsthe roots of rice varieties
differing in Al tolerance. Plant cell repor34,687-696.

Magyar, Z., De Veylder, L., Atanassova, A., Baké, L. Inzé, D., and Bdgre, L.
(2005). The Role of the Arabidopsis E2FB TransmiptFactor in Regulating
Auxin-Dependent Cell Division. The Plant Cell Odih7,2527-2541.

Magyar, Z., Horvath, B., Khan, S., Mohammed, B., Hariques, R., De Veylder, L.,
Bako, L., Scheres, B., and Bogre, L(2012). Arabidopsis E2FA stimulates
proliferation and endocycle separately through RBRnAd and RBR-free
complexes. EMBO 31,1480-1493.

- 49 -



-850 -

Cell Cycle Regulation In DNA Damage Response

Maiti, B., Li, J., de Bruin, A., Gordon, F., Timmers, C., Opavsky, R., Patil, K.,
Tuttle, J., Cleghorn, W., and Leone, G(2005). Cloning and characterization
of mouse E2F8, a novel mammalian E2F family mendagrable of blocking
cellular proliferation. J Biol Cher80,18211-18220.

Malumbres, M., Harlow, E., Hunt, T., Hunter, T., Lahti, J.M., Manning, G.,
Morgan, D.O., Tsai, L.-H., and Wolgemuth, D.J.(2009). Cyclin-dependent
kinases: a family portrait. Nat Cell Bitll,1275-1276.

Mariconti, L., Pellegrini, B., Cantoni, R., StevensR., Bergounioux, C., Cella, R.,
and Albani, D. (2002). The E2F Family of Transcription Factor®nir
Arabidopsis thaliana NOVEL AND CONSERVED COMPONENTS OF THE
RETINOBLASTOMA/E2F PATHWAY IN PLANTS. Journal of Biogical
Chemistry277,9911-99109.

Martinez, L.A., Goluszko, E., Chen, H.-Z., Leone, G Post, S., Lozano, G., Chen,
Z., and Chauchereau, A(2010). E2F3 Is a Mediator of DNA Damage-Induced
Apoptosis. Molecular and Cellular Biolo@p, 524-536.

Maya, R., Balass, M., Kim, S.-T., Shkedy, D., Leall.-F.M., Shifman, O., Moas, M.,
Buschmann, T., Ronai, Z.e., Shiloh, Y., Kastan, M.BKatzir, E., and Oren,
M. (2001). ATM-dependent phosphorylation of Mdm2 amirsee 395: role in
p53 activation by DNA damage. Genes & Developniént067-1077.

Meserve, J.H., and Duronio, R.J(2012). Atypical E2Fs drive atypical cell cyclé&at
Cell Biol 14,1124-1125.

Mironov, V., De Veylder, L., Van Montagu, M., and Inzé, D. (1999). Cyclin-
Dependent Kinases and Cell Division in Plants—Thexié. The Plant Cell
Online11,509-521.

Mordes, D.A., Glick, G.G., Zhao, R., and Cortez, D(2008). TopBP1 activates ATR
through ATRIP and a PIKK regulatory domain. GenesD&velopment22,
1478-1489.

Morgan, D.O. (2007). The cell cycle: principles of control. (M&cience Press).

Murphree, A., and Benedict, W.(1984). Retinoblastoma: clues to human oncogenesis
Science223,1028-1033.

Nakagami, H., Sekine, M., Murakami, H., and Shinmyp A. (1999). Tobacco
retinoblastoma-related protein phosphorylated byisainct cyclin-dependent
kinase complex with Cdc2/cyclin D in vitro. The Ridournall8, 243-252.

Nakagami, H., Kawamura, K., Sugisaka, K., Sekine, M and Shinmyo, A.(2002).
Phosphorylation of Retinoblastoma-Related Protgmthe Cyclin D/Cyclin-
Dependent Kinase Complex Is Activated at the GIi&sE Transition in
Tobacco. The Plant Cell Onliriel, 1847-1857.

Nakayama, K.-i., and Nakayama, K. (1998). Cip/Kip cyclin-dependent kinase
inhibitors: brakes of the cell cycle engine durigvelopment. BioEssay20,
1020-1029.

Nam, E.A., and Cortez, D.(2011). ATR signalling: more than meeting at tloekf
Biochemical Journad36,527-536.

Naouar, N., Vandepoele, K., Lammens, T., Casneuf,,1Zeller, G., Van Hummelen,
P., Weigel, D., Ratsch, G., Inzé, D., Kuiper, M., ® Veylder, L., and
Vuylsteke, M. (2009). Quantitative RNA expression analysis wAfifiymetrix



CHAPTER 1

Tiling 1.0R arrays identifies new E2F target gerldse Plant Journgd7, 184-
194.

Nguyen, D.X., and McCance, D.J.(2005). Role of the retinoblastoma tumor
suppressor protein in cellular differentiation. @l of Cellular Biochemistry
94,870-879.

Nowack, M.K., Ungru, A., Bjerkan, K.N., Grini, P.E., and Schnittger, A. (2010).
Reproductive cross-talk: seed development in flavgeplants. Biochem. Soc.
Trans.38,604-612.

Nowack, Moritz K., Harashima, H., Dissmeyer, N., Zlao, X.A., Bouyer, D.,
Weimer, Annika K., De Winter, F., Yang, F., and Schittger, A. (2012).
Genetic Framework of Cyclin-Dependent Kinase Fuamctin Arabidopsis.
Developmental Cel22,1030-1040.

Nurse, P.(1975). Genetic control of cell size at cell digisin yeast. Natur@56,547-
551.

Nyberg, K.A., Michelson, R.J., Putham, C.W., and Wieert, T.A. (2002). Toward
maintaining the genome: DNA damage and replicatioeckpoints. Annu Rev
Genet36,617-656.

Oakenfull, E.A., Riou-Khamlichi, C., and Murray, A.H. (2002). Plant D-type
cyclins and the control of G1 progression. Phildscgl Transactions of the
Royal Society of London. Series B: Biological Sces357,749-760.

Ohtani, N., Zebedee, Z., Huot, T.J.G., Stinson, J.A Sugimoto, M., Ohashi, Y.,
Sharrocks, A.D., Peters, G., and Hara, E(2001). Opposing effects of Ets and
Id proteins on pl6INK4a expression during cellus@nescence. Natu#09,
1067-1070.

Ortega, S., Malumbres, M., and Barbacid, M.(2002). Cyclin D-dependent kinases,
INK4 inhibitors and cancer. Biochimica et Biophysi&cta (BBA) - Reviews on
Cancerl602,73-87.

Pagano, M., Pepperkok, R., Verde, F., Ansorge, Wand Draetta, G.(1992). Cyclin-
a Is Required at 2 Points in the Human Cell-CyElabo J.11,961-971.

Panda, S.K., Baluska, F., and Matsumoto, H(2009). Aluminum stress signaling in
plants. Plant Signaling & Behavid; 592-597.

Pei, X.-H., and Xiong, Y.(2005). Biochemical and cellular mechanisms of mmatran
CDK inhibitors: a few unresolved issu24,2787-2795.

Peng, C.-Y., Graves, P.R., Thoma, R.S., Wu, Z., SkaA.S., and Piwnica-Worms,
H. (1997). Mitotic and G2 Checkpoint Control: Regidat of 14-3-3 Protein
Binding by Phosphorylation of Cdc25C on Serine-3d@ence277,1501-1505.

Peres, A., Churchman, M.L., Hariharan, S., Himanen, K., Verkest, A.,
Vandepoele, K., Magyar, Z., Hatzfeld, Y., Van Der &hueren, E., Beemster,
G.T.S., Frankard, V., Larkin, J.C., Inzé, D., and D& Veylder, L. (2007).
Novel Plant-specific Cyclin-dependent Kinase Intals Induced by Biotic and
Abiotic Stresses. Journal of Biological Chemi282,25588-25596.

Perilli, S., Perez-Perez, J.M., Di Mambro, R., Pes, C.L., Diaz-Trivifio, S., Del
Bianco, M., Pierdonati, E., Moubayidin, L., Cruz-Ramirez, A., Costantino,
P., Scheres, B., and Sabatini, S2013). RETINOBLASTOMA-RELATED
Protein Stimulates Cell Differentiation in the Arddypsis Root Meristem by
Interacting with Cytokinin Signaling. The Plant C@hline 25,4469-4478.

-51 -



Cell Cycle Regulation In DNA Damage Response

-52 -

Porceddua, A., De Veyldera, L., Hayles, J., Van Mdagu, M., Inzé, D., and
Mironov, V. (1999). Mutational analysis of twArabidopsis thalianacyclin-
dependent kinases in fission yeast. FEBS Let#té65182-188.

Preuss, S.B., and Britt, A.B.(2003). A DNA-damage-induced cell cycle checkpamt
Arabidopsis. Genetick64,323-334.

Prives, C., and Hall, P.A.(1999). The p53 pathway. The Journal of Patholb8y,
112-126.

Radziejwoski, A., Vlieghe, K., Lammens, T., Berckmas, B., Maes, S., Jansen,
M.A.K., Knappe, C., Albert, A., Seidlitz, H.K., Bahnweg, G., Inze, D., and
De Veylder, L. (2011). Atypical E2F activity coordinates PHR1 fuigase
gene transcription with endoreduplication onset BEMJ 30, 355-363.

Ramirez-Parra, E., Lopez-Matas, M.A., Frindt, C., aad Gutierrez, C. (2004). Role
of an Atypical E2F Transcription Factor in the Qohtof Arabidopsis Cell
Growth and Differentiation. The Plant Cell Onlih&, 2350-2363.

Ramirez-Parra, E., Xie, Q., Boniotti, M.B., and Guierrez, C. (1999). The cloning of
plant E2F, a retinoblastoma-binding protein, reseahique and conserved
features with animal G1/S regulators. Nucleic AdR¥ssearcl27,3527-3533.

Rekhtman, N., Choe, K.S., Matushansky, I., Murray S., Stopka, T., and Skoultchi,
A.l. (2003). PU.1 and pRB Interact and Cooperate TorddspGATA-1 and
Block Erythroid Differentiation. Molecular and Cellr Biology23, 7460-7474.

Ren, B., Cam, H., Takahashi, Y., Volkert, T., Terrgni, J., Young, R.A., and
Dynlacht, B.D. (2002). E2F integrates cell cycle progression iI#A repair,
replication, and G2/M checkpoints. Genes & Develeptii6, 245-256.

Ren, H., Santner, A., Pozo, J.C.d., Murray, J.A.H.,and Estelle, M. (2008).
Degradation of the cyclin-dependent kinase inhibiX&P1 is regulated by two
different ubiquitin E3 ligases. The Plant Jours3705-716.

Ricaud, L., Proux, C., Renou, J.P., Pichon, O., Fbesato, S., Ortet, P., and
Montane, M.H. (2007a). ATM-mediated transcriptional and develepial
responses to gamma-rays in Arabidopsis. PloS20e430.

Ricaud, L., Proux, C., Renou, J.-P., Pichon, O., Ebesato, S., Ortet, P., and
Montané, M.-H. (2007b). ATM-Mediated Transcriptional and Develagntal
Responses tp-rays in Arabidopsis. PLoS ONE e430.

Riou-Khamlichi, C., Menges, M., Healy, J.M.S., andMurray, J.A.H. (2000). Sugar
Control of the Plant Cell Cycle: Differential Regtibn of Arabidopsis D-Type
Cyclin Gene Expression. Molecular and Cellular Bgyl20,4513-4521.

Robbins, W.A., Wei, F., Elashoff, D.A., Wu, G., XunL., and Jia, J. (2008). Y:X
Sperm Ratio in Boron-Exposed Men. Journal of Analygl29,115-121.

Roeder, A.H.K., Chickarmane, V., Cunha, A., Obara,B., Manjunath, B.S., and
Meyerowitz, E.M. (2010). Variability in the Control of Cell DivistoUnderlies
Sepal Epidermal Patterning in Arabidopsis thali@iaS Biol8, e1000367.

Rogoff, H.A., Pickering, M.T., Debatis, M.E., JonesS., and Kowalik, T.F.(2002).
E2F1 Induces Phosphorylation of p53 That Is Coewid with p53
Accumulation and Apoptosis. Molecular and Celllaslogy 22,5308-5318.



CHAPTER 1

Roldan-Arjona, T., and Ariza, R.R. (2009). Repair and tolerance of oxidative DNA
damage in plants. Mutation Research/Reviews in trteResearct681, 169-
179.

Rothblum-Oviatt, C.J., Ryan, C.E., and Piwnica-Worns, H. (2001). 14-3-3 Binding
Regulates Catalytic Activity of Human Weel Kina§&zll Growth Differ 12,
581-589.

Rounds, M.A., and Larsen, P.B. (2008). Aluminum-Dependent Root-Growth
Inhibition in Arabidopsis Results from AtATR-Regtdd Cell-Cycle Arrest.
Current Biologyl8, 1495-1500.

Ruiz, R., Garcia, B., Garcia-Tojal, J., Busto, N.Jbeas, S., Leal, J., Martins, C.,
Gaspar, J., Borras, J., Gil-Garcia, R., and GonzaleAlvarez, M. (2010).
Biological assays and noncovalent interactions gfidme-2-carbaldehyde
thiosemicarbazonecopper(ll) drugs with [poly(dA—2T)[poly(dG—-dC)]2, and
calf thymus DNA. J Biol Inorg Cher5,515-532.

Russell, P., and Nurse, P(1987). The mitotic inducer nim1+ functions inegulatory
network of protein kinase homologs controlling thi#iation of mitosis. Cel49,
569-576.

Ruzankina, Y., Pinzon-Guzman, C., Asare, A., Ong, .T Pontano, L., Cotsarelis, G.,
Zediak, V.P., Velez, M., Bhandoola, A., and BrownE.J. (2007). Deletion of
the Developmentally Essential Gene ATR in Adult &liceads to Age-Related
Phenotypes and Stem Cell Loss. Cell Stem CdllLl3-126.

Sabelli, P.A., Liu, Y., Dante, R.A., Lizarraga, L.E, Nguyen, H.N., Brown, S.W.,
Klingler, J.P., Yu, J., LaBrant, E., Layton, T.M., Feldman, M., and Larkins,
B.A. (2013). Control of cell proliferation, endoredwaiiion, cell size, and cell
death by the retinoblastoma-related pathway in enaizdosperm. Proceedings
of the National Academy of Scienck$0,E1827-E1836.

Sakamoto, T., Inui, Y.T., Uraguchi, S., YoshizumiT., Matsunaga, S., Mastui, M.,
Umeda, M., Fukui, K., and Fujiwara, T. (2011). Condensin Il Alleviates DNA
Damage and Is Essential for Tolerance of Boron 0adrStress in Arabidopsis.
The Plant Cell Onlin@3,3533-3546.

Sakano, K., Oikawa, S., Hasegawa, K., and KawanishB. (2001). Hydroxyurea
Induces Site-specific DNA Damage via Formation ofdkbgen Peroxide and
Nitric Oxide. Cancer Scien@2,1166-1174.

Schnittger, A., Schobinger, U., Bouyer, D., Weinl,C., Stierhof, Y.-D., and
Hulskamp, M. (2002). Ectopic D-type cyclin expression induces anly DNA
replication but also cell division in Arabidopsischomes. Proceedings of the
National Academy of Scienc&9,6410-6415.

Shiloh, Y., and Kastan, M.B.(2001). ATM: Genome stability, neuronal developmen
and cancer cross paths. In Advances in Cancer Rbsgacademic Press), pp.
209-254.

Smith, J., Mun Tho, L., Xu, N., and A. Gillespie, D (2010). The ATM-Chk2 and
ATR-Chk1l Pathways in DNA Damage Signaling and Canice Advances in
Cancer Research, F.V.W. George and K. George Aedglémic Press), pp. 73-
112.

Sogo, J.M., Lopes, M., and Foiani, M.(2002). Fork Reversal and ssDNA
Accumulation at Stalled Replication Forks Owing @heckpoint Defects.
Science297,599-602.

- 53 -



Cell Cycle Regulation In DNA Damage Response

-54 -

Soprano, K.J., Purev, E., Vuocolo, S., and Soprand.R. (2006). Rb2//p130 and
protein phosphatase 2A: key mediators of ovariarcimama cell growth
suppression by all-trans retinoic acid. Oncog@he315-5325.

Sorrell, D., Marchbank, A., McMahon, K., Dickinson, R., Rogers, H., and Francis,
D. (2002). A WEE1 homologue frorArabidopsis thalianaPlanta215, 518-
522.

Sozzani, R., Maggio, C., Varotto, S., Canova, S.eBjounioux, C., Albani, D., and
Cella, R. (2006). Interplay between Arabidopsis activatirgtérs E2Fb and
E2Fa in cell cycle progression and developmenntfRaysiol140,1355-1366.

Sozzani, R., Maggio, C., Giordo, R., Umana, E., Aencio-lbafiez, J., Hanley-
Bowdoin, L., Bergounioux, C., Cella, R., and Albani D. (2010). The
E2FD/DEL2 factor is a component of a regulatorywoek controlling cell
proliferation and development in Arabidopsis. Plstaiecular Biology72, 381-
395.

Stevens, C., Smith, L., and La Thangue, N.B(2003). Chk2 activates E2F-1 in
response to DNA damage. Nat Cell Bio¥01-4009.

Strausfeld, U., Labbe, J.C., Fesquet, D., Cavadord,.C., Picard, A., Sadhu, K.,
Russell, P., and Doree, M,(1991). Dephosphorylation and activation of a
p34cdc2/cyclin B complex in vitro by human CDC2%tein. Nature351,242-
245.

Sun, Y., Dilkes, B.P., Zhang, C., Dante, R.A., Caeiro, N.P., Lowe, K.S., Jung, R.,
Gordon-Kamm, W.J., and Larkins, B.A. (1999). Characterization of maize
(Zea mays L.) Weel and its activity in developimgl@sperm. Proceedings of
the National Academy of Scienc@§,4180-4185.

Sweeney, P.R., Britt, A.B., and Culligan, K.M.(2009). The Arabidopsis ATRIP
ortholog is required for a programmed responseefdication inhibitors. The
Plant Journab0,518-526.

Swiatek, A., Azmi, A., Stals, H., Inzé, D., and Van Orkelen, H. (2004). Jasmonic
acid prevents the accumulation of cyclin B1;1 andKeB in synchronized
tobacco BY-2 cells. FEBS Lette$32,118-122.

Takashi, H., Yoshiro, I., Toyoaki, A., Minami, M., and Atsuhiro, O. (1991).
Identification of two cell-cycle-controlling cdc2ege homologs ifrabidopsis
thaliana Genel05,159-165.

Tang, W.-y., and Ho, S.-m.(2007). Epigenetic reprogramming and imprinting in
origins of disease. Rev Endocr Metab Dis8rd73-182.

Timson, J. (1975). Hydroxyurea. Mutation Research/Reviewssgnetic Toxicology
32,115-131.

Tsuge, M., Hamamoto, R., Silva, F.P., Ohnishi, Y Chayama, K., Kamatani, N.,
Furukawa, Y., and Nakamura, Y. (2005). A variable number of tandem
repeats polymorphism in an E2F-1 binding elemernthe5' flanking region of
SMYDa3 is a risk factor for human cancers. Natureegies37,1104-1107.

Umeda, M., Umeda-Hara, C., Yamaguchi, M., HashimotoJ., and Uchimiya, H.
(1999). Differential Expression of Genes for Cydlependent Protein Kinases
in Rice Plants. Plant Physiolody9,31-40.



CHAPTER 1

Unsal-Kagmaz, K., and Sancar, A(2004). Quaternary Structure of ATR and Effects
of ATRIP and Replication Protein A on Its DNA Bimgi and Kinase Activities.
Molecular and Cellular Biolog24,1292-1300.

Uto, K., Inoue, D., Shimuta, K., Nakajo, N., and Sgata, N.(2004). Chk1, but not
Chk2, inhibits Cdc25 phosphatases by a novel commeahanism. EMBO J
23,3386-3396.

van den Heuvel, S., and Dyson, N.J2008). Conserved functions of the pRB and E2F
families. Nat Rev Mol Cell Bio9, 713-724.

Vandepoele, K., Vlieghe, K., Florquin, K., HennigL., Beemster, G.T.S., Gruissem,
W., Van de Peer, Y., Inzé, D., and De Veylder, L(2005). Genome-Wide
Identification of Potential Plant E2F Target Geneknt Physiologyl 39, 316-
328.

Vanderauwera, S., Suzuki, N., Miller, G., van de Cite, B., Morsa, S., Ravanat, J.-
L., Hegie, A., Triantaphylides, C., Shulaev, V., Va Montagu, M.C.E., Van
Breusegem, F., and Mittler, R. (2011). Extranuclear protection of
chromosomal DNA from oxidative stress. Proceedwighe National Academy
of Scienced08,1711-1716.

Verkest, A., Manes, C.-L.d.O., Vercruysse, S., Maess., Van Der Schueren, E.,
Beeckman, T., Genschik, P., Kuiper, M., Inzé, D.,ral De Veylder, L.
(2005). The Cyclin-Dependent Kinase Inhibitor KRE@ntrols the Onset of the
Endoreduplication Cycle during Arabidopsis Leaf Beypment through
Inhibition of Mitotic CDKA;1 Kinase Complexes. Theelant Cell Onlinel7,
1723-1736.

Veylder, L.D., Joubes, J., and Inzé, D(2003). Plant cell cycle transitions. Current
Opinion in Plant Biologys, 536-543.

Wabhl, G.M., and Carr, A.M. (2001). The evolution of diverse biological respes to
DNA damage: insights from yeast and p53. Nat Cell B, E277-E286.

Wang, H., Zhou, Y., Bird, D.A., and Fowke, L.C.(2008). Functions, regulation and
cellular localization of plant cyclin-dependent &se inhibitors. Journal of
microscopy231,234-246.

Wang, H., Zhou, Y., Gilmer, S., Whitwill, S., and wke, L.C. (2000). Expression of
the plant cyclin-dependent kinase inhibitor ICKXeafs cell division, plant
growth and morphology. The Plant JourB4]613-623.

Wang, H., Qi, Q., Schorr, P., Cutler, Adrian J., Ciosby, W.L., and Fowke, L.C.
(1998). ICK1, a cyclin-dependent protein kinaseibithr from Arabidopsis
thaliana interacts with both Cdc2a and CycD3, and its esgiom is induced by
abscisic acid. The Plant Jourrdal, 501-510.

Waterworth, W.M., Altun, C., Armstrong, S.J., Roberts, N., Dean, P.J., Young, K.,
Weil, C.F., Bray, C.M., and West, C.E.(2007). NBS1 is involved in DNA
repair and plays a synergistic role with ATM in natithg meiotic homologous
recombination in plants. The Plant Jourb2j41-52.

Watson, J.D., and Berry, A.(2009). DNA: The Secret of Life. (Knopf Doubleday
Publishing Group).

Weinberg, R.A. (1995). The retinoblastoma protein and cell cyabatrol. Cell 81,
323-330.

-55 -



Cell Cycle Regulation In DNA Damage Response

-56 -

Weinl, C., Marquardt, S., Kuijt, S.J.H., Nowack, M.K., Jakoby, M.J., Hilskamp,
M., and Schnittger, A. (2005). Novel Functions of Plant Cyclin-Dependent
Kinase Inhibitors, ICK1/KRP1, Can Act Non-Cell-Ammomously and Inhibit
Entry into Mitosis. The Plant Cell Onlirier, 1704-1722.

Wen, B., Nieuwland, J., and Murray, J.A.H.(2013). The Arabidopsis CDK inhibitor
ICK3/KRP5 is rate limiting for primary root growthnd promotes growth
through cell elongation and endoreduplication. daliof Experimental Botany
64,1-13.

Wong, J.V., Dong, P., Nevins, J.R., Mathey-PrevoB., and You, L.(2011). Network
calisthenics: Control of E2F dynamics in cell cyelgry. Cell Cyclel0, 3086-
3094.

Xiong, Y., McCormack, M., Li, L., Hall, Q., Xiang, C., and Sheen, J.(2013).
Glucose-TOR signalling reprograms the transcript@me activates meristems.
Nature496,181-186.

Xu, F.J., Li, G., Jin, CW,, Liu, W.J., Zhang, S.S. Zhang, Y.S., and Lin, X.Y.
(2012). Aluminum-induced changes in reactive oxygeecies accumulation,
lipid peroxidation and antioxidant capacity in wheaot tips. Biol Plantarum
56,89-96.

Xue, L., Wu, J., Zheng, W., Wang, P., Li, J., ZhangZ., and Tong, T.(2004). Sp1 is
involved in the transcriptional activation of p1@{K by p21Wafl in HeLa cells.
FEBS Letter$64,199-204.

Yamamoto, Y., Kobayashi, Y., Devi, S.R., RikiishiS., and Matsumoto, H.(2002).
Aluminum Toxicity Is Associated with MitochondridDysfunction and the
Production of Reactive Oxygen Species in PlantsCéllant Physiologyl 28,
63-72.

Yi, D., Kamei, C.L.A., Cools, T., Vanderauwera, S.Takahashi, N., Okushima, Y.,
Eekhout, T., Yoshiyama, K.O., Larkin, J., Van den [ele, H., Conklin, P.,
Britt, A., Umeda, M., and De Veylder, L.(2014). The Arabidopsis SIAMESE-
RELATED Cyclin-Dependent Kinase Inhibitors SMR5 &@88IR7 Regulate the
DNA Damage Checkpoint in Response to Reactive Oxyggecies. The Plant
Cell Online.

Yoshiyama, K., Conklin, P.A., Huefner, N.D., and Bitt, A.B. (2009). Suppressor of
gamma response 1 (SOG1) encodes a putative tramsrifactor governing
multiple responses to DNA damage. Proceedings efNational Academy of
Scienced06,12843-12848.

Yoshiyama, K.O., Kobayashi, J., Ogita, N., Ueda, M.Kimura, S., Maki, H., and
Umeda, M. (2013). ATM-mediated phosphorylation of SOG1 isestial for
the DNA damage response in Arabidopsis. EMBO Rg817-822.

Yoshizumi, T., Nagata, N., Shimada, H., and MatsuiM. (1999). An Arabidopsis
Cell Cycle-Dependent Kinase-Related Gene, CDC2laysPla Role in
Regulating Seedling Growth in Darkness. The Plait Gnlinel11,1883-1895.

Zhou, B.B., and Elledge, S.J(2000). The DNA damage response: putting checkpoin
in perspective. Natur408,433-439.

Zhou, Y., Fowke, L., and Wang, H.(2002). Plant CDK inhibitors: studies of
interactions with cell cycle regulators in the ye&so-hybrid system and
functional comparisons in transgenic Arabidopsanid. Plant Cell Rep0,967-
975.



CHAPTER 1

Zhou, Y., Li, G., Brandizzi, F., Fowke, L.C., and Wang, H. (2003). The plant cyclin-
dependent kinase inhibitor ICK1 has distinct fuoicél domains for in vivo

kinase inhibition, protein instability and nucldacalization. The Plant Journal
35,476-489.

Ziech, D., Franco, R., Pappa, A., and Panayiotidig\l.l. (2011). Reactive Oxygen
Species (ROS)—Induced genetic and epigenetic aatias in  human

carcinogenesis. Mutation Research/Fundamental asldddlar Mechanisms of
Mutagenesig11,167-173.

Zou, L., and Elledge, S.J(2003). Sensing DNA Damage Through ATRIP Recogniti
of RPA-ssDNA Complexes. Scien860,1542-1548.

-57 -






CHAPTER 2

THE ARABIDOPSIS THALIANA
SIAMESE-RELATED CYCLIN -
DEPENDENT KINASE INH IBITORS
SMR5 AND SMR7 CONTROL THE
DNA DAMAGE CHECKPOINT IN
RESPONSE TO REACTIVE OXYGEN

SPECIES




SMRs control the DNA damage checkpoint in responde ROS

The Arabidopsis thaliana SIAMESE-RELATED
cyclin-dependent kinase inhibitors SMR5 and SMR7
control the DNA damage checkpoint in response to

reactive oxygen species

-60 -

Dalong Yi®"* Claire Lessa Alvim Kaméi®*?Toon Coolg:® Sandy Vanderauwefg&, Naoki

Takahashf, Yoko Okushimé&, Thomas Eekhout® Kaoru Okamoto YoshiyanfaJohn Larkirf,

Hilde Van den Daelg® Phillip Conklin® Anne Britt® Masaaki Umed&' and Lieven De
Veyldef*?

®Department of Plant Systems Biology, VIB, B-905G&elgium

®Department of Plant Biotechnology and Bioinformsti&Ghent University, B-9052 Gent,
Belgium

‘Graduate School of Biological Sciences, Nara latibf Science and Technology, Nara 630-
0192, Japan

dDepartment of Biological Sciences, Louisiana Stateversity, Baton Rouge, LA 70803, USA
*Department of Plant Biology, University of CaliféarDavis, Davis, CA 95616, USA

"JST, CREST, Nara 630-0192, Japan

These authors contributed equally to this work

’Present address: Wageningen UR - Plant BreedinggeWiagen University and Research
Center, P.O. Box 386. 6700 AJ Wageningen. The Mieies.

Running title: SMRs and DNA checkpoint control

AUTHOR CONTRIBUTIONS

D.Y.,, C.LAK, T.C., SV, AB.,, MU.and L.D.V. conceived and designed
research. D.Y., C.L.AK., T.C,, S.V,, N.T.,, Y.O..E, K.O.Y., HV.d.D. and A.l
performed the experiments. D.Y., C.L. AK., T.C.AS.N.T., J.L., AB., M.U. an
L.D.V. analyzed the data and wrote the manuscit.authors read, reved an
approved the manuscript.



CHAPTER 2

ABSTRACT

Whereas our knowledge about the diverse pathways ding DNA repair upon
genome damage is steadily increasing, little is ki about the molecular players
that adjust the plant cell cycle in response to DNAstress. By a meta-analysis of
DNA stress microarray datasets, three family member of the
SIAMESE/SIAMESE-RELATED (SIM/SMR) class of cyclin-dependent kinase
inhibitors were discovered that react strongly to g@notoxicity. Transcriptional
reporter constructs corroborated specific and strolg activation of the three
SIM/SMR genes in the meristems upon DNA stress, whereas ep@xpression
analysis confirmed their cell cycle inhibitory potetial. In agreement with being
checkpoint regulators, SMR5 and SMR7 knockout plants displayed an impaired
checkpoint in leaf cells upon treatment with the relication inhibitory drug
hydroxyurea (HU). Surprisingly, HU-induced SMR5/SMR7 expression depends on
ATAXIA TELANGIECTASIA MUTATED (ATM) and SUPPRESSOR OF
GAMMA RESPONSE 1 (SOG1), rather than on the antici@ted replication stress-
activated ATM AND RAD3-RELATED (ATR) kinase. This apparent discrepancy
was explained by demonstrating that, in addition toits effect on replication, HU
triggers the formation of reactive oxygen species ROS). ROS-dependent
transcriptional activation of the SMR genes was confirmed by different ROS-
inducing conditions, including high-light treatment We conclude that the
identified SMR genes are part of a signaling cascade inducing eelk cycle

checkpoint in response to ROS-induced DNA damage.

Adapted from manuscript publishedonline before print January 20l4doi:
http://dx.doi.org/10.1105/tpc.113.11894he Plant Cell2014 tpc.113.118943
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INTRODUCTION

Being sessile, plants are continuously exposednhemging environmental conditions
that can impose biotic and abiotic stresses. Ortheotonsequences observed in plants
subjected to altered growth conditions is the gisam of the reactive oxygen species
(ROS) homeostasis (Mittler et al., 2004). Underadjestate conditions, ROS are
efficiently scavenged by different non-enzymatia aanzymatic antioxidant systems,
involving the activity of catalases, peroxidases] glutathione reductases. However,
when stress prevails, the ROS production rate zaaegl the scavenging mechanisms,
resulting into a cell- or tissue-specific rise iIOR. These oxygen derivatives possess a
strong oxidizing potential that can damage a widerdity of biological molecules,
including the electron-rich bases of DNA, which ulés into single- and double-
stranded breaks (Amor et al., 1998; Dizdaroglulet2802; Roldan-Arjona and Ariza,
2009). Hydrogen peroxide (B,) is a major ROS compound and is able to transverse
cellular membranes, migrating into different contpents. This feature grants,®b

not only the potential to damage a variety of dalstructures, but also to serve as a
signaling molecule, allowing the activation of pa#lys that modulate developmental,
metabolic and defence pathways (Dizdaroglu, 2006)e of the signaling effects of
H.O, is the activation of a cell division arrest by lceycle checkpoint activation

(Tsukagoshi, 2012), however the molecular mechasisnolved remain unknown.

Cell cycle checkpoints adjust cellular proliferatidto changing growth conditions,
arresting it by the inhibition of the main cell ¢gccontrollers: the heterodimeric
complexes between the cyclin-dependent kinases J@DH the regulatory cyclins (Lee
and Nurse, 1987; Norbury and Nurse, 1992). Thevatctis of these checkpoints are the
highly conserved ATAXIA TELANGIECTASIA MUTATED (ATM and ATM AND
RAD3-RELATED (ATR) kinases that are recruited irtacance with the type of DNA
damage (Zhou and Elledge, 2000; Abraham, 2001 eBahd Lukas, 2001; Kurz and
Lees-Miller, 2004). ATM is activated by double-stded breaks (DSBs); whereas ATR
is activated by single-strand breaks or stalledigaon forks, causing inhibition of
DNA replication. In mammals, ATM and ATR activatioesult in the phosphorylation
of the Chk2 and Chk1l kinases, respectively. Botlages subsequently phosphorylate

p53, a central transcription factor in the DNA dgeaesponse (Chaturvedi et al., 1999;
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Shieh et al., 2000; Chen and Sanchez, 2004; RazdkElDeiry, 2006). Chk1, Chk2,
and p53 seemingly appear to have no plant orthalitigough an analogous role for p53
is suggested for the plant-specific SUPPRESSOR AMKBA RESPONSE 1 (SOG1)
transcription factor that is under direct posttaipgional control of ATM (Yoshiyama
et al., 2009; Yoshiyama et al., 2013). Another idgit plant feature relates to the
inactivation of CDKs in response to DNA stress. CBéivity is in part controlled by
its phosphorylation status at the N-terminus, aeteed by the interplay of the CDC25
phosphatase and the antagonistic WEE1 kinase gaasithe “on” and “off” switches of
CDK activity, respectively (Francis, 2011). Wher@asnammals and budding yeast the
activation of the DNA replication checkpoint, leagito a cell cycle arrest, is
predominantly achieved by the inactivation of thBA@25 phosphatase, plant cells
respond to replication stress by transcriptiondution of WEE1 (Horst et al., 2010).
In absence of WEEJArabidopsis thalianglants become hypersensitive to replication
inhibitory drugs such as hydroxyurea (HU), whichuses a depletion of dNTPs by
inhibiting the ribonucleotide reductase (RNR) protélowever, WEEXdeficient plants
respond similarly as control plants to other typeDNA damage (Dissmeyer et al.,
2009; Horst et al., 2010). These data suggest ximteace of yet to be identified
pathways controlling cell cycle progression und&ADstress, operating independently
of WEEL.

Potential candidates to operate in checkpoint atttim upon DNA stress are CDK
inhibitors (CKIs). CKI proteins are mostly low moldar weight proteins that inhibit
cell division by their direct interaction with tH@DK and/or cyclin subunit (Sherr and
Roberts, 1995; Marnett, 2000). The first identifiethss of plant CKlIs was the
ICK/KRP (interactors of CDK/Kip-related protein) gtein family comprising seven
members irA. thaliang all sharing a conserved C-terminal domain beinglar to the
CDK-binding domain of the animal CIP/KIP proteif3ui¢ et al., 1998; Xue et al.,
2004; Koshiba et al., 2009). The TIC (tissue-spegithibitors of CDK) is the most
recently suggested class of CKls (DePaoli et @12 and encompasses SCI1 in
tobacco (DePaoli et al., 2011). SCI1 shares norepp&equence similarity with the
other classes of CKiIs in plants, and has been stegjéo connect cell cycle progression
and auxin signaling in pistils (DePaoli et al., 2R1The third class of CKls is the plant-
specific SIAMESE/SIAMESE-RELATESIM/SMR gene family. SIM has been

identified as a cell cycle inhibitor with a role inchome development and endocycle
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control (Jomova and Valko, 2011). Based on sequaemalysis, five additional gene
family members have been identified An thaliang and together with EL2 from rice,
been suggested to act as cell cycle inhibitors dabeld by biotic and abiotic stresses
(Peres et al., 2007). Plants subjected to treasnadticing DSBs showed a rapid and
strong induction of specific family members (Cudlig et al., 2006; Buchtik et al.,
2011), suggesting that SIM/SMR proteins might ideluinteresting candidates to

complement WEE1 in the global response to DNA stres

In this work we identified thre6&MR genes $MR4 SMR5 and SMR7 that are
transcriptionally activated by DNA damage. Cell leyanhibitory activity was
demonstrated by overexpression analysis, whereask&nt data illustrated that both
SMR5and SMR7are essential for DNA cell cycle checkpoint adiiwa in leaves of
plants grown in the presence of HU. Remarkablyfoumd thatSMRinduction mainly
depends on ATM and SOGI, rather than ATR as woel@Xpected for a drug that
triggers replication fork defects. Correspondinglye demonstrate that the HU-
dependent activation oEMR genes is triggered by ROS rather than replication
problems, linkingSMRgenes with cell cycle checkpoint activation uploa dccurrence

of DNA damage-inducing oxidative stress.

RESULTS

Meta-Analysis of DNA Stress Datasets Identifies DNADamage-Induced
SMR Genes

When DNA damage occurs, two global cellular respsrege essential for cell survival:
activation of the DNA repair machinery, and delayagest of cell cycle progression. In
recent years, gene expression inventories have bebtected that focus on the
transcriptional changes in response to differepesyof DNA stress (Culligan et al.,
2006; Ricaud et al., 2007; Panda et al., 2009; iasta et al., 2009). To identify novel
key signaling components that contribute to celtleycheckpoint activation, we
compared bleomycin-induced genes to those indugedl treatment (Panda et al.,
2009) andy-radiation (Culligan et al., 2006; Yoshiyama ef 2009). Twenty-two genes
were upregulated in all DNA stress experiments@rdbe considered as transcriptional

hallmarks of the DNA damage response (DDR), regasdbf the type of DNA stress
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(Figure 1; Table 1). Within this selection, gene®wn to be involved in DNA stress
and DNA repair are predominantly present, includt®RP2 BRCAlandRADS51 In
addition, we recognized one member of tBEBM/SMR gene family, beingSMR5
(Atlg07500). When expanding the selection by careig genes induced in at least
two of the three DNA stress experiments, we idettifa total of 61 genes
(Supplemental Table 1). Besides DDR-related gahesgexpanded dataset included an
additional SMR family member $MR4 At5902220) being expressed upon HU

treatment ang-radiation.

y-rays

Figure 1. DNA stress meta-analysis.

Venn diagram showing the overlap between transcripiuced by hydroxyurea (HU),
bleomycin (Bm), ang-radiation ¢-rays). In total, 61 genes were positively regudteat least
two DNA stress experiments, and 22 genes accunalitat@! DNA stress experiments.
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Table 1: Overview of the transcriptionally inducedcore DNA damage genes

AGlI locus Annotation HU 24h/0f  y-rays - I* y-rays-Z Bleo-mycin
AT4G21070 Breast cancer susceptibilityl 10.375 581.5 57.803 2.386
AT5G60250 g”mﬁlgr;%s{e(iﬁ3HC4'type RING finger) g 907 34.918 40.000 2.352
AT1G07500 Siamese-related 5 7.863 38.160 35.842 9515
AT4G02390 Poly(ADP-ribose) polymerase 7.701 131.86559.172 2.663
AT3G07800 Thymidine kinase 7.160 46.179 20.492 2.75
AT5G03780 TRF-like 10 7.111 108.316 23.474 1.600
AT5G64060 NAC domain containing protein 103 5.579 .028 13.755 2.153
AT2G18600 ;’gﬁeﬂfi”'m”j”gaﬂng enzyme family g 554 21.462 11.481 1.972
AT4G22960 Unknown function (DUF544) 5.315 36.380 AR 2.282
AT5G48720 X-ray induced transcript 1 5.296 285.166 65.789 2.228
AT5G24280 EZTC“;g'il"adia“o” and mitomycinc - g54 108578  42.918 2.584
AT5G20850 RAS associated with diabetes protein 51 6431. 186.456 31.250 1.765
AT3G27060 ;‘m‘lty'”g ribonucleotide reductase-ike 4 505 37.351  8.741 1.970
AT2G46610 gm;/bmitggn(mw RBD/RNP motifs) 3 593 19.913 7.331 1.546
AT5G40840 Rad21/Rec8-like family protein 3.375 118.91 27.473 1.692
AT1G13330 Hop2 homolog 2.949 17.349 13.495 1.580
AT5G66130 RADIATION SENSITIVE 17 2.888 30.411 10.384 1.627
AT1G17460 TRF-like 3 2.378 18.925 10.661 1.681
AT2G45460 SMAD/FHA domain-containing protein 2.378 45.673 21.053 1.575
AT5G49480 Ca2+-binding protein 1 1.952 15.106 5.851 1.580
AGC (cAMP-dependent, cGMP-

AT3G25250 dependent and protein kinase C) kinase 1.853 12.995 17.794 1.517
family protein

AT5G55490 Gamete expressed protein 1 1.670 71.489 4.723 2.407

- 66 -

a: According to Cools et al., 2011

b: According to Culligan et al., 2006

c¢: According to Yoshiyama et al., 2009
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Figure 2. Hierarchical average linkage clustering b SIM/SMR genes induced in

response to different abiotic (A) and biotic stresss (B).

Data comprise th&IM/SMRrepresented in publicly available Affymetrix ATHZliaroarrays
obtained with the Genevestigator toolbox. Blue gatiow indicate down- and up-regulation,

respectively, whereas black indicates no changxpmession.
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Figure 3. SIM/SMR induction in response to HU.

One-week-old transgenic Arabidopsis seedlings wenesferred to control (-HU) medium or
medium supplemented with 1 mM HU (+HU). GUS assagee performed 24 h after transfer.
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The SMR Gene Family Comprises 14 Family Members that Respd to

Different Stresses

Previously, we reported on the existence of i and fiveSMRgenes $MR1-SMRpb

in the A. thaliana genome (Peres et al.,, 2007), whereas protein gaiibn of
CDK/cyclin complexes resulted into the identificati of two additional family
members $MR6 and SMR§ (Ohtani et al., 2001). With the availability okwly
sequenced plant genomes, we re-examined the Amgiglgenome using iterative
BLAST searches for the presence of additiol®R genes, resulting in the
identification of six non-annotated family membersgminated SMR7 to SMR13
(Supplemental Table 2). With the Genevestigatotbtmo (Maxwell et al., 1999), the
expression pattern of the twel®M/SMRgenes represented on the Affymetrix ATH1
microarray platform was analyzed in response tdeht biotic and abiotic stress
treatments. Distinct family members were inducediennvarious stress conditions,
albeit with different specificity (Figure 2). Ever$sMR gene appeared to be
transcriptionally active under at least a numbersbkss conditions, wittSMR5
responding to most diverse types of abiotic sties$e response to DNA stress
(genotoxic stress and UV-B treatment), t8MR genes responded strongly, namely
SMR4 and SMR5 corresponding with their presence among the DN&ss genes

identified by our microarray meta-analysis.

To confirm their involvement in the genotoxic st@esponse, transcriptional reporter
lines containing the putative upstream promoteruseges were constructed for all
SIM/SMRgenes. After selection of representative repdiries, one-week-old seedlings
were transferred to control medium, or medium seipy@nted with HU (resulting into
stalled replication forks) or bleomycin (causing B33 Focusing on the root tips
revealed distinct expression patterns (Figure Jpfamental Figure 1), with some
family members being restricted to the root elomgatone (includingsIM andSMRJ),
while others were confined to vascular tissue (8MR2andSMR§, or columella cells
(e.g.SMRY. When plants were exposed to HU, th&éRgenes showed transcriptional
induction in the root meristem, bei®§VIR4 SMR5and SMR7 with the latter two
displaying the strongest response (Figure 3). énpttesence of bleomycin, an additional
weak cell-specific induction ofSMR6 was observed (Supplemental Figure 1).
Transcriptional induction oSMR4 SMR5 and SMR7 by HU and bleomycin was

- 069 -



SMRs control the DNA damage checkpoint in responge ROS

-70 -

confirmed by qRT-PCR experiments (Supplemental f/&dl). These data fit the above
described microarray analysis, with the lackSéR7(At3g27630) being explained by
its absence on the ATH1 microarray of the HU andadiation experiments, although
being induced 5.68-fold in the bleomycin experimestformed using the Aragene
array. Next to HU and bleomycin, we confirmed t@nsional activation ofSMR4
SMR5andSMR7by y-irradiation (Supplemental Figure 3).

32C

DNA Content DNA Content DNA Content DNA Content

Figure 4. EctopicSMR4, SMR5 and SMR7 expression inhibitscell division.

(A-D) Four-week-old rosettes of conti@), SMR#F (B), SMR5*F (C) andSMR?* (D) plants.
(E-H) Leaf abaxial epidermal cell images iof vitro-grown 3-week-old contro{E), SMR4*
(F), SMR%* (G) andSMRP* (H) plants.(I-L) Ploidy level distribution of the first leaves of 3
week-oldin vitro-grown control(l), SMR4* (J), SMR%* (K) andSMRP*F (L) plants.
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DNA Stress-InducedSMR Genes Encode Potent Cell Cycle Inhibitors

SIM had been proven to encode a potent cell cyclditanj since its ectopic expression
results into dwarf plants holding less cells comepato control plants (Jomova and
Valko, 2011). To test whether the DNA stress-indL8&Rgenes encode proteins with
cell division inhibitory activity, SMR4, SMR5 and SMRZoverexpressingSMR#F,
SMR%*F and SMRPF) plants were generated. For each gene, multipks livith high
transcript levels were isolated, all showing a atigun in rosette size compared to wild-
type plants (Figures 4A to 4D). This decrease &f $&ze correlated with an increase in
cell size (Figures 4E to H), indicative of a strangibition of cell division. Similar to
SIM (Jomova and Valko, 2011), ectopic expression didonty inhibit cell division but
also triggered an increase in the DNA content kynudation of endoreplication
(Figures 41 to L; Supplemental Table 3), likely regenting a premature onset of cell
differentiation. Together with the previously dabed biochemical interaction between
SMR4 and SMR5, and CDKA;1 and D-type cyclins (Ohtanal., 2001), it can be
concluded that the DNA stress-inducgdiRgenes encode potent cell cycle inhibitors.

SMR5 and SMR7 Control a HU-Dependent Checkpoint in Leaves

To address the role of the differéBMR genes in DNA stress checkpoint control, the
growth response to HU treatment of plants beingckad out forSMR5or SMR7
(Supplemental Figure 4) was compared to that ofrobplants (Col-0). No significant
difference in leaf size was observed for plantswgrainder standard conditions. In
contrast, when comparing plants grown for 3 weekthe presence of HU, the size of
the SMRE° andSMR¥© leaves was significantly bigger than that of tbetml plants
(Figure 5A). This difference was attributed to d&efence in cell number. Control
plants responded to the HU treatment with a 47%iagoh in epidermal cell number,
reflecting an activation of a stringent cell cycleeckpoint. In contrast, iISBMR%® and
SMRT© plants this reduction was restricted to 29% and 3@Xpectively (Figure 5B).
Within the SMR%° SMR¥® double mutant, the reduction in leaf size and wethber
was even less (Figures 5A and 5B), suggestingoibidt inhibitors contribute to the cell
cycle arrest observed in the control plants by kpeint activation upon HU stress. A

similar role of SMR4 could not be tested due tol#to& of an available knockout.
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Figure 5. SMR5 and SMR7 are required for an HU-depedent cell cycle
checkpoint.

(A-B) Leaf size (A) and abaxial epidermal cell numb@) of the first leaves of 3-week-old
plants grown on control medium (circles) or medisapplemented with 1 mM HU (squares).
Data represent mean with 95% confidence intervald? ANOVA, n = 10).
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SMR5 and SMR7 Expression is Triggered by Oxidative Stress

Because of the observed role of BIR5and SMR7genes in DNA stress checkpoint
control, we analyzed the dependence of their esmeson the ATM and ATR
signaling kinases and the SOG1 transcription fagyantroducing th&SMR5andSMR7
GUS reporter lines into thatr-2, atm-1 and sog1-1mutant backgrounds. Both genes
were induced in the proliferating leaf upon HU drdomycin treatment (Figure 6).
Moreover, as would be expected for a DSB-inducirgend, the transcriptional
activation of SMR5 and SMR7 by bleomycin depended on ATM and SOGL.
Surprisingly, the same pattern was observed for Whiereas one would expect that
SMRS/SMR7induction after arrest of the replication fork iduely on ATR-dependent
signaling. These data indicate that the HU-depenaetivation of theSMR5and SMR7
genes might be caused by a genotoxic effect of Eiddounrelated to replication stress
induced by the depletion of dNTPs. A recent stuéyndnstrated that HU directly
inhibits catalase-mediated,®&, decomposition (Juul et al., 2010). Analogously, in
combination with HO,, HU has been demonstrated to act as a suicidéitahiof
ascorbate peroxidase (Chen and Asada, 1990). Cedhboth mechanisms are likely
responsible for an increase in the cellula®ktoncentration, which might trigger DNA
damage and consequently transcriptional inductibthe SMR5 and SMR7 genes.
Indeed, extracts of control plants treated with Hlisplayed a reduced ,B,
decomposition rate (Figure 7A). As catalase andraste peroxidase activity are
essential for the scavenging ob®} that is generated upon high-light exposure, we
subsequently tested the effects of HU treatmenplastosystem Il (PSll) efficiency in
one-week-old seedlings after transfer from lowhigh-light conditions. As illustrated
in Figure 7B, transfer for 48 h to high light resdl in a decrease of maximum quantum
efficiency of PSIl (Fv'/Fm’). In the presence of Hithe Fv'/Fm’'decrease was even
more pronounced, which again corroborates thetioktaHU might interfere with D,
scavenging. Macroscopically, plants grown in thespnce of HU showed visible
anthocyanin pigmentation in the young leaf tissutniw 48 h after transfer, whereas
plants grown on control medium showed no effecthef transfer to high light (Figure
7C).
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Figure 6. SMR5 and SMR7 expression is ATM- and SOG1-dependent.

(A-B) PSMR5:GUSA) andPSMR7:GUSB) reporter constructs introgressed iato-2, atm-1
and sog-1 mutant backgrounds were control-treated (Ctrl)treated with 2 mM HU or 0.3

pg/ml bleomycin (Bm) for 24 h.
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(A) H,O,scavenging of in extracts
from one-week-old control (Ctrl),
HU-treated (1 mM) and 3AT-
treated (6uM) (positive control)
plants. Error bars show SE (n = 3-
4). *, P-value < 0.05; **, P-value
< 0.01 (two-tailed student’s T-
test). (B) Maximum quantum
efficiency of PSIl (Fv/Fm’) of 6-
day-old seedlings grown under
low (LL) and high light (HL) for
48 hrs, in absence (-HU) and
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To examine whether an increase isOg might trigger expression &@VRgenesSMR5
and SMR7expression levels were analyzed in plants thakaoekout forCAT2and/or
APX1, encoding two enzymes important for the scavenghgl,O,. WhereasSMR5
transcript levels appeared to be stable over albtypes SMR7expression levels were
clearly induced in the singlapxl and apx1l cat2double mutant (Figure 8A). As an
independent strategy to induce ROSMR5 and SMR7 GUS reporter lines were
transferred from control to high light conditionsr ftwo days. WhereaBSMR7:GUS
plants displayed little to no increase in GUS afttjvSMR5 promoter activity was
strongly stimulated under high light, as confirmdéy RT-PCR (Figure 8B,;
Supplemental Figure 5). To examine whether thisstaptional induction contributed
to a high light-induced cell cycle checkpoint, weasured epidermal cell numbers in
mature first leaves of control (Col-8MR%° andSMR¥® plants that were transferred
for 4 days to high light condition at the momenattltheir leaves were proliferating.
This high light treatment resulted into a 34% ar@¥63reduction in cell number in
control and SMR¥® plants, respectively (Figure 8C). In contraSIMR%® plants
displayed only a 13% reduction in cell number,sthating that SMR5 is essential to
activate a high light-dependent cell cycle checkpoi
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Figure 8. SMR5 and SMR7 are induced by oxidative stress-inducing stimuli.

(A) RelativeSMR5andSMR7expression levels in shoots of 6-day-old wild-tyg®I-0), apx1,
cat2 andapx cat2mutant plants. Data represent least square me&ts, hiormalized to wild
type levels that were arbitrary set to one (n =*B;value < 0.01).(B) One-week-old
PSMR5:GUSNdPSMR7:GUSseedlings grown under low- versus high-light ctinds for 48
hrs.(C) Abaxial epidermal cell number of the first leavé8-aveek-old plants transferred at the
age of 8 days for 96 h to control (circles) or hiigint (squares) conditions. Data represent mean
with 95% confidence interval (2-way ANOVA, n = 8).
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SMR5 and SMR7 are under Direct Control of SOG1

Recently, it was found that the SOGL1 transcriptamtor becomes hyperphosphorylated
in an ATM-dependent manner upon the occurrence SBE) such as induced by
irradiation or treatment with the radiomimetic drugeocin, and that this
phosphorylation is essential for SOGL1 activity (Mgama et al., 2013). ASMR5and
SMRY7 transcription was found to depend on SOG1, andauss bothSMR genes
respond to oxidative stress, we tested whether S@@&dsphorylation occurs in
response to pD, treatment. Lines expressing a Myc-taggdGlunder control of its
own promoter PSOG1:SOG1-Myoawvere either control-treated or treated witfOpl As
described previously, immunoblotting using anti-Mgatibody detected two bands
under control conditions (Figure 9A), with the uppgmnd corresponding to SOG1
being phosphorylated in a DNA stress-independentn@aby a yet to be identified
kinase (Yoshiyama et al., 2013). Upoa(H treatment, a third slowly migrating band
appeared at a similar position as detected by meosatment (Yoshiyama et al., 2013).
This band disappeared when protein extracts weeated with theA protein
phosphataselPP), indicating that it corresponds to a phosplavegd form of SOG1
(Figure 9A).

Subsequently, aSMR5andSMR7transcription was found to depend on SOG1 (Figure
6), it was tested whether both genes are undectdioatrol of SOG1. Direct binding of
SOG1 to the SMR5 and SMR7 promoters was tested through chromatin-
immunoprecipitation usingPSOG1:SOG1-Mycseedlings being control-treated or
treated for 2 h with the DSB-inducing drug zeodimomoter scanning revealed that
SOG1 binds in a DNA stress-dependent manner to B&fRR promoters in close
proximity to their transcription start site (FigaréB and 9C). These data illustrate that

bothSMRgenes are under direct control of SOG1.
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Figure 9.1n vivo phosphorylation of SOG1 by HO;and its association to theSMR5
and SMR7 promoters.

(A) Total protein was immunoblotted with anti-Myc dmatily. Plants harborinBSOG1:SOG1-
Myc were treated with or without J@,, and total protein was extracted. Total proteiwnir
H,O,-treated plants was incubated witlprotein phosphatas&RP). The phosphorylated forms
of SOG1 were separated in an SDS-PAGE gel contaiflhos-tag. Non-phosphorylated,
phosphorylated and hyperphosphorylated SOG1-Myamdba, b and c, respectively) are
indicated by arrowhead$B-C) Chromatin bound to the promoter regionsSMIR5(B) and
SMR7(C) was collected by immunoprecipitation with anti-Mgwetibodies frorPSOG1:SOG1-
MYC plants treated with (black bars) and without (whites) 15 pM zeocin and subjected to
gPCR analysis. Fold enrichment for each DNA fragme&as determined by dividing the
recovery rate with that of wild-type plants (WT=Bar graphs represent the average of two
biological replicate ChIP experiments + SE. Poa#iof PCR amplicons 1-4 are also shown.
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DISCUSSION

SMRs Categorize to Minimally Two Different Functional Groups

In this work, we analyzed the SIM/SMR group of CKAI share mutually only a
limited sequence homology, being restricted to tshmino-acid (AA) regions scattered
along the protein sequences, among which is a sixdAmain corresponding to a
cyclin-binding motif (Peres et al., 2007). Althoutitis poor sequence alignment does
not allow a clear phylogenetic analysis, biochethic# appears that SIM/SMR
proteins fall into at least two different categsrid@ first category includes the founding
members SIM and SMR1 that both have been linkezhttocycle onset (Roeder et al.,
2010; Jomova and Valko, 2011), being an alternate# cycle in which mitosis is
repressed in favour of repetitive rounds of DNAliegtion, resulting in an increase in
DNA ploidy level. Through protein purification, tbe two SMRs were found to co-
purify with the B-type CDKB1;1 (Ohtani et al.,, 200lin agreement with the
observation that this particular CDK needs to Behited for endocycle onset (Boudolf
et al., 2004; 2007). A role in endocycle onsetuigported by their expression pattern in
the root, showing specific transcription in thel @dbngation zone, likely representing
the zone where cells start the endocycle. Next itid &hd SMR1, also SMR2
exclusively co-purifies with CDKB1;1, suggestingtlthis particular CKI might also be
an SMR family member linked with endocycle onset.s&cond category, other SMRs,
including SMR4 and SMR5, exclusively co-purify withe A-type CDK and D-type
cyclins (Ohtani et al., 2001). CDKA;1 is the mainvdr of S-phase progression (1998;
Nowack et al., 2010), whereas the CYCD/CDKA;1 casmpis responsible for control
of cell cycle onset in response to intrinsic andriegic signals (Lukaszewski and
Blevins, 1996; Riou-Khamlichi et al., 2000). Thenef, CYCD/CDKA;1 appears to be
the most logical CYC/CDK complex to be targetedtbgse SMRs that aim to link
DNA stress signals with cell cycle checkpoint aation.

HU Affects DNA Integrity in Multiple Ways

HU is known for its inhibitory effect on RNR actiyj resulting into a depletion of the
available dNTPs, causing impaired progression efréplication fork and activation of
an ATR-dependent replication checkpoint. Howevee bbserved ATM-dependent
induction of SMR5 and SMR7 upon HU treatment suggests that HU affects DNA
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integrity also in an RNR-independent manner. Itipalar, our data indicate that ROS
might be the primary trigger @MR5andSMR7expression upon HU treatment. A link
between HU and oxidative stress has been observ@dopsly in Saccharomyces
cerevisiaewhere, next to a DNA replication arrest caused ByRRnhibition, exposure
to HU results in the activation of the Yap regultiat reacts to oxidative stress and
encompasses genes involved in cellular redox hamgies(Dubacq et al., 2006). In
Arabidopsis, Juul et al. (2010) reported a diratenaction between HU and catalase,
resulting in a stereo-inhibition of the detoxifyirmgpabilities of the catalase protein.
Analogously, HU was demonstrated to be a suicidibitor of ascorbate peroxidase
(Chen and Asada, 1990). In agreement, we demoadttat HU treatment results in a
decrease in the J@, scavenging rate. A second source of HU-induced R@ght
originate from displacement of the essential caiagbn from the RNR catalytic site
(Nyholm et al., 1993), probably resulting into arcrease in the intracellular iron
concentration. This increase might contribute ® thise in ROS, as iron catalyzes the
production of hydroxyl radicals from @, through the Fenton reaction. Together, the
increased kD, and iron levels after HU treatment represent amatource of oxidative
stress. The HU-induced oxidative state results amoaccumulation of anthocyanin
pigments and the reduction in PSII efficiency. Tdieer is likely due to the deceleration
of PSII repair, consequently resulting in furthecreased levels of intracellular ROS

and enhanced photo-inhibition (Murata et al., 2013)

Because of its relatively long life and permeaypilitH,O, is able to migrate into
different cellular compartments. Besides PSII iittoh, H,O, and hydroxyl radicals are
known to affect the DNA in multiple ways, includinfpe oxidation of bases, the
creation of DNA interstrand cross-links and DSBadé€! et al., 2012), being different
types of DNA damage that induce ATM-dependent diggaln mammals, oxidation of
ATM directly induces its activation (Guo et al., 12), however, whether a similar
mechanism is functional in plants is unknown. Imeagnent with HO, acting as a
putative DNA stress-inducing compound, it has besported that the lack of both
catalase and cytosolic ascorbate peroxidase acti@sults in the transcriptional
activation of DNA stress genes, includiRgARP2andBRCA1(Katayama et al., 2007).
The fact that within thesapx1 cat2double mutants no detectable rise in ROS levels
could be measured suggests that experimentallytectdéle levels of HD, can already

trigger a DNA damage response. Interestingly, #seilting constitutive DNA damage
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response of thapxl cat2plant grants them enhanced tolerance to DNA sineksgting

conditions.

SMR5 and SMR7 Respond to ROS-Induced DNA Damage

Next to their ATM-dependent transcriptional activatupon HU treatment, expression
analysis under different ROS accumulating condgiatrongly indicates that the
transcriptional activation csMR5andSMR7in response to HU is primarily mediated
through changes in ROS homeostasis rather tharefication stress. Interestingly,
SMR5 and SMR7 appear to display a differential transcriptionakponse towards
distinct sources of ROS. Under high light treatméikely generating singlet oxygen
rather than kO, (Mittler et al., 2002)it is mainly SMR5that is induced, in agreement
with the observation a high light induced cell @ checkpoint was only abrogated in
the SMR%° plants. In contrasSMR7is the main gene induced thpx1andapxl cat2
mutants. Similar to matur@ox1 cat2double mutant plants, yourgpx1lmutants display
an activated DNA stress response, as supportedhdelevated expression of DNA
damage reporter genes under control conditions 4idayBold seedlings (see
Supplemental Figure 2 in Vanderauwera et al., 20Ikjs constitutive DNA damage
response likely results from,B, leakage from the chloroplast (Davletova et alQ3)0
being able to traverse to the nucleus in the alesehcytosolic scavenging by APX1.
The mechanisms by which differeBMRgenes respond to different types of ROS are

currently unknown.

From our data it can be concluded that HU triggnsultaneously two different cell
cycle checkpoint cascades, one related to rephicatiress and one responding b
controlled by ATR and ATM, respectively (Figure 18oots of plants being knockout
for the replication stress checkpoint activatdi®k or WEElare hypersensitive towards
HU, indicating that in roots the HU-induced reptioa defect prevails. In contrast,
despite their transcriptional induction, no outsgokoot phenotype was observed for
the SMRE© and SMR¥° plants (Supplemental Figure S6). The restrictibra dHU-
sensitive phenotype to tissues with photosynthatitvity therefore suggests that the
primary response of HU in the shoot tissue mighRG&S accumulation (Figure 10).
Remarkably, our data indicate that the signalinthyway by which oxidative stress
induces SMR5/SMR7expression is relatively short, with ATM phospHating the
SOG1 transcription factor that binds directly t@ ®MR promoters to activate their
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transcription, as supported by the observation thatSMR5/SMR7expression is
observed in theogl-1mutant background. Because SOG1 only associatbe 8MR5
and SMR7 promoters in the samples in which DNA stress wasdudced, we can

speculate that phosphorylation of SOG1 is a praesdquor binding to its target genes.

/ h \
Replication Stress H,0,
ATR ATM
SOGH1
WEE1 SMR5/SMR7
\ CDK /

|

Meristem Maintenance

Figure 10. Model for HU-dependent cell cycle checlgnt activation.

HU treatment results in replication stress andrameiase in the cellular,B, concentration,
likely resulting in DNA damage sensed by the ATRI &TM signaling cascades, respectively.
ATR activates a checkpoint response through trgstgamal induction oMWWEEL whereas ATM
does the same through activationrSéfiIR5and SMR7 Both pathways allow cells to adapt to the
occurring DNA stress, and contribute in that wayn@ristem maintenance.
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Next to being induced by genotoxic streS8VIR5 displays a strong transcriptional
response toward many different abiotic stress ¢mmdi that share the involvement of
ROS signaling, including drought, high light andt g&igure 2). Therefore, SMR5
might be a general integrator of ROS signaling wtl cycle progression. ROS
signaling has been linked with cell cycle progresdiefore. Treatment of tobacco cells
with a ROS-inducing agent results into an impai®&ddto-S transition, retarded S-phase
progression and delayed entry into M-phase, beamgelated with a downregulation of
CDK activity (Reichheld et al., 1999). Moreoverhds been demonstrated that the G1-
to-S transition requires adequate levels of thesidant glutathione. Accordingly, the
ROOT MERISTEMLESSL1 gene, encoding a gluthationsymithetic enzyme, is required
to establish an active meristem (Vernoux et alQ020Additionally, recent evidence
indicates that the balance of ROS controls thesitiam from proliferation to
differentiation: the basic helix-loop-helix trangtion factor UPBEAT1 (UPB1) is
expressed at the root transition zone and continelslistribution of ROS by monitoring
the expression level of peroxidase genes (Lim aaMlik, 2013).Strikingly, the same
study revealed th&IM promoter to be bound by the UPBL1 protein, fittiwgh the
observation thaSIM expression is restricted to the root elongationezavhich is also
the site of maximum pD, concentration (Dunand et al., 2007). Likewise, ROS
signaling has been implicated in pathogen respamsereas the first ricBIM/SMRIike
gene EL2) was described originally as a gene being indueé@tin minutes after
addition of the elicitatorN-acetylchitoheptaose or purified flagellin protemf the
pathogerP. Avenae [Minami et al., 1996; Che et al., 2000). MoreougsO, has also
been detected in root columella cells, root capsaaid vascular cells (Dunand et al.,
2007; Lim and Kaldis, 2013), to which speci®¢MRexpression patterns can be linked.
These data suggest that the transcriptional amivatf SIM/SMRgenes in response to
ROS signals might be a general mechanism to lialottidative status of a cell with its

cell division activity.

METHODS

Plant Materials and Growth Conditions

The smr5 (SALK_100918) andsmr7 (SALK_128496) alleles were acquired from the

Arabidopsis Biological Research Center. Homozygmsertion alleles were checked
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by genotyping PCR using the primers listed in Sepmntal Table 2. The atm-1, atr-2
and sogl-1 mutants have been described previouslyci&at al., 2003; Preuss and
Britt, 2003; Culligan et al., 2004; Yoshiyama et, @009). Unless stated otherwise,
plants ofArabidopsis thaliangL.) Heyhn. (ecotype Columbia) were grown undergio
day conditions (16 h of light, 8 h of darknesspatC on half-strength Murashige and
Skoog (MS) germination medium (Lindahl et al., 1p9%abidopsis plants were treated
with HU as described by Cools et al. (2011). Faobtycin treatments, five-day-old
seedlings were transferred into liquid MS mediunppemented with 0.3 pg/mL
bleomycin. Fory-irradiation treatments, five-day-olth vitro-grown plantlets were
irradiated withy-rays at a dose of 20 Gy. For light treatments-waek-old seedlings
were transferred to continuous high-light condisidgrowth rooms kept at 22°C with
24-h day/0-h night cycles and a light intensity360-400 umol rf s%) for 4 days, and
subsequently retransferred to low-light conditi¢f8-80 pmol i’ s™).

DNA and RNA Manipulation

Genomic DNA was extracted from Arabidopsis leavath whe DNeasy Plant Kit
(Qiagen) and RNA was extracted from Arabidopsisuies with the RNeasy Mini Kit
(Qiagen). After DNase treatment with the RQ1 RNe&mse DNase (Promega), cDNA
was synthesized with the iScript cDNA Synthesis (3to-Rad). A quantitative RT-
PCR was performed with the SYBR Green kit (ROCHEhwLOO nM primers and
0.125uL of RT reaction product in a total of . per reaction. Reactions were run and
analyzed on the LightCycler 480 (Roche) accordmghe manufacturer's instructions
with the use of the following reference genes fommalization: ACTIN2 (At3g46520),
EMB2386(At1g02780),PAC1 (At3g22110)and RPSB&C (At3g56340). Primers used
for the RT-PCR are given in Supplemental Table tatiSical analysis was executed
with the Statistical Analysis Software (SAS EntegerGuide 5.1; SAS Institute, Inc.)
using the mixed model procedure and P-values werddsroni adjusted for multiple

measurements.

SIM/SMRpromoter sequences were amplified from genomic CBYAPCR using the
primers described in Supplemental Table 4. The ymbftagments were created with
the Pfu DNA Polymerase Kit (Promega, Catalog #M774Bd were cloned into a
pDONR P4-P1r entry vector by BP recombination cigrand subsequently transferred
into the pMK7S*NFm14GW,0 destination vector by LRorgng, resulting in a
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transcriptional fusion between the promoter of 8MR genes and thalsGFP-GUS
fusion gene (Asada, 2006). For the overexpressimstoucts, th&SMR coding regions
were amplified using primers described in Supplesadenable 4, and cloned into the
pDONR221 vector by BP recombination cloning andssgjoiently transferred into the
pK2GW?7 destination vector (Karimi et al., 2002) 14y cloning. Based on the available
annotation, the amplification of thi@MR5coding sequence yielded in a fragment of
smaller size than expected, which suggested sequenis-annotation. Further
sequencing analysis confirmed the lack of the mtraegion. The corrected coding
sequencing oSMR5is represented in Supplemental Figure S4. All toots were
transferred into thégrobacterium tumefacier@G58C1RIfR strain harboring the pMP90
plasmid. The obtainedgrobacteriumstrains were used to generate stably transformed
Arabidopsis lines with the floral dip transformationethod (Yamamoto et al., 2002).
Transgenic plants were selected on kanamycin-aantgamedium and later transferred
to soil for optimal seed production. All cloningmers are listed in Supplemental Table
4.

GUS Assays

Complete seedlings or tissue cuttings were stainemhultiwell plates (Falcon 3043;
Becton Dickinson). GUS assays were performed asrithesl by Ruiz et al. (2010).
Samples mounted in lactic acid were observed anadtoghaphed with a
stereomicroscope (Olympus BX51 microscope) or wathdifferential interference

contrast (DIC) microscope (Leica).

Microscopy

For leaf measurements, first leaves were harvesdttéd days after sowing on control
medium or on medium supplemented with 1 mM HU. lesawere cleared overnight in
ethanol, stored in lactic acid for microscopy, abderved with a microscopy fitted with
DIC optics (Leica). The total (blade) area was umieed from images digitized
directly with a digital camera (Olympus BX51 miccope) mounted on a binocular
(Stemi SV11,; Zeiss). From scanned drawing-tube emag the outlines of at least 30
cells of the abaxial epidermis located between 26%5% of the distance between the
tip and the base of the leaf, halfway between thérimand the leaf margin, the

following parameters were determined: total arealbtells in the drawing and total
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numbers of pavement and guard cells, from whichatterage cell area was calculated.
The total number of cells per leaf was estimatedibiging the leaf area by the average
cell area (De Veylder et al., 2001). Leaf sizes apidlermal cell numbers in the
different lines were analyzed and compared by periftg a 2-way-ANOVA (P-value <
0.05). Tukey's test was used to correct for fammige error-rate. For confocal
microscopy, root meristems were analyzed 2 days afinsfer using a Zeiss LSM 510
Laser Scanning Microscope and the LSM Browser gardi.2 software (Zeiss). Plant
material was incubated for 2 min in a (I PI solution to stain the cell walls and was
visualized with a HeNe laser through excitation5d48 nm. GFP fluorescence was
detected with the 488-nm line of an Argon laser.PG&nd Pl were detected
simultaneously by combining the settings indicasdxve in the sequential scanning
facility of the microscope. Acquired images wereanitatively analyzed with the
ImageJ v1.45s software (http://rsbweb.nih.govApd Cell-o-Tape plug-ins (French et
al., 2012). Chlorophyla fluorescence parameters were measured using tAGINIG
PAM M-Series Chlorofyll Fluorescence (Walz) andaasated software.

Flow Cytometry Analysis

For flow cytometric analysis, root tip tissues weh®pped with a razor blade in 3pD

of 45 mM MgCh, 30 mM sodium citrate, 20 mM MOPS, pH 7 (Galbraathal., 1991).
One microliter of 4,6-diamidino-2-phenylindole (DARrom a stock of 1 mg/mL was
added to the filtered supernatant. Leaf materiad wl@opped in 20QL of Cystain UV
Precise P Nuclei extraction buffer (Partec), sumglleted with 800uL of staining
buffer. The mix was filtered through a ©@a green filter and read by the Cyflow MB

flow cytometer (Partec). The nuclei were analyzéti ¥he Cyflogic software.

Catalase Assay

Plants were germinated on either control mediungiome with 1 mM HU or 6 uM 3-
AT. Leaf tissue of 10 plants was ground in 200 traction buffer (60 mM Tris (pH
6.9), 1 mM phenylmethylsulfonylfluoride, 10 mM DTDh ice. The homogenate was
centrifuged at 13,000 g for 15 min at 4°C. A tatd¥5 pg protein extract was mixed
with potassium phosphate buffer (50 mM, pH 7.0)I&G& et al., 2009). After addition
of 11.4 pL HO; (7.5%), the absorbance of the sample at 240 nen @fand 60 s was
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measured to determine catalase activity b@Hreakdown (Nakayama and Nakayama,
1998; Galanis et al., 2009).

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) experimentsravearried out as described
(Roldan-Arjona and Ariza, 2009) with minor modifitms. Surface-sterile
PSOG1:SOG1-My¢Yoshiyama et al., 2013) seeds were germinatdd@mL of 0.5X
MS medium containing 1.5% sucrose (pH 5.7) anducedt under continuous light at
23°C with gentle shaking (50 rpm). After a 14-d cudtyseriod, the seedlings were
treated with 15 uM zeocin (Invitrogen) or water farh. Wild-type (Col-0), no-
treatment seedlings were used as a negative cor@oolicated chromatin solution
(corresponding to 0.3 g tissue) was used for immewmpitation with anti-Myc
antibodies (clone 4A6, Millipore) and an antibod¢agnizing an invariant domain of
histone H3 (AB1791, Abcam). The ChIP products wesed for g°PCR analysis with the
primers listed in Supplemental Table 4. QuantiatRCR was performed with the
LightCycler system (Roche) and Thunderbird SYBR BR@ix (Toyobo) according to
the following reaction conditions: 95 °C for 1 mif) cycles at 95 °C for 10 s, at 60 °C
for 10 s, and at 72 °C for 20 s. The signal obthifrem ChIP with an anti-Myc
antibody was normalized to that obtained from Chlth an anti-Histone H3 antibody.
Finally, each normalized ChIP value was dividedtbg normalized wild-type ChIP
value to calculate the fold enrichment.

Microarray Analysis

Seeds were plated on sterilized membranes and growler a 16-h/8-h light/dark
regime at 21°C. After 2 days of germination andaysdof growth, the membrane was
transferred to MS medium containing @&mL bleomycin for 24 h. Triplicate batches
of root meristem material were harvested for t®BIA preparation using the RNeasy
plant mini kit (Qiagen). Each of the different rdgi RNA extracts were hybridized to
12 Affymetrix® Arabidopsis Gene 1.0 ST Arrays aaiog to the manufacturer’s
instructions at the Nucleomics Core Facility (Leuven, Belgium;
http://www.nucleomics.be). Raw data were processéid the RMA algorithm (Emerit
et al., 2004) using the Affymetrix Power Tools asdbsequently subjected to a

Significance Analysis of Microarray (SAM) analysisth "MultiExperiment Viewer 4"
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(MeV4) of The Institute for Genome Research (TIGRusher et al.,, 2001). The
imputation engine was set as 10-nearest neighbguten and the number of
permutations was 100. Expression values were dddaly log2-transforming the
average value of the normalized signal intensdfdse triplicate samples. Fold changes
were obtained using the expression values of thatrtrent relative to the control
samples. Genes with Q-values < 0.1 and fold chanfy® or < 0.666 were retained for

further analysis.

Microarray Meta-Analysis

Transcripts induced by bleomycin (Q-value < 0.1 #oid change > 1.5) were compared
with different published DNA stress-related datts s€ory-irradiation, an intersect of
the genes with a significant induction (P-value.@5) Q-value < 0.1, and fold change
>1.5) in 5-day-old wild-type seedlings 1.5 h pasadiation (100 Gy) was made of two
independent experiments (Culligan et al., 2006;h¥@sna et al., 2009). For replication
stress, genes were selected that showed a signifieduction (P-value (Time) < 0.05,
Q-value (Time) < 0.1 and fold change >1.5) in 5-d&y wild-type root tips after 24 h
of 2-mM hydroxyurea treatment (Cools et al.,, 20Mgta-analysis of th& MR genes
during various stress conditions and treatmentse vadatained using Genevestigator
(Maxwell et al., 1999). Using the “Response Viewasbdl, the expression profiles of
genes following different stimuli were analyzed. I¥rbiotic and abiotic stress
treatments with a more than 2-fold change in thedeription level (P-value < 0.01) for
at least one of th&MR genes were taken into account. Fold-change vakee
hierarchically clustered for genes and experimémtsaverage linkage in MeV from
TIGR.

SOG1 Phosphorylation Assay

Plants harboringPSOG1:SOG1-MydYoshiyama et al., 2013) were grown on MS
media [1 x MS salts including vitamins, 2% (w/v)ceose, 0.8% (w/v) gellangum (pH
6.0)] under continuous light at Z3. Five-day-old seedlings were transferred onto a
new MS medium or a medium supplemented with 5 mi@xfand incubated for 24 h.
Total protein was extracted from roots and immuatibtd with anti-Myc antibody
(Santa Cruz) as described by Yoshiyama et al. (ROk8detect phosphorylated SOG1
proteins, Phos-tag reagent (NARD Institute) wasduee the phoshoprotein mobility
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shift assay (Kinoshita et al., 2006)protein phosphatas&KP) (New England Biolabs)
was used to dephosphorylate the phosphorylatedsfofrfBOG1.

Accession Numbers

Microarray results have been submitted to MiamEspi@ww.ebi.ac.uk/miamexpress),
with accession numbdf-MEXP-3977 Sequence data from this article can be found in
the Arabidopsis Genome Initiative or GenBank/EMBatabases under the following
accession numberSMR4(At5g02220);SMR5(At1g07500);SMR7(At3g27630),ATM
(At3948490);,ATR(At5g40820);SOG1(At1g25580).
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Supplemental Data

-Bm + Bm

Supplemental Figure 1.SIM/SMR induction in response to bleomycin

One-week-old transgenic Arabidopsis seedlings werasferred to control (-Bm) medium or
medium supplemented with O@/mL bleomycin (+Bm). GUS assays were performedh24
after transfer.
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Supplemental Figure 2. Transcriptional induction ofSIM/SMR genes upon HU and

bleomycin treatment.

One-week-old wild type Arabidopsis seedlings weemndferred to control medium (blue), or
medium supplemented with 1 mM HU (red) or @@®mL bleomycin (green). Root tips were
harvested after 24 h for RT-PCR analysis. Expresk&eels in control condition were arbitrary
set to one. Data represent mean + SE (n = 3).
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Supplemental Figure 3. Transcriptional induction of SSIM/SMR genes upony-
irradiation.
(A-F) PSMR4:GUSA andD), PSMR5:GUSB andE) and PSMR7:GUSC and D) either

control-treatedA-C) or irradiated with 20 Gy of-rays(D-F). GUS assays were performed 1.5
h after irradiation.
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SALK_128496
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Supplemental Figure 4. Graphical representation othe SMR5 and SMR7 T-DNA

insertion lines.

(A), Intron-exon organization of the Arabidop$S$1R5and SMR7 genes. Black and white

boxes represent coding and non-coding regionsecgisply. The white triangles indicate the T-

DNA insertion sites(B), gqRT-PCR analysis on wild-typ&MR%°, SMR7°, and SMR%’

SMR¥° seedlings using primers specific to eitlBR50r SMR7 Expression levels in wild

type were arbitrary set to one. Data represent mesia (n = 3).
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Supplemental Figure 5.SMR5 and SMR7 expression levels in response to high light

treatment.

One-week old wild type Col-0 plants were eithertoointreated or exposed for 48 h to high
light. Complete seedlings were harvested for RT-R@Rysis. Data represent mean + SE (n =

3).

Col-0 SMRS5*® SMR7%"  SMRS5"°/SMR7"  WEEI*®

2

Growth Ratio (HU/Control)

=

Supplemental Figure 6. Relative root growth ofSMR5<®, SMR7%°, and SMR5"°
SMR7"° plants upon HU treatment.

Five-day-old seedlings wereansferred to control medium or medium suppleneentith 1
mM HU. Data plot the root growth ratio on HU versummtrol plates over 4 days after transfer.
HU-hypersensitiveVEE1° plants were included as positive control. Datagsent mean + SE
(n > 15).
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Supplemental Table 1. Meta-analysis of genes indutén multiple DNA damage

experiments.

roteins in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; Fung - 3422; Plants -
503

Locus g-value (HU - Time)® p-value (HU-Time)’  HU 24h/0h” | g-value (y-rays - 1)° p-value (y-rays-1)°  y-rays-1° | g-value (y-rays-2)° p-value (y-rays-2)°  y-rays-2° | g-value Bleomycin __ Bleomycin
[Sgnificantly Induced by HU, BM and.
marays
AT4G21070 oreast cancer susceptibilityt 0018 0.001 10375 0.000 0.000 581.570 0.000 0.000 57.803 0.000 2386
AT5G60250 zinc finger (C3HC4-type RING finger) family protein 0.000 0.000 8.907 0.001 0.000 34918 0.000 0.000 40.000 0.000 2352
unknown protein; Has 4 Blast hits to  proteins in 3 species: Archae - ; Bacteria -0;
AT1G07500 R I O T I e A 0.000 0.000 7.863 0003 0.000 38160 0.000 0.001 35.842 0.000 1595
AT4G02390 | poly(ADP-ribose) polymerase: 0.000 0.000 7.701 0.001 0.000 131.865 0.000 0.000 59.172 0.000 2.663
AT3G07800 Thymidine kinase 0033 0.002 7.160 0.000 0.000 46179 0.000 0.004 20492 0.000 2759
AT5G03780 [TRF-like 10 0.018 0.001 7.111 0.005 0.000 108.316 0.000 0.003 23.474 0.036 1.600
AT5G64060 [NAC domain containing protein 103 0.014 0.000 5.579 0.004 0.000 28.086 0.000 0.008 13.755 0.002 2153
AT2618600 Ubiquitin-conjugating enzyme family potein 0.009 0.000 5.521 0.004 0.000 21462 0.000 0014 11481 0.004 1972
T4 protein of 0012 0.000 5315 0.009 0.000 36380 0.000 0.009 14.451 0.000 2282
AT5G48720 x-ray induced transcript 1 0.048 0.003 5.296 0.004 0.000 285.166 0.000 0.000 65.789 0.000 2228
ATSG24280 ammatrradiation and mitomycin c induced 1 0026 0.001 4823 0.009 0.000 108.578 0.000 0.000 42,918 0.000 2584
ATSG20850 RAS associated with diabetes protein 51 0031 0,002 4643 0002 0.000 186.456 0.000 0.001 31250 0.000 1.765
AT3G27060  Ferritin/ribonucleotide reductase-like family protein 0.012 0.000 4.595 0.001 0.000 37.351 0.000 0.018 8.741 0.000 1970
AT2G46610 [RNA-binding (RRM/RBD/RNP motifs) family protein 0027 0.001 3.593 0002 0.000 19913 0.000 0.021 7.331 0.021 1546
ATSG40840 [Rad21/Recs like family protein 0052 0.004 3375 0.005 0.000 113.919 0.000 0.002 27.473 0.002 1.692
AT1G13330 |Arabidopsis Hop2 homolog 0.014 0.000 2.949 0.019 0.000 17.349 0.000 0.009 13.495 0.046 1.580
AT5G66130 [RADIATION sENsITIVE 17 0.009 0.000 2.888 0003 0.000 30411 0.000 0015 10384 0.002 1627
ATIG17460 TRE-lke 3 0052 0.004 2378 0.000 0.000 18925 0.000 0015 10661 0.007 1681
AT2G45460 | SMAD/FHA domain-containing protein 0.012 0.000 2378 0.000 0.000 45.673 0.000 0.004 21.053 0.010 1575
ATSG49480 0021 0.001 1.952 0002 0.000 15.106 0.000 0.026 5851 0010 1.580
AT3625250 [AGc (cAMP-dependent, cGMP-dependent and protein kinase C) kinase famly protein 0014 0.000 1853 0003 0.000 12,995 0.000 0.004 17.794 0035 1517
AT5G55490 1 0.034 0.002 1.670 0.000 0.000 71.489 0.000 0.001 34.722 0.000 2.407
Significantly induced by HU and.
marays
AT4G28950 RHO-related protein from plants 9 0.021 0.001 9.680 0.000 0.000 36.081 0.000 0.008 13.569
unknown protein; Has 3 Blast hits to 3 proteins in 1 species: Archae - ; Bacteria -0;
ATIGAST30 etaron:Fngi:Plats 3 Vs G Ot Edkarytes 0 s NI L) aeRs e 265 BED ez B2 eI BEw Lz
AT5G11460 Protein of unknown function (DUF581) 0.006 0.000 5.483 0.003 0.000 41.596 0.000 0.005 16.863
unknown protein; Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12;
ATSG02220 Bacteria - 1396; Metazoa - 17338; Fungi - 3422; lants - 5037; Viruses - ; Other Eukaryotes - 0023 0.001 4500 0.001 0.000 45759 0.000 0.004 20534
2996 (source: NCBI BLink).
AT2G47680 2inc finger (CCCH type) helicase family protein 0031 0.002 3422 0022 0.000 50849 0.000 0.004 17513
AT4G29170 Mndi family protein 0.060 0.005 2.898 0.000 0.000 40733 0.000 0.006 16.694
unknown protein; BEST Arabidopsis thaliana protein match i unknown protein
AT5G06190 (TAIR:AT3G58540.1); Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12; 0.012 0.000 2.878 0.008 0.007 3.757 0.001 0.092 2.690
[Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryot
ATSG67460 0-Glycosyl hydrolases family 17 protein 0031 0.002 2.799 0.005 0.000 18.032 0.000 0.004 17271
ATAG35740 [DEAD/DEAH box RNA helicase family protein 0.037 0.002 2.594 0.002 0.000 21.434 0.000 0.021 7.037
AT2G21790 ribonucleotide reductase 1 0.045 0.003 2.514 0.000 0.000 13.702 0.000 0.034 4.948
136024 protein 0052 0.004 2479 0025 0.002 9.474 0.000 0.022 6.649
AT2G31320 | poly(ADP-ribose) polymerase 2 0.020 0.001 2.445 0.001 0.000 39.238 0.000 0.015 9.970
AT3G42860 zinc knuckle (CCHC-type) family protein 0.039 0.002 2.445 0.001 0.000 30.770 0.000 0.010 13.351
ATIG09815 poiymerase delta 4 0026 0.001 2354 0.000 0.000 19.771 0.000 0.021 7.310
unknown protein; Has 754 Blast his to 165 proteins in 64 species: Archae - 0; Bacteria - 48;
AT3G20490 [Metazoa - 26; Fung - 25; Plants - 36; Viruses - 0; Other Eukaryotes - 619 (source: NCBI 0.043 0.003 2313 0.003 0.000 17.593 0.000 0.029 5.201
BLing).
AT4G19130 Replication factor-A protein 1-related 0.093 0.010 2305 0010 0.000 59.037 0.000 0010 13.089
AT2G30360 [SOS3-interacting protein 4 0.033 0.002 2.274 0.004 0.000 11137 0.000 0.017 9.346
AT3612510 [MADS-box farnily protein 0.006 0.000 2.266 0.001 0.000 17.935 0.000 0.029 5.426
unknown protein; BEST Arabidopsis thaliana protein match i unknown protein
AT1612020 (TAIR:AT1G62422.1); Has 89 Blast hits to 88 proteins in 16 species: Archae - 0; Bacteria - ; 0030 0.001 1873 0.006 0.000 8806 0.001 0.080 2976
Metazoa - 0; Fungi - 0; Plants - 87; Viruses - 0; Other Eukaryotes - 2 (source: NCBI
AT1G31280 |Argonaute family protein 0.014 0.000 1.866 0.002 0.000 24.264 0.000 0.017 9.302
ATIG59660 Nucleoporin autopeptidase 0033 0.002 1.860 0014 0.000 15.946 0.000 0013 11933
AT3G15240 WNK d 0.027 0.001 1.790 0.016 0.001 6.471 0.001 0.060 3.552
AT1G30600 Subtilase family protein 0.093 0.010 1711 0.013 0.000 9.920 0.001 0.066 3.299
ATSG67360 Subtilase family protein 0029 0.001 1676 0.001 0.000 4720 0.001 0.082 2923
AT1G76180 [ Dehydrin family protein 0.062 0.005 1.659 0.017 0.010 3.048 0.001 0.080 2.975
ATAG11740 | Ubiquitin-like superfamily protein 0.084 0.008 1.653 0.000 0.000 7.747 0.001 0.067 3272
AT2636910 ATP binding cassette subfa 0012 0.000 1.569 0.000 0.001 359 0.001 0.092 2693
AT5G14930 s 0.000 0.000 1.542 0.000 0.000 9.606 0.000 0.018 8.993
Significantly inducedby HU and BM
[unknown protein; Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12;
AT5G66985 [Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 0.088 0.009 3.294 0.007 1612
2996 (source: NeBI Link).
ATSG14920 ibberellin-regulated family protein 0027 0.001 2.789 0.000 2122
ATAG15480 |UDP-Glycosyltransferase superfamily protein 0.081 0.008 2.196 0.000 2394
AT3627620 aiternative oxidase 1¢ 0077 0.007 2,056 0,025 1883
AT3G27950 [GsL.like Lipase/Acylhycrolase superfamily protein 0045 0,003 1.641 0.000 4012
ATAG04750 | Major facilitator superfamily protein 0.082 0.008 1.625 0.011 1.689
756601 3 0037 0.002 1619 0018 1.801
ATSG25810 integrase-type DNA-binding superfamily protein 0.000 0.000 1.558 0.040 1573
AT1G49030 [PLAC8 family protein 0.044 0.003 1.553 0.000 2.653
\Significantly induced by BM and
marays
ATAG05370 [BCS1 AAA-type ATPase 0.014 0.000 8.214 0.000 0.050 3.949 0.007 1.807
|unknown protein; INVOLVED IN: biological_process unknown; LOCATED IN:
AT5G49110 cellular_component unknown; EXPRESSED IN: cultured cell; Has 30201 Blast hits to 17322 0.004 0.001 7611 0.000 0.037 4.819 0.002 1562
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Supplemental Table 2. Annotated ArabidopsiSIM/SMR genes.

Supplemental Table 3. DNA ploidy level distribution in transgenic plants

AGI locus Annotation
At5g04470 SIM
At3g10525 SMR1
At1g08180 SMR2
At5g02420 SMR3
At5902220 SMR4
Atlg07500 SMR5
At5940460 SMR6
At3927630 SMR7
At1g10690 SMR8
At1g51355 SMR9
At2g28870 SMR10
At2g28330 SMR11
At2g37610 SMR12
At5g59360 SMR13

overexpressingSMR4, SMR5, or SMR7.

Ploidy (%) Col-0  SMR4°®  SMR5®  SMRT7¢
2C 19.6+0.2 17.1+0.1 23.6+09 242+13
4C 26.3+1.2 19.4+05 21.3+0.8 29.2+0.7
8C 492+05 349+34 348+05 36.1+0.2
16C 46+07 271+31 196+02 95+0.9
32C 0.2+0 15+0.6 07+01 1.1+0.1
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Supplemental Table 4. List of primers used for cloimg, genotyping and RT-PCR.

Promoter cloning primers

SIAMESE MM,
SMRI ww
e B
SMR3 MM
SMR4 MM
SMRS MM,
iR EY
sz TV
SMRS wﬂ
SMRO MM
sMRIO TV
SMRI1I MM,
svRi2 TV
SMRI3 MM

ATAGAAAAGTTGGTATTGTAATTATATATGAAAAAATAGTAAT
GTACAAACTTGTTCTTITTTTGTTTATATAAATATTAAATGT
ATAGAAAAGTTGTCACAAGTGCATTTTTAATTTGTAGGA
GTACAAACTTGCATCTAAACTTGTGTATGTTTITIGITTITIGG
ATAGAAAAGTTGGTAACTCCTTCGGCATCTTTGT
GTACAAACTTGTGGTCACATGGATGTGAAAGTTT
ATAGAAAAGTTGGTATTTTAAATTACGATTTCAAAATCTTGA
GTACAAACTTGTTAGACAAGTTTTACAGAGAGAAAGAAGAG
ATAGAAAAGTTGGTGAAACACAAAGCATCTTICG
GTACAAACTTGTTCTTCTCTCTCGAACTCG
ATAGAAAAGTTGGTCAGAACGAACAAAAG
GTACAAACTTGTTTTTIGTCCGCTCTCTCG
ATAGAAAAGTTGGTCAGTGTGTCAAAACCGACG
GTACAAACTTGTCTCTCTTTAACTAACTCAAAACCAAGA
AGAAAAGTTGCGTTGACGCGGGAAAATTAA
GTACAAACTTGCTTAAAACAGTTGGAGATTGAG
ATAGAAAAGTTGGTAGATCCCACATTACTTAAGAAATTGG
GTACAAACTTGTGACTTCTCTCGAATGTGAATGAAGA
ATAGAAAAGTTGGTACATATAAAGGTGTTATACACACCCTT
GTACAAACTTGTTTTTGAGACCAGAATAAGAGAGAAG
ATAGAAAAGTTGGTTTTAAAAAACCGTTTCAAACTAGTGC
GTACAAACTTGTCTTTGAGAAGAAACGTCGCTC
ATAGAAAAGTTGGTTGTGGTAATCTACATGGAATTTGC
GTACAAACTTGTTTGGATTCACGAGATCTAAGCA
ATAGAAAAGTTGGTTCGGCTCACCTTGTTITTCC
GTACAAACTTGTGTGCGCTTTTTTTTCTTCTCAG
ATAGAAAAGTTGGTAAAACTCAAGACACTTCTTTITITTIGG
GTACAAACTTGTCTTATCACAAACAGGAAAAGAGAGAGT

T-DNA genotyping primers

SMRS5 SALK 100918

SMR7 SALK 128496

LB GAACGAACAAAAGTGAGCTCG
RB TTTCCCAACCTGACAGAAAAC
LB AAAATCGATAACTAAAACGAACCG
RB AGGCCTTCAATATAGCCCATG

Primers used for ChIP experiments

SMR5-ChIP-F1
SMRS-ChIP-R1
SMR5-ChIP-F2
SMRS-ChIP-R2
SMR5-ChIP-F3
SMRS5-ChIP-R3
SMRS-ChIP-F4
SMR5-ChIP-R4
SMR7-ChIP-F1

SMR7-ChIP-R1
SMR7-ChIP-F2
SMR7-ChIP-R2
SMR7-ChIP-F3
SMR7-ChIP-R3
SMR7-ChIP-F4
SMR7-ChIP-R4

GGAACAAAGTCATGAGAATTAACGC
TTCCTGCTAAAGGACGTGGTG

(o))
RT-PCR primers !
SIAMESE Fw CACAAGATTCCTCCCACCACAG
Rev CAGAGGAGAAGAACCGCTCGAT
SMRI Fw CACCCACATCCCAAGAACACAAG
Rev GACGGAGGAGAAGAAACGGTCAA
SMR? Fw AGAGCAGAAACCCAGAAGCCAAG
Rev GAAATCTCACGCGGTCGCTTTCTT
SMR3 Fw CGATCACAAGATTCCGGAGGTG
Rev CGGCTCAGATCAATCGGTATGC
SMR4 Fw GCCGAGAAGCACGATGTATAG
Rev AGATCTGGTGGCTGAAAGTACC
SMRS Fw AAACTACGACGACGGAGATACG
Rev GCTACCACCGAGAAGAACAAGT
SMR6 Fw GGGCTTCGTTGAAACCAGTCAAG
Rev TTTCTCGGTGCTGGTGGACATTC
SMR7 Fw GCCAAAACATCGATTCGGGCTTC
Rev TCGCCGTGGGAGTGATACAAAT
SMRS Fw TAACCTATCTCCCGGCGTCACA
Rev GCACTTCAACGACGGTTTACGC
SMRO Fw GCCACTTCAAGAACCCATCTCC
Rev TCCGGAGTACAACATCCACTCTCT
SMRI0 Fw GCAAAGAAGGAGCAACCGTCAAG
Rev CGGTGGACAAATTCTTGGCATCG
SMRII Fw CTGCTTCGATCTCGGATTGTGTT
Rev GACGAAGGAGGCGGTGTTTTAC
SMRI2 Fw GGTATGTCGGAGACGAGCTTGA
Rev GAGTCGGTGTCTTGAACCCATCA
SMRI3 Fw GAACCACCAACACCGACAACAAG
Rev GTTCGAGTTTCTCGGCGTCTCT
Actin? Fw GGCTCCTCTTAACCCAAAGGC
Rev CACACCATCACCAGAATCCAGC
EMB23S6 Fw CTCTCGTTCCAGAGCTCGCAAAA
Rev AAGAACACGCATCCTACGCATCC
PACI Fw TCTCTTTGCAGGATGGGACAAGC
Rev AGACTGAGCCGCCTGATIGTTIG
RPS26C Fw GACTTTCAAGCGCAGGAATGGTG
Rev CCTTGTCCTTGGGGCAACACTTT

OREF cloning primers

GTTGTCAACAATCCTACAATTGTGTG
GATGTCGAATCCATTTGGTACTATG SMR4
ATCACAACGAAACGAACCTTAGAAC
TGGGTTTCTATATATTATGCGAGCTC

ACGTGGCAGTACGTTCCTCC SMR5
GTCCGCTCTCTCGCACTTIC

ATCACCAGAAGCAGTCAGAAGAC

ACATTTCTTGGATCAAGGTGTG SMR7

TAAACCTAAATCACAAACGACCA

Fw AAAAAGCAGGCTTCATGGAGGTGG TGGAGAGGAA G
Rev + stop co AGAAAGCTGGGTCCTAAGCGCAAGCTTCTCTTC

Rev - stop coc AGAAAGCTGGGTCAGCGCAAGCTTCTCTTC

Fw AAAAAGCAGGCTTCATGGAGGAGAAAAACTACGACG
Rev + stop co AGAAAGCTGGGTCCTAGGTTGCCGCTTGGG

Rev - stop coc AGAAAGCTGGGTCGGTTGCCGCTTGGGA

Fw AAAAAGCAGGCTTCATGGGAATTTCGAAAAAATCTC
Rev + stop co AGAAAGCTGGGTCTTAACGGCGTTGTATAAACACC
Rev - stop coc AGAAAGCTGGGTCACGGCGTTGTATAAACACCA

GTTCTGTTGATTACTCAATGTAGCTAG
GGTGTGGTCTCTCATTTGACGC
GGCCATCATATATGGGCCTTAC
TAGTCTCAAAACCATGGCGC
GAAGCTTTCAGAGGAAGATTATTAGG
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ABSTRACT

As important cell cycle transcription factors, E2Fproteins play a crucial function
in DNA damage response in mammals. However, littles known about E2F
features upon genotoxic stress in plants. In our whk, mutants of E2Fa and E2Fb
were found to be resistant to DNA damage caused e radiomimetic drug
bleomycin. We illustrate that this resistance is kely due to a constitutive weak
activation of the DNA damage response (DDR) pathwayiggered through the
depletion of MCM proteins, without inhibiting growt h of plants in the absence of
exogenous DNA damage inducing agents. In the2fa-2/e2fb double mutant MCM
expression falls tominimal levels, triggering a more severe DDR that esults in
shrinkage of the root meristem under control conditons. Our results suggest that
E2F transcription factors counteract DNA damage, wile E2F absence leads to an
endogenous DNA damage response that at slightly meased levels allows for an

adaptive response that makes the plant more toleramo higher genotoxic levels.

Adapted from manuscripDalong Yi, Sandy Vanderauwera, Barbara Berckmans,
Claire Lessa Alvim Kamei, Toon Cools, Hilde Van derDaele, Laenzo Borghi,
Wilhelm Gruissem, Lieven De Veylder E2F depletion renders DNA stress resistance

(Manuscript in preparation)
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INTRODUCTION

E2F transcription factors are well-known transcoiptfactors controlling cell division.
They regulate the expression of many genes thatnawstly involved in DNA
replication (Pagano et al., 1992; Ramirez-Parral.et1999; Vandepoele et al., 2005).
Dimerization partner (DP) proteins associate witAF& to form a heterodimeric
complex that binds the promoters of genes contgiaik2Fcis-acting element (van den
Heuvel and Dyson, 2008). Activity of E2F/DP commexcan be inhibited by the
Retinoblastoma/Retinoblastoma related protein (FBIR (Murphree and Benedict,
1984; Weinberg, 1995). Over the last decades, te tunctions of plant E2F/DP
transcription factors have been partially charaoter. They appear to be crucial for the
regulation of DNA replication, endoreplication, andll differentiation. Specifically,
E2Fs play a crucial role in the regulation of GiStgphase transition (Ren et al., 2002).
Six members of E2F family transcription factor fam{E2Fa, E2Fb, E2Fc, DEL1/E2Fe,
DEL2/E2Fd, and DEL3/E2Ff) have been identified iraBidopsis. E2Fa and E2Fb are
two positive regulators that promote S-phase eatny progression. They are mostly
expressed in proliferating tissues (De Veylder let 2002; Mariconti et al., 2002;
Sozzani et al., 2006).

In mammals, E2F/DP activity has a big impact on IidA damage response (DDR)
(Tsuge et al.,, 2005; DeGregori and Johnson, 2006glirber et al., 2007) by
controlling transcription of a wide range of gerist are involved in cell-cycle
progression and DNA synthesis, replication and irefiZ2F1 protein accumulates to
trigger DNA repair genes for DNA double-strand lireend UV radiation—induced
damage repair (Anup K. Biswas et al., 2012). E2¢8 apstream of E2F1. E2F1 in turn
acts upstream of E2F2. Upon DNA damage, E2F2 reispdo the DNA damage
through E2F3, initializing apoptosis, making E2F¥ey regulator of DNA damage-
induced apoptosis (Martinez et al., 2010). Meamsyhid2F1 control E2F7 and E2F8
(Christensen et al., 2005), and E2F7 and E2F8 oan & feedback E2F1 expression
(Chen et al., 2012). Microarray analysis of E2Fgéargene expression upon DNA
damage showed they are involved in DNA replicatiDNA repair and mitosis. These
results indicate that E2F-dependent gene activatoonributes to the cellular response

- 106 -



CHAPTER 3

to DNA damage both at S phase and during mitosi$a¢fer et al., 2002; Ren et al.,
2002).

The minichromosome maintenance complex (MCM) iekcase complex that plays a
role in both the initiation and the elongation pFsa®f DNA replication, specifically
during the formation and elongation of the replmafork. It is a key component of the
pre-replication complex to initialize DNA replicati, and also a key component of
replicative helicase (Tsuge et al., 2005; DeGregnd Johnson, 2006; Hoglinger et al.,
2007). The first identified MCM protein in Arabidsig is PROLIFERA (PRL, MCM7)
(Springer et al., 1995PRL/MCM7is expressed in dividing cells and plays a rolerdu
embryo development. Its gene product is localizethe nucleus during the G1 phase
(Springer et al., 2000). MCM5 and MCM?7 proteins &also reported to accumulate in
G1, S and G2 phases (Shultz et al., 2009). Thereegrorts showing that reduction of
MCM levels lead to the defects in genome stabilityeast (Liang et al., 1999; Fitch et
al., 2003). Analogously, depletion of tliE2F TARGET GENE {[ETG1) protein that
interacts with MCM proteins during DNA replicatiotniggered a DDR response
(Takahashi et al., 2008; 2010).

The mechanisms by which most of the E2F family memmbbespond to DNA damage
are poorly understood in plants. Moreover, the tbiey play in the DNA damage
response has not been extensively explored. Herelemonstrate that the depletion of
E2Fa or E2Fb confers resistance to DNA damage dahgethe radiomimetic drug
bleomycin (BM). We illustrate that this resistansdikely due to a drop in oMCM
gene expression, triggering a DDR without compramgighe cell cycle. Contrary, in
the E2Fd© E2FH° double mutanMCM expression fall taninimal levels, triggering a

more severe DDR that results in shrinkage of tio¢ meeristem.
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Figure 1. E2FX® primary root growth in response to bleomycin.

(A-B) Average primary root lengths of wild-type (Col-0E2Fd®°, E2FH and
E2Fd©xE2FH and seedlings transferred at 5 DAG to mo&kor 0.3ug/mL BM-containing
medium(B). (C-D) Cortex cell lengths in function of distance frome tQC for wild-type (Col-

0), E2Fd©, E2FB° and E2Fd‘°xE2FB° seedlings transferred at 5 DAG for 24 hrs. to mock
(C) or 0.3ug/mL BM-containing mediungD). Error bars represent standard error of the mean
(n > 15).(E) Representative examples of root meristems of tyjpe (Col-0),E2Fd©, E2FH©

and E2Fd°xE2FB° after transfer for 24 hrs. to mock (-BM) or Qug/mL BM-containing
(+BM) medium. Arrows mark the size of the meristems
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RESULTS

E2FX° plants show resistance towards bleomycin

E2F transcription factors are important for celtleyregulation and cell proliferation,
and have been implicated in other organisms to dré @f the DNA damage stress
response (De Veylder et al., 2002; Mariconti et2002). To analyse a putative role for
the Arabidopsis E2Fa and E2Fb transcription fadtoil3DR, we measured root growth
of plants being exposed to BM. Wild-type (Col-O)daB2Fa and E2Fb T-DNA
insertion mutant linese@fa-2ande2fy (Berckmans et al., 2011) were germinated on
vertical plates for 5 days and subsequently segsihvere transferred to control medium
or medium supplemented 0.3 pg/mL BM. Using thiscemtrantion of BM, the root
growth was inhibited rather than completely armsteéor 10 days root growth was
measured. Root growth of tfE2F° mutant lines was identical to control plants ie th
absence of BM (Figure. 1A). In the presence of Bjxdwth of the control plants was
inhibited. In contrast, bottE2F° lines appeared to be insensitive to BM treatment
(Figure. 1B), resulting in an approximately 20%den primary root length, compared
to the control plants. A significant differencerivot length between wild-type and the

E2F° lines appeared from day 6 onwards (Student’sttResalue < 0.05).

Table 1. Length of cortex meristem

Length of cortex meristem

Level Mean
Col-0 A 243.10
Bleo- e2fu-2xe2fb A 242.53
e2fa-2 A 242.25
e2fb A B 229.39
edfa-2xe2fb A 240.47
e2fa-2 A B 22692
Bleo+
e2fb B 216.49
Col-0 B 211.70
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Figure 2. E2Fa stimulates expression @M R4 and SMRY.

(A) E2Fcis-acting elements in promoters 8MR4andSMRS5.Triangles denote the position of
the different elementgB) Transcriptional activation ghfSMR<.UC constructs by E2Fa and
DPa. Protoplasts were either controlled transformétth pSMRS.UC only (control), or in
combination with CaMV35:E2Fa (+E2Fa), CaMV35:DPa (+DPa), or CaMV35:E2Fa and
CaMV35:DPa(+E2Fa+DPa). Data represent mean with SEM (n £®BE) RelativesSMR4(C),
SMR5 (D), and SMR7 (E) expression level in wild-type (Col-0E2Fd®°, E2FH° and
E2Fd‘°xE2FB° root tips, both in control treated plants (-BM)ménts treated for 24 hrs. with
0.3ug/mL BM (+BM). Data represent mean = SE (n = 3).
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To investigate the underlying reasons of the BMstaace phenotype, we plotted
cortical cell length in function form distance frotne stem cell niche. Five-day-old
seedlings were transferred to 0.3 pg/mL BM-contgjror mock medium for 24 h. In
absence of BM no significant difference was obsgyetween the different genotypes.
Upon growth on BM, wild type cortical cells enterde cell expansion phase earlier,
resulting into shrinkage of the root meristem (FeWLE). This was not observed in both
E2F¢° lines, which maintained a meristem size beingtidahto that of the non-treated
plants (Figure 1, Table 1). These data indicate ahity of the E2F° lines to
withstand the BM treatment, probably resulting frtima inability to activate a cell cycle
checkpoint.

E2F transcriptional factors stimulate SMR gene expression.

SIM/SMR proteins belong to a new family of CDK ibhors (Yi et al., 2014), with
SMR4, SMR5 and SMR7 activating a DNA stress indunglticycle checkpoint. From
promoter analysis we found EZfts-acting binding site in the promoter regions of
SMR4andSMR7(Figure 2A), suggesting that the impaired checkpadativation in the
E2F° lines might be due the inability to activa®R4and SMR7 expression. Co-
expressing th&2Fa and DPa transcription factors resulted in a dramatic irtcrcin
expression of bothPSMR4 and SMR7 in Arabidopsis protoplasts, illustrating that
E2Fa/DPa indeed has the potential to activate geties. In contrasEMR5expression
was not significantly induced, correlating with abse of an E2Eis-acting element in

its promoter (Figure 2B).

The RETINOBLASTOMA RELATED 1 (RBR1) protein is agnt homolog of the
tumor suppressor Retinoblastoma (pRb), which iseq tegulator of the cell cycle
though regulating activity of E2F/DP complex (Grefial., 1996; Ramirez-Parra et al.,
1999; Harbour and Dean, 2000). An induciBBR1RNA interference system has been
developed to silence RBR1 activity in Arabidopsisdfi et al., 1996; Ramirez-Parra et
al., 1999; Borghi et al., 2010; Gutzat et al., 20Three-day-old inducibl@BR1RNA
seedlings that contained either theukGUS or PsurzGUS reporter construct were
germinated in the medium supplemented wtestradiol. Both lines displayed a
dramatic increase in GUS activity upon silencingRBR1 (Figure S1). Again, the
PswrsGUSTreporter was not induced. These results corrobdhet control oSMR4and
SMR7transcription by E2F transcription factors.
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Figure 3. Meta-analysis of E2Fa controlled DNA damge response genes.

(A) Comparison of genes differentially expressed spoase tde2Faknockout (G), bleomycin
treatment (T), or both (GxT)B) Overlap between genes being down-regulate&2fd,
upregulated irE2Fa/DP&* plants, and bound by E2F, as defined by Naouak. ¢2@09).(C)
Hierarchical cluster analysis of G+T and GxT ger&gen and red represent down- and up-

regulated gene expression, respectively.
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To address whether the E2F transcription factorstrimte to the DNA stress
inducibility of the SMR4 SMR5 andSMR7genes, we measured their expression levels
by RT-PCR inE2F° lines grown under control conditions, or in thegence of BM.
Only theSMR4gene displayed a significant (P<0.05 for comparisih WT) decrease

in expression level in both knockout backgroundgyufe 2C-E). Nevertheless, its
expression was still induced upon BM treatment ldbserved foSEMR5and SMR7
Thus, althougliSMRgenes are under transcription control of E2F trapson factors,
these transcription factors appear not to conteiltot their DNA stress inducibility.
Thus the BM resistance of tHE2F lines is unlikely to be due to impaired SMR-
dependent checkpoint activation.

E2Fa"© is affected in expression of DDR and replicationenes

To uncover the mechanism by which tB2FC lines confer BM resistance, we
performed a microarray analysis comparing 5-dayvaild-type andE2Fd root tips

of plants control treated or grown for 24h on medisupplemented with 0.8g/mL
BM. Statistical analysis identified 583 genes bailifferentially expressed (P < 0.001)
(G sign) between both genotypes under control ¢mmdi, of which 206 and 377 being
down-regulating and up-regulated, respectively [@&il, Figure 3A). GO analysis of
the 206 downregulated genes from E2Fd‘° microarray suggests an involvement of
these genes in stress response (Figure S3C) dndyclel regulation (Figure S3D). We
compared th&2Fd© significant down-regulated genes from our micragrdatasets
with the E2F target genes that have at least otadipel E2Fcis-acting element in their
1-kb promoter and the significant upregulated geime&2Fa/DP&F co-expressing
plants, as identified through microarray analydaduar et al., 2009) (Figure 3B).
Interestingly, 58 E2Fa target genes (Table S2) werenregulated in thE2Fd line,
and 10 of these E2F target genes were also signtficupregulated in thE2Fa/DP&*F
(Table S2, Figure 3B). From the corresponding G@lyeis it can be seen that they are
mainly involved in DNA replication (Figure S3A).



E2F depletion renders DNA stress resistance

MCM?2-7 Genes Expression
1.4 -
1.2 -
210
S = Col-0
[t 08 T
2 me2fu-2
g 0.6 IS esz
= 0.4 - W e2fu-2%e2fb
0.2 -
0.0 -
MCM2 MCM3 MCM4 MCMS5 MCM6 MCM7
4.5 -
uCol-0
me2fa-2
we2fb
me2fa-2%e2fb

BRCA1 PARP2

Figure 4. MCM family genes are under the control of E2F transcption factors.

(A) The expression level in wild-type (Col-OE2Fd° (e2fa-), E2FH (e2fh ,and
E2Fd°xE2FB° (e2fa-2xe2fh root tips of MCM genes being identified as differentially
expressed in the microarray datagB). RelativeBRCAlandPARP2expression levels in wild-
type (Col-0),E2Fd°, E2FH© and E2Fd°xE2FH° seedlings. Expression levels in wild type
were arbitrary set to one. Data represent mean nSE3).
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Table 2.MCM expression inE2Fa"“° microarray

E2F binding

o . p-values P<0.001 p-values P<0.001
AGI code Gene Descriptio
" ription sites in (Genotype) (Genotype) (Treatment) (Treatment)
pomoter

Minichromosome maintenance Genotype Treatment

AT2G07690 3 1.34E-07 R 9.41E-06 -
! MCM5 ’ ! significant ’ significant
Minichromosome maintenance Genotype Treatment

AT5G46280 2 7.37E-06 s 1,17E-05 o
MCM3 fss significant ol significant
Minichromosome maintenance Genotype Treatment

2 7E- 7E-

AT4G02060 MCM7 PRL 1 1.37E-04 significant 8.07E-04 e
Minichromosome maintenance Genotype Treatment

AT2G16440 1 1,03E-05 A 2,04E-06 o
MCM4 ’ significant ’ significant
AT5G44635 minichromosome maintenance 2 0.624179 5.06E-05 T.re:«%tment
MCM6 significant
minichromosome maintenance Treatment

AT1G44900 2 0.715426 2,64E-05 .
MCM?2 ot ’ significant

Several MCM family members are present in the 1€rlapping E2F target genes that
are down and upregulated in tB2Fd‘© andE2Fa/DP&F lines respectively (Table 2).
The minichromosome maintenance (MCM) complex isartgmt for DNA replication
as a heterohexamer complex composed of MCM2 to MQivtiteins. The MCM
complex is part of the helicase that unwinds DNAimy replication (Tye and Sawyer,
2000; Labib and Diffley, 2001; Forsburg, 2004). TAabidopsisMCM genes can be
divided into 2 groups. The promoters of the firsiup of genes which includdCM5,
MCM3, MCM7 (PRL, MCM4, MCM6, MCM2, and MCM8 hold an E2Fcis-acting
element. All components of the MCM2-7 complex bglaa this group. The remaining
MCM genes MICM9, MCM10, EMB168&ndAT1G6746) do not contain such binding
site in their promoters (Naouar et al., 2009). Agntimose genes with an E2k5-acting
elementMCM3, MCM4, MCM5andMCM?7 were significantly down and upregulation
in the E2FA© andE2Fa/DP&F lines, respectivelyMCM2 andMCM6 showed a non-
significant reduction in expression level E2Fd© microarray datasets. These results

were confirmed by quantitative RT-PCR (Figure 4A).

The BM treatment resulted into 1761 differentiajnes (Table S1), among which 963
genes were up-regulating and 798 genes were dogufateng. In total 209 genes
showed a significant change both in genotype aedtrrent (G+T). These genes are
thus induced by BM in an E2Fa independent mannerinVestigate the interaction
between the DDR and E2Fa regulating pathway, aviap-ANOVA analysis was
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performed, identifying 193 genes for which expressis dependent both upon E2Fa
and DDR (GxT). The expression of these genes updA @amage is affected by E2Fa.
To investigate the genes that are both influengethb E2Fa transcription factor and
DNA damage response, we pooled G+T and GxT gergsher for cluster analysis.
Using TreeView (Page, 1996) (Figure 3C), we candeéithese 387 genes to 4 clusters.
Cluster 1 and Cluster 2 genes show dramatic inolmatpon BM treatment (Figure S4-
S5). The genes belonging to Cluster 1 show low esgion level in th&2Fd© line
under control conditions. GO categorization showreat they are involved in DNA-
dependent DNA replication initiation, DNA geometrahange, DNA conformation
change and protein folding. The genes of Clustan@®v an elevated expression level in
E2Fd© under both control and DNA stress conditions, apdear to be enriched for
DNA and nucleic acid metabolic process, DNA reqlara response to DNA damage
and DNA repair. Cluster 3 and 4 hold genes thaehaJlow expression level in the

presence of BM, being enriched for genes involved transport (Figure S6).

Knockout of both E2Fa and E2Fb triggers endogenous DNA damage

response

Next to the singl&€2F © lines we analyzed root growth of the double mutant. Simil
to the single mutants, tHE2Fd°xE2FH© mutant showed under control conditions no
clear growth phenotype. Surprisingly, in the preseaf BM the double mutant grew
worse than both single mutants, although stilldydttan the control plants (Figure 1B).
When measuring the cortical cell length, it appéateat under both control and BM
conditions cells expanded prematurely (Figure 1C,@pulting into a significant

shrinkage of the root meristem (Figure 1E, Table 1)

The decrease in meristem size indicated the amivalf a cell cycle checkpoint in the
E2F° double mutant, already in the absence of DNA damdge confirm this
hypothesis we examineBMR4 SMR5 and SMR7 expression levels in thE2Fd©
E2FB° mutant. All were strongly induced in the double amitboth under control
conditions and in the presence of BM, in comparismrihe control line and single
mutants (Figure 2C-E). Additionally, expressionttid DDRBRCAlandPARP2genes
was strongly activated (Figure 4B), indicating iadehat the co-depletion of E2Fa and
E2Fb triggered endogenous DNA stress. When measM{@M expression levels, it
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appeared that the expression values those that faenel to be downregulated in the
E2Fd© were even lower in the double mutant (Figure 4A).

DISCUSSION

The role of E2F transcription factors in DNA damageresponse and cell

proliferation

To maintain genome integrity, DNA repair should fo@shed before the next cell
division. When DNA damage occurs, the cell cycl# e arrested for the damage to be
repaired. A cell cycle arrest is an important rigactof the DDR in multicellular
organisms. In plants, the E2F transcription factikaly perform important functions
during the DDR. E2Fa co-localizes wittH2AX upon genotoxic conditions, which
recruitment depends on ATM (Lang et al., 2012).dRicleotide reductase (RNR) and
RNR-like genes are under the control of E2Fa in respaiDNA damage (Roa et al.,
2009). Under UV-B stress, E2Fe/DEL1 controls theregsion of the photolyase
photoreactivating enzyme type-Il cyclobutane pydimé dimer-photolyase DNA repair
gene PHR1]) (Radziejwoski et al., 2011). ANTI-SILENCING FUN@JIN1 (ASF1) is

a key histone H3/H4 chaperone that participateBNA repair processes in post-UV
responseASF1Aand ASF1Bencoding ASF1 proteins are also under control 2fF&
during cell cycle progression in Arabidopsis (Laebal., 2013). FASCIATAL (FAS1)
encodes the CAF-1 large subunit, is another tanfjdf2F transcription factors, and
depletion of FAS1 causes hypersensitivity to bothADreplication stress and DNA
damage (Kirik et al., 2006; Ramirez-Parra and Grgie 2007; Hisanaga et al., 2013).
In our results, we can find some genes IRBIR1 and FAS1 being significantly
upregulated among the different genotypes undetr@ocondition. In contrastETG1
expression is reduced iB2Fd©. PHR1 and ASF1 did not present differences in
expression in the absence B2Fd°, which might be due to redundancy of different
members of E2F family. These data suggest that BREgtes upstream regulation in

DNA damage response.

Surprisingly, despite E2Fa’s role as a transchyaticactivator to DNA response genes,
we observed th&2Fd“© mutants display resistance to DNA induced by Bivhpared

to control plants. A similar DNA stress resistaptenotype was observed fB2FH©
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plants. A likely mechanism by which E2Fs might cintte to a cell cycle checkpoint
might have been the transcriptional activatiorSMR genes, shown recently to arrest
the cell cycle in an ATM dependent manner (Yi et 2014). However, despite the
observation that thEMR4andSMR7genes holds E2Eis-acting bindings sites in their
promoter region, and despite their transcripti@wivation by E2Fa-DP&2F° plants
still displayed a transcriptional activation 8MR4/SMRpon administration of BM.
Thus, likely a transcription factor being differetiot E2Fs controlSMR activation in
response to DNA damage. A likely candidate is t&$ (Yi et al., 2014). Rather than
playing an active role in response to DNA damagef-Bependent transcription of
SMR4and SMR7might be linked to S-phase progression. Indeed $0gl-1mutant
background a patchy expression patterrBbR5and SMR7can be observed (Figure
S7), likely reflecting E2F-driven cell cycle phadependent gene expression. The role
of SMRexpression during the S phase awaits further cteraation.

E2Fa and E2Fb have partial redundant functions buthey are different.

Microarray analysis oE2Fd‘© plants showed that many genes are significantyced

in expression, even in the absence of BM. Thesegane mainly involved in DNA
replication (Figure S3D) and stress response (Ei@8C). In the comparison analysis
with E2F target genes, we found not all the E2Fgetagenes being down-regulated
(Figure 3B). These data can be can explained fomatiredundancy between E2Fa and
E2Fb. As we discussed before, E2Fa and E2Fb likatpgnize the sameis-acting
element (Naouar et al., 2009). Furthermore, E2fggetayenes likCMs show a strong
reduction in the E2Fa/E2Fb double knockout lineamparison with the reduction in
the single knockoutines (Figure 4). On the other hand, the many gdhes are
differential expressed in th&2Fd° line indicates that E2Fa and E2Fb are not
completely redundant. Similar conclusions can beerfeom previous reports, such as
E2Fa andE2Fb present different function to auxin in cell susgien cultures (Magyar
et al., 2005) and lateral root development (Sozeaal., 2006; Berckmans et al., 2011).
The double knockout line in our experimene&a-2xe2fb This line does not present
any obvious growth defect but the other double ke which contains another E2Fa
knockout allele é2fa-1 is infertial. Thus, we can suppose that the ateseh phenotype
difference between2fa-2xe2fband WT is due to the partial loss-of-function prodof

E2Fa Interestingly, from these data we can concludg theE2Fd© downregulated
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genes can be divided in two bio-process sets Tinesg&ith reduced expression in
E2Fd© and upregulated irE2Fa/DP&F can mainly be categorized into DNA
replication, the remaining genes appear to cormdpto stress response related

processes (Figure S3).

Activation of the DNA damage response renders gemmticity resistance

The E2Fd© and E2FH°® mutants show longer roots than wild-type plantsiaun
genotoxic stress, likely attributed to the mainte®of their meristem length upon BM
treatment, contrary to the control meristems thspldy a clear shrinkage. Contrasting,
E2FaxE2Fbdouble knockout plants display a reduced merister® under both control
and DNA stress conditions. We postulate that teduction in meristem size reflects
the activation of an endogenous DNA stress checkpbkely due to a depletion of
essential DNA replication factors. Candidate regilan factors accounting for the
endogenous DNA damage are subunits of the MCM2nTptex. In yeasts, low levels
of MCM2-7 complex proteins lead to accumulating @ee damage caused by the
abnormal DNA replication process (Liang et al., 99Hctually, from the GO analysis
of genes induced iE2Fd plants in the absence of exogenous applied DN&sstwe
can enrichment for DNA repair. In contrast with thduced genes in tHe2Fa/DP&*F
line, these genes are activated by E2Fs depletibithwcaused DDR rather than
transcrioptional regulators by E2F (Figure 5). Wealate that the DDR is already
activated at marginal levels in the singE2F° plants, resulting into a basal
transcriptional activation of DNA repair genes ardntingE2F<® plants the potential
to deal with BM stress better than wild type platits Especially, in our experiments,
DNA damage stress was given by low doses of BM wimbibited root growth rather

than completely arrested.

In the E2FaxE2Fbdouble mutantMCM levels are reduced even more, probably to a
level that causes more severe DNA damage, andalheesdy affecting plant growth in
the absence of external applied DNA stress. Thpothesis is supported by the strong
transcriptional activation of th8MR4, SMR5, SMRand the DDR makeiBRCAland
PARP2 A trade-off between a constitutive active DDR feoring resistance towards
DNA damage inducing agents, and an already deatezele division rate before BM

treatment because of checkpoint activation, migiglaen why the double mutant
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displays a slightly worse resistance towards DNAage compared to the singt2F

mutants.

Genome

i ... — DDR
instability
/ \

cycle

DNA
repair
~arrest_.

Figure 5. Model for E2Fs occurrences in DNA damagessponse.

The resistance for DNA damage that is given by daheence of E2Fs is likely due to a
constitutive weak activation of the DNA damage ese (DDR) pathway triggered through
the depletion of MCM proteins, without inhibitingayvth of plants in the absence of exogenous

DNA damage inducing agents.
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Bleomycin effects metal-related DDR genes.

In our research, BM was used as a DNA damagingtadv causes DNA DSBs

(Favaudon, 1982) and inhibits the growth of bothmah and plant cells by the

accumulation of unrepaired DSBs. DNA cleavage by @#@ends on oxygen and metal
ions. The exact mechanism of DNA strand scissiomrngesolved, but it has been
suggested that BM chelates metal ions (primariyn)y producing ROS that cleaves
DNA (Burger et al., 1981; Favaudon, 1982). Howewssre research is needed to
describe the bio-processes of the BM-induced grgkinotype in plants. In our work,
we showed that of the > 1700 differentially expegsgenes upon treatment with BM,
many genes being important for DNA repair, abiaticess and cell cycle regulation.
Interestingly, GO analysis showed there is a grolugenes involved in iron transport
(Fig). This can be explained by the function of Bsee before). Meanwhile, metal
elements like iron (Fe), copper (Cu), chromium (&l cobalt (Co) are toxic to DNA
due to the production of superoxide radicals amdrdwyl radicals (Jomova and Valko,
2011). Accumulation of these ions will repress DN&mage repair and influence cell
cycle process (Hartwig et al., 2002) . From thist,pae can find a new direction to

discover the DNA damage response.

METHODS

Plant Materials and Growth Conditions

The E2Fd° lines GABI_348E09€2fa-2 and MPIZ-244 ¢2fa-]) alleles were acquired
from the Max-Planck-Institut fir ZichtungsforschuafjyCologne (Rios et al., 2002)
andE2FB© line SALK_103138¢2fh). Homozygous insertion alleles genotype them by
metheod from (Berckmans et al., 2011). Primer secgse used for genotyping are
given in Supplemental Table 4. Unless stated otiservplants oArabidopsis thaliana
(L.) Heyhn. (ecotype Columbia) were grown undeglatay conditions (16 h of light, 8

h of darkness) at 22°C on half-strength Murashigd &koog (MS) germination
medium (Lindahl et al., 1995). For bleomycin treatts, five-day-old seedlings were

transferred into MS medium supplemented with 0.8nLgbleomycin.
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DNA and RNA Manipulation

Genomic DNA was extracted from Arabidopsis leavath whe DNeasy Plant Kit
(Qiagen) and RNA was extracted from Arabidopsisuies with the RNeasy Mini Kit
(Qiagen). After DNase treatment with the RQ1 RNemee DNase (Promega), cDNA
was synthesized with the iScript cDNA Synthesis (3to-Rad). A quantitative RT-
PCR was performed with the SYBR Green kit (ROCHEhwLOO nM primers and
0.125uL of RT reaction product in a total of . per reaction. Reactions were run and
analyzed on the LightCycler 480 (Roche) accordmghte manufacturer's instructions
with the use of the following reference genes formmalization:ACTINZ2 (At3g46520),
EMB2386(At1g02780). Statistical analysis was executedh whie Statistical Analysis
Software (SAS Enterprise Guide 5.1; SAS Institute;.) using the mixed model
procedure and P-values were Bonferroni adjustednioltiple measurements. Primers

used for the RT-PCR are given in Supplemental Table

Transient reporter assay in Arabidopsis protoplasts

The 500- and 1500-bp promoter sequences upstredhe dfanslational start SMRs
respectively, were amplified from genomic DNA usisgecific primers, cloned in the
pDONR™ P4-P1R vector (Invitrogen) (Chapter 2) and subsety cloned
simultaneously with the fLUC sequence in the pm4ZG3V These sequences were
cloned in the pDONR' P4-P1R vector and subsequently cloned simultahewiith the
PENTR-mIin35S(-46)promoter containing a minint@hulifower Mosaic virus (CaMV)
35Spromoter, and thérefly Luciferaseg(fLUC) sequence of the pEN-R1-L+-L2 vector in
the pm42GW?7 vector (Karimi et al., 2007) by mulasgateway cloning (Invitrogen).
E2Fa and DPa sequences were amplified from genomic DNA by PCGihai the
primers described in Supplemental Table 4. The ymbtagments were created with
the Pfu DNA Polymerase Kit (Promega, Catalog #M774Bd were cloned into a
pDONR221 entry vector by BP recombination clonif@gr generating the effector
constructs, the full-length open reading framethefA. thalianaE2F andDP genes were
recombined in the p2GW?7 vector by gateway cloniogntaining theCaMV 35S
promoter(Asada, 2006). Both reporter and effectasmids were used to transfect
protoplasts using the polyethylene glycol (PEGj/Gaethod, as described by De Sutter
et al., 2005. Luciferase measurements were pertbuemg the Dual-luciferase Reporter
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1000 Assay System (Promega), according to the raatwrér’s instructions and as
described before (De Sutter et al., 2005). Primasesl are given in Supplemental Table 3

Microscopy

For confocal microscopy, root meristems were argly2 days after transfer using a
Zeiss LSM 510 Laser Scanning Microscope and the IBBdvser version 4.2 software

(Zeiss). Plant material was incubated for 2 miraitQum PI1 solution to stain the cell

walls and was visualized with a HeNe laser throwgttitation at 543nm. GFP

fluorescence was detected with the 488-nm linenoAegon laser. GFP and Pl were
detected simultaneously by combining the settingicated above in the sequential
scanning facility of the microscope. Acquired imageere quantitatively analyzed with
the ImageJ v1.45s software (http://rsbweb.nih.g9\dnd Cell-o-Tape plug-ins (French
et al., 2012).

Microarray Analysis

Seeds were plated on sterilized membranes and growler a 16-h/8-h light/dark
regime at 21°C. After 2 days of germination andaysdof growth, the membrane was
transferred to MS medium containing @&mL bleomycin for 24 h. Triplicate batches
of root meristem material were harvested for t®AIA preparation using the RNeasy
plant mini kit (Qiagen). Each of the different rdgi RNA extracts were hybridized to
12 Affymetrix® Arabidopsis Gene 1.0 ST Arrays adiog to the manufacturer’s
instructions at the  Nucleomics Core  Facility (Leuven, Belgium;
http://www.nucleomics.heRaw data were processed with the RMA algorithmméEt

et al., 2004) using the Affymetrix Power Tools asdbsequently subjected to a
Significance Analysis of Microarray (SAM) analysisth "MultiExperiment Viewer 4"
(MeV4) of The Institute for Genome Research (TIGRusher et al.,, 2001). The
imputation engine was set as 10-nearest neighbguten and the number of
permutations was 100. Expression values were dddaly log2-transforming the
average value of the normalized signal intensdfdse triplicate samples. Fold changes
were obtained using the expression values of thatrtrent relative to the control
samples. Expression profiles of genes followingfedént experiment setting were
analyzed by Two-way ANOVA,. Only significant chanipethe transcription level (P-
value < 0.001) genes were taken for next analyBisld-change values were
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hierarchically clustered for genes and experimémtsaverage linkage in MeV from
TIGR. To determine significantly (P-value < 0.00dyerrepresented GO categories
among up- and down-regulated genes, we used th&@®iNlugin for Cytoscape
(http://www.psb.ugent.be/cbd/papers/BiNGO/) (Maetral., 2005).

Accession Numbers

Microarray results have been submitted to MiamEsp(&ww.ebi.ac.uk/miamexpress),
with accession number E-MEXP-3977. Sequence daia this article can be found in
the Arabidopsis Genome Initiative or GenBank/EMBatabases under the following
accession numbersSMR4 (At59g02220); SMR5 (At1g07500); SMR7 (At3g27630);
AT1G67460; MCM2 (AT1G44900); MCM3 (AT5G46280); MCM4 (AT2G16440)
MCM5 (AT2G07690); MCM6 (AT5G44635); PRL (AT4G02060); MCMS8
(AT3G09660); MCM9 (AT2G14050); MCM10 (AT2G20980); EMB1688
(AT1G67440);E2Fa(AT2G36010);E2Fb (AT5G22220).
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Supplemental Data

Supplemental Figure 1.SMR5 and SMR7 expression is RB -dependent

PswrsGUS (A,D), Psurs GUS (B,E), and RyriGUS (C,F) reporter constructs introgressed into
inducible RBR1RNA interference backgrounds germinated on contretium (A, B, C) or
medium supplemented with withouu™ B-estradiol(D, E, F).
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Supplemental Figure 3 GO analysis of reduced G sign genes.

(A) GO analysis of overlapping E2F target genes tretlawn and upregulated in tB2Fd©
and E2Fa/DP&*. (B) GO analysis of genes only reducedE2FaKO line but not induced in
E2Fa/DP&F. (C-D) GO analysis of E2Fa all reduced G sign genes.
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Cluster 2

Supplemental Figure 5. GO analysis of Cluster 2 frm G+T&GXT genes.
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Supplemental Figure 7.SMR5 and SMR7 expressed insogl-1 mutant background
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Supplemental Table 1. List of significant differentally expressed genes in
Microarray (P < 0.001)

> G sign reducted genes

AT3G30720 AT4G04223 AT3G01345 ATS5G38005 AT2G248516613220 AT2G20520 AT5G24110 AT2G36010 AT5G64510
AT1G15040 AT1G80840 AT5G20230 AT3G27940 AT3G265701617420 ATAG34410 AT1G70700 AT1G28480 AT1G76640
AT1G72520 AT4G14548 AT1G54870 AT5G62210 ATAG2522IR644840 AT2G34600 AT1G76650 AT5G18670 AT1G74930
AT5G51190 AT5G13370 AT1G74950 AT2G26530 AT1G20346407190 AT1G15010 AT4G10340 AT4G36040 ATS5G39580
ATA4G24230 AT3G32030 AT3G48540 AT1G76470 AT1G1030b&36925 AT2G22860 AT5G22410 AT1G44030 AT2G32150
ATA4G29780 AT3G51860 AT5G45110 AT5G47110 AT1G31800L609932 AT4G25050 AT1G06680 AT4G23180 AT1G22980
AT4G22080 AT3G63540 AT1G74470 AT3G47650 AT5G4046DL&03600 AT3G51450 AT2G06520 AT2G34930 AT1G23710
ATA4G17490 AT3G01830 AT1G68590 AT1G18382 AT3G474716411070 AT1G61340 AT2G32270 AT4G11280 AT3G56010
AT2G07690 AT4G02530 AT3G21670 AT1G01770 AT1G7350b&44490 AT1G18460 AT5G16120 AT3G23700 AT1G20510
AT5G58650 AT4G40090 AT1G01140 AT2G38470 AT2G33460L671500 AT2G35260 AT5G57180 AT3G59080 AT3G13724
AT2G18710 AT4G18020 AT1G02074 ATAG14860 AT5G6463R&23320 AT3G01480 AT1G16130 AT5G19220 AT3G12930
AT2G43330 AT2G06050 AT5G57625 AT1G05560 AT4G0233M4&638390 AT5G18840 AT5G46280 AT3G51870 AT3G62010
AT4G01050 AT5G18748 AT2G31070 AT3G20670 AT3G0141B&02790 AT1G33700 AT2G18800 AT5G41610 AT4G20325
AT3G47490 AT3G27580 AT5G01100 AT2G36990 AT5G479T4&12720 ATS5G04140 AT1G69050 AT4G02060 ATSG67400
AT5G58680 AT1G78915 AT5G26740 AT1G44350 AT2G3386NL&30950 AT1G72680 AT5G07440 AT4G36030 AT1G06760
AT1G01720 AT3G12540 AT5G03160 AT4G28300 AT3G155IBL&11050 AT3G62420 AT2G16440 AT5G30510 AT5G13190
AT2G35490 AT1G32990 AT2G47540 AT4G14210 AT1G67320L602850 AT3G11340 AT4G27020 AT4G02070 AT2G39670
AT3G11420 AT5G63790 AT5G61670 AT1G65040 AT1G6676B612480 AT3G56510 AT1G13910 AT1G64280 AT4G20360
AT1G54100 AT3G55610 AT1G59910 AT4G36050 AT2G2680R&28190 AT1G24267 AT1G49480 AT2G47250 AT5G13750
AT3G20560 ATMGO00610 ATCGO00540 AT1G31970 AT1G28250T3&52230 AT3G16480 ATCGO00860 ATCG01280
AT3G23990 AT3G04600 AT3G50910 ATMG01220 AT4G2690D4&37910 ATCG00500

> G sign inducted genes

AT5G02500 AT5G13710 AT5G35180 AT1G29050 AT5G101701625145 AT5G14550 AT2G21790 AT4G36945 AT5G15230
AT1G66270 AT5G47820 AT3G56480 AT2G13820 AT1G24792643610 AT2G01190 AT5G12250 AT3G56370 AT1G73340
AT2G42070 AT1G20100 AT5G46740 AT3G22850 AT3G0182ZIb&47540 AT1G14210 AT1G22530 AT4G35560 AT1G25210
AT3G03380 AT2G34020 AT4G28410 AT4G28650 AT5GA55T2640840 AT1G74660 AT4G39400 AT3G05990 AT2G28790
AT4G35890 AT3G09540 AT5G02190 AT5G63760 AT1G64440L672050 ATAG26670 AT1G27210 AT4G35380 AT5G35670
AT1G79060 AT2G32590 AT5G11000 AT1G06470 AT5G209601618910 ATS5G27100 AT1G33750 AT1G21880 AT5G01881
AT3G47680 AT2G39040 AT2G01420 AT2G20750 AT2G25644622910 AT3G20150 AT2G02680 AT5G18550 AT3G59830
AT4G16970 AT5G62410 AT1G79450 AT2G39530 AT3G63430L652050 AT1G77320 AT2G31900 AT1G65470 AT5G46600
AT3G48340 AT2G24490 AT3G23510 AT1G79580 AT1G7562IB616440 ATAG18300 AT2G21610 AT4G34260 AT4G13990
AT3G54750 AT2G13540 AT2G12646 AT1G79460 AT1G49032631130 AT2G28960 AT1G09910 AT4G10640 AT2G13550
AT1G50060 AT5G40820 AT2G23410 AT1G10760 AT2G35020L671110 AT1G03840 AT5G45050 AT2G45870 AT5G38280
ATCGO00590 AT1G09450 AT5G08260 AT5G38140 AT3G5932NL4660390 AT3G10410 ATSG60630 AT1G69526 AT5G54020
AT4G03820 AT5G20830 AT1G29630 AT4G23400 ATAG3716B662110 AT1G78520 AT5G09960 AT2G28870 AT5G44510
AT1G76730 AT3G61760 AT1G27110 AT3G49190 ATAG3192IB601516 AT1G10520 AT1G57790 AT1G66730 AT5G23220
AT3G19430 AT1G05835 AT5G11540 AT1G05650 AT5G63964620350 AT3G14890 AT5G62720 AT2G17080 AT2G17230
AT2G14095 AT3G50340 AT3G51330 AT3G24495 AT2G16232&03090 AT2G21050 AT4G18550 AT4G08770 AT4G39740
AT4G19130 AT1G69770 AT5G10280 AT5G23420 AT5G1027B5604200 AT3G20490 AT1G57820 AT3G01840 AT3G04980
AT3G05480 AT3G19210 AT3G23730 AT5G38690 AT2G46574639380 AT1G10530 AT5G65450 AT2G37700 AT5G44130
AT5G27000 AT1G79110 AT5G10390 AT1G34340 AT5G2575&62960 AT4G22214 AT4G39230 AT4G01533 AT1G06080
AT2G03420 AT4G15890 AT1G55265 AT3G29810 AT4G2221P3648260 AT5G56320 AT5G61000 AT4G35520 AT1G08730
AT1G79760 AT2G32940 AT3G49380 AT4G39630 ATAG1477R&21540 AT5G01370 AT3G52115 AT3G59210 AT5G61455
AT1G02740 AT2G28100 AT5G62550 AT3G01850 AT5G6392N1605530 AT3G07980 AT1G53543 AT3G03500 AT5G48600
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AT3G10470 AT3G19230 AT3G17998 AT2G31902 AT5G5966N1603502 AT1G23160 AT1G03070 AT2G35850 AT1G27140
AT4G16770 AT5G14920 AT1G73620 AT5G02790 AT1G1242N1678940 AT5G49110 AT4G25540 AT3G16300 AT3G20840
AT2G37290 AT1G05780 AT2G31920 AT1G49160 AT5G6052N1666040 AT2G41190 AT5G49290 AT3G55040 AT4G39000
AT5G35740 AT3G09660 AT4G03270 AT3G63375 ATAG37950L608260 AT3G50870 AT3G55734 AT3G05740 AT3G12220
AT3G54710 AT4G21902 AT5G37800 AT3G07580 AT5G168501632860 AT2G27970 AT5G20045 AT3G29300 AT5G51470
AT5G27610 AT3G59100 AT2G47230 AT3G29780 AT1G7378b&25380 ATAG36880 AT5G43500 AT4G21070 AT5G54960
AT3G23360 AT4G16745 AT3G53680 ATS5G49160 AT3G2432I2616850 AT1G64910 AT5G07400 AT1G17460 AT3G18500
AT5G06590 AT3G48346 AT3G26380 AT3G21420 AT5G1306b&25580 AT5G24205 AT3G46616 AT1G49952 AT1G11735
ATA4G09250 AT4G21590 AT5G53380 AT3G14740 AT1G57772643890 AT4G09200 AT4G09310 AT5G44010 AT5G10440
AT3G61810 AT2G47610 AT2G47590 AT3G18730 AT2G269IM4&614970 AT3G10420 AT5G26270 AT1G10810 AT2G23910
AT5G60250 AT5G48390 AT1G19940 ATAG37235 AT1G7175M4635200 AT2G14050 AT4G17380 AT1G04650 AT5G01630
AT4G17760 AT2G01905 AT1G02670 AT3G05625 AT1G155501650970 ATAG16807 AT1G67180 AT1G06460 AT2G26560
AT2G41810 AT2G47650 AT1G67370 AT3G47460 AT3G2888IBG44765 AT2G47580 AT1G79890 AT2G47630 AT4G22217
ATA4G30650 AT2G47600 AT2G28560 AT4G15393 AT5G07664620210 AT1G04600 AT2G46980 AT1G56500 AT2G46980
AT2GA47640 AT1G79640 AT3G20475 AT5G35870 AT5G2564B647040 AT2G47620 AT3G60660 AT1G26540 AT4G09300
AT5G24206 AT1G15310 AT2G24970 AT2G20250 AT4G3387IL&77860 AT4G13555
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>GXT

AT3G30720 AT4G04223 AT3G01345 AT5G38005 AT2G2485Ib413220 AT2G20520 AT5G24110 AT2G36010 AT5G64510
AT1G15040 AT1G80840 AT5G20230 AT3G27940 AT3G265701617420 ATAG34410 AT1G70700 AT1G28480 AT1G76640
AT1G72520 AT4G14548 AT1G54870 AT5G62210 ATAG2522IR&44840 AT2G34600 AT1G76650 AT5G18670 AT1G74930
AT5G51190 AT5G13370 AT1G74950 AT2G26530 AT1G20346407190 AT1G15010 AT4G10340 AT4G36040 AT5G39580
AT4G24230 AT3G32030 AT3G48540 AT1G76470 AT1G1030b&36925 AT2G22860 AT5G22410 AT1G44030 AT2G32150
ATA4G29780 AT3G51860 AT5G45110 AT5G47110 AT1G31800L609932 AT4G25050 AT1G06680 AT4G23180 AT1G22980
ATA4G22080 AT3G63540 AT1G74470 AT3G47650 AT5G40460L603600 AT3G51450 AT2G06520 AT2G34930 AT1G23710
AT4G17490 AT3G01830 AT1G68590 AT1G18382 AT3G4747Tb&11070 AT1G61340 AT2G32270 AT4G11280 AT3G56010
AT2G07690 AT4G02530 AT3G21670 AT1G01770 AT1G73506444490 AT1G18460 AT5G16120 AT3G23700 AT1G20510
AT5G58650 AT4G40090 AT1G01140 AT2G38470 AT2G3346NL&71500 AT2G35260 AT5G57180 AT3G59080 AT3G13724
AT2G18710 AT4G18020 AT1G02074 AT4G14860 AT5G64632623320 AT3G01480 AT1G16130 AT5G19220 AT3G12930
AT2G43330 AT2G06050 AT5G57625 AT1G05560 ATAG0233M4&638390 AT5G18840 AT5G46280 AT3G51870 AT3G62010
AT4G01050 AT5G18748 AT2G31070 AT3G20670 AT3G0141B&02790 AT1G33700 AT2G18800 AT5G41610 AT4G20325
AT3G47490 AT3G27580 AT5G01100 AT2G36990 AT5GA479IM4&12720 AT5G04140 AT1G69050 AT4G02060 AT5G67400
AT5G58680 AT1G78915 AT5G26740 AT1G44350 AT2G33860L630950 AT1G72680 AT5G07440 AT4G36030 AT1G06760
AT1G01720 AT3G12540 AT5G03160 AT4G28300 AT3G155IBL&11050 AT3G62420 AT2G16440 AT5G30510 AT5G13190
AT2G35490 AT1G32990 AT2G47540 AT4G14210 AT1G673201602850 AT3G11340 AT4G27020 AT4G02070 AT2G39670
AT3G11420 AT5G63790 AT5G61670 AT1G65040 AT1G6676B612480 AT3G56510 AT1G13910 AT1G64280 AT4G20360
AT1G54100 AT3G55610 AT1G59910 AT4G36050 AT2G26802&628190 AT1G24267 AT1G49480 AT2G47250 AT5G13750
AT3G20560 ATMGO00610 ATCGO00540 AT1G31970 AT1G28250T3&52230 AT3G16480 ATCGO00860 ATCG01280

AT3G23990 AT3G04600 AT3G50910 ATMG01220 AT4G26900T4&37910 ATCGO00500 AT5G02500 AT5G13710

AT5G35180 AT1G29050 AT5G10170 AT1G25145 AT5G1455M2&21790 ATAG36945 AT5G15230 AT1G66270 AT5G47820
AT3G56480 AT2G13820 AT1G24793 AT2G43610 AT2G01196612250 AT3G56370 AT1G73340 AT2G42070 AT1G20100
AT5G46740 AT3G22850 AT3G01820 AT5G47540 AT1G1421N1622530 ATAG35560 AT1G25210 AT3G03380 AT2G34020
ATA4G28410 AT4G28650 AT5G45510 AT2G40840 AT1G74664639400 AT3G05990 AT2G28790 AT4G35890 AT3G09540
AT5G02190 AT5G63760 AT1G64440 AT1G72050 ATAG26670L&27210 ATAG35380 AT5G35670 AT1G79060 AT2G32590
AT5G11000 AT1G06470 AT5G20960 AT1G18910 AT5G27100L633750 AT1G21880 AT5G01881 AT3G47680 AT2G39040
AT2G01420 AT2G20750 AT2G25640 AT4G22910 AT3G2015MR&02680 AT5G18550 AT3G59830 AT4G16970 AT5G62410
AT1G79450 AT2G39530 AT3G63430 AT1G52050 AT1G7732I2631900 AT1G65470 AT5G46600 AT3G48340 AT2G24490
AT3G23510 AT1G79580 AT1G75620 AT3G16440 ATAG1830M2&21610 ATA4G34260 AT4G13990 AT3G54750 AT2G13540
AT2G12646 AT1G79460 AT1G49030 AT2G31130 AT2G289601609910 AT4G10640 AT2G13550 AT1G50060 AT5G40820
AT2G23410 AT1G10760 AT2G35020 AT1G71110 AT1G03846&45050 AT2G45870 AT5G38280 ATCG00590 AT1G09450
AT5G08260 AT5G38140 AT3G59320 AT1G60390 AT3G104Tb&60630 AT1G69526 AT5G54020 AT4G03820 AT5G20830
AT1G29630 AT4G23400 AT4G37160 AT3G62110 AT1G7852ZI6&09960 AT2G28870 AT5G44510 AT1G76730 AT3G61760
AT1G27110 AT3G49190 AT4G31920 AT3G01516 AT1G105201657790 AT1G66730 AT5G23220 AT3G19430 AT1G05835
AT5G11540 AT1G05650 AT5G63960 AT4G20350 AT3G1489b&62720 AT2G17080 AT2G17230 AT2G14095 AT3G50340
AT3G51330 AT3G24495 AT2G16230 AT2G03090 AT2G2105M4618550 ATA4G08770 AT4G39740 AT4G19130 AT1G69770
AT5G10280 AT5G23420 AT5G10278 AT5G04200 AT3G2049N01657820 AT3G01840 AT3G04980 AT3G05480 AT3G19210
AT3G23730 AT5G38690 AT2G46570 AT4G39380 AT1G10536665450 AT2G37700 AT5G44130 AT5G27000 AT1G79110
AT5G10390 AT1G34340 AT5G25754 AT5G62960 ATAG222TP4639230 ATAG01533 AT1G06080 AT2G03420 AT4G15890
AT1Gb55265 AT3G29810 AT4G22212 AT3G48260 AT5G5632I6461000 AT4G35520 AT1G08730 AT1G79760 AT2G32940
AT3G49380 AT4G39630 AT4G14770 AT2G21540 AT5G0137IB652115 AT3G59210 AT5G61455 AT1G02740 AT2G28100
AT5G62550 AT3G01850 AT5G63920 AT1G05530 AT3G079801653543 AT3G03500 AT5G48600 AT3G10470 AT3G19230
AT3G17998 AT2G31902 AT5G59660 AT1G03502 AT1G23160L&03070 AT2G35850 AT1G27140 AT4G16770 AT5G14920
AT1G73620 AT5G02790 AT1G12420 AT1G78940 AT5G491TM&625540 AT3G16300 AT3G20840 AT2G37290 AT1G05780
AT2G31920 AT1G49160 AT5G60520 AT1G66040 AT2G41196849290 AT3G55040 AT4G39000 AT5G35740 AT3G09660
ATA4G03270 AT3G63375 AT4G37950 AT1G08260 AT3G5087IBG&55734 AT3G05740 AT3G12220 AT3G54710 AT4G21902
AT5G37800 AT3G07580 AT5G16850 AT1G32860 AT2G2797Tb&20045 AT3G29300 AT5G51470 AT5G27610 AT3G59100
AT2G47230 AT3G29780 AT1G73780 AT5G25380 ATAG3688b&43500 AT4G21070 AT5G54960 AT3G23360 AT4G16745
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AT3G53680 AT5G49160 AT3G24320 AT2G16850 AT1G649T6&07400 AT1G17460 AT3G18500 AT5G06590 AT3G48346
AT3G26380 AT3G21420 AT5G13060 AT5G25580 AT5G2420B3646616 AT1G49952 AT1G11735 AT4G09250 AT4G21590
AT5G53380 AT3G14740 AT1G57770 AT2G43890 ATAG0920M4&09310 ATS5G44010 AT5G10440 AT3G61810 AT2G47610
AT2G47590 AT3G18730 AT2G26910 AT4G14970 AT3G1042I6426270 AT1G10810 AT2G23910 AT5G60250 AT5G48390
AT1G19940 AT4G37235 AT1G71750 AT4G35200 AT2G1405M4617380 AT1G04650 AT5G01630 AT4G17760 AT2G01905
AT1G02670 AT3G05625 AT1G15550 AT1G50970 ATAG1680M&67180 AT1G06460 AT2G26560 AT2G41810 AT2G47650
AT1G67370 AT3G47460 AT3G28880 AT3G44765 AT2GA7580L679890 AT2G47630 AT4G22217 AT4G30650 AT2G47600
AT2G28560 AT4G15393 AT5G07660 AT4G20210 AT1G0460R&46980 AT1G56500 AT2G46980 AT2G47640 AT1G79640
AT3G20475 AT5G35870 AT5G25640 AT3G47040 AT2G4762IB660660 AT1G26540 AT4G09300 AT5G24206 AT1G15310
AT2G24970 AT2G20250 AT4G33870 AT1G77860 AT4G13555
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Supplemental Table 2. E2FaKO down regulated genes &2Fa/DPa OE up

regulated genes & E2F target genes

AGl code

Upregulatedin
E2Fa/DPa’

Gene Description

E2Fmotifs

AT1G01140.1
AT1G03600.1
AT1G11050.1
AT1G15010.1
AT1G20340.1

AT1G31800.1

AT1G32990.1
AT1G67320.2
AT1G71500.1

AT1G74930.1

AT1G74950.1
AT2G06520.1

AT2G07690.1

AT2G16440.1

AT2G22860.1
AT2G24850.1
AT2G26530.1
AT2G28190.1

AT2G33460.1

AT2G35260.1
AT2G36990.1
AT2G43330.1
AT3G01345.1

AT3G01410.1

AT3G01830.1
AT3G12540.1
AT3G23700.1
AT3G48540.1

AT3G51450.1

AT3G52230.1
AT3G59080.1
AT3G62420.1
ATAG01050.1
ATAG02060.1
ATAG02070.2
ATAG04223.1
ATAG12720.4
ATAG20325.1
ATAG28300.1
ATAGA0090.1
AT5G07190.2
AT5G19220.1
AT5G20230.1
AT5G22410.1
AT5G24110.1
AT5G30510.1
AT5G40460.1

AT5G44490.1

AT5G46280.1
AT5G47110.1
AT5G51190.1

AT5G58650.1

AT5G64510.1
AT5G64630.1
ATCG00860.1
ATCG01280.1
ATMG00610.1
ATMG01220.1

CBL-interacting protein kinase 9 3P
photosystem Il family protein
Protein kinase superfamily protein

Cupredoxn superfamily protein  DRZ11
cytochrome P450, family 97, subfamily A,
polypeptide 3 CYP97A3
plastid ribosomal protein [11 PRPL11
DNA primase, large subunit family
Rieske (2Fe-2S) domain-containing girot
Integrase-type DNA-binding superfamily
protein
TIFY domain
photosystem Il subunit X PSBX
Minichromosome maintenance (MCM2
MCM5
Minichromosome maintenance (MCM2
MCM4
phytosulfokine 2 precursor PSK2
tyrosine aminotransferase 3 TAT3
Protein of unknown function (DUF1645)
copper CSD2
ROP-interactive CRIB motif-containing
protein 1 RIC:

RNApolymerase sigma-subunit F SIGF
inositol transporter 1 INT1
Bxpressed protein
Polynucleotidyl transferase, ribonuclease H-
like superfamily protein
Calcium-binding EF-hand family protein
Protein of unknown function, DUF547
Nucleic acid-binding proteins supeiiam
Cytidine
Calcium-dependent phosphotriesterase
superfamily protein

Eukaryotic aspartyl protease familytpin
basic region BZIP53
thylakoid rhodanese-like TROL

Minichromosome maintenance (MCM2 PRL

MUTS homolog 6 MSH6
other RNA
MutT

Protein of unknown function (DUF1421)
DUF1421

arabinogalactan protein 3 AGP3

seed gene 3 ATS3
ADP glucose pyrophosphorylase large
subunit1 APL1

blue-copper-binding protein BCB

root hair specific 18 RHS18

WRKY DNA-binding protein 30 WRKY30

ribosomal protein S1 RPS1

FBD, F-box Skp2-like and Leucine Rich
Repeat domains containing protei
Minichromosome maintenance (MCM2
MCM3

Chlorophyll A-B binding family protein
Integrase-type DNA-binding superfamily
protein
plant peptide containing sulfated tyrosine
PSY1

Transducin FAS2

Chloroplast Ycf2,ATPase, AAA type, eor
Chloroplast Ycf2;ATPase, AAA type,eor
Putative membrane lipoprotein

esy

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

ATACGCGC -59 +
GTTQEC -531 +
TTTGGCGG -85 -
TTTAGCGC -82 - ATTCGCGG -762 +
TCTCCCGG -503 - TTAGGCGC -704 -

TTTCGCGC -239 +

TCTCCCGC -639 -
ATTCCCGC -97 + TTTCCCGC -74 +
ATGCGCGC -267 + TTTCGCGC -263 - TCGCGCG(-26

ACTGGCGC -83 - ATTCCCGC -132 +

TTTCCCCC -461 + TTACGCGG -746 -
TTT@S991 -

GTTCCCGC -58 + TTTGGCGG -54 - TTTCCCGC -72 +

TTTGGCGC -78 -

TTOCC -689 +

ATICGC -624 +
TTGGCCGC -486 -
GTTGCCGC -724 +

TTTGCCGG-725 +

ATTGGCGG-170 -
TTBACCGC -539 -
ACTCCC@aal -
TTGGGCGC -869 -

ATGCCCGC -971 -

GTTCCCGC -154 - TTAGCCGC -713 -

TTTCCCGC -809 -

ATTGGCGG -632 - ACTCCCGC -636 + ATTCGCGG %8TTTCCCGC -595 +
TTTCCCGC -80 +

TTAGCCGC -648 -

GTTCGCGG -263 -
TTTGGCGC -547 - TTTGGCGG -853 +
TTTCCCCC -683 +
TTC@&BS529 -
TTTCCCGC-21 +
ATTGGCGG -19MTCCCGG -128 + TTGCGCGG -110 - ATTCCCGC -11#FTCCCGC -161 +
TTTCCCGG-225 -
TATCCCGC -884 -
ATGCGCGC -72 + ATTGGCGC -49 -
TTTCCCCC -236 +
TATGG -519 +
ATACCCGC -534 -
TTTCCCCG-482 -
TTEBGC -185 - TTACGCGC -189 +
TTTCCG6EEZ1 -
TTGCCCC -856 +
TTTCGCEA +
ATTGGCGG-942 - TTTGGCGC -176 - TTTCCCGC -26ATGGCGC -180 +

TCTCCCGG -537 -

TTTGGCGC -217 - TTTGGCGG -106 -
TTTGCCGC -513 +
TTACCCGG -905 +

ACTCCCGC -191 +

TCTCGCGC -112 + TTTCCCGG -694 -
TTTGCCGG -880 #TTCCC -544 - TTTCGCGC -18 +
TTGGGCGC -118 +
TTGGGCGC -118 +
TTTOWE -235 + GTTGGCGC -779 +
TTTCGCCC -370 -
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Supplemental Table 3. List of primers used for clomg, genotyping, and RT-PCR

Promoter cloning primers

SMR4

SMR5

SMR7

Fw ATAGAAAAGTTGGTGAAACACAAAGCATCTTCG
Rev GTACAAACTTGTTCTTCTCTCTCGAACTCG

Fw ATAGAAAAGTTGGTCAGAACGAACAAAAG

Rev GTACAAACTTGTTTTTGTCCGCTCTCTCG

Fw AGAAAAGTTGCGTTGACGCGGGAAAATTAA
Rev GTACAAACTTGCTTAAAACAGTTGGAGATTGAG

ORF cloning primers

SMR4

SMR5

SMR7

E2Fa

DPa

Fw AAAAAGCAGGCTTCATGGAGGTGG TGGAGAGGAA G
Rev + stop code AGAAAGCTGGGTCCTAAGCGCAAGCTTCTCTTC
Rev - stop code AGAAAGCTGGGTCAGCGCAAGCTTCTCTTC

Fw AAAAAGCAGGCTTCATGGAGGAGAAAAACTACGACG
Rev + stop code AGAAAGCTGGGTCCTAGGTTGCCGCTTGGG

Rev - stop code AGAAAGCTGGGTCGGTTGCCGCTTGGGA

Fw AAAAAGCAGGCTTCATGGGAATTTCGAAAAAATCTC

Rev + stop code AGAAAGCTGGGTCTTAACGGCGTTGTATAAACACC
Rev - stop code AGAAAGCTGGGTCACGGCGTTGTATAAACACCA
Fw GGCCATGGCCGGTGTCGTACGATCTTCTCCCGA
Rev GGGGATCCTCATCTCGGGGTTGAGT

Fw GGCCATGGAGTTGTTTGTCACTCC

Rev GGAGATCTTCAGCGAGTATCAATGG

T-DNA genotyping primers

SMR5

SMR7

E2Fa-1

E2Fa-2

E2Fb

LP GAACGAACAAAAGTGAGCTCG
SALK_100918 RP TTTCCCAACCTGACAGAAAAC
LP AAAATCGATAACTAAAACGAACCG

SALK_128496
- RP AGGCCTTCAATATAGCCCATG

MPIZ-244 LP TTGTTTCCTTCACTCGCCGTCGCTT
MPI1Z-244 RP CTCGGTGCTCCTCTACAACATCACTCTA
GABI_348E09 LP TTCCAGGTCTGTCTTTCCTATTTC
GABI_348E09 RP ATTCCTCCTACTTGCTCTTGC
SALK_103138 LP TGCGAACTCTGTTATGCAATG
SALK_103138 RP GCAAGCATAACGTTTGAGGAC

SALK T-DNA_EGATAGACGGTTTTTCGCCCTTTGAC
GABIKAT T-DNA_ECCCATTTGGACGTGAATGTAGACAC
MPIZ T-DNA_[ECTCGGGAATGGCGAAATCAAGGGCATC

RT-PCR primers

SMR4

SMR5

SMR7

MCM2

MCM3

MCM4

MCM5

MCM6

MCM7

Fw
Rev
Fw
Rev
Fw
Rev
Fw
Rev
Fw
Rev
Fw
Rev
Fw
Rev
Fw
er
Fw
Rev
Fw

EMB238¢

Actin2

PARP2

BRCA1

Rev
Fw
Rev
Fw
Rev
Fw
Rev

GCCGAGAAGCACGATGTATAG
AGATCTGGTGGCTGRGTACC
AAACTACGACGACGGAGATACG
GCTACCACCGAGAAGCAAGT
GCCAAAACATCGATTCGSGCTTC
TCGCCGTGGGABGATACAAAT
GGCAATATGTCACAGAAGAGGATG
GAGAAGAACGAGCAGCAATGAG
GCAACCAACGAGGAATAATGAAG
GAGACCGTGCCGCTGAATTG
CGBEGATGGAACAGCAGAC
CTAGATAGCAAGGTTGGAGGAAGG
C@EEITTGCTGCTGCTAAC
ATGEGCTATTTCCTTGTCTTG
CAAGATGCTAATGGTGACAAC
CTATCATATTCTTCCTCGCTAATC
CCAGCATCAGGCAAGAAG
GTCGGTCATCBSTACAATG
CTCTCGTTCCAGAGCTCGCAAAA
AAGAACACGCATCCTACGCATCC
GGCTCCTCTTAACCCAAAGGC
CACACCATCACCAGAATCCAGC
ATGGCGTTCTGCTCCTCTGC
GGTGCTGTTTTCCCCACACC
TGTTCCCTCTTTCAGCGATTTGATG
GGCCTCTGAGTCCATTCAAACA
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ABSTRACT

D-amino acid oxidase 1 (daol) gene of the yeasRhodotorular gracilis . Its protein
product catalyzes the conversion of the D-amino at$ to its corresponding imino
acid. Some of the D-amino (e.g. D-Ala and D-Ser) ids are toxic to plants unless
converted and other D-amino acids are non-toxic (g@. D-lle and D-Val) until
converted. By putting thedaol gene under control of the DNA damage inducible
SMR7 promoter, we are able to detect mutants in the DNAdamage response.
SMRY7 has a clear transcriptional induction during DNA-stress and upon treatment
with D-Val together with BM, plants holding the SMR7:Daol gene need to have an
impaired checkpoint to prevent the conversion of D¢/al to its toxic imino acid. The
use of BM and HU as the trigger to induceSMR7 allows us to detect specific
elements that react to the stress in two separatafhways. The screening system is
designed for the discovery of transcriptional mutats, but in contrast to the use of
any other reporter gene, requires little or no resarcher effort besides sowing the

plants.
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INTRODUCTION

The DNA damage pathway is a conserved and essenticular mechanism that
safeguards proper propagation of genomic conterringlucell division and to
subsequent generations (Cools and De Veylder, 2@dfyolves a complex interaction
network that senses DNA stress and integrates a@velntal signals and
environmental cues to ultimately invoke the mosfofable response for the cell and
organism. Among eukaryotes, three major respors&NtA damage are recognizable.
First of all, the activation and transcriptionatlirction of DNA repair proteins that are
set for a swift restoration of the damaged nucheids (Bartek and Lukas, 2001; Harper
and Elledge, 2007). This branch of the DNA damaaf@yway works in concert with the
cell cycle checkpoints whose action will resultaircell cycle arrest or retardation. The
interplay between both should allow the cell suéint time for repair before
progressing into the next cell cycle phase. To @néthat the DNA damage puts the
organism in jeopardy, a third branch will induceogmammed cell death
(PCD)(Furukawa et al., 2010) whenever the damadeasexcessive and the risk for
mutations that are detrimental for the organisnsimply too high. Although many
elements of the pathway are conserved amongstaikar each of them is in need of
distinct elements that translate and adapt theoresspfor the unique development of the

organism.
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Figure 1. The potentialDAOL —based Either/or selection markers selection syste

(A) Growth of nontransgenic wild-type plants lacking® activity is inhibited by D-amino
acids such as D-alanine (D-Ala) but is not affedbgdD-valine (D-Val). In contrast, plants
expressing the transgerAO1 gene detoxify D-Ala and survive, whereas they ingliae D-

lle to toxic compounds that kill the plantB) Hypothetical application: plants that have
integrated a gene of interest together with BO1 marker are first detected by positive
selection. Subsequent negative selection identfflaats from which the no-longer-desirable
selection marker has been removed, leaving the geimerest as the only transgenic sequence
in place (Scheid, 2004).
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In plants, the search for members of the DNA damaafbway was initially mainly
based on the search for mammalian/yeast orthologwgesuch, the core kinases Ataxia
telangiectasia mutated (ATM) (Garcia et al., 20G@ycia et al., 2003) and ATM and
Rad3-related (ATR) protein kinases(Culligan et 2004) and many of the sensing and
signaling proteins could be found. On the otherdhdar Checkpoint kinase 1 and 2
(CHK1 and CHK2) (Walworth et al., 1993; Murakamida®kayama, 1995) and Polo-
like kinase (PLK) (Casaluce et al., 2013), thregeasial kinases in the DNA damage
pathway in mammalians, no functional or sequendhotyg was found to date in
plants. Similarly, Cell Division Cycle 25 (CDC25p% a sequence ortholog, but all
evidence suggests that its function has shiftemthier physiological processes. It is only
recently that plant-specific components were disced. The existence of Suppressor
Of Gamma Response 1 (SOG1) was already shown i8 @@@uss and Britt, 2003),
but it was only six years later that the mutatioaswnapped to a NAC transcription
factor gene. SOG1 has a functional resemblandeetoniammalian p53 oncogene, as it
is a core transcription factor of the DNA damaggpomse an®OG1© plants are less
prone to PCD upon DNA stress(Preuss and Britt, 28@3hiyama et al., 2009; Adachi
et al., 2011; Yoshiyama et al., 2013). Besidesdisvnstream targets, namely the
SIAMESE-RELATED and 7 MR5and SMR genes that inhibit CDK activity and
hence the cell cycle upon DNA damage and oxidatvess (Yi et al., 2014) (Chapter
2), there is no report of any critical plant specidomponents in the DNA damage
response (DDR). Moreover, the list of core DNA dgmaenes (Chapter 3) hints to the
existence of many potential new members that amstriptionally regulated upon
DNA-stress that have no clear mammalian or yedkblwg. Moreover, no inactivators
of the DNA damage pathway are known to date. Tlieta suggest that there is still

uncovered ground waiting to be found.

The DDR can be experimentally activated by treatmeith several drugs. Two
extensively used and documented agents that asbleap do this are hydroxyurea
(HU) and bleomycin (BM). The method action of BMsi#ll under debate, but it is clear
that it results in the formation of double straréaks (DSBs) that can be sensed and
transduced by ATM. In plants, treatment with BM Iwisult in stem cell death with
concomitant growth reduction of the root. On a molar level, it will induceSMR5
andSMR7via SOGL1. HU will act on 2 separate fronts: atahe hand it will inhibit the

small subunit (R2) of ribonucleotide reductase (RN&using reduced dNTP-levels and
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replication stress(Roa et al., 2009). The resulstagjed replication forks are sensed by
ATR. At the other hand, HU causes oxidative strissly through displacement of Ee
from the active site of RNR with the formation af aminocarbonylaminooxyl radical
(Chapter 2), in combination with potential inhibii of catalase activity (Chapter 2).
The induction ofSMR5/7upon HU treatment is completely dependent on tAi&A
SOGL1 pathway suggesting that this upregulationlelysthe result of oxidative stress.

As a result of the low number of signaling elemafistovered to date, new screening
methods are necessary that go beyond traditionppreassor screens. Classical
screening methods in plants are typically basedasy to detect phenotypes that allow
high-throughput, such as screening for dwarf growagravitropism, reduced root
growth, revertants and many others. To specificedht transcriptional induction, the
discovery of reporter genes, such as those encddingsreen Fluorescent Protein
(GFP) and its derivatives or firefly luciferasejoaled to screen for the molecular
control without the necessity for an obvious visypélenotype. Despite their high
sensitivity, staining based on the activity of bghacuronidase (GUS) is less suitable
since it requires destruction of plant material fdetection. Still, experimental
procedures are needed to determine transcriptigmagulation or downregulation in

the generated mutants.

We present a new screening method for the ideatifin of novel DDR regulators
based on the use of tileamino acid oxidasé (daol) gene of the yeasthodotorular
gracilis (Pilone, 2000; Erikson et al., 2004). Tthaol gene is normally not present in
plants. Its protein product catalyzes the conversid the D-amino acids to its
corresponding imino acid. Since some of the D-anf@g. D-Ala and D-Ser) acids are
toxic to plants unless converted and other D-anaicids are non-toxic (e.g. D-lle and
D-Val) until converted, the construct can be used éither positive or negative
selection (Erikson et al., 2004) when introgresseder control of a strong promoter
(Figure 1). However until now, the DAAO approacts lemly been used as a selection

marker.

By putting thedaol gene under control of theMR7promoter, we are able to detect
mutants in the DDRSMR7has a clear transcriptional induction during DNAess and
upon treatment with D-Val together with BM, plahtslding theSMR7:Daolgene need

to have an impaired checkpoint to prevent the caive of D-Val to its toxic imino
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acid. This concept was proven by crossingSMR7:Daolline in anatmlbackground,
hereby impairing the DDR signaling. The use of Hudl 8M as the trigger to induce
SMR7allows us to detect specific elements that reacthto stress in two separate
pathways. The screening system is designed fordikeovery of transcriptional
mutants, but in contrast to the use of any otheomter gene, requires little or no

researcher effort besides sowing the plants.
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Col-0

Ctrl
Pgyr-Daol
Col-0

0.3ng/ml BM
PgyrDaol
Col-0

10mM D-Val

Pgyr--Daol
Col-0

0.3ng/ml BM

+

10mM D-Val
PgyrDaol
Col-0

30mM D-Val
Pgyr-Daol
0.3pg/ml BM Col-0
+

30mM D-Val Py, Dol

Figure 2. Optimization of D-Val Concentration

PswrzDAO1 transgenic plants were sowed on 10 mM or 30mM Dedataining medium in the
presence or absence of 0.3 pg/ml bleomycin. The &eat is 1cm

- 151 -



New screening system for transcriptional regulatorsvorking upstream of SMR7

RESULTS

Because thalaol gene is protected by a patent, the use of thermalter research
purposes was granted by the BASF Plant Science @ompUnder this license
agreement the vector VC-RLM208-1 and sequence witgeded to us, which allowed
us to clonedaol gene in a pDONR221 entry vector. The full promatequence of
SMRY7 (888bp until the next gene) was similarly cloneda pDONR-P4P1R entry
vector. By means of a multisite gateway experimeitlh a pK7m24GW,;3 destination
vector, thedaolwas put under control of the promoter R7and transformed in
Arabidopsis thalianaecotype Col-0SMR7is a gene that is transcriptionally induced
upon DNA damage and will consequently induce dia@1 gene in this setting. The
addition of D-Val or D-Ala will respectively kill orescue the plant upon conversion to
the corresponding imino acid.

In a prescreening experiment, growth conditionsevestablished via a T3 generation of
transformants with the construct. Based on the liesshown by Erikson and
colleagues(2004), two D-Val concentrations wer¢etb$n the presence or absence of
0.3 pg/ml bleomycin (Figure 2). Col-0 plants growmder the same conditions mimic
plants that are unable to induce AO1 gene upon DNA-stress conditions and that
consequentially are potential positive screeningets. Since the growth without BM
but in the presence of 30 mM D-Val gave good growtbontrol plants and was able to
kill lines expressingDAO1 upon BM treatment, this concentration was usedaas
starting point. At this moment, the best respondimg was selected to use in
subsequent screening experiments and for EMS nmmgtage Hereafter, we lowered the
BM concentration that could deliver a uniform resg® among plants, but that was able
to stress them to a minimum. Ultimately, the scregrconditions were selected to
germinate plants on 30 mM D-Val in addition to Odg&/mL BM, when screening for
plants that lack the induction 8MR7during DNA-stress (Figure 3A). In addition, the
use of HU also allows for a similar screen but tred reacts to replication stress. The
ideal screening conditions were determined in alogous manner and were set at 30
mM D-Val in the presence of 0.5 mM HU (Figure 3B).both cases, the screening was
highly dependent on the light regime, as bettezesting results in terms of survival and

health were achieved under low light conditionse Tise of HU and BM allows
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discriminating whether the mutation is located irstared part of the DNA damage
pathway that reacts to both types of stress. Is Way, we can catalog the different
mutants and determine which lines will be furtheed for mapping, dependent on our

interests.

A

0.1pg/ml BM Col-0
+

30 mM D-Val Pgyr-Daol

0.13pg/ml BM Col-0
+

30 mM D-Val Pgyr--Daol

0.15pg/ml BM Col-0
+

30 mM D-Val P SMR7"Da01

B

0.5SmM HU Col-0
+

30 mM D-Val Pgyr-Daol

0.6mM HU Col-0
+

30 mM D-Val Ps.uR7-'Da01

0.7SmM HU Col-0
+

30 mM D-Val PgyrDaol

Figure 3. Optimization of BM Concentration

PswrzDAO1 transgenic plants were sowed on 30mM D-Val mediuthe presence of different
concentrations of bleomyci@) or HU (B). The scale bar is 1cm
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0.6mM D-Ala

0.30pg/ml BM
+

0.6mM D-Ala

0.8mM D-Ala

0.30pg/ml BM
+

0.8mM D-Ala

1mM D-Ala

0.30pg/ml BM
+

1mM D-Ala

Figure 4. Transgenic line survive inD-Ala

WT plants as well as plants bearing 01 gene under control of tf@MR7promoter died
when grown on medium supplemented with 1mM D-Atacbntrast, when the medium was
also supplemented with 0.3pg/mL BM the transgefdats survived since tHeAO1 gene was
induced by th&MR7promoter. The scale bar is 1cm.
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Besides screening for the lack of transcriptiondliction, the use of an either/or system
also allows to do the reverse and design screecomglitions that will result in the
detection of mutants that constitutively induce ¢feme of interest. Instead of using D-
Val, a toxic D-type amino acid, D-Ala, was useddtothe screening. Both 0.5mM and
1mM D-Ala were used to see which of them didn't gaise to any survivors and
consequently minimized the chance to pick up afsefpositives. Next, as 1mM D-Ala
gave rise to a uniform death response of both Wahtpland plants bearing the DAO1
gene under control of the SMR7 promoter, we usexdbncentration in combination
with 0.3pug/mL BM (Figure 4). As expected, plantattbontained the DAO1 gene were
able to induce the gene through 8idR7promoter and consequently could convert D-
Ala to its non-toxic imino acid, while all WT plandied. Although the response was
not uniform, it shows that plants that are ablgdaerate sufficient DAO1 transcript for
whatever reason can cope with the stress brought the toxic D-Ala. In addition, it
also shows that despite continuous SMR7 inductiath woncomitant cell cycle
inhibition, these mutant plants would still be abbegrow at a reasonable pace and

deliver offspring that can be used for mapping.
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DISCUSSION AND PRINCIPLES

In this chapter, we presented the development aiew screening concept for
transcriptional regulators of thBMR7 gene based on the use of negative selection.
Aside from a phenotypical screen, we managed tce glant survival of our
mutagenized plant population on the lack or preseridranscriptional induction of the
gene of interest. This appears to be a major adganof using thelaol gene for
screening purposes: time consumption for the rebears drastically reduced except
for selecting survivors for upscale. The use of $MR7 promoter shows that the
method is sensitive enough to discriminate for weaxpressed genes. For stronger
promoters, lower concentrations of D-Val could ebenpossible, since plants bearing
the daolkgene under control of th€aMV 35S promoter displayed a very clear
phenotypic difference on 15mM D-Val (Erikson et2004). Moreover, with the use of
D-Ala we showed that a second screen is possibl¢henrsame seed stock, hereby
doubling the discovery potential of the mutagenigedds. In addition, it is likely that
the two screens will target two distinct groupstioé same pathway, since they will
respectively look for the lack of and increaseduettbn. This drastically reduces the

overlap and consequently, finding the same elemariisth screens.

When performing thelaolscreen, there are certain precautions that neée taken
into account. When performing a loss-of-inductieregen with D-Val, contamination of
the seed stock with seeds that do not bead#ud gene will lead to false positives as
they will not convert D-Val to its toxic imine. Thefore it is essential to confirm the
transcriptional reduction of the endogenous genefdsyinstance RT-PCR or the
presence of the construct in the subsequent gemerathe latter can be done by
growing the seeds on the appropriate selection enark by PCR. Additionally, EMS
mutagenesis or any other random mutagenesis me#rocesult in the disruption of the
daol gene or controlling promoter. In this case, cotitiglby RT-PCR whether the
endogenous gene is also affected by the mutatisequencing thdaol geneshould
allow to discriminate between a true and a falssitpe. A gain-of-induction screen
with D-Ser/D-Ala does not suffer from these dravksasince a functionalaolis the

prerequisite for a successful screen. Still, grosthD-Ser/D-Ala cannot be used to
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confirm the loss-of-induction screen in the nexteation, since true positives are also
unable to properly induce the gene.

We showed that the external application of certgies of drugs in concert with D-type
amino acids is possible. However, take into accothdt established working
concentrations are likely to be reduced, due tadReity of the D-type amino acids or
converted forms. This is especially true when usiggnts that are detrimental for the

organism.

In our screen based on the transcriptional comf@MR7 we expect to find several
elements of the DNA damage pathway. Among thesg,matant alleles 060G1land
ATM are expected that might help to uncover essemtsadiues for activity. In addition,
members of the Mrell-Rad50-Nbsl (MRN) complex thanses DSBs could be
retrieved in our screen(Bakkenist and Kastan, 2Q@8son et al., 2003; Lee and Paull,
2004). However, it is likely that new elements ntiglop up as the large number of
unknowns in DNA damage microarrays, li8®R5and SMR7until recently, hints at a

more complex control of the checkpoint that isueficed by plant-specific elements.

In conclusion, we presented here a new screenirigatidased on the use of tti@ol

gene. Since both positive and negative screenpassible with the use of the same
line, we were able to drastically increase efficenf an EMS mutagenesis screen. The
coupling of a transcriptional response to the péafate provides a very easy-to-screen

method with far exceeding possibilities.
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MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana(L.) Heyhn. (ecotype Columbia) were grown undengialay
conditions (16 h of light, 8 h of darkness) at 228@ half-strength Murashige and
Skoog (MS) germination medium(Murashige and Sko®§62). For bleomycin
treatments, five-day-old seedlings were transfernedo liquid MS medium
supplemented with 0.3 pg/mL bleomycin.

Vector construction and plant transformation

SMR7 promoter sequence was amplified from genomic DNARSR. The product
fragments were created with the Pfu DNA Polymetas€Promega, Catalog #M7745),
and were cloned into a pPDONR P4-P1r (Chapter 2)i(iieet al., 2002).Daol gene
sequence cloned from VC-RLM208-1 into pDONR221 eediy BP recombination
cloning and subsequently transferred into the dastn vector pm42GW7,3 by LR
recombination cloning. All constructs were transddr into the Agrobacterium
tumefaciens C58C1RifR strain harboring the pMP90 plasmid. Tlobtained
Agrobacteriumstrains were used to generate stably transfornratlidopsis lines with

the floral dip transformation method (Yamamotolet2002).

Selection analysis.

Transgenic T1 plants were selected on medium agntakanamycin (25 ug/ml). Lines
containing a single T-DNA insertion locus were stdd by statistical analysis of T-
DNA segregation in the T2 population that germidatn kanamycin-containing
medium. Plants with a single locus of inserted TADNere grown and self-fertilized.
Homozygous T3 seed stocks were then identifiedratyazing T-DNA segregation in
T3 progenies. T1 seeds were surface-sterilizedsanch in Petri plates that were sealed
with gas-permeable tape. The growth medium wasdtedhgth Murashige and Skoog
medium19 with 1% (wt/vol) sucrose and 0.8% (wt/vafjar, plus 0.31g/mL BM
combined with D-Alanine, or D-Val as the selectagent. Plants were grown for 14 d

after germination with a 16 hrs photoperiod at €1 °
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EMS mutagenesis

Root growth revertants were screened from an M2 uladpn homozygous
PswrzDAOL transgenic line, mutagenized by ethyl metanesat®{EMS). For this,
PSur7DAOL transgenic seeds were added to 5 ml water andgemitzed by adding 50
ul EMS. Incubation in the EMS containing solutionsmyagerformed for 12 hours on a
rotating wheel. Seeds were washed in sodiumthiayltiried and sown in 56 pools of
each 250 seeds. M2 seeds were harvested from eathrmu screened for restoration of

root growth on vertical plates.
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Conclusions and Perspectives

DNA Damage response in plants

The DNA damage response (DDR) is of utmost impedato maintain genome
integrity. ATM and ATR are two crucial components the DNA damage response
pathway. ATM and ATR respond to double strand aimgls strand DNA damage,
respectively. In animals, these pathways have deearibed extensively. A crucial step
in the response to DNA damage is the blocking ef dhll cycle making time for the
reparation of the DNA since proper DNA replicatisnneeded to ensure the cellular
functionality. However, in plants, the mechanisrhattarrest the cell cycle upon
genotoxic stress are still not completely undemstadp to now, only WEE1 has been
well characterized as a cell cycle regulator, respgg to single strand DNA breaks and
replication stress (Cools and De Veylder, 2009;I€@0b al., 2011). Th8®VEElgene is
transcriptionally induced during the S-phase up®hstress. Thus the WEEL protein
specifically accumulates in S-phase cells encoungedNA-stress. This regulation is
under control of both ATR and ATM (De Schutter &t 2007). it has been seen that
WEEL1 also accumulates upon treatment with the doststhnd damage inducing agent
bleomycin, butWEE1® does not show sensitivity towards the DSB agentrbiein
(Cools et al., 2011). These data suggests that tineist be other pathways regulating
cell cycle in response to DNA damage. The SOG1leprots encoded bysOG1
(suppressor of gamma respongEne, which only exists in plants and is an ingoart
regulator in the DNA damage response. Up to nowiS@as been found to be under
the control of ATM on both the transcriptional goaist-transcriptional level (Ricaud et
al., 2007; Yoshiyama et al., 2013). Being a trapsion factor, SOG1 activates the

expression of a large number of genes in resp@nB&A damage.

Since transcriptional regulation is an important jpé DDR, the identification of other

transcriptional regulators of DDR is an interestiggestion for future studies. We
focused on the E2F transcription factors whichiavelved in the cell cycle regulation

and synthesis of DNA in eukaryotes (Chapter 3).s8ghbent studies revealed that
E2F° line presents tolerance to DNA damage indicatiaj £2Fs have a role in the
regulation of cellular response to DNA damage. Both E2F and SOG1 appear to be
upstream regulators of DDR rather than a cell cyetpilator. It is supposed that one or

several cell cycle regulators influence cell cypl@cess by directly interacting on
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CDK/Cyclin complex under DNA damage stress. Basedhes hypothesis, we tried to
discover new elements and mechanisms involvedepliint DNA damage response. In
our research, we chose a novel CKI family protedtigl/ SMRs as candidates of cell
cycle checkpoints (Chapter 2). In the end, we blesaw that SMR proteins were
inhibiting cell division upon DNA damage agent HOdaROS conditions via strongly
and rapidly transcriptional induction. And this wégfion depends on the ATM-SOG1
pathway.

DNA damage and CKls

Based on their evolutionary origin, structure aandctional specificities, there are two
groups of CKI in animals, namely INK4 and Cip/Kipdathree groups of CKIs exist in
plants, namely KRP, SIM/SMR and TIC (Chapter 1 @phdAs important components
of the cell cycle checkpoints, CKI act on cell ®adnset to elicit a cell cycle arrest as
part of the DDR in animals (Lim and Kaldis., 2018pompared to CKIs in animals,
little is known about their function in plants. Pegling our research, there was no report
describing the mechanism of plant’'s CKls in the DMAmage response pathway.
ICK/KRP proteins are the first CKls described imnghk, but no obvious link between
KRPs and DNA stress has been reported up to nowl$Gmd De Veylder, 2009). In
chapter 2, we discussed SIM/SMRs functions in DN#nédge response.

In our research, three SIM/SMR proteins (SMR5, SM&W SMR7) had been
demonstrated to strongly respond to DNA damagéetranscriptional level (Chapter
2). Indeed, SMR5 participates in the control of delision in leaf development upon
DNA stress. This process is under the control ofMASOG1 pathway. More
interestingly, SMR5 and SMR7 also respond to RQisiged DNA damage depending
on SOG1. Thus, we can conclude that the transonatiresponse d&IM/SMRgenes
link the oxidative stress with cell division activiupon DNA damage. From previous
research, we know that SMR4, SMR5 and SMR7, onlpudfied with A-type CDK
and D-type cyclin, and the CYCD/CDKA;1 complex esponsible for the control of
cell cycle onset in response to intrinsic and astd signals (Lukaszewski and Blevins,
1996; Riou-Khamlichi et al., 2000). Which impliekdet mechanism of how they take
part in the cell cycle regulation of DNA damagep@sse. Thus, SIM/SMR proteins
appear to be plant specific and are the first Gi€scribed in plant to control DDR.
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To understand more about DNA damage response, weé teetry to discover new
components and mechanisms in the DNA damage resppashway. Ongoing

mutagenesis screens could uncover these compoWgrtEonstructegp SMR7:DAO1

transgenic plants to screen the upstream regulafds$1Rs. Currently, an EMS-based
mutagenesis screen using these plants is in pgidse mutated genes will be
identified through map-based cloning. Once a momais mapped, the nature of the
gene cloned will help to define the pathways thabhtol SMR abundance under

genotoxic stress.

Another important aspect is to understand how SNRx¥eins influences cell cycle
upon DNA damage stress at the biochemical leveis lalready know that SMR4,
SMR5 and SMRY7 interact with CDKA/CYCD complexest lme still need additional
information about the structure of SMR proteinseritification of the interaction
partners of these CDKs can reveal the mechanisimoancell cycle arrest adapted to

the conditions of DNA damage stress.

DNA damage and E2Fs

The members E2F transcription factor family candbaded into typical and atypical
subgroups based on sequence analysis, or classidielanscriptional activator and
repressor based on their function in transcriptiegulation (Chapter 1). The different
E2F family members exhibit redundancy but divergefunction in the cell cycle

regulation (Magyar et al., 2005; Sozzani et al.0&@0Berckmans et al., 2011).
Meanwhile, activity of E2Fs is under control of CBKCYCD complex via

phosphorylation of the retinoblastoma-related (RBR)tein (de Jager et al., 2009).
Whereas CDKA/CYCD complex is responsible for thetool of cell cycle onset in

response to stress signals. These components deatwomplex regulating network
(Chapter 1 and Chapter 3) that modulates cell cpetgression in plant growth or

respond to changing environments.

Previous reports presented E2F3, which is the hogual of E2Fa, as a regulator of cell
proliferation, cell cycle arrest and apoptosis tigio transcriptional control of a number
of genes including other E2F family members likeFE2n animal cells (Chen et al.,

2012). Similarly, in Arabidopsis, E2Fs are conirglthe expression of several target
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genes involved in the DNA damage response (Chsstemrt al., 2005; Martinez et al.,
2010),

In our results, we found that plants containingoa-functionalE2Fa allele showed
increased resistance to bleomycin (Chapter 3). fdsstance was mainly observed in
primary root length and cell proliferation in theot meristem. Furthermore, through
transcriptome profiling experiments, we can seé B2ka influences gene expression in
response to DNA damage. These genes can be divittetivo main groups: cell cycle
related genes and DNA damage response genes (Ct@ptaterestingly, from the
transcirptome analysis of genesE2Fd© plants, in absence of exogenously applied
DNA stress, a number of DNA repair genes had aramcdd expression (Chapter 3).
We supposed that the DDR is already activated agime levels in theE2Fd plants.
Subsequently, basal transcriptional activation bfADrepair genes granted theskants
the potential to deal with genotoxic stress indubgdBM better than wild type plants
do. Moreover, theE2Fa/E2Fb double knockout mutants display a root meristem
proliferation arrest. In the double KO mutant, eegsion of the genes that are under
transcriptional control of E2Fs (e.g. tMECM family) is strongly reduced compared to
the E2Fd©, which causes more spontaneous genotoxic and RDBady affecting

plant growth in the absence of external applied Dsttass (Chapter 2).

By combining these results, we can see how E2Fastg@art in the meristem cell
proliferation regulation in different ways. On ohand, E2F transcription factors are
suggested to regulate DNA damage pathway by afigethodulating the transcription
of genes involved cell cycle regulation. On theeothand, changes in the expression of
the cell cycle and the DNA replication genes in ptents absence of E2Fs resulted in
spontaneous stimulation of checkpoint activatiohjcw can enhance the tolerance of
DNA damage and also can affect plant growth in aation.

Up to now, based on the conclusions we got, thermaals in the future should be to
determine the E2F transcription factors influendd™A damage response components
in detail. Since E2Fs are important regulatorshef ¢ell cycle, we should focus on the
cell cycle and DNA replication genes which are undentrol of E2F transcription

factors. On the meanwhile, we already know thabgedous DNA damage response is
triggered on E2F depleted plants to block the @gtle onset. What mechanism induces

this compensation will be an interesting questmmfditure studies.
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In plants, except E2Fs family, there are severgoiant families of transcription
factors involved in cell cycle regulation, suchM¥B and WRKY. Interestingly, an
increase in the levels of transcripts of MYB and M¥Rtranscription factors was also
detected upon bleomycin plus mitomycin C treatn{@ien et al., 2003). For instance,
the PARP1promoter region presents two MYB binding motif segces (AACGG).
Moreover, in Arabidopsis CycB1;1 expression is alsaler control of the binding of
MYB protein to thecis-acting element of its promoter (Planchais et20Q2). Also the
Rad51promoter is containing W-box (TTGACc/t) of WRKYh& presence of MYB or
WRKY binding motifs in the DNA damage response geared the cell cycle regulation
genes promoter regions suggests these transcrifaatars might have an important

function in the DNA damage response.

ROS and DNA damage response

However, during organism growth and development giemome is continuously
exposed to DNA damaging agents. These agents atggiinom the environment or
biological processes. ROS is an important DNA damagent, which can cause
different kinds of DNA damage including SSB and D@Bizdaroglu et al., 2002;
Roldan-Arjona and Ariza, 2009). Plants need to dbswtrients from soil directly,
which means they are easily stressed by heavy noetwlwhich are broadly existing on
earth (Jomova and Valko, 2011; Rymen and Sugin#fi®?). The metal ions including
iron, copper, cobalt and aluminum induce DNA damage the activity of ROS
(Chapter 1). And as we know, antineoplastic chelmidgdroxyurea (HU) is a
ribonucleotide reductase inhibitor which can bldbk cell cycle (Lopes et al., 2001,
Sogo et al.,, 2002 and Timson, 1975). Besides thmwvk function, HU can reduce
catalase activity to trigger oxidative stress (GbaR). Bleomycin acts by induction of
DNA breaks depending on oxygen and metal ions @milgniron) (Burger et al., 1981;
Favaudon, 1982). From Chapter 3, we can see thetiamsport genes participating in
the DDR induced by the bleomycin, and this progesegulated by E2F transcription
factors. In plants, ROS are also generated by ghintbesis and aerobic respiration
(Asada, 2006). From these results, we can supp&® iR a crucial agent for DNA

damage generated from different kinds of stresses.
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Oxidative stress is a widespread stress in pl&@S is already known to cause a cell
cycle arrest by the ATM-SOG1 DNA damage responsbewsy (Chapter 2). It would
be very interesting to obtain more details abow ithteraction between the DNA
damage response and ROS signaling. and how thieydicell cycle regulation, DNA
repair stimulation and programmed cell death. Fraum research, we suppose that
SMR5 is the molecular switch of cell division undBOS induced genotoxicity
(Chapter 2). However, it would be interesting te séhether cell division blockage is
directly triggered by oxidative stress or if the BNlamage induced by ROS in leaf
cells pushes them out of the cell cycle and consattyireduces cell proliferation.
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Figure 1. Current model of cell cycle regulation inDNA damage response.

CDK inhibitor protein SMR5 and SMR7 were inhibitiegll division upon DNA damage agent
HU and ROS conditions via strongly and rapidly s@iptional induction. And this regulation
depends on the ATM-SOG1 pathway. Meanwhile, E2Rstaption factors are involved in the
cell cycle regulation and synthesis of DNA in eykdes andE2F<° line presents tolerance to
DNA damage due to DDR is already activated at matgievels in theE2Fd° plants via
reduction of E2F target genes proteins suck as MCMs
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Summary

Genetic damage can be catastrophic when cells ggedo the next cell cycle phase before
the previous phase is properly completed. To mimgnthe occurrence of such mistakes
during cell cycle events, the cell cycle progressi® monitored at several checkpoints.
Control mechanisms operating at these checkpoimssire the intactness of chromosomal
DNA and the completion of each cell cycle stageoteethe following stage is initiated. For
instance, the DNA damage checkpoint blocks progrestrough the cell cycle until the
damage is repaired. The existence of cell cycleclgh@nts isn’'t apparent in normal

unperturbed cell cyclé€Chapter 1).

Recently, a new group of genes, nominate SBMESE/SIAMESE-RELATEEIM/SMR,
have been identified. These genes encode smakipsothat inhibit the cell cycle through
their direct interaction with cyclin-dependent lsiea (CDK). In addition, they are strongly
and rapidly transcriptionally induced by differestitess conditions. I€hapter 2, we can see
three SIM/SMR family members $MR4 SMR5 and SMR’ respond specifically towards
genotoxic stress, suggesting that they controtéllecycle checkpoint upon the occurrence of
DNA stress. SMR5 and SMR7 control cell division riesponse to ROS-induced DNA
damage. Their expression depends on ATAXIA TELANGTRASIA MUTATED (ATM)
and SUPPRESSOR OF GAMMA RESPONSE 1 (SOG1), rathan on the anticipated
replication stress-activated ATM AND RAD3-RELATEIATR) kinase. We conclude that
the identified SMR genes are part of a signalingcade inducing a cell cycle checkpoint in

response to ROS-induced DNA damage.

In Chapter 3, we focus on the E2F transcription factors, whach important elements to
control the cell cycle. We have shown that E2Fdcaiption factors are required for the cell
proliferation arrest upon DNA damage. Under genctskess, E2Fa affected expression of a
number of DDR genes which are mostly involved ith ©gcle regulation and stress response.
We already know E2Fa and E2Fb are homologous, dmely tpresent partial
overlapping/redundant functiof€hapter 1 and 3) However, we detected that E2Faoccurs
specific roles in the DNA damage induced cell cyelgulation. We detected that DDR genes
were up regulated iE2F° lines. Such kind basal transcriptional activat@frDNA repair

genes enduB2Fd © plants the potential to tolerant BM stress rathan wild type plants do.
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In Chapter 4, we develop a protocol to search for the transomal level regulators of the
SMR7 promoter causing induciblB-amino acid oxidase 1(Daol) gene, which was
discovered from yeast . Expressing the Daol irptesence of D-amino (e.g. D-Ala and D-
Ser) acids is toxic to plants, but save plants ftbeother D-amino acids (e.g. D-lle and D-
Val). We construcPsyrzDAO1L transgenic lines. Using DNA damage agents like &hd
HU to stimulate expression of Daol under controlSMR7 promoter can be used as a
screening system to discover transcriptional mgtamtDNA damage response. This system

can also be used to characterize other target geneghways.
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