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CKI  CDK Inhibitor Protein 
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CYC  Cyclin 

DB  Destruction Box 

DDR  DNA Damage Response 

DN  Dominant-negative 

DNA  Deoxyribonucleic Acid 

dNTP  Deoxyribonucleotide Triposphate 

DSB  Double Strand Breaks 

dsDNA Double Stranded DNA 

E2F  E2 Transcription Factor 
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ERK  Extracellular Signal Regulated Kinase 

ETG1  E2F Target Gene 1 

FACS  Fluorescence-activated Cell Sorting 

G1-phase Gap 1-phase 

G2-phase Gap 2-phase 

GFP  Green Fluorescent Protein 

Gln, Q  Glutamine 

GO  Gene Ontology 

GUS  Beta-glucuronidase 

Hsl7  Histone Synthetic Letal 7 

HSP  Heat Shock Protein 

HU  Hydroxyurea 

HUS  HU-sensitive 

INK4a  Inhibitor Of Kinase 4 

JNK  Janus Kinase 

Kip  Kinase Inhibitor Protein 1 

KO  Knock-Out 

KRP  Kip Related Protein 

LTI6b  Low Tempterature Induced Protein 1 

M-phase Mitosis 

MAD2  Mitotic Arrest Deficient 2 

MAP  Mitogen Activated Protein 

MAPK  MAP Kinase 

MPK  Mitogen Activated Protein Kinase  

MKP1  MAP Kinase Phosphatase 

MDC1  Mediator Of DNA Damage Checkpoint Protein 1 

MEC1  Mitosis Entry Checkpoint Protein 1 

MID  Midget 

MMS  Methyl Methanesulfonate 

MPF  Mitosis Promoting Factore 

Mre11  Meiotic Recombination 11 

MRN  Mre11-Rad50-Nbs1 

Myt1  Membrane Associated Tyrosine/Threonine Protein Kinase 1 
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NAC  petunia NAM (no apical meristem) and Arabidopsis ATAF1, 2 and  

  CUC2 

Nbs1  Nijmegen Breakage Syndrome 

ORF  Open Reading Frame  

PARP2 Poly (Adenosinediphosphate-Ribose) Polymerase 2 

PCD  Programmed Cell Death 

PCNA  Proliferating Cell Nuclear Antigen 

PLK  Polo-like Kinase 

RAD  Radiation Insensitive 

RFC  Replication Factor C 

RNA  Ribonucleic Acid 

RNR  Ribonucleotide Reductase 

RPA  Replication Protein A 

S-phase Replication Phase 

SCF  Skp, Cullin, F-box containing complex 

Ser, S  Serine 

SIM  Siamese 

SMR  Siamese Related 

SOG1  Suppressor Of Gamma Response 1 

SSB  Single Strand Break 

ssDNA Single-stranded DNA 

SUV2  Sensitive To UV 2 

Swe1  Saccharomyces WEE1 

TA  Transiently Amplifying 

TE  Tracheary Element 

TERT  Telomerase Reverse Transcriptase 

TOPBP1 DNA Topoisomerase Binding Protein 1 

Thr, T  Threonine 

Tyr  Tyrosine 

UV  Ultraviolet 

UVH1  Ultraviolet Hypersensitive 1 

VND7  Vascular NAC Domain 7 

X-Gluc 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid 
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OObbjjeeccttiivveess  &&  OOvveerrvviieeww  

 

The DNA damage checkpoints are essential for the viability and health of an 

organism. It is therefore not surprising that these mechanisms can be found in most 

eukaryotes. DNA damage activates signaling pathways that induce DNA repair. 

Meanwhile, cell cycle progression is inhibited, allowing the completion of DNA repair 

before the onset of mitosis (Niida and Nakanishi, 2006). Cell cycle inhibitors, such as 

WEE1, control this arrest. In Arabidopsis thaliana, WEE1 targets and phosphorylates 

CDKA;1 upon replication stress (De Schutter et al., 2007). However, whereas the 

WEE1 protein functions in yeast and mammals as a gatekeeper controlling the G2-to-

M transition under both normal and DNA stress conditions (Perry and Kornbluth, 

2007), WEE1 was found to be essential only upon replication stress in Arabidopsis 

thaliana (Chapter 3).  

Plants lacking a functional WEE1 gene are hypersensitive to drugs that cause 

replication stress, such as hydroxyurea (HU) and aphidicolin. This is manifested by a 

strong reduction in root growth. In addition, whereas wild type plants respond to 

replication-inhibitory drugs with a downregulation of G2/M cell cycle genes, WEE1KO 

plants lose this transcriptional response (De Schutter et al., 2007). Combined with its 

role as controller of CDK-activity, and more specifically as a regulator of the G2-to-M 

transition, it was hypothesized that plants without functional WEE1 lost their ability to 

arrest the cell cycle upon DNA-stress and progress into mitosis before repair of the 

damaged DNA. As a result, mutations would be propagated over the daughter cells, 

eventually losing cells by mitotic catastrophes. 

The objective of this study was to understand why WEE1KO mutants failed to inhibit 

G2/M genes upon growth on HU, and why this eventually would lead to a strong 

reduction in root growth. Furthermore, we wanted to identify new elements of the 

DNA damage pathway in plants. The knowledge on plant checkpoints at the start of 

the project was limited to the transcriptional induction of WEE1 upon DNA damage by 
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ATM and ATR (Figure 1). No other signaling components were known, and similarly, 

we knew nothing on the posttranslational control of WEE1. 

An improved knowledge on the function of the WEE1 gene and protein in plant cells 

would help to answer the question why DNA damage checkpoint proteins like CDC25 

and CHK kinases are not present in the plant genome, and how the outline of the 

DNA damage pathways are altered and tailored to the needs and specific growth 

mechanism of plants. This piece fits in the major puzzle to unravel the stress 

mechanisms that are present in plants. Adverse weather conditions, pollution, 

genotoxic radiation, pathogen infection and several other types of environmental 

stresses all have a negative impact on growth and yield. Getting to know the 

molecular elements that govern these pathways and how they interact with each 

other will bring us closer to the development of crops that produce significantly 

improved yields under unfavorable conditions. 

 

 

Figure 1: Overview of the DNA damage pathway in plants 
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Upon studying the response of plants to HU application, it was found that plant root 

tips treated with a non-inhibitory concentration of HU are pushed into a partial 

synchronized cell cycle (Chapter 2). HU induces a transient S-phase arrest through a 

reduction of the dNTP-pool, transiently arresting replication. Alleviation of the arrest 

causes cells to simultaneously start replication with synchronized progression 

through the cell cycle as a result. This observation was applied to develop a new 

synchronization system in Arabidopsis thaliana. The root synchronization method has 

the advantage over the popular use of suspension cultures that it represents a plant 

organ in a physiological environment, rather than an artificial system. Moreover, the 

root synchronization system offers a major advantage to cell cultures because it can 

be applied directly on available mutants without the need to generate a cell culture. 

With this system, it became clear that the drop of G2/M-gene expression upon HU 

treatment observed in wild type plants was not the result of a cell cycle arrest invoked 

by WEE1, but an immediate consequence of the HU-induced synchronization. 

The root synchronization method was exploited in chapter 3 to study the biological 

consequences of loss of WEE1 under DNA replication stress. Opposed to its function 

at the G2/M checkpoint in yeast and animals, we demonstrate that the WEE1 kinase 

in plants plays a prominent role during S-phase when replication fails. The lack of 

WEE1 does not lead to the anticipated quick entry into mitosis, but rather increases 

the time spent in S-phase. Failure to progress fast through S phase is accompanied 

by vascular cell death in the root meristem, not because of programmed cell death as 

a result of strong DNA-damage, but because of a premature onset of the vascular 

differentiation program in the meristem. 

In chapter 4, we studied the posttranslational control of WEE1. The regulatory 

domain of WEE1 in plants is completely different compared to that of its animals and 

yeast counterparts, indicating that control at the protein level might be entirely 

different in plants (Dissmeyer et al., 2010). Three highly conserved amino acid 

regions among the plant WEE1 proteins contain possible phosphorylation sites for 

ATM/ATR and CDKs. Mutation of these sites had a strong effect on the capabilities of 

the mutated construct to complement the WEE1KO phenotype. 
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In chapter 5, a summary of the different chapters in this thesis is provided, together 

with a discussion of the obtained results and their implications on future research in 

the field of DNA damage checkpoints in plants. 
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11..11  AAbbssttrraacctt  

 

Plants are sedentary, and so have unavoidably close contact with agents that target 

their genome integrity. To sense and react to these threats, plants have evolved DNA 

stress checkpoint mechanisms that arrest the cell cycle and activate DNA repair 

machinery to preserve the genome content. Although the pathways that maintain 

DNA integrity are largely conserved among eukaryotic organisms, plants put different 

accents on cell cycle control under DNA stress and might have their own way to cope 

with it. 
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11..22  RReevviieeww  

 

Introduction 

As the genome contains all the information required for development and 

maintenance of an organism, it is of utmost importance that the DNA content is 

protected and repaired upon damage caused by stress, originating from either 

exogenous (such as UV-B and ozone) or endogenous (such as replication errors and 

metabolic byproducts) sources. DNA stress checkpoints perform this quality check by 

sensing, reacting and repairing damaged or incompletely replicated DNA. The main 

goal of these checkpoints is to sustain organism viability and adjust growth, if 

necessary.  

The eukaryotic cell cycle is a stepwise progression through 4 different cell cycle 

phases called G1-, S-, G2- and M-phase. During this process, cells increase their cell 

size in both gap phase (G1 and G2), replicate their genome during S-phase, and 

eventually divide the two copies of the genome among the daughter cells during M-

phase or mitosis. However, DNA damage can occur at any moment of the cell cycle 

and specialized checkpoints are necessary to abrogate the cell division process. The 

need for DNA damage checkpoints in the development of the eukaryotic cell is 

illustrated by the fact that yeast, animals and plants use related mechanisms to delay 

cell cycle progression in response to DNA stress. Nevertheless, the sedentary nature 

and plasticity of plants has probably resulted in specific adjustments of these 

checkpoints. Here, we give insight into recent progress on identification of the plant 

components that control DNA stress checkpoints and discuss the relationship 

between genotoxic stress and plant development.  

 

DNA-stress checkpoint activation: the players of the game 

ATM, ATR and their activation 

When DNA damage occurs in organisms, two important global cellular responses are 

needed for cell survival: activation of DNA-repair machinery and delay, or even 
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arrest, of cell cycle progression, providing cells sufficient time to repair the damaged 

DNA before proceeding into mitosis. At the crossroads of both pathways there are 

two related kinases, the ATM (ataxia telangiectasia mutated) and ATR (ATM and 

Rad3-related) proteins. These proteins are highly conserved and are triggered in 

response to different types of DNA stress: double-strand breaks (DSBs) activate 

ATM, whereas ATR primarily respond to single-strand breaks (SSBs) or stalled 

replication forks (Harper and Elledge, 2007). Because ATM and ATR react to distinct 

types of stress, they rely on two separate activation mechanisms (Figure 1.1). Double 

strand breaks are sensed by the MRN-complex, a protein complex that consists out 

of Mre11, Rad50 and Nbs1. During normal cell cycle progression, ATM is present as 

an inactive dimer. After association of the MRN complex on a site of DNA damage, it 

recruits and activates ATM. During this activation, the dimer converts into monomers 

and is activated by autophosphorylation (Harper and Elledge, 2007; Warmerdam and 

Kanaar, 2010). Subsequently, ATM will phosphorylate its protein targets, with or 

without the aid of adaptor proteins such as 53BP1 and MDC1 that can further 

enhance the activity of the ATM kinase (Niida and Nakanishi, 2006; Harper and 

Elledge, 2007). 

The proteins needed for sensing double strand breaks are also present in plants, and 

have a function in DNA damage signaling repair, like in animals and yeast. 

Homologues of the elements that form the MRN-complex, Mre11, Rad50 and Nbs1 

are present in plants (Gallego et al., 2001; Hartung et al., 2002; Akutsu et al., 2007; 

Waterworth et al., 2007). Mutants in these proteins react hypersensitive to DNA 

damage (Gallego et al., 2001; Bundock and Hooykaas, 2002; Akutsu et al., 2007; 

Waterworth et al., 2007). Additionally, Rad50 and Mre11 are necessary for telomere 

maintenance, indicating that they are able to sense and interact with double stranded 

break structures (Gallego and White, 2001; Bundock and Hooykaas, 2002; Vannier 

et al., 2006). Moreover, it has been shown that plant Mre11 is able to bind with 

Rad50 and Nbs1 (Daoudal-Cotterell et al., 2002; Akutsu et al., 2007; Waterworth et 

al., 2007). Combining all the evidence gathered over the last 10 years concerning the 

MRN-complex, it seems more than likely that the plant protein complex exerts the 

same function as that of animals and yeast. 
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Upon the occurrence of replication stress or single stranded breaks (SSB), regions of 

single stranded DNA (ssDNA) appear in the genome that eventually cause the 

activation of the ATR kinase. This happens via two independent reactions to the DNA 

stress (Figure 1.1). First, the presence of ssDNA is detected by replication protein A 

(RPA) and concomitantly binds to the ssDNA. The interaction between RPA and 

ssDNA causes the binding of the ATR interacting protein (ATRIP) to RPA, and 

consequential recruitment of the ATR-ATRIP complex to the damaged DNA. Second, 

the ssDNA-dsDNA junctions that appear upon DNA damage are recognized by 

Rad17, that can form a complex with 4 out of 5 subunits of the Replication Factor C 

(RFC) complex (RFC2-RFC5). Under normal circumstances the RFC complex 

contains RFC1 instead of Rad17, and acts as a clamp loader that loads Proliferating 

Cell Nuclear Antigen (PCNA) onto the DNA. However during DNA-stress, the Rad9-

Hus1-Rad1 (9-1-1) complex, a molecular complex similar to PCNA, is loaded to the 

DNA instead, because of the changed substrate specificity produced by the switch of 

RFC1 to Rad17. The loading of the 9-1-1 complex to the site of DNA damage causes 

the protein to be in close vicinity of ATR and together with the association of ATR-

 

Figure 1.1: Overview of the activation mechanisms of ATM and ATR in animals (adapted 

from (Meek, 2009)). Upon DNA damage the MRN complex phosphorylates the inactive ATM 

dimer converting it into an active ATM monomer. Other proteins like MDC1 and 53BP1 are 

adaptor proteins that aid ATM with the phosphorylation of its targets. Similarly, ATR is activated 

via the adaptor protein ATRIP by the binding of RPA to ssDNA, and by the loading of the 9-1-1 

complex on the DNA. Adaptor proteins that further assist ATR are Claspin and TOPBP1. The 

activation of ATM and ATR allows the further onset and spread of the DNA damage signal to 

downstream targets via CHK1, CHK2 and γ-H2AX.  
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ATRIP complex to RPA, allows the activation of ATR. Moreover, the 9-1-1 subunit 

Rad9 can interact with the ATR adaptor protein TopBP1, thereby enhancing the 

activity of ATR (Flynn and Zou, 2010; Lopez-Contreras and Fernandez-Capetillo, 

2010; Warmerdam and Kanaar, 2010). 

Homologues of the genes coding for the proteins of the 9-1-1 complex and Rad17 

are available in Arabidopsis thaliana, although not much is known about their 

functionality. Mutants in Rad17 and Rad9 are hypersensitive to DNA damaging drugs 

and Rad17 is transcriptionally induced upon these treatments. Moreover, Rad17 and 

Rad9 seem to be epistatic, indicating that both proteins work in the same pathway. 

Whether this is in a role similar to their yeast and mammalian counterparts needs 

further research (Heitzeberg et al., 2004). 

Recent articles reported the potential discovery of an ATRIP homolog (hydroxyurea-

sensitive 2 (HUS2), sensitive to UV 2 (SUV2)) in Arabidopsis. Mutants in these 

proteins display phenotypes similar to ATR knockout plants when encountering DNA 

damage, suggesting that they co-operate in the DNA damage pathway. Although it is 

very the likely that the HUS2 protein functions in the DDR, it still needs to be proven 

whether the protein represents a true functional homolog of ATRIP. Until now, the 

interaction between plant ATR and ATRIP, or RPA and ATRIP has not been 

demonstrated. Moreover, sequence similarity between plant ATRIP and yeast and 

animal homologues is very low (Sakamoto et al., 2009; Sweeney et al., 2009). 

Because of the role of ATM and ATR as central regulators in the DNA damage 

pathway, organisms mutated in one or both proteins are hypersensitive to DNA 

damage-inflicting agents. In mammals, a non-functional ATM still allows the full 

development of the organism, indicating that it is not necessary for normal cell cycle 

progression (Shiloh and Kastan, 2001). However, it will eventually cause the 

neurodegenerative disease ataxia telangiectasia, characterized by cerebellar 

degeneration, immunodeficiency, genome instability, clinical radiosensitivity and a 

predisposition to cancer (Shiloh, 1997). Contrary to ATM, loss-of-function mutants in 

ATR causes irreparable defects during embryonic development and eventually leads 

to abortion (Brown and Baltimore, 2000). Mammals with reduced ATR function suffer 

from Seckel syndrome (O'Driscoll et al., 2003). In plants, the atm mutants show 

growth defects when treated with γ-rays or methyl methanesulfonate (MMS), causing 
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DSBs (Garcia et al., 2003). The importance of ATM in DNA-damage checkpoint 

response is exemplified by the observation that in γ-irradiated Arabidopsis plants, the 

transcriptional activation of DNA repair and cell cycle checkpoint genes totally 

depends on ATM (Garcia et al., 2003; Culligan et al., 2006; De Schutter et al., 2007; 

Ricaud et al., 2007). By contrast, the atr mutants primarily exhibit hypersensitivity to 

hydroxyurea, aphidicolin and UV-B, agents that inhibit the progression of the 

replication fork, but are still viable and phenotypically normal during unperturbed 

conditions (Culligan et al., 2004). These data indicate that ATM and ATR also play a 

pivotal role in the DNA-damage checkpoint response in plants. 

 

CHK1 and CHK2 

The activation of both ATM and ATR will result into the full unfolding of the DNA 

damage cascade (Figure 1.2). Because both kinases stay localized at the site of DNA 

damage, the signals are transduced to two kinases, called CHK kinases (CHK1 and 

CHK2) that are able to spread the signal throughout the cell . ATM preferentially 

phosphorylates CHK2, while CHK1 is the main target of ATR. Since CHK1 functions 

as an extension of ATR, it is not surprising that mutants in CHK1 are also 

embryolethal. This is in contrast to CHK2, where mutants are still viable but exhibit 

radioresistance, meaning that they allow growth during severe DNA damage 

conditions (Smits, 2006). The CHK-kinases posttranslationally control diverse sets of 

proteins with a different function in the cell upon DNA damage. These can be 

proteins involved in transcription, cell death, cell cycle control or DNA repair, whose 

activation allows the proper handling of DNA damage.  

To date, no functional homologs of the CHK-kinases were retrieved in the plant 

genome and perhaps are even non-existent. Possibly, their function could be taken 

over by the upstream kinases ATM and ATR. How they then efficiently would 

transduce the signal throughout the cell is still unknown. 
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WEE1 

In general, cell cycle progression is mediated through the timely activation of cyclin-

dependent kinases (CDKs) (Morgan, 2006). Upon DNA damage, the activity of CDKs 

needs to be inhibited, which can be achieved by modifying their phosphorylation 

status as a result of the interplay between WEE1 kinases and CDC25 phosphatases. 

CDC25 and WEE1 act as respective "on" and "off" switches on CDK activity (Figure 

1.3). In animals, activated ATR and ATM phosphorylate the CHK1 and CHK2 

kinases, that in turn phosphorylate CDC25, resulting in either its degradation by the 

proteasome, or sequestration by 14-3-3 proteins, and the phosphorylation of WEE1 

that renders the protein active. In both cases, CDKs are inactivated and cell cycle 

progression is arrested (Harper and Elledge, 2007).  

 

Figure 1.2: DNA damage checkpoint regulation in mammals (Poehlmann and Roessner, 

2010). Through ATM and ATR, different types of DNA-stress will activate the CHK-kinases, that will 

further regulate CDC25 and WEE1 activity to control the CDK-cyclin complexes and 

consequentially cell cycle progression. 
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Apparently, plants have no functional CDC25 homolog (Boudolf et al., 2006). Instead, 

checkpoint activation in response to DNA stress is controlled by the CDC25-

counteracting WEE1 kinase that operates in an ATM/ATR-dependent manner (Figure 

1.4; De Schutter et al., 2007). Plant cells without a functional WEE1 kinase do not 

accumulate phosphorylated CDKs, and it has been proposed that they enter mitosis 

with incompletely replicated or damaged DNA, with growth arrest as a consequence 

(De Schutter et al., 2007). Likely targets of WEE1 in plants are the A-type CDKs and 

the CDK—activating kinases (Shimotohno et al., 2006; De Schutter et al., 2007). The 

CDK—interacting cyclin partner might be B-type cyclins, because their 

overexpression can override checkpoint arrests (Weingartner et al., 2003; Kirik et al., 

2007). 

 

The CDK reactivation mechanism after DNA stress that removes the inhibitory 

phosphorylation by WEE1 is still unidentified. The inactive CDKs might be 

replenished by non-phosphorylated ones, either by synthesis of new CDKs, or by 

proteolytic turnover of the phosphorylated CDKs. Alternatively, the inhibitory 

phosphate might be removed by a yet to be identified phosphatase.  

 

Figure 1.3: Feedback loop and regulation between WEE1, CDC25 and CDKs. 
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CDK inhibitors 

As a result of persistent DNA damage, mutants in the constitutively 

photomorphogenic 9 (COP9) signalosome display a stringent G2 arrest that is 

seemingly independent of WEE1 (Dohmann et al., 2008). These data indicate that 

WEE1 is most probably not the only G2 checkpoint activator. In animals, long-term 

checkpoint activation involves the transcriptional induction of Cip/Kip CDK inhibitors 

(CKIs). Members of this protein family inhibit CDKs in complex with D, E, A or B-type 

cyclins (Besson et al., 2008). During DNA damage, the p21 Cip/Kip protein is 

transcriptionally induced by p53 and inhibits CDK2-CycE and CDK4-CycD, hereby 

preventing the G1-to-S transition and the start of replication in the presence of DNA 

damage (Niida and Nakanishi, 2006; Besson et al., 2008; Satyanarayana et al., 

2008). In addition, the p53-p21 pathway is also necessary to prolong the checkpoint 

 

Figure 1.4: Hypothetical model of plant cell cycle checkpoint activation upon DNA stress. 

Upon DNA stress, ATM or ATR become activated and can inhibit cell cycle progression via WEE1 

or SIAMESE-related (SMR) proteins. Checkpoints are spread throughout the cell cycle: intra-S 

(controlled by WEE1), G2 (WEE1 and SMR) and G1 (unknown). The ATM/ATR-dependent 

stabilization of CYCB1;1 possibly prevents premature differentiation of DNA-damaged cells. Full 

lines represent experimentally proven interactions; dashed lines denote hypothetical situations. 
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arrest in G2, next to the action of CDC25 and WEE1 (Bunz et al., 1998). The role of 

the animal p27 Cip/Kip in damage control is to keep cells in a quiescent state and 

prevent proliferation or re-entry into the cell cycle (Besson et al., 2008). Related CKIs 

have been described for plants, designated Kip-related proteins (KRPs) (Verkest et 

al., 2005). However, no obvious link between KRPs and DNA stress has yet been 

reported.  

Recently, a second class of plant-specific CKIs was discovered (Peres et al., 2007), 

whose family members relate to the SIAMESE (SIM) protein, demonstrated to 

operate as a cell cycle inhibitor in trichomes by its association with CDKs 

(Churchman et al., 2006). In contrast to the KRP genes, some SIM-related genes are 

strongly induced in an ATM-dependent manner by DNA stress (Culligan et al., 2006), 

demonstrating their potential to operate as checkpoint regulators upon genotoxic 

stress (Figure 1.4). However, such a role is yet to be demonstrated. 

 

The MAP Kinase pathway in the DNA damage response 

The mitogen activated protein kinase (MAPK) cascade represents a complex 

signaling cascade that integrates extra- and intracellular signals and ultimately 

influences different cellular processes, including cell cycle progression. The 

mammalian MAPK family consists out of three major families: ERK, JNK and p38. 

The importance of the MAPK pathway in the mammalian DNA damage response is 

exemplified by reports of the involvement of members of all three groups in cell cycle 

control during DNA damage (Figure 1.5; Poehlmann and Roessner, 2010). The p38 

family is necessary for inhibition of the G1/S and G2/M transition upon DNA damage. 

Main targets are the propapoptotic p53 that becomes activated upon 

phosphorylation, and the CDC25 phosphatase, marking it for degradation. 

Specifically at the G1/S transition, p38 kinases prevent the onset of S-phase by 

inhibiting CycD1 and activating p16INK4a, an inhibitor of CDK4 that is needed for the 

G1/S transition. Activation of the protein is dependent on ATM, although alternative 

mechanisms probably exist (Thornton and Rincon, 2009; Poehlmann and Roessner, 

2010). Similarly, ERK and JNK kinases regulate the activity of p53 and CDC25 in 

such way that they inhibit cell cycle progression at the G1/S and G2/M transitions 

(Poehlmann and Roessner, 2010). Interestingly, a recent study implicates ERK1 and 
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ERK2 in control of ATR activation in the S-phase checkpoint induced by HU (Wei et 

al., 2011). 

 

 

In plants, research has been focused on 3 different MAP kinases involved in stress 

signaling, being MPK3, MPK4 and MPK6 (Bartels et al., 2009; Bartels et al., 2010). 

During genotoxic stress, the involvement of both MPK6 and the MAP kinase 

phosphatase 1 (MKP1) has been demonstrated. Both proteins can interact with each 

other, whereby MKP1 has the ability to inactivate MPK6 (Ulm et al., 2002; Bartels et 

al., 2009). Mutants in mkp1 are hypersensitive to MMS and UV-C, a phenotype 

attributed to the inability to inactivate MPK6. However, during UV-C treatments, 

MPK6 is activated by the stress and is probably needed to invoke a proper cell cycle 

response to the stress. Consequently, it has been proposed that MKP1 might be 

 

Figure 1.5: Control of the DNA damage response via the MAP kinase pathway (Poehlmann 

and Roessner, 2010). Induction of JNK, p38 or ERK will cause an inhibition of cell cycle 

progression and activation of the apoptotic pathway via p53. 
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needed to resume cell division activity after DNA stress relief.  (Ulm et al., 2001; Ulm 

et al., 2002). How MKP1 connects to the ATM and ATR signaling cascade remains 

currently unknown. 

 

SOG1 

A plant-specific element of the DNA damage checkpoint pathway is the 

SUPPRESSOR OF GAMMA (SOG1) gene. A mutation in this gene bypasses the G2 

arrest induced in UV—hypersensitive (uvh1) mutants (defective in a homolog of the 

human repair endonuclease XPF) after γ-irradiation (Preuss and Britt, 2003). Further 

investigation of the SOG1 gene revealed that it encodes a potential transcription 

factor with a plant-specific NAC domain. The protein is controlled by ATM and ATR, 

and might be the main transcription factor controlling the DNA damage response in 

plants. SOG1 mutants are perfectly viable during normal growth conditions and show 

no hypersensitity to γ-irradiation in relation to growth. They, however, fail to 

transcriptionally induce the different DNA damage genes, analogously to atm 

mutants. Consequently they show genetic instability during γ-irradiation due to the 

loss of genomic parts (Yoshiyama et al., 2009). 

 

Control of cell death 

The controlled induction of cell death is an important method to maintain the health of 

an organism in times of DNA damage. Cells that suffer from DNA damage need to 

assess whether the sustained damage will harm the functionality of the cell or that it 

can be repaired. A good balance in the mechanism that decides between cell death 

and survival is essential, since otherwise fully functional cells with minor DNA 

damage could be purged, whereas keeping cells alive with severe genome damage 

might risk the development of cancer. It is thus not surprising that constituents of the 

DNA damage pathways are response regulators governing programmed cell death in 

animals. The main action of the DNA damage pathways in animals is to induce and 

activate the proapoptotic p53 transcription factor. Upon activation, it induces several 

cell cycle inhibitors and proteins that act positively to promote the apoptosis program 

(Clarke and Allan, 2009). p53 is directly activated by ATM/ATR or the CHK kinases, 
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demonstrating the intimate link of the DNA damage pathway with the onset of 

apoptosis in animals (Niida and Nakanishi, 2006).  

In plants, cell death upon DNA damage is specifically located in the stem cells of the 

plants (Curtis and Hays, 2007; Ricaud et al., 2007). Like in animals, this response is 

controlled positively by the ATM and ATR kinases (Fulcher and Sablowski, 2009). In 

addition, the SOG1 transcription factor, located downstream of ATM and ATR, is also 

necessary to induce the cell death in the plant stem cells (Furukawa et al., 2010).  

 

Importance of DNA stress checkpoint activation for plant development 

The growth arrest observed in WEE1 knockout plants upon treatment with 

replication-inhibitory drugs is identical to that for atr mutants (Culligan et al., 2004; De 

Schutter et al., 2007). These data illustrate that for their survival, the need to slow the 

cell cycle progression upon DNA stress is as essential as activation of DNA repair 

machinery. The analysis of the novel replisome factor E2F TARGET GENE 1 (ETG1) 

has recently demonstrated the importance of a functional checkpoint control 

mechanism for correct growth and development. Plants without functional ETG1 

display only mild phenotypes, including a reduction in cell number (Table 1.1). A 

prolonged cell cycle, accompanied with a high number of G2—phase cells, 

suggested that the etg1 phenotype might have been caused by activation of the DNA 

stress checkpoint. Indeed, in etg1 mutants, the expression levels of the DNA stress 

genes poly(ADP-ribose) polymerase-encoding gene 2 (PARP2) and WEE1 were 

increased, illustrating that the absence of ETG1 induced endogenous replication 

stress. Most strikingly, when the etg1 mutant was introgressed into a WEE1- or ATR-

deficient background, lack of ETG1 caused morphologically striking phenotypes 

(Takahashi et al., 2008), showing that activated cell cycle arrest at times of DNA 

stress dramatically aids plant survival. A similar conclusion could be drawn for the 

mutants of the telomerase reverse transcriptase (TERT) and MIDGET (MID, a 

topoisomerase VI component) genes (Riha et al., 2001; Kirik et al., 2007). When tert 

was crossed into an atm or atr mutant background, genomic instability emerged in 

earlier generations than for the single tert mutant (Vespa et al., 2005; Vespa et al., 

2007); double mutants in mid and atr were even embryonically lethal (Kirik et al., 

2007). 
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Analysis of the etg1, tert and mid mutants illustrate that cell cycle checkpoints are not 

only essential for defense against DNA damage from environmental origins, but also 

for protection against endogenous sources of DNA stress. These three mutants are 

the only ones for which DNA stress checkpoint activation has been proven 

indispensable for correct morphogenesis and survival; however, several additional 

replication mutants with signs of DNA stress have been described recently, as 

indicated by the induced expression of the DNA repair genes (Table 1.1). It would be 

interesting to analyze how checkpoint activation contributes to survival of these 

mutants. Remarkably, in most mutants suffering from endogenous DNA stress the 

G2/M-specific B-type cyclin CYCB1;1 gene is strongly induced (Table 1.1), as well as 

by DSB-causing treatments (Chen et al., 2003; Culligan et al., 2006; Ricaud et al., 

2007). This transcriptional induction depends on ATM. Interestingly, in atr knockout 

plants, ATM-dependent CYCB1;1 induction is apparent, but with decreased stability, 

suggesting that ATR controls its abundance post-transcriptionally (Culligan et al., 

2006). 

The unique behavior of CYCB1;1 hints at a specific function for this particular cyclin 

in DNA-stress response, but the role is unknown. It is probable that increased 

CYCB1;1 levels retain the afflicted cell’s competence for division. For most mutants 

suffering from DNA stress, there is an increase in the DNA ploidy level, caused by 

endoreduplication (Table 1.1), as for plants treated with DNA-damaging drugs 

(Ramirez-Parra and Gutierrez, 2007). Cell size is often correlated with their DNA 

content (Sugimoto-Shirasu and Roberts, 2003), thus an increase in DNA ploidy level 

might be a mechanism by which ploidy-driven cell enlargement compensates for 

reduced cell numbers caused by checkpoint activation. However, as 

endoreduplication marks the exit from the cell division program (Beemster et al., 

2005), the role of CYCB1;1 might be blocking all cells from entering the endocycle, 

preventing the loss of all division-competent cells, and allowing meristem reactivation 

after repair of DNA damage (Figure 1.4). 
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Table 1.1: Arabidopsis mutants exhibiting endogenous DNA-stress.  

(*) Only determined in bin4/mid mutants. Remarkably, this induction is also observed in non-

meristematic zones, probably indicating problems during endocycle progression, which might 

explain the reduced DNA ploidy levels. N.A.: not analyzed. 
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Checkpoint differences between plants and animals 

Although the outer nodes of DNA-stress signaling cascades are conserved among 

organisms, the inner framework of the pathway seems to be distinct: many genes 

needed for cell cycle checkpoint control in animals (such as CHK1, CHK2, PLK and 

p53) apparently have no ortholog in plants. In addition, a lot of adaptor and mediator 

proteins that control the ATM and ATR activity, such as Claspin, 53BP1 and MDC1 

appear to be missing. 

One of the most striking differences to animals is that checkpoint genes in plants are 

not essential during normal growth. Except for partial sterility of atm mutants, 

checkpoint mutants are phenotypically normal under non-stressed conditions 

(Savitsky et al., 1995; Brown and Baltimore, 2000; de Klein et al., 2000; Garcia et al., 

2003; Alderton et al., 2004; Culligan et al., 2004; Tominaga et al., 2006; De Schutter 

et al., 2007; Culligan and Britt, 2008). Moreover, plant checkpoints seem less 

sensitive to DNA stress than their animal counterparts (Walbot, 1996); plants have a 

meiotic checkpoint but still complete meiosis in the presence of severe damage 

(Couteau et al., 1999). In addition, although root cells of onion (Allium cepa L.) react 

to X-ray-induced DSBs or HU treatment with a transient G2 arrest, cells enter mitosis 

before DNA repair is complete (Pelayo et al., 2001; Carballo et al., 2006). This 

process, called checkpoint adaptation, was recently observed in animals, but in 

contrast to plants, the adapted cells released from the checkpoint eventually die 

(Syljuasen, 2007). As a third example, plants without TERT show no developmental 

defects before the sixth generation, whereas in mouse (Mus musculus) the mutation 

symptoms are apparent by the third generation. In addition, plants continue growing 

until the tenth generation in spite of the presence of anaphase bridges from the fifth 

generation onwards (Riha et al., 2001). Thus, plants seem less affected by the 

existence and propagation of DNA damage than animals. 

The difference in sensitivity to DNA stress might reflect dissimilarity in growth 

strategies between animals and plants. Animal growth occurs via a predefined 

blueprint of the body, in which cell cycle progression and growth must be strictly 

coordinated. When this coordination is perturbed or organs fail to develop because of 

massive apoptosis, the embryo aborts and dies. Although plants cannot escape the 



DNA stress checkpoint control 

 

- 25 - 

genotoxic substances they encounter because of their sessile nature, plant cells do 

not undergo apoptotic cell death when suffering from persistent DNA stress, but 

rather lose their competence to divide, as exemplified by the observed cell 

expansion, vacuolization and onset to endoreduplication (Culligan et al., 2004; 

Hefner et al., 2006; De Schutter et al., 2007; Ramirez-Parra and Gutierrez, 2007). In 

contrast to animals, arrested development of plant organs does not kill the whole 

organism, rather, meristem arrest correlates with redirected growth. For instance, in 

plants without a functional checkpoint treated with replication-inhibitory drugs, the 

main root stops growing and lateral roots are induced (Culligan et al., 2004; De 

Schutter et al., 2007); this is possible because plants mainly develop post-

embryonically. The plasticity of plants allows the sacrifice of cells that suffer from 

DNA stress in favor of induction of new organs. 

 

 

 

 

Figure 1.6: Schematic overview of the growth differences between plants and animals and 

the evolution and the functioning of their checkpoint mechanisms. 
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The specific response of plants to DNA stress relieves the requirement of a sensitive 

apoptotic program to prevent spread of the damaged DNA to daughter cells. While in 

animals, checkpoints carefully analyze whether an impaired cell is viable or beyond 

the point of cellular repair (Zhivotovsky and Kroemer, 2004), damaged plant cells get 

easily directed into differentiation and have a negligible risk of tumor metastasis 

because the rigid cell walls prevent cell migration. This possibly explains why 

important elements of the proapoptotic machinery present in animals (such as p53) 

and their link with the DNA damage checkpoint (such as CHK1 and CHK2) are 

missing in plants. 

 

Conclusions 

Despite the conserved nature of the ATM and ATR kinases, plants and animals seem 

to respond distinctively to DNA stress. This discrepancy can probably be attributed to 

differences in life circumstances. A lower sensitivity to genotoxic stresses, either 

exogenous or endogenous, ensures continued growth under adverse conditions in a 

highly competitive environment: because of their sedentary life, plants can strike a 

balance between arrest of growth, or persistent growth in the presence of genomic 

damage. Plants do not have to restrict growth during mild DNA stress, and so 

continue to develop and compete with other plants for sunlight and nutrients. Plant 

checkpoints are nevertheless essential, because an inappropriate response to DNA 

stress leads to hypersensitivity toward genotoxic agents. Animals likely pay a price 

for their mobility by a cancer-inducing risk, but as a solution, they have evolved a 

complex and sensitive framework to push damaged cells into apoptosis. By contrast, 

the plasticity of plant allows redirection of growth by the initiation of new meristems, 

eventually allowing escape from the DNA stress. 
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22..11  AAbbssttrraacctt  

 

Synchronized cell cultures have proven to be an indispensable tool for the 

identification and understanding of key regulators of the cell cycle. Nevertheless, the 

use of cell cultures has its disadvantages, because it represents an artificial system 

that does not completely mimic the endogenous conditions that occur in organized 

meristems. Here, we present a new and easy method for Arabidopsis thaliana root tip 

synchronization by hydroxyurea treatment. A major advantage of the method is the 

possibility to investigate available Arabidopsis cell cycle mutants without the need to 
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generate cell cultures. As a proof of concept, the effects of overexpression of a 

dominant negative allele of the B-type cyclin-dependent kinase CDKB1;1 gene on 

cell cycle progression were tested. The previously observed prolonged G2 phase 

was confirmed, but was found to be compensated by a reduced G1 length. 

Furthermore, altered S-phase kinetics indicated a functional role for CDKB1;1 during 

the replication process. 
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22..22  IInnttrroodduuccttiioonn  

 

The ability to synchronize plant cell cultures has proven to be an important tool for 

cell cycle research, resulting in the identification of genes and proteins that act 

together to drive the transition through the different cell cycle phases (Sorrell et al., 

2001; Breyne et al., 2002; Menges et al., 2002, 2003, 2005). However, cell cultures 

neither occur in natural conditions, nor are they physiologically equivalent to dividing 

cells, as cells obtained through tissue culture techniques need to be cultivated in the 

continuous presence of mitogenic compounds. Moreover, in analogy with mammalian 

cell cultures, the capability to proliferate continuously is probably the consequence of 

genomic rearrangements and/or mutations in proliferative genes. In addition, the 

study of the effects of overexpression or knockout of genes on cell cycle progression 

requires the regeneration of transgenic cell cultures, either through their direct 

transformation or through generation of new cultures from the transgenic plants. 

Cell cultures can be synchronized by release from an imposed checkpoint, either by 

depletion of essential growth factors, such as nutrients, or by addition of replication-

inhibiting drugs, such as aphidicolin or hydroxyurea (Kumagai-Sano et al., 2006). 

Hydroxyurea (HU) is a monohydroxyl-substituted urea antimetabolite that is used as 

an antineoplastic drug for treatment of myeloproliferative disorders. Its 

antiproliferative property is attributed to the specific inhibition of the small subunit of 

the ribonucleotide reductase protein that is responsible for maintenance of the dNTP 

pool in proliferating cells (Saban and Bujak, 2009). As a result, HU application 

reduces the concentration of available nucleotides required for DNA replication, and 

consequentially induces a cell cycle arrest before entering S phase (Wang and Liu, 

2006).  

Plant meristems, like cell suspensions, represent a collection of mitotically dividing 

cells. Moreover, the root architecture of plants allows an easy physical separation of 

the dividing cells from the differentiating tissue, making it a potential target for 

synchronization studies. As shown previously, root meristems of a plethora of plant 

species are susceptible for synchronization by addition of replication-interfering drugs 

(Doležel et al., 1999, Pelayo et al., 2001). Notably, a root synchronization method 
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with aphidicolin was used to demonstrate that tobacco (Nicotiana tabacum) plants 

overexpressing the Arabidopsis CYCD2;1 gene had a reduced G1 length (Cockcroft 

et al., 2000). Here, we present a HU-induced synchronization system for Arabidopsis 

root tips, applicable for high-throughput experiments. A major advantage of the root 

synchronization system is that it can be easily applied to available cell cycle mutants 

without the need to generate cell cultures. As a proof of concept, we compared cell 

cycle progression in the root meristem of wild-type plants with that of plants 

expressing a dominant negative allele of the plant-specific B-type cyclin-dependent 

kinase CDKB1;1. Transcripts of CDKB1;1 accumulate in a cell cycle phase-

dependent manner during S, G2 and M (Sorrell et al., 2001; Breyne et al., 2002; 

Menges et al., 2005), whereas the CDKB1;1 protein and kinase activity reach a 

maximum at the G2-to-M transition (Porceddu et al., 2001; Sorrell et al., 2001). In 

accordance with a role of CDKB1;1 at the G2-to-M transition, we demonstrate that 

expression of the dominant negative CDKB1;1.N161 allele results in a delayed entry 

into mitosis in the HU-induced root synchronization system. Surprisingly, this 

extended G2-to-M transition is followed by a shortened G1 phase. Additionally, the 

synchronization data point to a role for CDKB1;1 in the replication process. 
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22..33  RReessuullttss  

 

HU triggers a synchronous progression through mitosis 

The possibility of cell cycle phase synchronization of Arabidopsis root tips by HU 

administration was suggested by a microarray experiment that compared the 

transcriptome of untreated Columbia-0 (Col-0) ecotype root tips with those treated for 

5 h or 24 h with 2 mM HU. For both time points, a strong down-regulation of G2/M-

specific genes was observed (Figure 2.1). However, a continuous down-regulation of 

these mitotic genes was improbable, because wild type roots continued to divide and 

grow under the applied growth conditions (Figure 2.2). Alternatively, the treatment 

with HU possibly induced cell cycle synchrony. Both time points (5 h and 24 h) would 

then correspond to the moments at which the number of root tip cells in mitosis was 

minimal. 

  

 

 

Figure 2.1: Transcriptional response of G2/M-specific genes upon 2 mM HU treatment for 5 h 

and 24 h. Microarray analysis reveals that the G2/M genes are down-regulated upon HU treatment 

compared to the nontreated samples. Details on the microarray experiment are available in 

Chapter 3. 
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To test this hypothesis, we analyzed cell cycle progression in HU-treated root tips by 

means of the CYCB1;1::DB-GUS reporter line. This line expresses the destruction 

box (DB) sequence of the mitotic cyclin CYCB1;1 fused to the β-D-glucuronidase 

(GUS) gene under the control of the CYCB1;1 promoter, and reports the number of 

G2 and M cells at the moment of histochemical staining (DiDonato et al., 2004). One-

week-old CYCB1;1::DB-GUS plants were transferred to medium containing 2 mM 

HU, and subsequently plants were harvested and stained with X-Gluc 0, 5, 8, 15, 17, 

19 and 24 h after transfer. Roots harvested at early time points (5 h and 8 h) did not 

display a significant increase in the number of GUS positive cells when compared to 

nontreated root tips (Figure 2.3). By contrast, 15 h after transfer to HU, GUS staining 

had clearly increased in the root meristem and reached a maximum at the 17 h time 

point, indicating an increased number of cells residing at the G2/M-transition. From 

19 h onwards, GUS staining in HU treated meristem decreased again, to reach 

control levels at the 24 h time point. These data strongly suggested that the HU 

treatment provoked a synchronous progression of root tip cells through the cell cycle, 

with a strong enrichment of M phase cells around the 17 h time point. To substantiate 

this result, we measured the number of mitotic cells within the root tips of the LTI6b-

GFP/H2B-YFP line that marks both the plasmalemma and nucleus and enables 

visualization of mitotic cells (Campilho et al., 2006). The number of mitotic cells was 

measured after transfer to HU for 5, 17 and 24 h and compared to that of nontreated 

 

Figure 2.2: Lack of a clear growth defect by 2 mM HU treatment during the synchronization 

period. 
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plants (0 h). In accordance with the CYCB1;1::DB-GUS measurements, the amount 

of mitotic bodies in the root tips treated with HU peaked at the 17 h time point (+71% 

compared to that at 0 h), whereas fewer mitotic cells were seen at 5 h and 24 h 

(Figure 2.4a and Figure 2.4b). Taken together, these experiments argue that the 

initially observed drop in expression of the G2/M-phase marker genes at the 5 h and 

24 h time points were indeed the result of cell cycle synchronization imposed by the 

HU treatment. 

 

 

 

Figure 2.3: Synchronized progression through the cell cycle in HU-treated root tips as 

visualized by CYCB1;1::DB-GUS staining. The number of stained cells reflects the amount of 

cells at the G2-M phase. No difference in GUS staining was seen during the first 8 h after transfer 

to HU medium compared to the nontreated HU tips (0 h). After 15 h, the GUS activity increases, 

reaching a maximum at 17 h, and decreasing afterward. At 24 h, CYCB1;1::DB-GUS levels 

reached again control levels. Scale bars: 0.1 mm. 
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Figure 2.4: Cell cycle analysis of the HU-synchronized root tips. (a) Representative confocal 

projections of the LTI6b-GFP/H2B-YFP-line after 0 h, 5 h, 17 h and 24 h on 2 mM HU. Mitotic 

bodies were false-colored in red to distinguish them from interphase nuclei. A maximum of mitotic 

bodies was seen at 17 h. Scale bar: 50 μm. (b) Quantification of mitotic bodies. The number of 

bodies in nonsynchronized root tips (0 h) is marked in red (n = 7-12). P-value Student’s t-test < 

0.05 (*) or < 0.001 (**). P-values were calculated by comparing to the 0 h time point. (c) DNA 

histogram of flow cytometric analysis of synchronized root tips (blue, 2C; red, S phase cells; green, 

4C). 
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Flow cytometric analysis of synchronized root tips 

To gain insight into the kinetics of cell cycle progression, a flow cytometric analysis 

was performed on excised root tips harvested at 2 h time point intervals after transfer 

to HU-containing medium (Figure 2.4c, Figure 2.5). Under non-treated conditions, 

72% of the cells had a 2C DNA content, whereas about 21% showed a 4C DNA 

content. About 7% of the cells held a DNA content being in-between 2C and 4C, 

representing cells undergoing DNA replication. When transferred to HU medium, the 

number of S phase cells increased steadily up to 28% at the 12 h time point. The 

frequency of 2C cells stayed relatively constant during the first time points 

(decreasing from 65% at 2 h to 60% after 6 h) but declined strongly to 49% during the 

next 2 hours, to finally arrive at 36% after 12 hours. Combined with the observed S 

phase kinetics, these data indicate an accumulation of cells in S phase directly after 

transfer to the HU medium, followed by synchronous S phase progression from the 6 

h time point onwards. Starting from the 8 h time point, the number of 4C cells 

increased, indicating the appearance of the first cells completing S phase. The 

number of 4C cells continued to rise until the 16-18 h time points after which it 

declined, marking the timing of M phase onset. These data corroborate the observed 

enrichment of CYCB1;1::DB-GUS positive cells at the 17 h time point (Figure 2.3). 

The number of 4C cells continued to decrease to 23% after 26 hours. 

Simultaneously, the number of S phase nuclei increased again, indicating a second 

round of synchronous S phase progression. Overall, the flow cytometric analysis 

suggested that a least 30% of all dissected root cells were susceptible to HU 

synchronization. This number is likely an underestimation, because the excised tips 

likely contain both mitotically dividing and non-cycling differentiated tissues. 
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Expression analysis in HU-synchronized Arabidopsis root tips 

To characterize the HU-induced cell cycle synchrony in detail, the expression profiles 

of different cell cycle phase marker genes were mapped at a 2 h time interval during 

a period of 26 h. Transcript levels were measured using two independent 

synchronization experiments with the nCounter technology that is based on 

multiplexed measurements of genes using a barcoded probe system (Geiss et al., 

2008). This method allows the simultaneous measurement of multiple genes directly 

for each RNA sample, reducing the variation between samples that can arise from 

conversion to cDNA. 

By plotting the expression profiles of representative S and G2/M marker genes, such 

as CYCA3;1 and CYCB1;2 respectively, HU-induced synchronous cell cycle 

progression was clearly visualized. Two hours after transfer to the HU-containing 

medium, CYCA3;1 levels increased sharply, reaching a maximum at 6 h, followed by 

a decrease in transcription (Figure 2.6a). A complementary expression profile was 

observed for CYCB1;2, showing a steady decrease until the 10 h time point, followed 

by a peak in expression 16 h after transfer to the HU medium. This timing in 

expression is in accordance with the number of mitotic cells and CYCB1;1 stability 

measurements (Figure 2.3). As cells diminished CYCB1;2 expression, they again 

began to accumulate CYCA3;1 transcripts, which peak in expression at 22 h, 

suggesting the synchronous onset of a second cell cycle, in accordance with the 

presented flow cytometric data (Figure 2.4c). Note that this also corresponds with the 

 

Figure 2.5: Flow cytometric analysis of synchronized Arabidopsis root tips. 
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observed drop in mitotic cell cycle gene expression in the microarray experiment at 

the 5 h and 24 h time points (Figure 2.1). 

 

 

 

Figure 2.6: Expression analysis of cell cycle genes in synchronized root tips. Min/Max 

normalization (see Experimental procedures) was used to enable easy comparison of the temporal 

expression pattern of different genes. (a) Kinetics of CYCA3;1 (S-phase marker, blue) and 

CYCB1;2 (G2/M marker, red). (b) Kinetics of different core histone genes (Histone H2A, red; 

Histone H2B, green; Histone H3, purple; and Histone H4, blue). (c) Fold-induction of Histone H1. 

(d) Kinetics of G2/M-specific genes. Yellow and green lines represent genes peaking after 14 h 

(full, CDKB1;1; dashed, CYCA2;1) around 15 h (full, CDKB2;1; dashed, CYCA1;1), respectively. 

The spindle checkpoint gene MAD2 peaking after 16 h is shown in red. (e) Fold induction of 

CYCB1;1. (f) Fold induction of the three different small subunits of the ribonucleotide reductase 

(blue, RNR2A; red, RNR2B; green, TSO2). 
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Differential transcriptional control of histone genes 

Although necessary to invoke the synchronization, the addition of HU obviously has 

its effects on the plant’s cell cycle. Quite unexpectedly, hydroxyurea has an 

outspoken effect on the transcription of the different histone genes. Histone proteins 

can be functionally divided into 2 different groups: the core histones and the linker 

histones. The core histone proteins (Histone H2A, H2B, H3 and H4) represent the 

main constituents of the nucleosome and work together to realize DNA condensation. 

Linker histones (Histone H1) are required to compact the earlier assembled 

nucleosomes and to protect the DNA that enters and exits the compacted structures 

(Campos and Reinberg, 2009). In previous synchronization experiments, the 

induction of the aforementioned histone genes co-occurred with that of CYCA3;1 

expression during S-phase (Menges et al., 2005). By contrast, upon HU-induced 

synchronization, the distinct histone gene transcripts accumulated with slight 

temporal differences spread over a 10 h time period (4 h to 14 h) (Figure 2.6b-c). 

First, Histone H3 peaked after 4 h, followed by Histone H4 that reached a maximum 

after 6 to 8 h. Histone H2B expression peaked slightly later (time points 8 h to 10 h), 

and a small peak in expression for Histone H2A was observed at 12 h (Figure 2.6b). 

The last histone type to be induced was Histone H1 that peaks after 14 h on HU 

(Figure 2.6c). Interestingly, the appearance of the different histone transcripts in the 

synchronization experiment matches the timing of incorporation of their gene product 

into the nucleosomes. First, H3 and H4 associate together to form a tetramer that is 

loaded onto the replicating DNA (Morales et al., 2001). Subsequently, two H2A-H2B 

dimers are loaded to complete nucleosome assembly. Finally the linker Histone H1 is 

added to protect the newly assembled nucleosome (Morales et al., 2001; Campos 

and Reinberg, 2009). During the start of the second S-phase (20 h – 24 h), all 

histone genes were co-expressed, with the exception of Histone H3, preceding the 

others by 2 h (Figure 2.6b-c). 

 

Progression through G2/M 

The G2-to-M progression is a tightly regulated process of successive events, 

including chromosome condensation, bipolar attachment of the kinetochores to the 

spindle and segregation of the sister chromatids during metaphase. The HU-induced 
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cell cycle synchrony was of sufficient resolution to distinguish between different 

transcriptional waves of G2/M-specific genes, probably related to these different 

mitotic processes (Figure 2.6d). The first to peak among the G2/M genes was the 

CDKB1;1, reaching a maximum at 14 h after transfer to HU. CDKB1;1 expression 

coincided with transcription of the cyclin CYCA2;1, a putative binding partner of 

CDKB1;1 (Boudolf et al., 2009). Expression of CDKB2;1 lagged slightly behind the 

CDKB1;1 transcription, confirming previously reported data (Menges et al., 2005). 

Interestingly, CDKB1;1 and CDKB2;1 displayed a different pre-mitotic expression 

profile. Whereas CDKB2;1 transcripts decreased during the anticipated S phase, 

those of CDKB1;1 showed a steady increase from 2 h onward. Similarly, increased 

CDKB1;1 transcripts could be seen as cells progressed through the second S phase. 

The expression pattern of CYCA1;1 was very similar to that of CDKB2;1. 

Correspondingly, recent bimolecular fluorescence complementation analysis has 

revealed that both proteins were potential interaction partners (Boruc et al., 2010). 

Finally, the induction of the spindle checkpoint gene Mitotic Arrest Deficient 2 (MAD2) 

was maximal after 16 h, indicating the final steps of mitosis. 

Interestingly, the transcription profile of the M-phase-specific cyclin CYCB1;1 

deviated from that of other mitotic genes (Figure 2.6e). During synchronization, 

CYCB1;1 transcript peaked at the 16 h time point, similar to other B-type cyclins 

(Figure 2.6d), but, in contrast, its abundance did not decrease during the S-phase 

progression. This observation was in line with the results of the CYCB1;1::DB-GUS-

line (Figure 2.3), in which no decrease in the GUS staining intensity was observed 

between the 0 h and 8 h time points. 

 

Transcriptional responses to nucleotide depletion 

HU treatment reduced the dNTP concentration by inhibiting the small subunit (R2) of 

ribonucleotide reductase (RNR), resulting in a stalling of the replication fork. To 

counteract depletion of the nucleotide pool, cells activate mechanisms to increase the 

dNTP levels, including transcriptional induction of the RNR subunits (Chen et al., 

2003; Culligan et al., 2006; Wang and Liu, 2006; Roa et al., 2009). The Arabidopsis 

genome contains three small subunit RNR genes (R2), namely TSO2, RNR2A and 

RNR2B (Wang and Liu, 2006). Despite the hypersensitivity of RNR2A knockout 
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plants to HU (Roa et al., 2009), RNR2A mRNA was not induced within the 

synchronization system (Figure 2.6f). By contrast, RNR2B displayed a 2-fold 

induction during the early S phase. However, RNR2B is believed to encode a 

nonfunctional gene in Col-0, due to a 2bp deletion and resulting premature stop 

codon. Moreover, the RNR2B mutants did not exhibit a HU-induced phenotype 

(Wang and Liu, 2006). Finally, TSO2 showed a very clear and strong transcriptional 

induction immediately after HU application. TSO2 transcript abundance peaked at the 

10 h time point and remained high during the whole synchronization cycle (Figure 

2.6f).  

 

Impact of HU application to plant growth 

As HU application probably induces cell cycle synchrony through the transient 

activation of a replication checkpoint, we tested how the drug affects the growth of 

the plant. Measurements of the root length did not reveal any strong effects on 

growth within the first 24 h after HU administration (Figure 2.2). Additionally, 

propidium iodide staining of root tips did not reveal any cell death, in contrast to 

treatment of cells with excess DNA stress (Figure 2.7) (Curtis and Hays, 2007; 

Ricaud et al., 2007; Fulcher and Sablowski, 2009). Furthermore, no irregular 

meristem organization, lagging chromosomes, or enlarged cells were visible after HU 

treatment (data not shown), indicating the absence of stress-induced phenotypes 

during the 24 h following HU treatment. 

 

 

 

Figure 2.7: Propidium iodide staining of Col-0 root tips at different concentrations of 

hydroxyurea. 
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Plants expressing a dominant negative CDKB1;1 allele exhibit a prolonged G2 

phase 

To test whether the HU-induced synchronization method is applicable for analysis of 

cell cycle mutants, it was used to analyze cell cycle progression in plants expressing 

the dominant negative CDKB1;1.N161 (CDKB1;1DN) allele of which the 

overexpression had been demonstrated to delay the G2-to-M transition (Porceddu et 

al., 2001; Boudolf et al., 2004a). As visualized by the expression pattern of the early 

S-phase marker genes CYCA3;1 and Histone H4, no difference in the timing of the S-

phase onset was seen: the transcriptional induction of both genes occurred 

simultaneously in control and transgenic root meristems (Figure 2.8a-b). Interestingly, 

both CYCA3;1 and Histone H4 transcripts decreased faster in the CDKB1;1DN 

background than in control plants, indicating an altered progression through S phase. 

This observation was substantiated by a 2 h earlier increase in transcripts of the late 

S-phase gene Histone H1 in the mutant (Figure 2.8c). By contrast, although initiated 

earlier in CDKB1;1DN, the Histone H1 transcript was reduced at the same moment in 

both genotypes. The simultaneous downregulation of Histone H1 in Col-0 and 

CDKB1;1DN, together with the simultaneous S-phase onset, suggests that the 

duration of S-phase was similar in both genotypes, but that the DNA replication 

kinetics were altered. 
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As cells progressed through the cell cycle, a difference in the temporal expression 

pattern of the G2/M marker genes was evident (Figure 2.8d). Although CYCA2;1 

transcripts started to accumulate around the 10 h time point in both genotypes, 

expression levels peaked around 14 h and decreased after 16 h in Col-0, but 

decreased only after 18 h in CDKB1;1DN, indicating a prolonged G2 phase. This G2 

extension clearly affected the G2 to-M progression, as illustrated by the delayed 

transcriptional onset of the G2/M phase-specific marker genes CYCB1;2, CYCB2;4 

 

Figure 2.8: Comparison of the transcript levels of cell cycle genes in Col-0 and CDKB1;1
DN

. 

(a-d) Fold induction of (a) CYCA3;1, (b) Histone H4, (c) Histone H1 and (d) CYCA2;1 in either wild-

type Col-0 (blue) or in CDKB1;1
DN

 (red) background. (e) Difference in timing of the G2-to-M 

progression as shown by transcriptional induction of CYCB1;2, CYCB2;4 and MAD2 in either Col-0 

(green) or CDKB1;1
DN 

(red)
 
background. (f) Comparison of expression levels of G2/M genes in Col-

0 (blue) versus CDKB1;1
DN

 (red), indicating a prolonged G2 phase in the mutant. 
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and MAD2 (Figure 2.8e). These marker genes peaked in wild-type plants at the 16 h 

time point, whereas a maximum was reached 2 h later in the CDKB1;1DN mutants. 

Apparently, the 2 h delay initiated during the G2 phase was maintained during the M-

phase progression. A prolonged G2/M phase in the root tips of CDKB1;1DN compared 

to wild type, was substantiated by a clear increase of the expression levels of 

different G2/M marker genes during normal growth conditions (Figure 2.8f). 

Although CDKB1;1.N161-expressing plants displayed a prolonged G2 phase, the 

time between two consecutive S phases was similar between control and mutant 

plants, as indicated by the expression profiles of CYCA3;1 (Figure 2.8a). In 

CDKB1;1DN plants, S phase onset is immediately following mitotic progression. 

These data indicate that CDKB1;1DN transgenic lines compensate their G2 delay by 

an accelerated G1 phase. In agreement with an equal cell cycle duration, root growth 

did not differ in the mutant and the wild-type plants (Figure 2.9). 

 

  

 

Figure 2.9: Average root growth of Col-0 and CDKB1;1
DN

. 
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22..44  DDiissccuussssiioonn  

 

Cell cycle progression in HU-synchronized plants 

Here, we presented a HU-inducible cell cycle synchronization method for use on 

Arabidopsis root tips. It represents a valuable alternative to the use of cell cultures 

and is applicable to mutant plants as well. Synchrony is probably obtained through a 

HU induced depletion of the dNTP pool by inhibiting the small subunit of 

ribonucleotide reductase, resulting in a transient arrest at the G1-to-S transition. An 

increase in intracellular dNTPs through salvage pathways, including transcriptional 

induction of dNTP-metabolism genes such as TSO2, probably increases nucleotides 

above a certain threshold level, after which cells resume their division cycle. The time 

it takes to reach these levels will be the same for all cells, irrespective of whether 

they are located in early G1 or at the G1-to-S transition. As a consequence, these 

cells will start replicating at the same time and progress synchronously through the 

cell cycle. A benefit of this delayed S-phase onset is that it allows the study of gene 

regulation at the G1-to-S-phase transition, something that can be obtained only 

through sucrose starvation in cell cultures. 

When compared to other synchronization systems, the dose of the replication-

inhibitory drug was deliberately chosen to be low. Consequently, cells continue to 

cycle in the presence of HU and no washing step is required, minimizing the number 

of handling steps. As indicated by the flow cytometric and transcriptional analyses, 

the HU concentration used resulted in a delayed onset of DNA replication of 

approximately 6 h. From that moment on, the temporal induction pattern of most cell 

cycle genes tested was very similar to those reported for aphidicolin-synchronized 

Arabidopsis cell suspension cultures (Menges et al., 2005). In the latter experiment, 

induction of CYCA3;1 was the highest at the moment of release from the aphidicolin-

induced cell cycle arrest (0 h). The progression into G2/M happened 10-12 h later. In 

the root synchronization method, CYCA3;1 expression peaked after 6 h of HU 

treatment, whereas G2/M-transcripts reached a maximum at the 16-18 h time points. 

Thus, similarly as in cell suspensions, entry of mitosis is separated from S-phase 

entry by 10 h to 12 h. Differences in the transcriptional timing between both 
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synchronization methods, such as observed for the histone genes, are probably 

attributed to the continuous presence of HU in the root tip system. This causes a 

prolonged S phase in comparison with the cell culture system, exemplified by the 

sequential peaks in expression of the different histone genes and a delayed S-to-G2 

transition of approximately 2 h. Likely, DNA replicates at a reduced pace to prevent 

the collapse of the replication forks due to a not yet complete restoration of the dNTP 

levels, as indicated by the continued increase in the TSO2 transcripts after the S-

phase onset. However, the similar timing of the M-phase onset in both synchronized 

root and cell culture systems illustrates that a reduced G2 length accompanied the 

delayed S-to-G2 transition in the root synchronization system. Compensation of an 

increased S-phase length by HU treatment was seen also in animal cell lines, in 

which the G1 length diminished because of S-phase lengthening (Stancel et al., 

1981). In onion, both a reduction in G1 and G2 was seen (Navarrete et al., 1983), but 

whether a reduction in G1 also happened in the Arabidopsis root meristem could not 

be confirmed, because the duration of G1 was not comparable. 

At the second S phase, plants had adapted to the presence of HU, as indicated by 

the co-expression of the Histone H1, H2A, H2B and H4. This might be attributed to 

the continuous expression of TSO2, resulting in a replenished dNTP pool upon entry 

of the second S phase. The ability of plants to adapt to the 2 mM HU concentration is 

also exemplified by the lack of dead cells in Col-0 and CDKB1;1DN after 24 h. By 

contrast, Arabidopsis plants suffering from excessive DNA damage display cell 

death, especially in the root initials (Curtis and Hays, 2007; Ricaud et al., 2007; 

Fulcher and Sablowski, 2009). Moreover, when checking the mitotic bodies, we could 

not observe the occurrence of lagging chromosomes, an indicator of DNA damage. 

Thus, the HU dose used to induce root tip synchrony has seemingly no implications 

for the genome integrity of the plant. 

CYCB1;1 was the only mitotic gene tested that did not show a decrease in 

transcription during the S-phase progression. As the transcripts of other G2/M genes 

were reduced during the replication phase, the lack of a reduction in CYCB1;1 might 

be interpreted as a small transcriptional upregulation. This could be linked to a still 

unknown specific function that this particular cyclin exerts under DNA stress, as 

illustrated by its induced expression under conditions that imposed genome stress 
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either from an exo- or endogenous source (Chen et al., 2003; Culligan et al., 2006; 

Ricaud et al., 2007; Cools and De Veylder, 2009). 

 

G2 delay in CDKB1;1DN plants 

The main advantage of the root tip synchronization method is that it is easily 

applicable to different mutants, without the need to make suspension cultures. Proof 

of concept is given with plants expressing the dominant negative CDKB1;1.N161 

allele. A decrease in CDKB1;1 activity resulted in a delayed G2 phase, confirming the 

observation made for tobacco calli and plants (Porceddu et al., 2001). Whereas the 

duration of the S-phase progression was similar for Col-0 and CDKB1;1DN, the 

transgenic plants exhibited a prolonged induction of the G2/M-specific cyclin 

CYCA2;1. A2-type cyclins are likely interactors with CDKB1;1, as indicated by the 

interaction between CYCA2;3 and CDKB1;1 (Boudolf et al., 2009). Binding between 

the two partners is substantiated by their observed co-expression in this 

synchronization system. Surprisingly, CDKB1;1DN plants managed to compensate the 

increased cell cycle duration in G2 by a reduced G1 phase, as visualized by the 

reduced time between the G2/M and second S phase peak. As a consequence, the 

cell cycle duration was not altered in the mutant, explaining the lack of a root growth 

phenotype in CDKB1;1DN plants. The extended G2 and decreased G1 phases has to 

result in an overall increase in the 4C/2C DNA content ratio, confirming data 

observed in tobacco calli and young Arabidopsis leaves of CDKB1;1DN (Porceddu et 

al., 2001; Boudolf et al., 2004b). The ability of plant cells to compensate for cell cycle 

delays is not uncommon and analogous to other organisms (Jorgensen and Tyers, 

2004). Specifically, an extended G2 duration with shortening of G1 was observed for 

Arabidopsis cell cultures overexpressing CYCD3;1 (Menges et al., 2006). 

Although the S-phase length was rather similar in both wild-type and mutant plants, 

the kinetics of the histone expression were not. As histone genes peaked earlier in 

CDKB1;1DN than in wild-type plants, it is possible that CDKB1;1 controls the timing of 

early versus late replication origin firing. In accordance to this model, increased 

transcripts of CDKB1;1 were already detected during the S-phase, well before its 

peak in expression during G2/M. Correspondingly, CDKB1;1 has been demonstrated 

to be a target of the G1/S-specific E2F transcription factors and to be linked on a 
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protein level with several G1/S proteins (Boudolf et al., 2004b; Magyar et al., 2005; 

Boruc et al., 2010). Furthermore, its kinase activity can already be detected during 

late S phase (Porceddu et al., 2001; Sorrell et al., 2001). Thus, both transcriptional 

and protein data indicate a potential role for the B1-type CDKs during the replication 

process. Likewise, a role for mitotic CDKs in controlling origin firing has already been 

observed in other organisms (Wuarin et al., 2002; Krasinska et al., 2008; Katsuno et 

al., 2009). These results illustrate that the root tip synchronization technique is a 

useful tool, not only to confirm known observations, but also to discover potential new 

functions. 

 

Conclusion 

The synchronization system presented here offers an ideal method to investigate the 

cell cycle defects of different Arabidopsis mutants. Its major advantage is that these 

mutants can be tested in a physiologically relevant environment with a high 

resolution, because even minor differences in the cell cycle phase duration can be 

detected easily. We anticipate that the system also can be used on a biochemical 

level. Hereby, the root synchronization system provides a framework to test 

molecular interactions in a natural environment. 
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22..55  EExxppeerriimmeennttaall  PPrroocceedduurreess  

 

Plant material and growth conditions 

Arabidopsis thaliana (L.) Heyhn. plants (ecotype Col-0) were grown under continuous 

light conditions at 21C. Seeds were put out on a nylon mesh (20 μm pore size) 

(Prosep; http://www.prosep.com) with 1x Murashige & Skoog (Duchefa; 

http://www.duchefa.com) medium (4.302 g l-1), 10 g l-1 sucrose, 0.1 g l-1 myo-inositol, 

0.5 g l-1 MES, 100 μL thiamine hydrochloride (10 mg ml-1), 100 μL pyridoxine 

(5 mg ml-1), 100 μL nicotinic acid (5 mg ml–1), pH 5.7 adjusted with 1 M KOH, 10 g l-1 

agar). Hydroxyurea (Sigma-Aldrich; http://www.sigmaaldrich.com) was added after 

autoclaving of the medium. 

CDKB1;1DN plants corresponded to CDKB1;1.N161 BDN9.2 as described (Boudolf et 

al., 2004a). The CYCB1;1::DB-GUS reporter line had been presented (DiDonato et 

al., 2004) and the LTI6b-GFP/H2B-YFP (Campilho et al., 2006). 

 

Synchronization 

For synchronization, seeds were plated on sterilized membranes and grown under 

continuous light at 21C. After 2 days of germination and 5 days of growth, the 

membrane was transferred to 1x MS medium containing 2 mM HU for the designated 

amount of time. Root tips were immediately cut with a scalpel and used for RNA 

extraction (Figure 2.10). 
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Root growth measurements 

During the period of research, the root tips were marked on the plate every 24 h. 

Afterward, results were analyzed with ImageJ. 

 

RNA extraction and Nanostring nCounter assay 

Either ±100 or ±200 root tips were harvested per time point for the two biological 

repeats separately. RNA from root tip material was extracted with RNeasy® plant 

mini kit (Qiagen; http://www.qiagen.com) and stored at -70C. RNA levels were 

 

Figure 2.10: Overview of the HU-induced synchronization method for Arabidopsis root tips. 
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measured with the Nanostring nCounter analysis system by the VIB MicroArrays 

Facility (www.microarrays.be) as described (Geiss et al., 2008). For this study, the 

nCounter code set consisted of probe pairs for 48 different Arabidopsis genes 

(including the three reference genes EMB2386, RPS26C and PAC1 for 

normalization). Of the total root tip RNA extract per duplicate, 100 ng was used for 

hybridization and all genes were measured simultaneously in multiplexed reactions. 

After a first normalization with the internal spike-in controls, genes were additionally 

normalized with the three reference genes mentioned above. 

Whenever peaks or different genes (with different intensities) were compared, data 

were transformed with the formula y=(x-min)/(max-min) where 'min' is the minimum 

value measured for the gene in the time series and 'max' the maximum value. In this 

manner, minimum and maximum equaled 0 and 1, respectively, and the comparison 

of the peak moments of different genes were easily compared. For fold induction 

calculations of Col-0 and CDKB1;1DN, values were divided by the Col-0 normal value 

(0 h time point). 

 

Histochemical GUS staining 

Whole seedlings were stained for GUS activity in a 6-well multiwell plate (Falcon 

3046; Becton Dickinson; http://www.bd.com) as described (Beeckman and Engler, 

1994). Samples were cleared with lactic acid and visualized by differential 

interference contrast microscopy DM LB (Leica; http://www.leica-microsystems.com) 

and BX51 (Olympus; http://www.olympus.com). 

 

Confocal Microscopy 

Plants used for confocal microscopy were analyzed with either LSM 510 or LSM 5 

exciter confocal microscopes (Zeiss; http://www.zeiss.com). The number of mitotic 

cells in the root tip was measured and visualized with the LTI6b-GFP/H2B-YFP line. 

The root organization and cell death were assessed with propidium iodide staining 

(Sigma-Aldrich). 

 



Root cell cycle synchronization method 

 

- 59 - 

Flow cytometric analysis 

To perform flow cytometric analysis, 200 root tips were harvested at the designated 

time points. Before measurement, root tips were protoplasted to increase number of 

nuclei (Birnbaum et al., 2003). Next, 200µl of Cystain UV Precise P Nuclei Extraction 

Buffer and 800µl of Cystain UV Precise P Staining buffer (Partec, 

http://www.partec.com) was added to the cells and filtered over a 30-µm mesh. Flow 

cytometry was executed with Cyflow Flow Cytometer (Partec) and further analyzed 

with FCS Express 3.0 (De Novo Software, http://www.denovosoftware.com).   



Root cell cycle synchronization method 

 

- 60 - 

22..66  AAcckknnoowwlleeddggeemmeennttss  

 

The authors wish to thank Frederik Coppens, Kizi Coeck, Joke Allemeersch and 

Rudy Van Eijsden for technical advice and assistance and Martine De Cock and 

Megan Andriankaja for help in preparing the manuscript. This work was supported by 

the Interuniversity Attraction Poles Programme (IUAP VI/33), initiated by the Belgian 

State, Science Policy Office. T.C. is indebted to the Agency for Innovation by Science 

and Technology in Flanders for a predoctoral fellowship. 



Root cell cycle synchronization method 

 

- 61 - 

22..77  RReeffeerreenncceess  

 

Beeckman, T. and Engler, G. (1994) An easy technique for the clearing of 
histochemically stained plant tissue. Plant Mol. Biol. Rep. 12, 37-42. 

Birnbaum, K., Shasha, D.E., Wang, J.Y., Jung, J.W., Lambert, G.M., Galbraith, 
D.W., and Benfey, P.N. (2003) A gene expression map of the Arabidopsis 
root. Science, 302, 1956-1960. 

Boruc, J., Mylle, E., Duda, M., De Clercq, R., Rombauts, S., Geelen, D., Hilson, 
P., Inzé, D., Van Damme, D. and Russinova, E. (2010) Systematic 
localization of the Arabidopsis core cell cycle proteins reveals novel cell 
division complexes. Plant Physiol. 152, 553-565. 

Boudolf, V., Barrôco, R., de Almeida Engler, J., Verkest, A., Beeckman, T., 
Naudts, M., Inzé, D. and De Veylder, L. (2004a) B1-type cyclin-dependent 
kinases are essential for the formation of stomatal complexes in Arabidopsis 
thaliana. Plant Cell, 16, 945-955. 

Boudolf, V., Lammens, T., Boruc, J., Van Leene, J., Van Den Daele, H., Maes, S., 
Van Isterdael, G., Russinova, E., Kondorosi, E., Witters, E., De Jaeger, G., 
Inzé, D. and De Veylder, L. (2009) CDKB1;1 forms a functional complex with 
CYCA2;3 to suppress endocycle onset. Plant Physiol. 150, 1482-1493. 

Boudolf, V., Vlieghe, K., Beemster, G.T.S., Magyar, Z., Torres Acosta, J.A., 
Maes, S., Van Der Schueren, E., Inzé, D. and De Veylder, L. (2004b) The 
plant-specific cyclin-dependent kinase CDKB1;1 and transcription factor 
E2Fa-DPa control the balance of mitotically dividing and endoreduplicating 
cells in Arabidopsis. Plant Cell, 16, 2683-2692. 

Breyne, P., Dreesen, R., Vandepoele, K., De Veylder, L., Van Breusegem, F., 
Callewaert, L., Rombauts, S., Raes, J., Cannoot, B., Engler, G., Inzé, D. 
and Zabeau, M. (2002) Transcriptome analysis during cell division in plants. 
Proc. Natl. Acad. Sci. USA, 99, 14825-14830. 

Campilho, A., Garcia, B., v.d. Toorn, H., v. Wijk, H., Campilho, A. and Scheres, 
B. (2006) Time-lapse analysis of stem-cell divisions in the Arabidopsis thaliana 
root meristem. Plant J. 48, 619-627. 

Campos, E.I. and Reinberg, D. (2009) Histones: annotating chromatin. Annu. Rev. 
Genet. 43, 559-599. 

Chen, I-P., Haehnel, U., Altschmied, L., Schubert, I. and Puchta, H. (2003) The 
transcriptional response of Arabidopsis to genotoxic stress -- a high-density 
colony array study (HDCA). Plant J. 35, 771-786. 

Cockcroft, C.E., den Boer, B.G.W., Healy, J.M.S. and Murray J.A.H. (2000) Cyclin 
D control of growth rate in plants. Nature, 405, 575–579. 

Cools, T. and De Veylder, L. (2009) DNA stress checkpoint control and plant 
development. Curr. Opin. Plant Biol. 12, 23-28. 

Culligan, K.M., Robertson, C.E., Foreman, J., Doerner, P. and Britt, A.B. (2006) 
ATR and ATM play both distinct and additive roles in response to ionizing 
radiation. Plant J. 48, 947-961. 

Curtis, M.J. and Hays, J.B. (2007) Tolerance of dividing cells to replication stress in 
UVB-irradiated Arabidopsis roots: requirements for DNA translesion 
polymerases ? and ?. DNA Repair, 6, 1341-1358. 



Root cell cycle synchronization method 

 

- 62 - 

DiDonato, R.J., Arbuckle, E., Buker, S., Sheets, J., Tobar, J., Totong, R., Grisafi, 
P., Fink, G.R. and Celenza, J.L. (2004) Arabidopsis ALF4 encodes a 
nuclear-localized protein required for lateral root formation. Plant J. 37, 
340-353. 

Dole_el, J., _ihalíková, J., Weiserová, J. and Lucretti, S. (1999) Cell cycle 
synchronization in plant root meristems. Methods Cell Sci. 21, 95-107. 

Fulcher, N. and Sablowski, R. (2009) Hypersensitivity to DNA damage in plant stem 
cell niches. Proc. Natl. Acad. Sci. USA, 106, 20984-20988. 

Geiss, G.K., Bumgarner, R.E., Birditt, B., Dahl, T., Dowidar, N., Dunaway, D.L., 
Fell, H.P., Ferree, S., George, R.D., Grogan, T., James, J.J., Maysuria, M., 
Mitton, J.D., Oliveri, P., Osborn, J.L., Peng, T., Ratcliffe, A.L., Webster, 
P.J., Davidson, E.H., Hood, L. and Dimitrov, K. (2008) Direct multiplexed 
measurement of gene expression with color-coded probe pairs. Nat. 
Biotechnol. 26, 317-325 [Err. Nat. Biotechnol. 26, 709]. 

Jorgensen, P. and Tyers, M. (2004) How cells coordinate growth and division. Curr. 
Biol. 14, R1014-R1027. 

Katsuno, Y., Suzuki, A., Sugimura, K., Okumura, K., Zineldeen, D.H., Shimada, 
M., Niida, H., Mizuno, T., Hanaoka, F. and Nakanishi, M. (2009) Cyclin A-
Cdk1 regulates the origin firing program in mammalian cells. Proc. Natl. Acad. 
Sci. USA, 106, 3184-3189. 

Krasinska, L., Besnard, E., Cot, E., Dohet, C., Méchali, M., Lemaitre, J.-M. and 
Fisher, D. (2008) Cdk1 and Cdk2 activity levels determine the efficiency of 
replication during origin firing in Xenopus. EMBO J. 27, 758-769. 

Kumagai-Sano, F., Hayashi, T., Sano, T. and Hasezawa, S. (2006) Cell cycle 
synchronization of tobacco BY-2 cells. Nat. Protocols, 1, 2621-2627. 

Magyar, Z., De Veylder, L., Atanassova, A., Bakó, L., Inzé, D. and Bögre, L. 
(2005) The role of the Arabidopsis E2FB transcription factor in regulating 
auxin-dependent cell division. Plant Cell, 17, 2527-2541. 

Menges, M., de Jager, S.M., Gruissem, W. and Murray, J.A.H. (2005) Global 
analysis of the core cell cycle regulators of Arabidopsis identifies novel genes, 
reveals multiple and highly specific profiles of expression and provides a 
coherent model for plant cell cycle control. Plant J. 41, 546-566. 

Menges, M., Hennig, L., Gruissem, W. and Murray, J.A.H. (2002) Cell 
cycle-regulated gene expression in Arabidopsis. J. Biol. Chem. 277, 
41987-42002. 

Menges, M., Hennig, L., Gruissem, W. and Murray, J.A.H. (2003) Genome-wide 
gene expression in an Arabidopsis cell suspension. Plant Mol. Biol. 53, 
423-442. 

Menges, M., Samland, A.K., Planchais, S. and Murray, J.A.H. (2006) The D-type 
cyclin CYCD3;1 is limiting for the G1-to-S-phase transition in Arabidopsis. 
Plant Cell, 18, 893-906. 

Morales, V., Giamarchi, C., Chailleux, C., Moro, F., Marsaud, V., Le Ricousse, S. 
and Richard-Foy, H. (2001) Chromatin structure and dynamics: functional 
implications. Biochimie, 83, 1029-1039. 

Navarrete, M.H., Cuadrado, A. and Canovas, J.L. (1983) Partial elimination of G1 
and G2 periods in higher plant cells by increasing the S period. Exp. Cell Res. 
148, 273-280. 

Pelayo, H.R., Lastres, P. and De la Torre, C. (2001) Replication and G2 
checkpoints: their response to caffeine. Planta, 212, 444-453. 



Root cell cycle synchronization method 

 

- 63 - 

Porceddu, A., Stals, H., Reichheld, J.-P., Segers, G., De Veylder, L., De Pinho 
Barrôco, R., Casteels, P., Van Montagu, M., Inzé, D. and Mironov, V. 
(2001) A plant-specific cyclin-dependent kinase is involved in the control of 
G2/M progression in plants. J. Biol. Chem. 276, 36354-36360. 

Ricaud, L., Proux, C., Renou, J.-P., Pichon, O., Fochesato, S., Ortet, P. and 
Montané, M.-H. (2007) ATM-mediated transcriptional and developmental 
responses to ?-rays in Arabidopsis. PLoS ONE, 2, e430, 1-21. 

Roa, H., Lang, J., Culligan, K.M., Keller, M., Holec, S., Cognat, V., Montané, M.-
H., Houlné, G. and Chabouté, M.-E. (2009) Ribonucleotide reductase 
regulation in response to genotoxic stress in Arabidopsis. Plant Physiol. 151, 
461-471. 

Saban, N. and Bujak, M. (2009) Hydroxyurea and hydroxamic acid derivatives as 
antitumor drugs. Cancer Chemother. Pharmacol. 64, 213-221. 

Sorrell, D.A., Menges, M., Healy, J.M.S., Deveaux, Y., Amano, X., Su, Y., 
Nakagami, H., Shinmyo, A., Doonan, J.H., Sekine, M. and Murray, J.A.H. 
(2001) Cell cycle regulation of cyclin-dependent kinases in tobacco cultivar 
Bright Yellow-2 cells. Plant Physiol. 126, 1214-1223. 

Stancel, G.M., Prescott, D.M. and Liskay, R.M. (1981) Most of the G1 period in 
hamster cells is eliminated by lengthening the S period. Proc. Natl. Acad. Sci. 
USA, 78, 6295-6298. 

Wang, C. and Liu, Z. (2006) Arabidopsis ribonucleotide reductases are critical for 
cell cycle progression, DNA damage repair, and plant development. Plant Cell, 
18, 350-365. 

Wuarin, J., Buck, V., Nurse, P. and Millar, J.B.A. (2002) Stable association of 
mitotic cyclin B/Cdc2 to replication origins prevents endoreduplication. Cell, 
111, 419-431. 



 

 

 

 

 

 



 

 

 

 

 

  

  

  

  

CChhaapptteerr  33  

TThhee  AArraabbiiddooppssiiss  tthhaalliiaannaa  cchheecckkppooiinntt  kkiinnaassee  WWEEEE11  

pprrootteeccttss  aaggaaiinnsstt  pprreemmaattuurree  vvaassccuullaarr  ddiiffffeerreennttiiaattiioonn  

dduurriinngg  rreepplliiccaattiioonn  ssttrreessss  

 

  



 

 

 



 

 

 

 

- 67 - 

  TThhee  AArraabbiiddooppssiiss  tthhaalliiaannaa  cchheecckkppooiinntt  kkiinnaassee  WWEEEE11  

pprrootteeccttss  aaggaaiinnsstt  pprreemmaattuurree  vvaassccuullaarr  ddiiffffeerreennttiiaattiioonn  

dduurriinngg  rreepplliiccaattiioonn  ssttrreessss  

 

Toon Cools,a,b Anelia Iantcheva,a,b,1 Annika K. Weimer,c Shannah Boens,a,b Naoki 

Takahashi,a,b Sara Maes,a,b Hilde Van den Daele,a,b Gert Van Isterdael,a,b Arp 

Schnittger,c and Lieven De Veyldera,b 

 

aDepartment of Plant Systems Biology, VIB, 9052 Gent, Belgium 

bDepartment of Plant Biotechnology and Genetics, Ghent University, B-9052 Gent, 

Belgium 

cDepartment of Molecular Mechanisms of Phenotypic Plasticity, Institut de Biologie 

Moléculaire des Plantes-Centre National de Recherche Scientifique, Unité Propre de 

Recherche 2357, Université de Strasbourg, 67084 Strasbourg Cedex, France 

1Present address: AgroBioInstitute, Buld. Dragan Tzankov 8, 1164 Sofia, Bulgaria. 



 WEE1 maintains meristem integrity 

 

- 68 - 

33..11  SSyynnooppssiiss  

 

Because of their sessile lifestyle, plants need to react promptly to factors that affect 

meristem integrity. This work shows that the WEE1 checkpoint kinase maintains the 

root meristem activity under replication stress by controlling S phase progression, 

thereby preventing premature onset of vascular cell differentiation. 
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33..22  AAbbssttrraacctt  

 

A sessile lifestyle forces plants to respond promptly to factors that affect their 

genomic integrity. Therefore, plants have developed checkpoint mechanisms to 

arrest cell cycle progression upon the occurrence of DNA stress, allowing the DNA to 

be repaired before onset of division. Previously, the WEE1 kinase had been 

demonstrated to be essential for delaying progression through the cell cycle in the 

presence of replication-inhibitory drugs, such as hydroxyurea. To understand the 

severe growth arrest of WEE1-deficient plants treated with hydroxyurea, a 

transcriptomics analysis was performed, indicating prolonged S phase duration. A 

role for WEE1 during S phase was substantiated by its specific accumulation in 

replicating nuclei that suffered from DNA stress. Besides an extended replication 

phase, WEE1 knockout plants accumulated dead cells that were associated with 

premature vascular differentiation. Correspondingly, plants without functional WEE1 

ectopically expressed the vascular differentiation marker VND7 and their vascular 

development was aberrant. We conclude that the growth arrest of WEE1-deficient 

plants is due to an extended cell cycle duration in combination with a premature 

onset of vascular cell differentiation. The latter implies that the plant WEE1 kinase 

acquired an indirect developmental function that is important for meristem 

maintenance upon replication stress. 
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33..33  IInnttrroodduuccttiioonn  

 

Plant growth depends on meristem activity that provides, through continuous cell 

division, the cells required for tissue expansion and organogenesis (Harashima and 

Schnittger, 2010). During development, however, interior and exterior agents attack 

the meristems, endangering their size, organization and function. During cell cycle 

progression, the presence of these agents can lead to faulty cell divisions, causing 

cells either to lose their meristem identity or to be pushed into programmed cell death 

(PCD). Massive loss of mitotic cells by aberrant cell divisions results in reduced cell 

production and decreased growth. Therefore, it is essential that the meristematic 

cells are preserved by activating cell cycle checkpoints that arrest the cell cycle as 

long as the stress endures. In contrast, to produce offspring, plants need to sustain 

growth in a highly competitive environment, even under unfavorable conditions. 

Therefore, they are in need of stress adaptation mechanisms that maintain meristem 

productivity during stress without compromising meristem function. Discovery and 

understanding of the molecular basis of these pathways are one of the first steps in 

the development of stress-resistant crops. 

One of the stresses threatening meristem cells is DNA damage. DNA damage can 

originate from exogenous (such as UV irradiation and heavy metals) or endogenous 

sources (such as reactive oxygen species and metabolic byproducts) that potentially 

arrest DNA duplication and cause genomic abnormalities. A progressive 

accumulation of mutations might initiate uncontrolled growth, provoking cancer in 

mammals. Although plants are unlikely to develop cancer (Doonan and Sablowski, 

2010), they still use the same basic framework to sense and repair damaged DNA. 

ATAXIA TELANGIECTASIA MUTATED (ATM) and ATM AND RAD3-RELATED 

(ATR) proteins are the main regulators of the DNA damage pathway and perform 

functions in plants very similar to those of their orthologs in mammals (Garcia et al., 

2003; Culligan et al. 2004, 2006). ATM and ATR both sense DNA damage and 

induce the coordinated expression of DNA repair and cell cycle-arresting genes. ATM 

reacts to double-strand breaks (DSBs), whereas ATR primarily responds to single-

strand breaks and stalled replication forks. 
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Many plant DNA repair genes controlled through ATM or ATR have been discovered, 

but only two genes participating in cell cycle checkpoint activation have been 

identified, SOG1 and WEE1 (Preuss and Britt, 2003; De Schutter et al., 2007; 

Yoshiyama et al., 2009). SOG1 is the main transcription factor responsible for the 

induction of the different ATM/ATR targets upon DNA damage (Yoshiyama et al., 

2009). The WEE1 kinase gene is induced quickly upon DNA stress and interferes 

directly with cell cycle progression through a mechanism that probably involves 

inhibitory phosphorylation of the main drivers of the cell cycle, the cyclin-dependent 

kinases (CDKs) (De Schutter et al., 2007). In yeasts and mammals, WEE1 activity is 

counteracted by the CDC25 phosphatase, and both are important to time the G2-to-

M transition (Gould et al., 1990; Perry and Kornbluth, 2007). Not surprisingly, 

considering their importance in cell cycle timing, WEE1 and CDC25 are targets of the 

DNA damage checkpoints that attenuate or halt the cell cycle progression upon 

genome damage (Harper and Elledge, 2007). Remarkably, in plants, no functional 

homolog of CDC25 exists and it has been proposed that its function as cell cycle 

timer at the G2-to-M transition might have been replaced by plant-specific cell cycle 

control mechanisms (Boudolf et al., 2006; Dissmeyer et al., 2009, 2010). 

Nevertheless, despite the absence of a functional CDC25, treatment of Arabidopsis 

thaliana root tips with a replication stress-inducing drug is associated with the 

phosphorylation of CDKs. This phosphorylation depends on WEE1, because it 

cannot be observed in WEE1 knockout (WEE1KO) plants (De Schutter et al., 2007). 

Plants lacking a functional WEE1 are indistinguishable from wild-type plants when 

grown under non-stress conditions, but are extremely sensitive to replication-

inhibiting chemicals, showing a root growth inhibition phenotype (De Schutter et al., 

2007). Thus, although WEE1 might lack a function as cell cycle regulator under non-

stress conditions, its kinase activity seems to be essential upon replication stress. 

Organisms generally suffer from replication stress when substances or conditions 

interfere with the progression of the replication fork. A typical substance triggering 

DNA replication stress is hydroxyurea (HU), which targets and inhibits the small 

subunit of ribonucleotide reductase. Treatment of cells with HU reduces dNTP levels, 

consequently affecting replication fork progression (Wang and Liu, 2006; Saban and 

Bujak, 2009). Under these circumstances, it is important that cells monitor replication 

progression to prevent replication fork stalling with possibly concomitant fork reversal 
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and the occurrence of long stretches of single stranded DNA (ssDNA) (Lopes et al., 

2001, 2003; Postow et al., 2001; Sogo et al., 2002). This mechanism is controlled by 

the replication checkpoint that handles DNA stress by stabilizing replication forks, 

inhibiting origin firing, and reducing the replication speed. The latter two events 

ensure that only reduced levels of dNTPs are needed, thus indirectly averting the 

occurrence of new stalled replication forks (Alvino et al., 2007; Segurado and 

Tercero, 2009; Zegerman and Diffley, 2009). In budding yeast and mammals, the 

replication checkpoint is controlled by MEC1 and RAD53 and the orthologous ATR 

and CHK1, respectively (Segurado and Tercero, 2009; Zegerman and Diffley, 2009; 

Branzei and Foiani, 2010). The onset of the S-phase replication checkpoint correlates 

with an increased phosphorylation of CDKs on Tyr15 by the degradation of the 

CDC25 phosphatase by the ATR/CHK1 pathway (Zhao et al., 2002; Sørensen et al., 

2003; Cook, 2009; Zegerman and Diffley, 2009). 

Here, we aimed at understanding why WEE1KO plants fail to sustain root growth upon 

DNA replication stress. In contrast to its anticipated role as G2-M cell cycle timer, 

WEE1 is shown to play an essential role during the DNA replication phase during 

DNA stress. Absence of WEE1 was found to result in prolonged S phase duration 

upon HU treatment, corresponding with the specific accumulation of the kinase in 

replicating nuclei. In addition, we demonstrate that WEE1KO plants suffer from cell 

death in the vascular meristem, because of premature cell differentiation that triggers 

meristem loss and irregular xylem formation, illustrating that WEE1 safeguards root 

meristem activity under replication stress. 

 

 



 WEE1 maintains meristem integrity 

 

- 73 - 

33..44  RReessuullttss  

 

Cell cycle, but not DNA repair, is affected by HU treatment in WEE1KO 

Upon treatment with HU, WEE1KO Arabidopsis plants, with a T-DNA insertion in the 

WEE1 gene corresponding to a null allele, show a root growth inhibition phenotype 

within 24 h, pointing to a role for WEE1 during the DNA-replication checkpoint. It was 

postulated that the observed growth arrest might result from the inability to arrest 

mitosis in response to replication defects (De Schutter et al., 2007). To analyze 

whether WEE1 also plays a role in the G2 DNA damage checkpoint, root growth of 

WEE1KO plants was measured after germination on medium supplemented with 0.6 

µg/mL bleomycin (BLM) (Figure 3.1). Since WEE1 is known as a G2/M-checkpoint 

regulator in other organisms (Perry and Kornbluth, 2007), we expected WEE1KO 

plants to be hypersensitive to this DSB-inducing treatment. Surprisingly, WEE1KO 

plants did not display any root growth inhibition. In contrast, ku70 plants, which lack 

an important DSB repair protein (Riha et al., 2002), showed a strong growth 

phenotype when germinated on BLM, in comparison with wild-type seedlings 

(ecotype Columbia-0 [Col-0]). 

 

 

Figure 3.1: WEE1
KO

 plants are not hypersensitive to bleomycin. Plants of the indicated 

genotypes were germinated on 0.6 µg/mL BLM after which root length was measured at the 

indicated time points. Data are mean ± s.e (n > 21). 
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Sensitivity of WEE1KO plants to HU but not BLM implies that WEE1 is dispensable 

during the G2 DNA damage response, but indispensable during the S-phase 

checkpoint. To better understand the molecular basis of the root growth inhibitory 

response phenotype of WEE1KO plants upon HU treatment, a microarray experiment 

was set up to compare the transcriptomes of Col-0 and WEE1KO plants grown in the 

presence or absence of HU. The transcript levels were monitored at two defined time 

points: 5 h and 24 h after treatment with 2 mM HU for the short-term and long-term 

responses, respectively. These time points were preselected by cDNA-AFLP 

analysis, screening for time points with significant transcriptional changes. As WEE1 

gene transcription is concentrated mainly at the root meristem upon HU-treatment 

(De Schutter et al., 2007), only root tips (<2-3 mm) were harvested for RNA-

extraction. 

The samples treated with and without HU were separately analyzed by two-way 

ANOVA for genotype (Col-0 and WEE1KO) and time (0 h, 5 h, and 24 h). Under 

control conditions, no genes showed significant altered expression levels, neither 

between Col-0 and WEE1KO, nor over time, nor for an interaction between time and 

genotype. The lack of strong transcriptional differences indicates that WEE1KO and 

Col-0 behave similarly  in the absence of DNA-damage stress, confirming the lack of 

a root phenotype under control growth conditions. By contrast, 251 genes were 

differentially regulated upon HU-treatment, showing significantly altered gene 

expression over time. To graphically visualize these transcriptional differences, the 

significantly altered genes were clustered into seven groups based on their 

expression levels (see Materials and Methods for details) (Figure 3.2; Supplemental 

Dataset 1). GO overrepresentation analysis of these clusters revealed a significant 

enrichment for biological processes for four clusters (Figure 3.2; Table 3.1). Genes 

within cluster A display a strong (> 2.5 to 10-fold change in expression in Col-0 and 

WEE1KO after 24 h) and similar upregulation in both genotypes at both time points 

after transfer to HU-containing medium (Figure 3.2A; Supplemental Dataset 1). This 

cluster is enriched for genes associated with DNA metabolism, DNA repair, and 

reaction to genotoxic radiation, such as BRCA1, PARP2, and XRI1. Also, TSO2 and 

a putative thymidine kinase, both involved in nucleotide metabolism, react to the 

reduction in the dNTP pool caused by HU treatment. All the 18 genes from this 

cluster were identified previously as being strongly induced in γ-irradiated seedlings 
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(Supplemental Table 3.1; Culligan et al., 2006), indicating that upon addition of HU 

the DNA damage pathway is activated and that a functional copy of WEE1 is not 

necessary for sensing DNA stress and transducing the signal to induce DNA repair 

genes. Similar to cluster A, genes in cluster B show an upregulation at both time 

points upon HU treatment, but are less induced (< 4-fold induction) (Figure 3.2B). 

Like in cluster A, these genes are associated with DNA metabolism and more 

specifically DNA replication. Since HU interferes with both processes, the induced 

expression of these genes probably results from adjustment of the replication 

process to reduced dNTP-levels. Cluster C consisted of genes that were induced 

transcriptionally only after 24 h in both Col-0 and WEE1KO (Figure 3.2C). The GO 

terms enriched in this gene set are all associated with light stimuli (Table 3.1), 

probably linked to the photo-inactivating effects of HU on photosystem II in plants 

(Kawamoto et al., 1994). 

 

 

Figure 3.2: Clustering of microarray data of HU-treated Col-0/WEE1
KO

. (A-G) Genes with 

significantly altered transcription levels upon HU treatment were clustered into seven different 

groups based on their expression levels at different time points in mutant and wild-type. Each panel 

shows the mean normalized expression values of all the genes within the cluster for Col-0 (blue) 

and WEE1
KO

 (red) after 0 h, 5 h and 24 h on HU. The number of genes that each cluster contains 

is presented in the lower right corner. 
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Cluster GO description P-value 

A Nucleobase, nucleoside, nucleotide and nucleic acid 
metabolic process 

4.01E-03 

 -----Nucleic acid metabolic process 1.43E-03 

 ----------DNA metabolic process 2.28E-05 

 ---------------DNA repair 1.84E-06 

 --------------------Double-strand break repair 1.24E-03 

 Cellular response to stimulus 8.15E-04 

 -----Cellular response to stress 3.96E-05 

 ----------Response to DNA damage stimulus 1.84E-06 

 ---------------DNA repair 1.84E-06 

 --------------------Double-strand break repair 1.24E-03 

 Response to ionizing radiation 3.62E-06 

 -----Response to gamma radiation 2.71E-04 

 Cell cycle phase* 8.16E-03 

 -----M phase* 6.09E-03 

B Nucleobase, nucleoside, nucleotide and nucleic acid 
metabolic process 

4.96E-03 

 -----Nucleic acid metabolic process 1.06E-03 

 ----------DNA metabolic process 2.54E-07 

 ---------------DNA replication 2.05E-04 

 ---------------DNA methylation on cytosine 3.67E-03 

C Photosynthesis 1.90E-09 

 -----Photosynthesis, light reaction 1.77E-03 

 Response to radiation 2.69E-03 

 -----Response to light stimulus 2.69E-03 

 ----------Nonphotochemical quenching 1.16E-03 

D Microtubule-based process 2.56E-06 

 -----Microtubule cytoskeleton organization 2.73E-03 

 -----Microtubule based movement 2.93E-03 

 Regulation of cell cycle 2.56E-06 

E None  

F None  

G None  
Table 3.1: GO analysis of the different clusters after microarray analysis. After microarray 

analysis of Col-0 and WEE1
KO

 plants treated with HU, the selected genes were divided into seven 

different clusters that were analyzed for GO enrichment (P-value < 0.01). Indentations represent child 

terms of the above GO-terms. 

* The detection of the M-phase and cell cycle phase GO-groups is the result of XRI1 and SYN2 that 

are needed both for DNA-repair and M-phase progression. 
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Cluster D contained 47 array elements (corresponding to 49 genes) that were 

downregulated in both genotypes after 5 h on HU. However, Cluster D genes reacted 

differentially at the 24 h time-point, showing a further decline in Col-0, but returning to 

control levels in the mutant (Figure 3.2D; Supplemental Dataset 1). Interestingly, 

within this cluster 37 out of the 45 array elements that correspond to a single gene 

were previously found to be cell cycle phase-dependently expressed, as supported 

by GO enrichment analysis (Table 3.1), with 35 of them peaking during the M phase 

(Supplemental Table 3.2; Menges et al., 2003). As described previously, 

downregulation of M-phase genes in the root meristem of control plants results from 

cell cycle synchrony imposed by the HU treatment (Cools et al., 2010). Synchrony is 

achieved through HU-induced depletion of the dNTP pool, resulting in a transient 

accumulation of cells at the G1-to-S transition. An increase in intracellular dNTPs 

through salvage pathways probably increases the level of nucleotides above a 

threshold level, after which cells synchronously resume cell division. In this 

synchronization system, Col-0 root tip cells progress into mitosis 16 h after HU 

treatment, and enter S-phase around 6 h and 22 h. At these two time points, cells are 

depleted for G2/M cells, explaining the reduction in M-phase gene expression at the 

5 h and 24 h time points in the microarray experiment (Cools et al., 2010). Although 

the statistical analysis of the microarray data did not allow to call the altered kinetics 

of G2/M gene transcription in WEE1KO after HU treatment significantly different from 

that seen in Col-0, the data suggested an altered cell cycle regulation at the 24-h 

time point in WEE1KO plants in the presence of HU. 

 

WEE1KO plants display altered S phase kinetics 

To investigate the possibility of altered cell cycle regulation in WEE1KO plants upon 

replication stress, root tips were collected for transcript analysis at 2 h time intervals 

from 0 h to 22 h after transfer to HU. RNA levels were measured with the nCounter 

analysis system (NanoString Technologies) that allows a direct multiplexed analysis 

of selected transcripts (Geiss et al., 2008). When compared to Col-0, WEE1KO plants 

initially displayed identical cell cycle progression, as exemplified by the transcription 

profile of the S-phase marker gene CYCA3;1 (Figure 3.3A), showing that WEE1KO is 

susceptible to HU synchronization. As indicated by the expression profiles of 
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CYCA3;1 and histone H4, DNA replication initiated around 4 h to 6 h after transfer to 

HU (Figure 3.3A and 3.3B). Also the mid-S-phase marker gene histone H2B was 

induced at the same time in Col-0 and WEE1KO (Figure 3.3C). However, altered S-

phase kinetics became apparent when the transcription of the late-S-phase marker 

gene histone H1 was examined. Like histone H4 and H2B, histone H1 was induced 

simultaneously in both backgrounds, but had a prolonged window of expression and 

superinduction (10 h-22 h) in WEE1KO (Figure 3.3D). Together, the histone gene 

expression kinetics imply that WEE1-deficient plants progress normally into S phase, 

but encounter stress during the replication process. In accordance, downstream cell 

cycle events are clearly affected in the WEE1KO plants, as illustrated by the 

attenuated and delayed expression profiles of the G2/M marker genes CYCA2;1 

(peaks at 18 h vs. 14 h in Col-0) and CYCB1;2 (peaks at 20 h vs. 16 h in Col-0) 

(Figure 3.3E and 3F). Similarly, genes present in the cluster D of the microarray 

analysis (CYCA1;1, CYCB2;1, CYCB2;4) showed similar delayed expression kinetics 

(Figure 3.4), confirming the earlier observations of the microarray analysis and 

indicating that there is delayed progression through mitosis in WEE1KO plants. 

Despite the prolonged S-phase, the peaks of early G2 genes (CYCA2;1) and late 

G2/M genes (CYCB1;2) were separated by 2 h in both Col-0 and mutant, indicating 

that it is mainly S-phase progression that is sensitive to the HU treatment in WEE1KO. 

Among all G2/M genes tested, CYCB1;1 displayed a unique transcriptional profile 

(Figure 3.3G). Previously, CYCB1;1 expression was connected with a role in the 

DNA damage response, because its expression was found to be strongly induced 

and stabilized during γ irradiation (Culligan et al., 2006). In contrast to the related 

CYCB1;2, CYCB1;1 levels were not downregulated during S-phase in HU-

synchronized Col-0 root tips (Cools et al., 2010). In WEE1KO however, CYCB1;1 was 

rather strongly transcriptionally activated at the start of replication (Figure 3.3G), 

similarly as observed for DNA damage genes, such as BRCA1 (Figure 3.3H), and 

had lost the typical induction kinetics of G2/M genes. 
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Figure 3.3: Time-course analysis of cell cycle genes in HU-synchronized Col-0 and WEE1
KO 

root tips. Transcript levels were measured using nCounter analysis. Fold induction levels of the 

different transcripts are presented for Col-0 (blue) and WEE1
KO 

(red). EMB2386, PAC1 and 

RPS26C were used as reference genes. Transcript levels were rescaled to the level in Col-0 at 0 h 

(= 1). Time after treatment with HU is given on the horizontal axis. Data are mean ± s.e. (A) 

CYCA3;1. (B) Histone H4. (C) Histone H2B. (D) Histone H1. (E) CYCA2;1. (F) CYCB1;2. (G) 

CYCB1;1. (H) DNA damage gene BRCA1. 
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WEE1 controls S-phase progression during replication stress 

In contrast to its anticipated role as timer of the G2-to-M transition upon the 

occurrence of DNA stress (Perry and Kornbluth, 2007; Geiss et al., 2008), our data 

indicated that Arabidopsis WEE1 rather plays an important part during DNA 

replication. Correspondingly, within the root synchronization system, WEE1 

transcripts accumulated after 4 h to 6 h, the time of S-phase onset, with kinetics 

comparable to those of the S-phase marker CYCA3;1 (Figure 3.5A). Furthermore, 

similar to DNA repair genes, WEE1 levels remained induced during the whole period 

of the HU treatment.  

To confirm that WEE1 specifically accumulates during S phase upon replication 

stress, WEE1KO plants were transformed with a PWEE1:GFP-WEE1 complementation 

construct. Transgenic plants harboring the construct partially rescued the HU 

hypersensitivity of the WEE1-deficient plants (Figure 3.5B and 4C). In the absence of 

DNA stress, only background fluorescence was detected in the root. By contrast, a 

nuclear-localized GFP-WEE1 signal could be observed in the vascular meristem cells 

after 24 h treatment with HU, corresponding with its previously reported expression 

pattern (Figure 3.5C; De Schutter et al., 2007). To pinpoint the cell cycle phase at 

which the GFP-WEE1-positive cells accumulate, fluorescent cells were sorted from 

negative ones by fluorescence-activated cell sorting (FACS), either from control root 

tips (not treated with HU) or root tips of plants treated with HU for 48 h. 

 

Figure 3.4: Delayed progression through cell cycle and G2/M in WEE1
KO

. CYCA1;1 (left), 

CYCB2;1 (center), and CYCB2;4 (right) expression upon HU-induced synchronization in Col-0 

(blue) and WEE1
KO 

(red). Transcript levels were measured using nCounter analysis. Fold induction 

levels of the different transcripts are presented for Col-0 (blue) and WEE1
KO 

(red). EMB2386, PAC1 

and RPS26C were used as reference genes. Transcript levels were rescaled to the level in Col-0 at 

0 h (= 1). The ordinate gives the time after treatment with HU. Data are mean ± s.e. 
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Figure 3.5: Stabilization of WEE1 during the S-phase upon replication stress. (A) nCounter 

analysis of transcripts of CYCA3;1 (blue) and WEE1 (red) in (2mM) HU-synchronized Col-0 root 

tips. Data are mean ± s.e. (B) Daily growth of Col-0 (blue), WEE1
KO

 (red), and PWEE1:GFP-WEE1 

(green) roots after transfer to 1 mM HU. Growth was followed until 4 days after transfer. Data are 

mean ± s.e (n > 37). (C) Confocal microscopy of PWEE1:GFP-WEE1 line transferred for 24 h to 

0 mM HU (top) and 1 mM HU (bottom). Epidermis-localized green signal at 0 mM HU is due to 

background signal. Nuclear GFP-WEE1 signal in the vascular cells was seen after treatment with 

1 mM HU. Scale bar = 0.1 mm. (D) Flow cytometry profile of unsorted and untreated PWEE1:GFP-

WEE1 root tips. 2C, 4C, and S indicate G1, G2, or S-phase nuclei, respectively. (E) Flow cytometry 

profile of unsorted (red) and sorted GFP-WEE1 (blue) root tips treated for 24 h with 10mM HU. 
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Subsequently, nuclei were extracted from the sorted cells and their DNA content was 

measured by flow cytometry. In the total population of nuclei within the root tip of 

untreated plants, two distinct populations were observed with a 2C and 4C DNA 

content, corresponding to G1 and G2 nuclei, respectively (Figure 3.5D). Because of 

the lack of a GFP signal in the absence of DNA stress, no GFP-positive nuclei could 

be detected. When transferred to HU, the relative abundance of nuclei with a DNA 

content in-between 2C and 4C, corresponding to S-phase nuclei, increased (Figure 

3.5E). When the DNA content of GFP-WEE1-positive cells was measured, a single 

population of nuclei was observed, localized precisely between the 2C and 4C peaks 

(Figure 3.5E). These data substantiate the hypothesis that WEE1 operates 

specifically in replicating cells that undergo replication defects. 

 

HU triggers vascular cell death in WEE1KO root meristems 

Treatment of plants with DSB inducing drugs commonly results in death of the root 

stem cells (Fulcher and Sablowski, 2009; Furukawa et al., 2010). As WEE1KO plants 

show strong growth retardation in the presence of HU, they were tested for the 

occurrence of dead cells. Plants were transferred to HU-containing medium, and 

stained at different time points with propidium iodide (PI) that stains the walls of living 

cells but penetrates dead cells. As HU can be used to invoke root synchronization, 

the appearance of cell death could be correlated with cell cycle progression. At the 

first time points analyzed (3-8 h), no PI-stained cells were detected in both Col-0 and 

WEE1KO root meristems (Figure 3.6A). By contrast, at the moment that cells started 

accumulating in mid-S-phase (9-10 h), the first dead cells appeared in the mutant. 

This was in contrast to Col-0, where no PI positive cells were observed (Figure 3.6A). 

The timing of cell death appearance suggested that defective S phase progression 

might lie at the basis of the phenotype. 

To investigate the spatial occurrence of cell death, plants were transferred for 24 h to 

medium supplemented with HU and again stained with PI. A large amount of dead 

cells was seen throughout the WEE1KO meristem, but not in Col-0. Interestingly, this 

spatial cell death pattern differed clearly from that provoked by DSBs, such as after 

treatment with BLM (Figure 3.6B), which induced cell death specifically in the stem 
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and progenitor (StPr) zone (Fulcher and Sablowski, 2009; Furukawa et al., 2010). By 

contrast, dead cells in the meristem of WEE1KO plants did not occur in the stem cells, 

but were located in the transiently amplifying (TA) region of the vascular tissue 

(Figure 3.6A). To investigate whether this specific cell death localization was caused 

only by replication stress or depended also on WEE1 deficiency, we increased the 

HU concentrations to a level that induces cell death in Col-0 plants (5 mM HU). If cell 

death localization depended solely on HU, the cell death pattern in Col-0 would be 

expected to be the same as that of the WEE1KO plants. Surprisingly, the observed 

pattern resembled that of plants suffering from DSBs, with cell death restricted to the 

StPr cells (Figure 3.6C). Also WEE1KO plants now displayed dead cells around the 

quiescent center, in addition to those in the vascular TA region. Remarkably, cell 

death in the StPr zone was not limited to vascular tissue. These data indicate that 

increased levels of HU indirectly cause cell death in Col-0, probably by the secondary 

occurrence of DSBs with dead StPr cells as a consequence. Moreover, together with 

the lack of a root growth phenotype in WEE1KO plants growing on BLM (Figure 3.1), it 

implies that WEE1-independent pathways cope with DSBs in the stem and progenitor 

cells and that WEE1 preferentially protects the vascular TA zone upon replication 

stress. 

 

Previously, WEE1 had been shown to operate downstream of ATM and ATR (De 

Schutter et al., 2007). Both ATM and ATR have been demonstrated to be required for 

the onset of cell death in the StPr cells upon DNA damage (Fulcher and Sablowski, 

2009; Furukawa et al., 2010). To investigate the occurrence and pattern of cell death 

upon replication stress in atm-1 and atr-2 mutant plants, they were treated for 24 h 

with 1 mM HU. atm-1 plants are not hypersensitive to replication stress and evidently 

did not suffer from cell death in the root meristem (Figure 3.6D). In contrast, atr-2 

plants are highly sensitive to HU (Culligan et al., 2004) and exhibited severe cell 

death (Figure 3.6D). The cell death phenotype in atr-2 plants was more severe than 

that in WEE1KO
 plants and also occurred in the stem cell zone. This observation can 

be attributed to the fact that besides its inability to induce WEE1 expression, atr-2 

also fails to induce the DNA-repair machinery to repair the afflicted DNA. 

Nevertheless, the common cell death phenotype in the vascular TA zone in WEE1KO 
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and atr-2 plants indicates that the ability of WEE1 to inhibit cell death in the distal 

vascular meristem upon replication stress depends on ATR.  

 

 

 

Figure 3.6: Vascular cell death phenotype of WEE1
KO

 upon replication stress. (A) Time course 

of Col-0 and WEE1
KO 

root tips transferred to HU and visualized with confocal microscopy. Dead 

cells are visualized with PI. Time after transfer to 1mM HU-medium is indicated above the root tips. 

(B) PI staining of Col-0 and WEE1
KO

 after treatment with 0.6 µg/mL BLM for 24 h. (C) PI staining of 

Col-0 and WEE1
KO

 grown for 24 h on 5 mM HU. (D) PI staining of atm-1 and atr-2 transferred 

either for 24 h to control medium or 1 mM HU. 
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WEE1 is required to prevent premature tracheary element differentiation upon 

replication stress 

Because stem cells are the first to react to DNA damage, the lack of dead stem cells 

in WEE1KO plants indicated that the root growth arrest might be unrelated to the 

occurrence of severe DNA damage. Indeed, upon HU treatment, no substantial 

differences were observed between Col-0 and WEE1-deficient plants when 

examining DNA damage hallmarks, such as the occurrence of DNA fragmentation or 

increased recombination (Figure 3.7). Because dead cells were specifically observed 

in the provascular zone and PCD is an intrinsic process of vascular maturation, the 

cell death in WEE1KO plants could reflect the onset of premature differentiation in the 

vascular tissue, rather than DNA damage-induced PCD, as suggested previously 

(Ricaud et al., 2007; Fulcher and Sablowski, 2009). Therefore, we took a closer look 

at genes that function in tracheary element (TE) differentiation (Turner et al., 2007). 

Transcripts of five of these genes (CESA4, IRX1, IRX3, XCP1, and XCP2) were 

quantitatively measured by real time PCR, in both Col-0 and WEE1KO 0 h, 24 h and 

48 h after treatment with HU. 

 

Figure 3.7: Lack of significant DNA damage phenotypes after treatment with HU in WEE1
KO

 

plants. (A) Quantification of homologous recombination events in Col-0 and WEE1
KO

 seedlings
 

after 3 days of treatment with 1 mM HU. The GU-US construct is an interrupted version of GUS 

that can be restored by recombination events induced by DNA damage. Data are mean ± s.e (n = 

7). (B) Comet assay on Col-0 and WEE1
KO 

roots after treatment for 24 h with 1 mM HU. The 

percentage of DNA in the tail of isolated nuclei, indicative for DNA damage, is presented. Data are 

mean ± s.e. 
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Figure 3.8: WEE1
KO

 plants induce premature vascular differentiation upon replication stress. 

(A) Tracheary element differentiation genes are induced in WEE1
KO 

root tips upon replication 

stress. qRT-PCR transcript analysis of IRX1 and CESA4 in Col-0 and WEE1
KO

 0 h, 24 h and 48 h 

after 2mM HU-treatment (on a membrane). EMB2386, PAC1 and RPS26C were used as reference 

genes. The transcript levels were rescaled to the level in Col-0 at 0 h (= 1). Asterisks indicate 

significant altered transcription levels compared to the 0 h time point (* P-value < 0.05; ** P-value 

<0.001). Data are mean ± s.e (n = 4). (B) Confocal microscopy of Col-0 and WEE1
KO

 plants after PI 

staining to detect cell death. GUS staining was performed on either Col-0 and WEE1
KO

 harboring a 

VND7pro:GUS construct. Plants were treated either with 0 mM (left), 1 mM HU (center) or 2.5 mM 

HU (right) for 24 h. Scale bars = 0.1 mm. 
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Whereas transcript levels of the TE differentiation genes decreased slightly upon HU 

treatment in Col-0, they increased in WEE1KO (Figure 3.8A; Figure 3.9). The latter 

suggested that WEE1KO plants undergo premature TE differentiation upon HU 

treatment. To further test this hypothesis, a VND7 reporter construct (VND7pro:GUS) 

was introgressed into a WEE1KO background. VND7 is a transcription factor 

implicated in xylem differentiation (Kubo et al., 2005; Yamaguchi et al. 2008, 2010). 

Under normal growth conditions, the root meristem shows no VND7 expression in 

Col-0 and WEE1KO plants (Kubo et al., 2005) (Figure 3.8B). After treatment of 

VND7pro:GUS lines with 1 mM HU for 24 h, GUS (β-glucuronidase) staining could be 

observed specifically within the root meristem of the WEE1KO plants (Figure 3.8B). At 

higher HU concentration (2.5 mM HU), Col-0 root tips occasionally showed an 

individual cell with weak VND7 expression. Expression was, however, much more 

pronounced in WEE1KO, showing many cells with a strong VND7 induction, indicating 

the molecular onset of vascular differentiation. 

 

 

Protoxylem formation is inhibited by cytokinin treatment (Mähönen et al., 2006). If 

premature protoxylem differentiation were at the basis of the observed cell death 

after HU treatment in WEE1KO, we hypothesized that N6-benzyladenine (BA) 

treatment would reduce the vascular cell death phenotype upon replication stress. To 

test this, WEE1KO plants were transferred to medium containing no drugs, 1 mM HU, 

 

Figure 3.9: Induction of tracheary element differentiation genes in WEE1
KO 

root tips upon 

replication stress. Measurements were performed using qRT-PCR. EMB2386, PAC1 and 

RPS26C were used as reference genes. The transcript levels were rescaled to the level in Col-0 at 

0 h (= 1). Hours give time of harvest after onset of 2mM HU treatment (on membranes). Values 

represent average ± SE (n = 3-4). Asterisks indicate significantly altered transcription levels 

compared to the 0-h time point (* P-value < 0.05; ** P-value < 0.01). 
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100 nM BA, or a combination of HU and BA. After 24 h, a reduction in the number of 

PI-stained cells was visible in plants treated with HU in combination with BA, 

compared to plants treated with 1 mM HU only (Figure 3.10). This effect was even 

more obvious at the 48-h time point, when almost no dead cells were visible after BA 

and HU treatment. To connect the ectopic expression of VND7, and consequent 

vascular differentiation, with the observed cell death in WEE1KO, we analyzed 

whether the addition of BA attenuated the VND7 induction in WEE1KO after HU 

treatment. Indeed, 24 h after transfer to HU medium supplemented with BA, VND7 

expression was strongly reduced in the WEE1KO root tip (Figure 3.11A). Together, 

these data strongly indicate that replication stress-induced cell death and xylem 

differentiation, due to the lack of WEE1, are coupled events. 

 

 

 

Figure 3.10: Benzyladenine reduces vascular cell death in WEE1
KO

. PI staining to detect cell 

death in WEE1
KO

 plants treated for 24 h (left) or 48 h (right) with 100 nM BA (top), 1 mM HU 

(middle) or 1 mM HU and 100 nM BA (bottom). Scale bar = 0.1mm. 
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Absence of WEE1 results in aberrant vascular differentiation upon long-term 

replication stress 

Because of the observed link between replication stress and TE differentiation, the 

vascular tissue was examined in WEE1KO plants after a prolonged and strong HU 

treatment. Wild-type plants displayed normally organized protoxylem and metaxylem 

development after 4 days of growth on HU. By contrast, in WEE1KO plants, the xylem 

was disorganized with interrupted and additional xylem rows (Figure 3.11B and 

3.11C). The presence of multiple and extra xylem rows immediately above the root 

meristem indicates that vascular meristem cells in WEE1KO plants trigger their 

maturation program prematurely. These data clearly demonstrate a function for 

WEE1 as inhibitor of premature vascular differentiation under replication stress 

conditions. 

 

Figure 3.11: HU treatment causes aberrant vascular differentiation in WEE1
KO

 plants. (A) 

GUS staining of VND7pro:GUS (WEE1
KO

) after 24 h treatment with 100 nM benzyladenine (left), 

2.5 mM HU (center) or a combination of both benzyladenine and HU (right). Scale bar = 0.1 mm. 

(B) Microscopic analysis of vascular development of Col-0 treated for 4 days with 2.5 mM HU. 

Scale bar = 0.05mm. (C) Microscopic analysis of aberrant vascular development of WEE1
KO

 plants 

treated for 4 days with 2.5 mM HU. Scale bar = 0.05mm.  



 WEE1 maintains meristem integrity 

 

- 90 - 

33..55  DDiissccuussssiioonn  

 

WEE1 controls S-phase progression under replication stress 

DNA damage checkpoint research is far more advanced in non-plant organisms, 

illustrated by the large number of known regulators contributing to the cell cycle 

arrest and DNA repair mechanisms activated upon DSBs or replication defects in 

yeasts and mammals. Although the presence of a functional ATM and ATR suggests 

that the main mechanisms controlling the DNA damage response in plants might be 

similar, homologs of several key signaling components cannot be identified in the 

Arabidopsis genome (Cools and De Veylder, 2009). The mechanisms by which yeast 

and mammal cells arrest their proliferation in response to DNA stress depends on the 

cell cycle phase at which the cell resides at the moment the damage is inflicted. 

Independent of the pathway followed, the common goal is to inhibit CDK activity to 

prevent cell cycle progression in the presence of damaged or incompletely replicated 

DNA. When damage occurs during replication, the intra-S checkpoint is activated, 

correlating with the accumulation of P-loop-phosphorylated inactive CDKs, probably 

through inhibition of CDC25 (Zegerman and Diffley, 2009). The CHK1-CDC25 

pathway dominates S-phase regulation in mammals and budding yeast during 

replication stress. No direct role for its counterpart WEE1 has been demonstrated. By 

contrast, we identified WEE1 as an essential intra-S phase checkpoint gene in 

Arabidopsis, as demonstrated by the delayed progression through S-phase in 

synchronized WEE1KO root tips, and the specific accumulation of its gene product in 

replicating nuclei upon HU treatment. As there is no functional CDC25 or CHK1 

homolog in Arabidopsis, the upregulation of WEE1 during the S-phase and the 

hypersensitivity of the WEE1KO mutant to replication stress put WEE1 forward as the 

main regulator of the S-phase checkpoint in plants. 

Plants without a functional WEE1 gene show a superinduction and prolonged 

transcription of different histone genes after treatment with HU. This result implies a 

problematic S-phase progression with a delayed entry into G2 as a consequence. In 

contrast, the timing between G2 and G2/M progression (2 h) was not extended in 
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WEE1KO compared to Col-0 plants. Upon treatment with HU, cells need to adjust 

replication with the depleted dNTP pools. Generally, dNTP depletion is counteracted 

by slowing down replication and delaying the initiation of replication origins (Willis and 

Rhind, 2009). This is accomplished by reducing the CDK activity during S-phase 

through the ATR-CHK1 pathway that inactivates CDC25 (Cook, 2009; Willis and 

Rhind, 2009; Zegerman and Diffley, 2009). Because of the absence of functional 

CDC25 and CHK1 genes in plants, we hypothesize a role for WEE1 during DNA 

stress as coordinator of CDK activity with replication fork progression and/or origin 

firing. Disruption of the CDK activity-controlling pathway in budding yeast during HU 

treatment by means of a mutated Rad53 (the ortholog of CHK1), causes the 

checkpoint mutants to produce long stretches of ssDNA and fork reversal, forming 

structures similar to Holliday junctions (Lopes et al., 2001; Sogo et al., 2002; Branzei 

and Foiani, 2010). Similarly, the observed replication difficulties in WEE1KO plants 

might arise from the inability to attenuate sufficiently DNA replication to the limited 

dNTP levels. The lack of checkpoint activity and CDK-control probably prevents 

inhibition of origin firing and/or deceleration of replication. This will eventually 

increase the number of stalled replication forks in WEE1KO, with potentially 

concomitantly extended ssDNA regions or fork reversal as a result. Evidently, the 

aggravation of replication problems takes more time to repair, with a cell cycle delay 

as result. 

Whereas the WEE1 protein is an essential checkpoint regulator under replication 

stress, its presence appears to be dispensable for the response to other types of 

DNA damage, such as DSBs. If WEE1 is still an element of the DSB checkpoint, its 

role will be at most redundant with other mechanisms. Currently, these mechanisms 

are still unknown, but likely candidates might be found among the class of cell cycle 

inhibitors (CKIs). Plants have two classes of CKIs (KIP-RELATED PROTEINS and 

SIAMESE/SIAMESE-RELATED) with a limited sequence similarity to the mammalian 

Cip/Kip CDK inhibitors (De Veylder et al., 2001; Churchman et al., 2006) of which 

some members are strongly transcriptionally induced by genotoxic stress treatments 

(Peres et al., 2007). 
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WEE1 and vascular differentiation 

Besides halting S-phase progression, the absence of a functional WEE1 protein in 

the presence of replication stress causes clear developmental defects. Upon addition 

of HU, dead cells accumulate in the root tip of WEE1KO plants. These are located 

predominantly in the vascular meristem cells, in contrast to DSB-inducing treatments 

that mainly target the stem cells of all root cell types (Fulcher and Sablowski, 2009; 

Furukawa et al., 2010). PCD is an intrinsic part of vascular development (Turner et 

al., 2007), and indeed, through VND7 promoter activity measurements it was 

observed that the cell death in the WEE1KO plants was associated with the onset of 

the vascular differentiation program. Moreover, this cell death could be reduced by 

cytokinin treatment that is known to inhibit protoxylem differentiation in Arabidopsis 

roots (Mähönen et al., 2006). PI-stained WEE1KO cells could be observed within 10 h 

after HU treatment and were positioned close to the stem cells, indicating that their 

position in the meristem arose by a premature onset of vascular differentiation, rather 

because of shrinkage of the meristem as a result of the higher described effect on 

cell cycle duration. Likewise, ectopic expression in the meristem of VND7 and other 

vascular differentiation genes, normally only observed in the immature xylem cells 

outside the meristem (Kubo et al., 2005; Yamaguchi et al., 2008, 2010), hint at a 

premature onset of vascular differentiation, and likely explain the irregular xylem 

organization in WEE1KO roots upon long-term HU treatment. Interestingly, in contrast 

to the WEE1KO plants, the Col-0 roots showed a decrease in expression of vascular 

differentiation genes within the root meristem upon replication stress, which might be 

correlated with the transcriptional induction of WEE1 in the vascular meristem (De 

Schutter et al., 2007). This observation is corroborated on the protein level, by the 

WEE1 stabilization after HU treatment in the vascular meristem cells. Altogether, 

these data indicate an indirect developmental role for WEE1 upon replication stress 

as an inhibitor of premature xylem formation. Strikingly, even high HU concentrations 

could not elicit the vascular cell death response in control plants. Rather, cell death 

was limited to the root initial cells, very similarly to that observed upon exposure to 

DSB-inducing drugs (Curtis and Hays, 2007; Fulcher and Sablowski, 2009; Furukawa 

et al., 2010). These data indicate that WEE1 is a very potent safeguard of the mitotic 

status of vascular cells, specifically toward replication stress. 
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The specific prevascular cell death upon HU application indicates that replication 

stress might be an intrinsic part of the vascular differentiation process. In agreement, 

the treatment of cells of zinnia (Zinnia elegans) with aphidicolin, a compound that 

induces replication stress through the inhibition of DNA polymerases, promoted their 

differentiation into tracheary elements (Mourelatou et al., 2004). In addition, the gene 

EFFECTOR OF TRANSCRIPTION2, implicated in xylem differentiation, has an 

endonuclease domain responsible for making single-strand cuts within the DNA and 

is essential for the protein's role in vascular development (Ivanov et al., 2008), 

suggesting that the occurrence of ssDNA might start xylem differentiation. Thus, it 

appears that WEE1 and replication stress play an antagonistic role in the 

development of vascular tissue, in which WEE1 prevents loss of vascular meristem 

identity upon replication stress to sustain meristem activity. 

 

Plant WEE1 and CDC25 during evolution 

In contrast to other organisms, in Arabidopsis WEE1 and other DNA damage 

checkpoint proteins are not essential during unperturbed cell cycle conditions (Cools 

and De Veylder, 2009), as exemplified by the lack of any phenotype of WEE1KO 

plants under non-stress growth conditions (De Schutter et al., 2007). Nevertheless, 

the amino acid residues of CDKs targeted for phosphorylation by WEE1 appear to be 

conserved and their substitution into phosphorylation-mimicking sites results in a 

severe growth phenotype due to a cell cycle arrest (Dissmeyer et al., 2009), implying 

that the inhibitory function of the P-loop is conserved. However, whereas in other 

model species control of CDK activity through P-loop 

phosphorylation/dephosphorylation is used for timing of the G2-to-M transition (Gould 

et al., 1990; Perry and Kornbluth, 2007), plants use apparently other mechanisms to 

time their M phase onset, likely with the plant-specific B1-type CDKs, as their activity 

is required for progression through the G2-to-M transition (Porceddu et al., 2001; 

Boudolf et al., 2004; Cools et al., 2010). Considering the number of striking parallels 

between the plant B1-type CDKs and mammalian CDC25, it was suggested 

previously that during evolution CDC25-control of the onset of mitosis might have 

been replaced in the plant kingdom by B1-type CDKs (Boudolf et al., 2006). Our 

current work strengthens the case for a lack of G2-to-M control through P-loop 
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phosphorylation, because WEE1 transcript abundance rather peaks during S-phase 

progression, whereas its associated kinase activity is only required in times of 

replication stress. Moreover, its importance in maintaining meristem structure through 

the inhibition of premature vascular cell differentiation suggests an indirect role for 

WEE1 as a developmental regulator. It indicates that during evolution, WEE1 and 

CDC25 have lost their function as antagonistic checkpoint controllers in plants, 

combined with the acquisition of a developmental role for WEE1. Once such a 

developmental role had been established, there might have been no reason to retain 

a functional CDC25 in the genome. Consequently, WEE1 controls two important 

processes influencing the meristem integrity under HU conditions: by affecting cell 

cycle duration it controls meristem size, and by preventing premature differentiation it 

ensures meristem structure. Hence, we conclude that WEE1 is an essential element 

to ensure meristem maintenance during replication stress. 
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33..66  MMeetthhooddss  

 

Plant materials and Growth conditions 

Arabidopsis thaliana (L.) Heyhn. plants (ecotype Columbia-0 or Col-0) were grown in 

vitro vertically under long-day conditions (16 h light, 8 h darkness) at 21°C on half-

strength Murashige and Skoog (2.151 g/L) (Duchefa), 10 g/L sucrose, 0.5 g/L MES, 

pH 5.7 adjusted with 1 M KOH, 10 g/L agar). For HU treatments, plants were grown 

for 7 days (2 days of germination, 5 days of growth) on control medium and then 

transferred either to fresh control medium or hydroxyurea (HU)-containing media 

(Sigma-Aldrich). The HU concentration used was 1 mM, unless stated otherwise and 

that of bleomycin (BLM; Duchefa) 0.6 µg/mL, whereas N6-benzyladenine (BA) 

(Duchefa) was brought to a final concentration of 100 nM. Whenever synchronization 

conditions (Cools et al., 2010) were used, plants were grown vertically under 

continuous light conditions at 21C with 1x Murashige and Skoog medium 

(4.302 g/L), 10 g/L sucrose, 0.1 g/L myo-inositol, 0.5 g/L MES, 100 μL thiamine 

hydrochloride (10 mg/mL), 100 μL pyridoxine (5 mg/mL), 100 μL nicotinic acid 

(5 mg/mL), pH 5.7 adjusted with 1 M KOH, 10 g/L agar. Seeds were put out on a 

nylon mesh (20 μm pore size) (Prosep) and transferred after 1 week to plates with 

2 mM HU. The root growth response of Col-0 and WEE1KO plants grown in the 

presence of 2 mM HU on nylon is identical to that of plants growth directly on medium 

supplemented with 1 mM HU (data not shown). 

The PWEE1:GFP-WEE1 construct was created with the GATEWAY technology 

(Invitrogen). An N-terminal fusion of GFP with the WEE1 protein under the control of 

the endogenous WEE1 promoter (-605 to -1) was constructed with the MultiSite 

Gateway Three-Fragment Vector Construction Kit (Invitrogen). Three different 

vectors were used (WEE1 promoter in pDONRP4P1R (Invitrogen), GFP in 

pDONR221 (Invitrogen), and WEE1_ORF (Invitrogen) in pDONRP2RP3) and were 

cloned in the pK7m34GW destination vector (Karimi et al., 2005) by a MultiSite LR 

reaction. After transformation of the sequenced constructs to Agrobacterium 

tumefaciens, WEE1KO plants were transformated by floral dip (Clough and Bent, 
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1998). Kanamycin-resistant plants were selected and analyzed for their ability to 

complement the WEE1KO phenotype on HU. 

GU-US (uidA recombination), ku70, atm-1, atr-2, VND7pro:GUS and WEE1KO (wee1-

1 and wee1-2) lines had been described previously (Swoboda et al., 1994; Riha et 

al., 2002; Garcia et al., 2003; Culligan et al., 2004; Kubo et al., 2005; De Schutter et 

al., 2007). wee1-1 and wee1-2 plants were pooled in the microarray experiment.. 

Nanostring and phenotypic analysis were performed using wee1-1.  

 

Microarray analysis 

Plant lines and growth conditions were as described above. Col-0 and WEE1KO 

(wee1-1 and wee1-2) were germinated on control medium on a nylon mesh and 

transferred 5 days after germination to control medium or medium supplemented with 

2 mM HU. All sampling points were collected over four independent biological 

repeats for Col-0, two independent repeats for wee1-1 and two for wee1-2. For each 

independent time point of each experiment ±50 root tips (< 2-3 mm) were collected 

and frozen in liquid nitrogen. RNA was extracted from root tissue with TriZol reagent 

(Invitrogen) and purified with RNneasy Plant mini kit (Qiagen). The RNA of two 

independent experiments for Col-0 and WEE1KO were subsequently pooled and used 

for microarray analysis. A total of 24 samples were individually hybridized to 

microarrays, representing two genotypes (Col-0 and WEE1KO) grown under two 

conditions (-HU, +HU), harvested at three time points (0 h, 5 h, 24 h), in duplicate. 

Out of 5 µg of total RNA, biotinylated-copy RNA was produced, fragmented, and 

hybridized to ATH1 arrays (Affymetrix). Washing, detection, and scanning were done 

as described previously (Hennig et al., 2003). Array data were made available as 

Affymetrix.CEL files and the quality was assessed before inclusion for analysis. The 

gcRMA-normalized data were subjected to two-factor ANOVA for genotype (wild-type 

and WEE1KO) and time (0 h, 5 h, and 24 h) with The Institute for Genomic Research 

MultiExperiment Viewer 4.5 (TMeV 4.5; http://www.tm4.org) (degrees of freedom (df) 

genotype = 1; df time = 2; df interaction = 2; and df error = 6) (Saeed et al., 2003). P-

values were based on permutations (10,000) and a multiple comparison correction 

was applied by calculating the False Discovery Rate (FDR) by using Mixture Model of 
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GenStat (http://www.vsni.co.uk/software/genstat/). Genes were selected for analysis 

when they were 1.8-fold upregulated (>= 1.8) or downregulated (<= 0.56) in Col-0 or 

WEE1KO, either 5h or 24h after treatment, and if one of the three P-values obtained 

after ANOVA-analysis was < 0.01 and FDR < 0.1. Clustering was based on the six 

expression values per gene obtained by microarray analysis (Col-0 and WEE1KO 

after 0 h, 5 h or 24 h under stress conditions). After mean normalization, significant 

genes were clustered into seven clusters via K-Means Clustering (KMC), distance 

metric is Euclidean Distance (Soukas et al., 2000). This method divides the genes in 

a specified number of clusters, determined in advance by calculating a figure of merit, 

that estimates the predictive power of a certain algorithm, like KMC (Yeung et al., 

2001). Finally, gene clusters were analyzed for an enrichment in genes with a certain 

GO annotation with BinGO (http://www.psb.ugent.be/cbd/papers/BiNGO/Home.html) 

with significance level at P-value < 0.01 (Maere et al., 2005).  

 

RNA extraction, Nanostring nCounter Assay and qRT-PCR 

RNA extraction, nCounter assay (Nanostring Technologies), and synchronization 

were done as described (Cools et al., 2010). Briefly, synchronized root tips were 

harvested and RNA was extracted from these tissues with RNeasy plant mini kit 

(Qiagen). RNA levels were measured with the nCounter analysis system by the VIB 

MicroArrays Facility (www.microarrays.be) as described (Geiss et al., 2008) or with 

quantitative real time PCR (qRT-PCR) and normalized with three reference genes 

(EMB2386, RPS26C, and PAC1). RNA levels were rescaled to the levels of wild-type 

plants growing for 0 h on 2 mM HU. For qRT-PCR, cDNA was prepared from 1µg of 

total RNA with the iScript cDNA synthesis kit (Bio-Rad), according to manufacturers 

instructions. qRT-PCR was performed with LightCycler 480 SYBR Green I Master 

(Roche) in a final volume of 5µl and 0.2 mM primer concentration, and analyzed with a 

LightCycler 480 (Roche). For each reaction, three technical repeats and four biological 

repeats were performed. The primer sequences for each gene were 5'-

TCCGGTGGAGTGGTGTAAGCAT-3' and 5'-GGCTTCGTCACTGGCTCCTTTT-3' for 

CESA4 (AT5G44030), 5'-GCTCGCTGGTCTCGACACAAAT-3' and 5'-

GAAGTGACGTCGGAGGGATCAA-3' for IRX1 (AT4G18780), 5'-

GGAACGTCGAGCCATGAAGAGA-3' and 5'-GGCCGAGGAAGACTTGGATCAT-3' 
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for IRX3 (AT5G17420), 5'-GATACACGCCGGAGCATTTGAC-3' and 5'-

GCACCTTCTCCTCCACGCTTTT-3' for XCP1 (AT4G35350), 5'-

GTTTGCGGATTTGAGCCATGAGG-3' and 5'-AACTTCCGCCACAGCTCCTTTC-3' 

for XCP2 (AT1G20850), 5'-CTCTCGTTCCAGAGCTCGCAAAA-3' and 5'-

AAGAACACGCATCCTACGCATCC-3' for EMB2386 (AT1G02780), 5'-

TCTCTTTGCAGGATGGGACAAGC-3' and 5'-AGACTGAGCCGCCTGATTGTTTG-3' 

for PAC1 (AT3G22110), 5'-GACTTTCAAGCGCAGGAATGGTG-3' and 5'-

CCTTGTCCTTGGGGCAACACTTT-3' for RPS26C (AT3G56340). 

 

Microscopic Analysis 

Plants used for confocal microscopy were analyzed with either LSM 510 or LSM 5 

exciter confocal microscopes (Zeiss). Plants were stained for 2 min in a 10 µM PI 

solution (Sigma-Aldrich). For GUS-staining, whole seedlings were stained in a 6-well 

multiwell plate (Falcon 3046; Becton Dickinson) as described (Beeckman and Engler, 

1994). All light microscopy samples, irrespective of whether they were stained with 

GUS, were cleared with lactic acid and visualized by differential interference contrast 

microscopes DM LB (Leica) and BX51 (Olympus). 

 

Sorting of GFP-positive nuclei 

PWEE1:GFP-WEE1 plants (in a wee1-1) background were treated for 24 h on 10 mM 

HU. Root tips (400) were harvested and used for protoplasting and sorting, as 

described (Birnbaum et al., 2003). Afterward, 200 µl of Cystain UV Precise P Nuclei 

Extraction Buffer (Partec) and 800 µl of Cystain UV Precise P Staining buffer (Partec) 

were added to the untreated and treated root tip cells (sorted and unsorted). Flow 

cytometry was executed with a Cyflow Flow Cytometer (Partec). 
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Comet Assay 

DNA damage was detected with a CometAssay kit (Trevigen). Whole roots, 

harvested from plants transferred to 1 mM HU for 24 h, were prepared as described 

before (Wang and Liu, 2006). 

 

Accession Numbers 

Microarray results have been submitted to Miamexpress 

(www.ebi.ac.uk/miamexpress), with accession E-MEXP-3048 (-HU) and E-MEXP-

3053 (+HU). Sequence data from this article can be found in the Arabidopsis 

Genome Initiative or GenBank/EMBL databases under the following accession 

numbers: WEE1, At1g02970; ATR, At5g40820; ATM, AT3g48190; VND7, 

At1g71930; EMB2386, At1g02780; PAC1, At3g22110; RPS26C, At3g56340. 
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33..99  SSuupppplleemmeennttaarryy  IInnffoorrmmaattiioonn  

Locus Description Rank 

Fold 

change 

WT(100) 

Fold 

change 

Col-0 

 5 h/0 h 

Fold 

change 

Col-0 

 24 h/0 h 

Fold 

change 

WEE1
KO

 

5 h/0 h 

Fold 

change 

WEE1
KO

 

24 h/0 h 

AT4G21070 ATBRCA1; ubiquitin-protein ligase 1 581.6 9.19 10.37 8.54 6.50 

AT5G48720 XRI1 (X-RAY INDUCED TRANSCRIPT 1) 2 285.2 4.44 5.30 4.36 4.07 

AT5G20850 ATRAD51; ATP binding / DNA binding / DNA-

dependent ATPase/ damaged DNA binding / 

nucleoside-triphosphatase/ nucleotide binding / 

protein binding / sequence-specific DNA binding 

4 186.5 2.96 4.64 3.67 3.43 

AT4G02390 APP (ARABIDOPSIS POLY(ADP-RIBOSE) 

POLYMERASE); NAD+ ADP-ribosyltransferase/ 

nucleic acid binding 

6 131.9 3.46 7.70 3.34 4.48 

AT5G40840 SYN2 7 113.9 2.65 3.38 3.29 3.43 

AT5G24280 EXPRESSED IN: 17 plant structures; 

EXPRESSED DURING: 6 growth stages; BEST 

Arabidopsis thaliana protein match is: DMS3 

(DEFECTIVE IN MERISTEM SILENCING 3) 

(TAIR:AT3G49250.1); Has 61 Blast hits to 57 

proteins in 12 species: Archae - 0; Bacteria - 2; 

Metazo 

8 108.6 3.92 4.82 3.38 4.59 

AT5G03780 TRFL10 (TRF-LIKE 10); DNA binding 9 108.3 4.52 7.11 3.78 3.89 

AT3G45730 unknown protein 14 46.3 4.74 5.64 2.76 3.68 

AT3G07800 thymidine kinase, putative 15 46.2 5.17 7.16 4.89 5.45 

AT5G02220 unknown protein 16 45.8 3.12 4.50 2.96 2.69 

AT5G11460 senescence-associated protein-related 18 41.6 3.63 5.48 2.75 3.03 

AT1G07500 unknown protein 22 38.2 4.47 7.86 3.80 4.99 

AT3G27060 TSO2 (TSO meaning 'ugly' in Chinese); 

oxidoreductase/ ribonucleoside-diphosphate 

reductase/ transition metal ion binding 

23 37.4 3.06 4.59 3.78 3.84 

AT4G22960 unknown protein 24 36.4 2.84 5.31 2.45 4.58 

AT4G28950 ROP9 (RHO-RELATED PROTEIN FROM 

PLANTS 9); GTP binding 

25 36.1 6.77 9.68 5.68 4.47 

AT5G60250 zinc finger (C3HC4-type RING finger) family 

protein 

26 34.9 1.72 8.91 1.43 5.10 

AT5G64060 anac103 (Arabidopsis NAC domain containing 

protein 103); transcription factor 

30 28.1 3.40 5.58 2.82 3.84 

AT2G18600 RUB1-conjugating enzyme, putative 33 21.5 2.38 5.52 1.78 4.30 

Supplemental Table 3.1: Transcriptional induction in γ-irradiated seedlings of genes in cluster A 

(DNA damage genes). The genes located in cluster A were compared with the transcriptional 

changes in seedlings treated with 100 Gy (Culligan et al., 2006). 'Rank' designates the position of the 

gene in the top induced list in irradiated wild-type plants. Other columns give the fold change in Col-0 

and WEE1
KO

 after 5 h and 24 h compared to the 0-h time point. 
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Locus Description Phase 

AT1G03780 Targeting protein-related M 

AT1G05440 Unknown protein M 

AT1G08560 SYP111 (SYNTAXIN OF PLANTS 111); SNAP receptor M 

AT1G44110 CYCA1;1 (Cyclin A1;1); cyclin-dependent protein kinase regulator M 

AT1G50490 UBC20 (ubiquitin-conjugating enzyme 20); ubiquitin-protein ligase M 

AT1G72250 Kinesin motor protein-related M 

AT1G76310 CYCB2;4 (CYCLIN B2;4); cyclin-dependent protein kinase regulator M 

AT2G16270 Unknown protein M 

AT2G17620 CYCB2;1 (Cyclin B2;1); cyclin-dependent protein kinase regulator M 

AT2G25060 Plastocyanin-like domain-containing protein M 

AT2G25880 AtAUR2 (AtAurora2); histone kinase(H3-S10 specific) / kinase M 

AT2G26760 CYCB1;4 (Cyclin B1;4); cyclin-dependent protein kinase regulator M 

AT2G33560 Spindle checkpoint protein-related M 

AT2G44190 EDE1 (ENDOSPERM DEFECTIVE 1); microtubule binding M 

AT3G03130 Unknown protein M 

AT3G10310 ATP binding / microtubule motor M 

AT3G11520 CYCB1;3 (CYCLIN B1;3); cyclin-dependent protein kinase regulator M 

AT3G14190 Unknown protein M 

AT3G51280 Male sterility MS5, putative M 

AT3G51720 Unknown protein M 

AT3G56400 WRKY70; transcription factor/ transcription repressor G1 

AT3G58650 Unknown protein M 

AT4G02800 Unknown protein M 

AT4G03100 Rac GTPase activating protein, putative G2 

AT4G14330 Phragmoplast-associated kinesin-related protein 2 (PAKRP2) M 

AT4G15830 Binding M 

AT4G23800 High mobility group (HMG1/2) family protein M 

AT4G28230 Unknown protein M 

AT4G31840 Plastocyanin-like domain-containing protein M 

AT5G13840 FZR3 (FIZZY-RELATED 3); signal transducer M 

AT5G15510 FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; 
EXPRESSED IN: 17 plant structures; EXPRESSED DURING: 7 growth stages; CONTAINS InterPro 
DOMAIN/s: Targeting for Xklp2 (InterPro:IPR009675); BEST Arabidopsis thaliana protein 

M 

AT5G16250 Unknown protein M 

AT5G25090 Plastocyanin-like domain-containing protein M 

AT5G45700 NLI interacting factor (NIF) family protein M 

AT5G51600 PLE (PLEIADE); microtubule binding M 

AT5G55520 INVOLVED IN: biological_process unknown; EXPRESSED IN: 15 plant structures; EXPRESSED 
DURING: 8 growth stages; CONTAINS InterPro DOMAIN/s: Kinesin-related (InterPro:IPR010544); 
BEST Arabidopsis thaliana protein match is: unknown protein (TAIR:AT4G26660.1) 

M 

AT5G66230 Unknown protein M 

Supplemental Table 3.2: Cell cycle regulation of genes grouped into cluster D after microarray 

analysis. The genes subdivided in cluster D, with an enrichment of cell cycle-related GO terms, were 

compared with their predicted cell cycle phase, according to Menges et al. (2003). Only 37 genes out 

of 45, with a specific cell cycle phase regulation are shown. 
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44..11  AAbbssttrraacctt  

 

The DNA damage checkpoint pathway is a highly conserved network present in 

animals, yeast and plants. It is regulated by two major kinases, ATM and ATR that 

are able to induce DNA repair, cell cycle arrest and if necessary the onset of 

apoptosis. Cell cycle arrest prevents propagation of the replication mistakes and 

point mutations to a daughter cell, and controls WEE1 and CDC25 through activation 

of the CHK1 kinase in yeast and animals. Because cell division needs to be inhibited 

as soon as DNA damage is detected, it needs a fast and direct response executed by 

a vast amount of protein interactions and posttranslational modifications (PTMs). 

Whereas many elements constituting the DNA damage pathways are already 

uncovered in  yeast and animals, nearly nothing is known about posttranslational cell 

cycle checkpoint control in plants. Here, we aimed to identify the posttranslational 

control of the Arabidopsis WEE1 protein. We demonstrate that two conserved 

regions within the regulatory domain of WEE1 hold a possible ATM/ATR 

phosphorylation site (SQ). These sites need to be phosphorylated for full activation of 

WEE1. Additionally, a third putative CDK-phosphorylation motif appears to inhibit 
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WEE1 activity, indicating that the feedback loop between WEE1 and CDKs described 

for yeast and animals might be conserved in plants. 
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44..22  IInnttrroodduuccttiioonn  

 

While nature provides plants with the nutrients and the energy needed for their 

development, the environment holds as well hidden dangers that can compromise 

the working of the plant cell or the whole organism. Chemical or biological 

compounds can cause temporary or permanent damage to the cell. Among these, 

e.g. heavy metals, replication defects, and oxidative stress can result into mutations 

into the genetic material. Although most mutations will not influence the cell’s 

functionality, some will, and their gradual accumulation during the organism’s life-

span will increase the chance of receiving a dysfunctional gene mutation over time. 

When a mutation is not recognized and repaired in time, this change will be 

permanent. 

Luckily, in every organism studied, cells have mechanisms to remove or alleviate the 

probability of receiving deleterious mutations. Mostly, cells will aim to repair the DNA 

damage, but sometimes cells immediately induce programmed cell death, thereby 

reducing the risk in propagation of the mutations. These actions are coordinated by 

the DNA damage response pathway, a protein interaction network that is responsible 

for sensing DNA-damage and activating the downstream responses including DNA-

repair, cell cycle arrest, or the induction of programmed cell death (Jackson and 

Bartek, 2009). Central in these pathways are the Ataxia telangiectasia mutated 

(ATM) and ATM and Rad3-related (ATR) protein kinases. These two proteins are 

activated upon DNA-damage and will phosphorylate a plethora of downstream 

targets to start the repair process (Bartek and Lukas, 2007). While the establishment 

of DNA repair appears to be the main event, it is as well essential to halt cell cycle 

progression immediately to prevent the spread of mutations to daughter cells. This is 

accomplished by activating cell cycle inhibitors, like p21 or WEE1, or inactivation of 

cell cycle activators, like CDC25. All of these impinge on the main controllers of the 

cell cycle, being the CDK/cyclin complexes (Malumbres and Barbacid, 2009). A fast 

cell cycle arrest is pivotal whenever DNA damage is sensed, which can be achieved 

most rapidly by posttranslational modifications of the proteins that control cell cycle 

progression. In yeast and animals, ATM/ATR will phosphorylate two downstream 
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kinases: Chk1 and Chk2. Dependent on the cell cycle phase the cell resides in at the 

moment of DNA damage, both kinases will phosphorylate either p53, thereby 

activating p21 and consequent CDK-inhibition, or the two antagonists WEE1 and 

CDC25 (Niida and Nakanishi, 2006). 

The interplay between WEE1 and CDC25 is an ancient mechanism controlling 

regular entry into mitosis, as seen in Schizosaccharomyces pombe yeast and 

animals. Both proteins target a conserved Tyr-15 on the mitosis-promoting factor 

(MPF), a protein complex consisting of a mitotic CDK and B-type cyclins. While 

WEE1 phosphorylates this substrate and as a result inhibits CDK-activity, CDC25 

antagonizes this reaction by dephosphorylating the tyrosine. Furthermore, CDC25 

phosphatase is also able to dephosphorylate Thr14, a substrate that is 

phosphorylated by a WEE1-like kinase, Myt1. Not surprisingly, the same mechanism 

is used to invoke a cell cycle arrest during DNA damage (Perry and Kornbluth, 2007).  

WEE1 and CDC25 are regulated at the posttranslational level by translocation, 

sequestration, and ubiquitination by the SCF-complex targeting them for protein 

degradation (Busino et al., 2003; Perry and Kornbluth, 2007; Enders, 2010). The 

phosphorylation of both proteins by CHK-kinases leads to an improved affinity for the 

14-3-3 protein (Peng et al., 1997; Sanchez et al., 1997; Zeng et al., 1998; Lee et al., 

2001; Chen et al., 2003). While for CDC25 this causes translocation to the cytoplasm 

and prevents transport to the nucleus (Kumagai and Dunphy, 1999; Lopez-Girona et 

al., 1999; Yang et al., 1999; Graves et al., 2001), the interaction with WEE1 

enhances the ability of the protein to phosphorylate Cdc2/Cyclin B (Lee et al., 2001; 

Rothblum-Oviatt et al., 2001). Polo-like kinases (PLK) essentially do the reverse 

process and promote the mitotic switch by activating and translocating CDC25 to the 

nucleus and inhibiting the WEE1 kinase (Kumagai and Dunphy, 1996; Descombes 

and Nigg, 1998; Toyoshima-Morimoto et al., 2002; Bahassi el et al., 2004; Watanabe 

et al., 2004; Asano et al., 2005; Watanabe et al., 2005). Furthermore, a feedback 

loop exists between mitotic CDKs and the two proteins. While in general, the activity 

of CDKs on both proteins promotes the entry into mitosis by inhibiting WEE1 and 

activating CDC25 (Perry and Kornbluth, 2007), it has also been shown that in 

Saccharomyces cerevesiae the mitotic Cdk1 is able to activate Swe1 (yeast WEE1 

homolog) (Harvey et al., 2005). Besides the control of WEE1 and CDC25 by mitotic 
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CDKs, evidence is accumulating that the two antagonists are also regulated by S- or 

G2-phase specific CDK/cyclin complexes (Enders, 2010).  

The strong connection between CDC25 and WEE1 and need for a strong regulatory 

control of mitosis is illustrated by their regulation by the same proteins, but with 

opposing results on activity. However, WEE1 also seems to have some interactors 

that appear to act only on WEE1. In both S. cerevisiae as Xenopus laevis, it was 

shown that Hsl7 inhibits its activity (McMillan et al., 1999; Yamada et al., 2004). In S. 

pombe, WEE1 is counteracted by Cdr1 and Cdr2 phosphorylation, antagonizing the 

action of Chk1 (Calonge and O'Connell, 2006). Not only the action of kinases and 

phosphatases regulates WEE1: recently it was shown in S. cerevisiae that WEE1 is 

targeted for degradation by SUMOylation (Simpson-Lavy and Brandeis, 2010).  

The role of WEE1 and CDC25 appears to be different in plants, compared to other 

organisms. In Arabidopsis thaliana, the WEE1 protein is not essential for normal cell 

cycle progression and has a strict function upon DNA-stress (De Schutter et al., 

2007). The lack of a functional WEE1 leads to problems during S-phase upon 

replication stress, compromising meristematic function, and eventually leading to a 

strong growth retardation and meristematic cell death (De Schutter et al., 2007; 

Chapter 3). The altered functionality for WEE1 in plants is also exemplified by the 

lack of a functional CDC25 (Boudolf et al., 2006; Dissmeyer et al., 2009; Dissmeyer 

et al., 2010).  

The transcriptional upregulation of WEE1 upon DNA-stress is dependent on ATM or 

ATR (De Schutter et al., 2007). Currently, however, nothing is known about its 

posttranslational regulation. Likely targets, like functional homologues of the CHK 

and Polo kinases, are missing from the plant genomes or remain unidentified. 

Consequently, the posttranslational regulation of the Arabidopsis WEE1 protein was 

investigated in this chapter. We identified three serine residues that contributed to the 

posttranslational control of WEE1 activity. Interestingly two of these show similarity 

with ATM/ATR binding sites, indicating that in plants WEE1 is possibly directly 

controlled by the two main kinases in the DNA damage checkpoint. 
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44..33  RReessuullttss  

 

The WEE1 regulatory domain is highly conserved among plants 

The WEE1 kinase consists out of two different domains. A regulatory domain is 

located on the N-terminal side of the protein, followed by a C-terminally located 

kinase domain (Sorrell et al., 2002). To detect potential control sites within the plant 

WEE1 protein, a multiple sequence alignment of WEE1 homologues of higher plants 

was performed with the aid of Plaza (Proost et al., 2009). It appeared that strongly 

conserved regions exist in the regulatory domain of the WEE1 protein, apart from the 

kinase domain that generally is highly preserved among all kinases (Figure 4.1). 

These regions were plant-specific, as sequence alignment with animal, Drosophila 

and yeast WEE1 did not reveal any sequence similarity (data not shown). Inside the 

regulatory domain, there were 4 different zones that showed a very strong 

conservation. The first region comprises residues 92-107 in Arabidopsis thaliana. 

Close by is the second region holding residues 125-131. The third region is a larger 

and highly conserved domain, and spans amino acids 188 until 211. The final zone 

starts at residue 241 and advances into the conserved kinase domain. To identify 

potential protein phosphorylation sites, we queried the Arabidopsis WEE1 protein 

sequence in ScanSite, a website that searches for motifs within protein sequences 

that are likely to be phosphorylated or bind to specific domains (Obenauer et al., 

2003). Although the interaction data is based on mammalian protein information, we 

used this tool due to the lack of similar instruments for plant research. A high 

stringency search with ScanSite revealed a potential ATM/ATR phosphorylation site 

on Ser95. Moreover, the sequence of the WEE1 protein contained a second 

phosphorylation site (Ser190), characterized by the typical SQ phosphorylation motif 

for ATM/ATR (Kim et al., 1999; O'Neill et al., 2000). Although ScanSite did not 

identify this motif, it was located in the strongly conserved third region of the 

regulatory domain. For these reasons, the two serine residues were selected as 

potential phosphorylation sites in WEE1. 
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When repeating the ScanSite search at a medium stringency level, a conserved 

serine residue (Ser128) among the plant WEE1 proteins was detected as a potential 

CDK phosphorylation site. As CDKs are intimately linked with the WEE1 protein, and 

CDKs in their turn can control WEE1 activity, the amino acid was considered as an 

interesting candidate for our study. Also, when the scan was repeated at a lower 

stringency, the same site was also identified as a potential MAP kinase 

phosphorylation site. Despite other phosphorylation sites being identified within the 

sequence of Arabidopsis WEE1, these were not conserved among the different plant 

WEE1 kinases. 

 

Prediction of protein binding regions in disordered proteins (ANCHOR) 

Protein disorder is a characteristic that indicates whether a certain protein contains 

regions that have no single folding state, but instead can switch into multiple 

structures or confirmations. Proteins involved in regulation, transcription and 

development are regularly disordered proteins. In contrast, proteins with catalytic 

 

Figure 4.1: Multiple Sequence Alignment of the N-terminal domain of the WEE1 protein in 

higher plants. Only the three conserved regions, with a putative phosphorylation site are shown. 

The number above the alignment corresponds with the position of the conserved serine in the 

Arabidopsis thaliana WEE1 kinase. 
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activity, transport or membrane localization are mostly ordered and need a single 

folded structure for their function (Haynes et al., 2006). The biological significance of 

disordered proteins is that due to the higher number of conformational states, the 

binding with potential interaction partners is facilitated without increasing in protein 

size (Gunasekaran et al., 2003). Interestingly, organized regions in larger 

disorganized domains have been identified as potential functional regions (Mohan et 

al., 2006). Therefore, the protein sequence of WEE1 was analyzed with PONDR-FIT 

(Xue et al., 2010), a predictor of protein disorder (Figure 4.2). With this method, the 2 

parts of the Arabidopsis WEE1 protein could be detected: the largely disordered 

regulatory domain of the protein, located N-terminally, followed by the largely ordered 

kinase domain located at the C-terminal side (Figure 4.2A). A further close-up of the 

regulatory domain of the protein revealed that this region also contains some small 

ordered parts, potentially indicating functional regions (Figure 4.2B). Interestingly, the 

first ordered region started around residue 90, and contained the first potential SQ-

phosphorylation site (Ser95). This region advances into a slightly less ordered region 

where the potential CDK-phosphorylation is located. Ser190, the third potential 

phosphorylation site, was located in another region with predicted protein ordering. 

These results again indicated that the chosen sites could indeed be interesting 

targets for protein control.  

Another method, similarly based on protein disorder prediction, allows checking for 

potential protein binding regions. The program looks for protein sequences that 

cannot form enough favorable intrachain interactions, but have the capability to gain 

energetically by interacting with a globular protein (Dosztanyi et al., 2009; Meszaros 

et al., 2009). With this method, the 2 conserved regions containing the ATM/ATR-

sites had a high probability of being a protein-binding site (Figure 4.3). In addition, 

these predicted regions had a strong overlap with the conserved regions in plant 

WEE1 (binding region 1: 91-104 and region 2: 188-201), again emphasizing the 

importance of these particular regions. 
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Figure 4.2: Prediction of protein disorder of Arabidopsis WEE1. (A) Upper graph represents 

protein prediction of the complete protein, with the ordered catalytic domain starting from residue 

241. The 3 strongly conserved domains are indicated by an arrow (B) Lower graph shows a 

zoomed-in image of the protein prediction of the regulatory domain solely. Notably are the 

increased levels of order around the conserved sites and potential regulatory sites (red lines). 
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Generation of mutants in the potential phosphorylation sites in the regulatory 

domain of WEE1 

Our goal was to identify the residues that were necessary to complement the root 

growth phenotype of WEE1KO plants growing under replication stress, and to assess 

the reason of their importance. Therefore, mutations were made in the 3 identified 

phosphorylation sites of the WEE1 protein ( 

Table 4.1). The 3 chosen sites all contained a serine (S) residue as a substrate. This 

way, the wild-type gene is designated as WEE1_SSS, where the first S corresponds 

to Ser95, the second S to Ser128 and the third S to Ser190. Whenever residues 

were mutated, the corresponding letter was changed to the residue it was converted 

into (alanine (A), aspartate (D): e.g. WEE1_ADS). This nomenclature was used 

throughout the chapter. 

 

 

 

Figure 4.3: In silico prediction of protein binding sites in disorder proteins with ANCHOR. 

The complete WEE1 sequence was tested for potential binding sites. Strikingly, the two potential 

ATM/ATR sites at Ser95 and Ser190 (indicated by a red arrow) both had a very good prediction for 

being protein binding sites. 
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Generated Constructs 

Ser95 Ser128 Ser190 Ser95 Ser128 Ser190 

S S S A D S 

A S S A S A 

S A S S A A 

S D S S D A 

S S A A A A 

A A S A D A 

 

Table 4.1: Overview of the 12 different phosphomutants in this work. The 3 corresponding sites 

are shown above each column. ―A‖ represents a mutation of ―S‖ to alanine, and ―D‖ to aspartate. 

 

Because both CDK and ATM/ATR are protein kinases, the serines were mutated to 

investigate control by phosphorylation. This can be done in two different ways: 

mutation to alanine (A) corresponds to a permanent dephosphorylation of the site, 

whereas aspartate (D) mimics a permanent phosphorylation. To reduce the amount 

of possible combinations, the phosphorylation sites of ATM/ATR (Ser95/Ser190) 

were mutated to alanine only. Because ATM and ATR are kinases that are active in 

times of DNA-damage, it was hypothesized that they would activate the WEE1 kinase 

by phosphorylation and therefore inhibiting cell cycle progression. In this view, a 

permanent phosphorylation on these sites would lead to a permanently active WEE1, 

and as a result would strongly compromise growth (De Schutter et al., 2007).  

The generated WEE1 phosphomutants were fused to a GFP gene, allowing the study 

of protein stability and localization, and were put under control of the endogenous 

WEE1 promoter to ensure the same regulation of the gene as in normal WT plants. 

Once the constructs were generated, they were transformed into a WEE1KO-

background.  
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Growth complementation study 

WEE1KO-plants growing on HU have 2 obvious phenotypes: a strong root growth 

reduction measurable after 2 days of replication stress, and vascular cell death 

discernible after 10 hours on the drug (De Schutter et al., 2007; Chapter 3). The 

easiest and fastest way to check the large amount of mutant lines was to transfer 

them to HU and measure the growth rate. This method offers a measurable way to 

distinguish between different gradations in the complementation potential of the 

WEE1 constructs. Second generation transformants were used for this root growth 

analysis, and for each construct 5-10 independent lines were used being 

homozygous/heterozygous for only one T-DNA construct. To measure the capacity of 

different alleles to substitute for wild type WEE1, root growth of plants was measured 

2-4 after transfer to HU, corresponding to the time frame during which WEE1KO 

plants show the strongest growth phenotype. To remove the variability between 

plates and experiments, the obtained results were normalized to Col-0 (=1 - Full 

complementation) and untransformed WEE1KO (=0 - No complementation) plants 

grown on the same media. To distinguish between plants that could partially 

complement the phenotype and those that were unable to do so, a confidence 

interval was created that depended on the average growth of WEE1KO-plants grown 

on the same plates. Plants were considered to be showing a degree of 

complementation whenever they exceeded the 95% confidence interval. Only the 

lines for which more than 50% of the plants had a statistical better growth than 

WEE1KO were considered to be complementing lines. With the use of these criteria, it 

appeared that the construct with the most complementing lines was WEE1_SDS, 

with 83.3% (5/6) of the lines showing a reduced HU-hypersensitivity compared to 

WEE1KO plants (Figure 4.4). For the control construct (GFP-WEE1_SSS), 50% (4/8) 

of the lines had improved growth on HU, showing that some degree of variation can 

occur in the success rate of the complementation, likely related to the expression 

level of the transgene. For three WEE1 alleles, we failed to identify complementing 

lines. Interestingly, all 3 of them were strongly mutated: WEE1_AAA (0/10), 

WEE1_ADA (0/7) and WEE1_SDA (0/5). 
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Whereas the percentage of complementing lines gives an idea whether a construct 

can complement the phenotype, it gives no information about the strength of the 

complementation. To assess this, the growth between day 2 and day 4 of the plants 

belonging to a certain line after transfer to HU was averaged. Here, the average 

growth of the non-mutated version, WEE1_SSS, was in between the average growth 

of WEE1KO and wild type plants (Figure 4.5A). The best growing WEE1_SSS line 

came very close to WT plants, as seen in the graph with the best growing lines per 

construct (Figure 4.5B). The next 3 constructs, SSA, SAS and AAS had a slightly 

worse average growth (34% complementation), but especially for the SSA construct, 

we still could find a quite strong complementing line (62%). 

The lines with the worst reversion of the phenotype were naturally the constructs for 

which no complementation could be detected. It is, however, striking that either the 

mutation of the potential CDK phosphorylation-site to Asp or both the potential 

ATM/ATR phosphorylation sites to Ala strongly reduced the capacity to invoke a 

normal response to the replication stress. This result indicates that possibly two 

processes govern the activity of the WEE1 protein: the phosphorylation and 

 

Figure 4.4: Overview of the percentage of lines per construct that could partially complement 

the WEE1
KO

 phenotype when grown on HU. No complementation was found for lines with a 

SDA, ADA or AAA construct (n = 5-10). 
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dephosphorylation on the potential CDK phosphorylation sites, and the control of the 

phosphorylation status of both ATM/ATR-interaction sites. 

 

 

 

 

Figure 4.5: Upper graph represents the average complementation of the different constructs. 

Only lines with complementation were taken into account. To compensate for plate differences, 

results were normalized so that the average growth of wild type plants equals 1 and the average 

growth of WEE1
KO

 equals 0. Lower graph, represents the value of the best complementing line per 

allele. 
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GFP-WEE1 phosphomutants and their complementation 

Because the different WEE1 phosphomutants were N-terminally fused to a GFP 

protein, it was possible to observe the intracellular localization and stabilization of the 

WEE1 protein. Inactivation of the WEE1 protein could be fulfilled by translocation to 

the cytoplasm or by degradation of the molecule. We therefore tested the different 

constructs for the nuclear localization of the WEE1 protein, when meanwhile we also 

assessed the cell death phenotype noticeable in the vascular tissue of WEE1KO-plant 

after transfer to HU. First we checked the 4 different WEE1_SSS-lines that showed a 

complementation when grown on HU (Figure 4.6, Figure 4.7). The strength of the 

GFP-signal in the root meristem differed in each line but correlated with the degree of 

complementation (data not shown), with the line with the best complementation 

(WEE1_SSS_8) showing the brightest GFP fluorescence 24h after transfer to 

medium supplemented with 2mM HU (Figure 4.6). WEE1 was most prominent in the 

vascular meristem, but could also be detected in other cell layers in the cells that 

were closely located to the quiescent center. The GFP-signal was discernible in the 

root meristem but could also be seen in the mature vascular tissue, corresponding to 

the observed transcription pattern(De Schutter et al., 2007). 

Next, constructs with poor or no complementation were compared with the 

WEE1_SSS_8 line. Constructs with similar GFP fluorescence were used for 

comparison with the control construct (Figure 4.6). This allowed studying whether the 

mutated proteins still had the same localization (nucleus/cell types). The two 

constructs with 3 mutated residues, WEE1_AAA and WEE1_ADA were selected for 

analysis, because no complementing lines were retrieved for both phosphomutants. 

In addition, the lines of the 2 constructs where either the serine residues of the 

ATM/ATR positions were mutated (WEE1_ASA), or where the CDK-site was 

permanently phosphorylated (WEE1_SDS) were included. This way, the existence of 

a differential regulation on the protein level by either CDK or ATM/ATR could be 

investigated. 

For 3 different constructs (ADA, ASA, SDS), we retrieved lines with comparable or 

even increased GFP-levels compared to wild type construct of WEE1, in contrast to  
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Figure 4.6: Confocal microscopy of different WEE1 phosphomutant lines grown for 24h on 

2mM HU. Roots were also stained with PI to visualize cell walls and cell death. On the upper row, 

the normal WEE1
KO

 phenotype on HU is visible (right), and the best complementing line with the 

wild type construct (WEE1_SSS) (left). Further on, from top to bottom are visible: WEE1_ADA, 

WEE1_AAA, WEE1_ASA and WEE1_SDS. For each construct, the lines with the best GFP 

expression and most similar to WEE1_SSS were chosen. 



 Posttranslational control of WEE1 

 

- 125 - 

 

WEE1_AAA, that generally showed a lower GFP-expression. Localization of the 

WEE1 protein in the different constructs appeared similar, being preferentially 

localized in the vascular meristem and contained within the nucleus. The low levels of 

WEE1_AAA might indicate problems with protein stabilization, although this needs 

quantification at the transcript level. For the other constructs, WEE1 levels were 

 

Figure 4.7: PI-staining of different WEE1 phosphomutant constructs grown for 24 h on 2mM 

HU. This image is the same image as Figure 4.6 but without the GFP, to get an optimal view of the 

cell death phenotype in the root meristem of the plants. 
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similar or even higher, so their inability to complement the WEE1KO line phenotype 

likely originates from reduced activity of the protein. 

Because cell death is one of the hallmarks of the WEE1KO-phenotype in the root 

meristem when grown under replication stress, the roots were simultaneously stained 

with propidium iodide to measure the extent of this phenotype (Figure 4.7). While the 

WEE1_ADA constructs had a strong cell death phenotype comparable to that of the 

regular mutants, WEE1_AAA plants showed a noticeable reduction in cell death 

despite their lower levels of WEE1 and the lack of growth complementation. A further 

decrease of this phenotype was visible in the WEE1_ASA lines. WEE1_SDS plants, 

which have a better growth of the main root than WEE1_ASA plants, only showed a 

few death cells. Nevertheless, WEE1_AAA, WEE1_ASA and WEE1_SDS constructs 

exhibited a strong growth reduction, implying that cell death in the vascular meristem 

might not be the main cause of the hypersensitive root growth in WEE1KO.  

 

WEE1 needs kinase activity to exert its function  

Previously, CDKA;1 had been identified as a target of WEE1 during replication 

stress, where phosphorylation on the conserved Tyr-15 residue was shown during 

replication stress conditions (De Schutter et al., 2007). However, more recently it was 

shown that this phosphorylation was dispensable for the response to replication 

stress, because plants bearing a mutated CDKA;1, mimicking permanently 

dephosphorylated Thr-14 and Tyr-15 residues, were not hypersensitive to HU 

(Dissmeyer et al., 2009). It is therefore possible that CDKA;1 is not the only target of 

WEE1, and that other plant CDKs might be modulated by the kinase upon DNA-

stress.  

Because the phosphorylation of CDKA;1 by WEE1 is seemingly unimportant for the 

DNA stress checkpoint, it had been suggested that WEE1 could inhibit CDKA;1 by 

stoichiometrically interacting with the CDK. The observed phosphorylation would then 

be nothing more than an ancient remnant, with no further function (De Schutter et al., 

2007; Dissmeyer et al., 2009). However, the WEE1 kinase domain in Arabidopsis is 

highly conserved and the typical and essential amino acids that cover 

phosphorylation activity are still present (Dissmeyer et al., 2010). To investigate 
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whether the kinase activity of the WEE1 protein is necessary to invoke a proper DNA-

stress response, we decided to test WEE1 mutants with a defective kinase domain. 

For this approach, two different mutant WEE1 alleles were constructed. First, a lysine 

located on position 278 in the protein sequence was mutated to proline. This 

essential residue is necessary for binding and stabilization of the cofactor ATP to the 

kinase domain. By mutating this residue in the WEE1 protein (WEE1_K278P), kinase 

activity will be strongly reduced as ATP association is hampered (McMillan et al., 

1999). In addition, a second construct was made where the strongly conserved 

aspartate at position 389 was mutated to asparagine (WEE1_D389N). This aspartate 

is also necessary for ATP binding and it has been proven before that a mutation in 

this residue leads to an inactive kinase (Mendenhall et al., 1988; van den Heuvel and 

Harlow, 1993; Hemerly et al., 1995; Leiva-Neto et al., 2004). The two mutant alleles 

of WEE1 (WEE1_K278P and WEE1_D389N), together with the wild type WEE1 gene 

were fused to the promoter of WEE1. The 3 different constructs were transformed in 

a WEE1KO background and growth after transfer to HU was measured to assess their 

ability to reduce the hypersensitivity of the WEE1KO mutant to replication stress. 

When WEE1K0-lines were transformed with a non-mutated version of WEE1, it was 

possible to obtain plants with a reduced HU hypersensitivity for 50% (10/20) of the 

lines. This was visible by an improved growth of the main root and an enhanced 

development of the lateral roots on HU compared to WEE1KO-plants (Figure 4.8). The 

lateral roots were less stunted and showed a reduced root hair formation. However, 

in the case of both WEE1 kinase dead constructs, none of the lines (0/20) showed an 

improved growth of the main root compared to the untransformed WEE1KO-plants. 

Lateral roots showed the same extended root hair formation and reduced size as 

observed in WEE1KO.  

In addition, no reversal of the cell death phenotype in the kinase dead mutants 

treated with HU could be observed (Figure 4.9), indicating that even on a cellular 

level no signs of complementation could be detected. The fact that a mutation in one 

of the essential residues for kinase activity is unable to complement the WEE1KO 

phenotype means that WEE1 kinase activity is essential to execute its function in the 

DNA damage checkpoint. 
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Figure 4.9: WEE1 kinase dead mutants exhibit cell death upon replication stress. To assess 

whether the presence of a kinase dead version of WEE1 could complement the WEE1
KO 

phenotype, plants were treated for 24 h with HU. From left to right the are visible: Col-0, WEE1
KO

, 

WEE1_ORF in WEE1
KO

, WEE1_K278P in WEE1
KO

 and WEE1_D389N in WEE1
KO

. Cell death in 

WEE1_K278P and WEE1_D389N resembled that of WEE1
KO

 plants; complementation with a WT 

WEE1 version relieves the phenotype of WEE1
KO 

and resembles Col-0. 

 

Figure 4.8: WEE1 kinase dead mutants fail to complement the growth phenotype of WEE1
KO

 

plants. The growth of these plants on 1mM was followed for 4 days. From left to right: Col-0, 

WEE1
KO

, WEE1_ORF, WEE1_K278P, WEE1_D389N. While growth was again improved in 

WEE1_ORF on HU compared to WEE1
KO

 plants, was this not observable in plants bearing one of 

the kinase dead mutations (WEE1_K278P, WEE1_D389N). 
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44..44  DDiissccuussssiioonn  

 

Conserved plant-specific sites are controlling the activity of Arabidopsis WEE1 

upon replication stress 

Three different sites located in the regulatory domain of WEE1 in plants are needed 

for the activity of the kinase during replication stress. These sites were positioned in 

regions that were detected by their strong conservation among higher plant WEE1 

proteins. Moreover, two out of three regions were predicted as being potential protein 

binding sites. These binding sites contained a conserved ATM/ATR phosphorylation 

motif (SQ), of which the region that includes Ser95 was also predicted to be 

phosphorylated by ATM/ATR according to ScanSite (Obenauer et al., 2003). The 

other conserved region possessed a CDK phosphorylation motif. Consequently, the 

three motifs were mutated and all seem to contribute for some extent to the activity of 

the WEE1 protein. 

Mimicking a permanent dephosphorylation on the ATM/ATR sites Ser95 and Ser190 

(WEE1_ASA) strongly reduced the possibility to complement the WEE1KO 

phenotype. Although both sites contribute to this effect, the mutation of Ser95 

seemed to invoke a stronger reaction than changing Ser190 to alanine. The 

presence of the SQ motifs, and the observed effects of their mutation on WEE1 

activity, suggests that ATM/ATR might directly control WEE1. In yeast and animals, 

no direct control of either CDC25 or WEE1 by the main checkpoint kinases has been 

demonstrated. Rather ATM and ATR control CDC25 and WEE1 indirectly through the 

CHK-kinases (Niida and Nakanishi, 2006; Bartek and Lukas, 2007; Harper and 

Elledge, 2007; Stracker et al., 2009). Although in plants no direct interaction between 

WEE1 and either ATM or ATR has been shown before, the possibility of a direct 

regulation would explain why the CHK-kinases are missing from the plant genomes 

(Cools and De Veylder, 2009). We can, however, not exclude the possibility that one 

or both Ser residues could be controlled by a plant-specific yet to be discovered 

protein kinase that has taken over the role of CHK-kinases in controlling WEE1. 
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The other putative regulatory site is the potential CDK phosphorylation site Ser128. 

Mimicking a permanent phosphorylation on this residue strongly jeopardizes WEE1 

activity, because an S128D mutation reduces the potential to complement the root 

phenotype of the different constructs carrying this mutation. Taking the cell death 

assays into account, it appears that Ser128 phosphorylation causes inactivity of the 

WEE1 protein, because WEE1_ADA suffered more from cell death compared to 

WEE1_AAA and strongly resembled the WEE1KO phenotype. In this view an S128A 

mutation would be beneficiary for the activity of the WEE1 protein. However, mutating 

Ser128 to alanine didn't yield the expected rescue of growth of the WEE1KO plants, 

as one would expect. This suggests that the control of the phosphorylation status on 

this residue, either positive or negative, is important for plant growth on HU and that a 

permanently activated WEE1 is disadvantageous for cell division, because the 

protein needs proper inactivation to resume the cell cycle after the DNA damage is 

removed. The hypothesis is supported by the observation that WEE1_AAA appears 

to accumulate less strongly than the other WEE1 mutants. Although it cannot yet be 

excluded that this reduced accumulation in protein is caused by reduced protein 

stability, lower GFP-levels can also be explained if an S128A would cause 

constitutive activation of the WEE1 protein. In this case, it is possible that plants with 

too high levels of WEE1_AAA, might have problems growing or might not pass the 

complementation criteria set forward due to increased inhibition of the CDKs. 

Inactivation of WEE1 by CDKs through a positive feedback loop is seen in animals 

and yeast and would fit with the inhibiting phosphorylation on Ser128 (Perry and 

Kornbluth, 2007; Enders, 2010). However, a search at lower stringency with ScanSite 

on the protein sequence of WEE1 revealed that the same site could also be 

susceptible to MAP kinase phosphorylation. MAP kinases pathways are widespread 

signaling cascades that affect a variety of processes in response to internal and 

external stimuli. In plants, several MAP kinases and their inhibiting phosphatases 

were implicated before in biotic and abiotic stress responses and resistance (Bartels 

et al., 2009).  Moreover, it has been shown that MAP signaling is necessary to fulfill 

several cell cycle related processes in plants (Rodriguez et al., 2010), likewise a MAP 

cascade might phosphorylate WEE1 to force cell cycle progression or resume cell 

cycle after an arrest. 
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The targets of WEE1 

The main target of the WEE1 protein in yeast and animals are the mitotic CDKs, 

preventing entry into mitosis. Recently, however, two new targets were identified. In 

Drosophila, WEE1 phosphorylates the Kinesin-5 motors that preserve mitotic spindle 

stability (Garcia et al., 2009). Additionally, in yeast and probably also in humans, 

WEE1 phosphorylates Hsp90, a chaperoning protein that aids in the activation and 

stability of several proteins, including WEE1 itself (Mollapour et al., 2010). In 

Arabidopsis, P-loop phosphorylation and inhibition of CDKA;1 is not essential to react 

to replication stress, as plants with a non-phosphorylatable CDKA;1 were not 

hypersensitive to HU. However, plants with a permanent phosphorylation of CDKA;1 

in the P-loop had strong proliferation defects, indicating that the inactivating 

phosphorylation mechanism is still present (Dissmeyer et al., 2009). We showed here 

that the kinase activity of the WEE1 protein is necessary to invoke an appropriate cell 

cycle response to replication stress. Furthermore, the inability of  kinase-death 

versions of WEE1 to complement the WEE1KO phenotype refutes the suggestion that 

the physical interaction of WEE1 with CDKA;1 could be sufficient to inhibit the activity 

of the CDK. It either means that CDKA;1 is not the main target of WEE1, or that 

redundant mechanisms or CDKs exist that operate together to reduce cell cycle 

activity upon replication stress. The idea that CDKA;1 is not the sole target of WEE1 

in plants is substantiated by the observed in vitro phosphorylation of CAKs by WEE1 

(Shimotohno et al., 2006). Additional possible alternative targets of WEE1 are the 

plant specific B-type CDKs. Because WEE1 has a specific function during S-phase 

upon replication stress (Chapter 3), especially CDKB1;1 could be an interesting 

target, as the protein accumulates from late S-phase onwards (Porceddu et al., 2001; 

Sorrell et al., 2001; Cools et al., 2010). 

 

Cell death in WEE1KO is not the main cause of their growth retardation on 

replication stress 

Vascular cell death in the root meristem is one of the consequences of growing in the 

presence of replication stress when no functional WEE1 is available. This phenotype 

is associated with a premature onset of vascular differentiation, where programmed 
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cell death is part of the maturation process (Chapter 3). Furthermore, growth is 

severely reduced in these plants when growing upon the same conditions (De 

Schutter et al., 2007). While it is tempting to associate the growth reduction to the 

occurrence of vascular cell death, it appears that suppression of the cell death 

phenotype, as observed for the WEE1_SDS allele, does not restore root growth in 

the presence of HU. It indicates that low levels of WEE1 activity are sufficient for 

reversal of the vascular cell death phenotype, but that full WEE1 activity is required 

for normal root growth. It further suggests that the cell death phenotype observed in 

WEE1KO could be a secondary effect that appears when WEE1 activity doesn't 

exceed a certain threshold. The source of the growth inhibition observed in WEE1KO 

most likely primarily results from the increased cell cycle duration upon HU stress 

(Chapter 3), not only in the vascular cells, but in all root tissues. Because HU induces 

a prolonged S-phase in WEE1KO plants, the increased cell cycle duration will cause a 

reduced meristematic cell production rate, affecting meristem size, and eventually the 

root growth rate. 

 

Hypothetical action of the WEE1 signaling cascade 

Whereas the WEE1 kinase domain is conserved among all eukaryotes, its regulatory 

domain shows little or no sequence similarity to WEE1 versions in non-plant species 

(Dissmeyer et al., 2010). Plant WEE1 proteins apparently evolved a unique 

regulatory domain, concomitant with the establishment of plant-specific regulatory 

mechanisms, including the potentially direct control through ATM/ATR, opposed to 

yeast and animals where CHK-kinases first integrate the activation signal by 

ATM/ATR to eventually activate WEE1. It was hypothesized before that the loss of 

CDC25 during evolution might be related to the appearance of the B-type CDKs in 

plant species (Boudolf et al., 2006). Similarly, the loss of CDC25 and other CHK 

substrates like p53 might have made the CHK-kinase redundant.  

At first sight, the DNA damage pathway in plants appears to be a slim version of the 

network that is functional in yeast and animals. However, our knowledge on the plant-

specific controllers of the DNA damage checkpoint, including the identification of 

SOG1 and SIAMESE related genes (Peres et al., 2007; Yoshiyama et al., 2009; 
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Furukawa et al., 2010), is only just starting to grow and might reveal a just as 

complex control network in the end as observed in other organisms. 

 

 

 

Figure 4.10: Overview of the post-transcriptional control of WEE1 in the DNA damage 

pathway in yeast and animals (A), and a hypothetical overview in plants (B).  
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44..55  MMaatteerriiaallss  &&  MMeetthhooddss  

 

Plant materials and Growth conditions 

Arabidopsis thaliana (L.) Heyhn. plants (ecotype Columbia-0 or Col-0) were grown in 

vitro vertically under long-day conditions (16 h light, 8 h darkness) at 21°C on half-

strength Murashige and Skoog (2.151 g/L) (Duchefa), 10 g/L sucrose, 0.5 g/L MES, pH 

5.7 adjusted with 1 M KOH, 10 g/L agar). For HU treatments, plants were grown for 7 

days (2 days of germination, 5 days of growth) on control medium and then transferred 

either to new control medium or hydroxyurea (HU)-containing media (Sigma-Aldrich). 

The HU concentration used was 1 mM, unless stated otherwise. 

 

Generation of WEE1 mutant constructs 

For the creation of the WEE1 phosphomutant constructs, a WEE1 ORF was cloned 

into a pDONR P2RP3 vector via a BP reaction with the GATEWAY Technology 

(Invitrogen). After confirming the sequence, this vector was used as a template to 

create the mutated sites, by mutation PCR. This PCR was performed with Pfu at a 

lowered elongation temperature (68°C instead of 72°C) to allow the bypass of the non-

matching base pairs. Primers were designed this way that they flanked the mutation 

from each side with 20 base pairs. During the PCR, the complete plasmid was copied. 

After mutational PCR, a restriction digest was executed with DpnI, a high-frequent 

cutter that specifically digests methylated DNA (5'-GmeA---TC-3'). This way it is 

possible to distinguish between the non-mutated plasmids still present in the DNA mix 

and the mutated plasmid created by PCR, as the original plasmids contain methylated 

DNA due to multiplication in E. coli.  

After mutation the sequenced WEE1 constructs in pDONR P2RP3  were fused inside a 

pK7m34GW destination vector (Karimi et al., 2005) with the 1kb endogenous promoter 

of WEE1, located in pDONR P4P1R, and GFP in pDONR221 with MultiSite Gateway 

Three-Fragment Vector Construction Kit (Invitrogen) to create a PWEE1:GFP-WEE1 

construct.  
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Similarly, the kinase dead mutants WEE1_K278P and WEE1_D389N were mutated 

with mutation PCR. They were however transformated in a pDONR221 vector and 

fused inside a pK7m24GW destination vector (Karimi et al., 2005) with the 600bp 

promoter of WEE1, located in a pDONR P4P1R vector, to create a PWEE1:WEE1 

construct. 

After transformation of the constructs to Agrobacterium tumefaciens, WEE1KO plants 

were transformated by floral dip (Clough and Bent, 1998). Kanamycin-resistant plants 

were selected and analyzed for their ability to complement the WEE1KO  phenotype on 

HU.  

The primers sequences used for the making the different mutations are: S95A (Fwd: 

GAGAGAAGGACTTTATTCTTGCCCAAGACTTCTTCTGCACACC - Rev: 

GGTGTGCAGAAGAAGTCTTGGGCAAGAATAAAGTCCTTCTCTC), S128A (Fwd: 

ATCATTCTCCATGTCCTAGGGCTCCTGTTAAACTAAATACAGT - Rev: 

ACTGTATTTAGTTTAACAGGAGCCCTAGGACATGGAGAATGAT), S128D (Fwd: 

ATCATTCTCCATGTCCTAGGGATCCTGTTAAACTAAATACAGT - Rev: 

ACTGTATTTAGTTTAACAGGATCCCTAGGACATGGAGAATGAT), S190A (Fwd: 

CAGAGAGGACTGGATACGTTGCACAGGCTGCAGTTGCTCTGCG - Rev: 

CGCAGAGCAACTGCAGCCTGTGCAACGTATCCAGTCCTCTCTG), K278P (Fwd: 

ACGGTTGCCTATATGCTGTGCCACACAGCACAAGAAAGTTGTA - Rev: 

TACAACTTTCTTGTGCTGTGTGGCACAGCATATAGGCAACCGT), D389N (Fwd: 

ACGGTGTTTGCAAGCTTGGTAACTTTGGTTGTGCCACACGATT - Rev: 

AATCGTGTGGCACAACCAAAGTTACCAAGCTTGCAAACACCGT). 

 

Confocal Microscopy 

Plants used for confocal microscopy were analyzed with either LSM 510 or LSM 5 

exciter confocal microscopes (Zeiss). Plants were stained for 2 min in a 10 µM PI 

solution (Sigma-Aldrich). Afterwards the fluorescence of PI together with GFP, if 

applicable, were visualized. 
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Growth measurements and complementation 

To measure growth rate and hypersensitivity of plants on HU, the plants were 

transferred to HU (TP = 0h). The total root growth is followed after 2 days until 4 days 

on HU. To assess whether plants were complementing compared to WEE1KO, the 

growth of the mutant during this period was averaged and the standard deviation was 

calculated.   Plants were considered complementing whenever they exceeded the 95% 

confidence interval of being a WEE1KO mutant. Whenever more than 50% of the tested 

plants of a given construct complemented the phenotype, the construct was 

considered to be complementing. To correct for plate differences, the measured plants 

were normalized by the average growth of WT and WEE1KO plants by the formula y = 

(x - GEM.WEE1KO)/ (GEM.WT - GEM.WEE1KO). This way a complete reversal of the 

phenotype equals 1, growth like a WEE1KO mutant equals 0 
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The biological importance of replication stress 

DNA replication is one of the most crucial processes during the cell cycle: a proper 

duplication of the DNA is needed to ensure cell functionality. However, it is also a 

time where the DNA is most vulnerable to modifications and damage, since it lacks 

protection of proteins within the heterochromatin. The necessity for a functional DNA 

stress checkpoint in mammals is exemplified by the observation that ATR-/- mice are 

nonviable (Brown and Baltimore, 2000). Moreover, mutations in DNA stress repair 

genes can cause Bloom syndrome, Werner syndrome Rothmund-Thomson 

syndrome or Fanconi Anemia. It goes without saying that the ability to respond timely 

to replication stress is essential to prevent the occurrence of cancer (Burhans and 

Weinberger, 2007). In plants, DNA replication mutants are in need of a functional 

ATR or WEE1 to dampen the phenotypic consequences of their loss, enabling growth 

under these unfavorable conditions (Chapter 1).  

Every type of stress that directly or indirectly increases exposure of replicating 

ssDNA will in theory cause replication stress. Besides the obvious risk to DNA 

damage, the free ssDNA is also able to associate with other DNA-strands, making 

this situation highly mutagenic (Burhans and Weinberger, 2007). Mostly, replication 

stress is caused by blocking replication fork progression. This can be caused by 

either a physical barrier (such as the induction of thymidine dimers by UV-radiation, 

or chemical modifications induced by reactive oxygen species or chemical agents), or 

the depletion of essential nutrients that are needed for replication, as caused by the 

action of HU. However, even perfectly normal DNA can cause replication stress, due 

to the presence of unusual DNA-structures, DNA binding proteins, and slowly 
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replicating zones (Branzei and Foiani, 2010). In conclusion, chemical pollution, 

exposure to gamma- and UV-radiation, but also high light conditions, are all factors 

that might cause occurrence of replication stress. Research of this essential pathway 

is thus of utmost importance for our agricultural and health economy. 

 

Cell cycle functioning and WEE1 

In this research project, we presented an in-depth analysis of the function and 

biological implications of the WEE1 protein in Arabidopsis thaliana. The WEE1 

protein, classically known as a G2/M regulator in yeast and animals, appeared to 

have a prominent function during S-phase in plants exposed to replication stress  

(Chapter 3).  

The main evidence that links WEE1 to the S-phase is that the protein specifically 

accumulates in replicating cells encountering DNA-stress. Moreover the WEE1 gene 

is transcriptionally co-induced with typical S-phase genes and is upregulated during 

stressed S-phase. This links WEE1 to the replication, rather than the G2/M, 

checkpoint. The goal of the S-phase checkpoint is to attenuate or, if necessary, 

completely arrest replication. In the case of hydroxyurea (HU) treatment, this is 

probably linked with the availability of dNTPs. The concept is to reduce dNTP 

consumption to prevent replication fork arrest, either by reducing replication fork 

activation or by slowing down the replication speed (Willis and Rhind, 2009). This is 

accomplished in yeasts and mammals by reducing the activity of the S-phase CDKs 

through activation of the ATR-CHK1 pathway that inhibits CDC25 (Cook, 2009; Willis 

and Rhind, 2009; Zegerman and Diffley, 2009). Our data suggest that in plants 

inhibition of CDKs during a compromised S-phase is executed by an activation of the 

CDC25 antagonistic WEE1 kinase. The resulting decrease in CDK activity likely 

helps in adjusting the replication pace to the depletion of dNTPs. This theory is 

supported by the observation that in Arabidopsis the absence of the cell cycle 

inhibitor WEE1 paradoxically does not result into a faster progression through cell 

cycle, but rather gives rise to an increased cell cycle duration (Chapter 3). The 

inability to control the activity of the replication origins causes the generation of long 

strands of ssDNA, as DNA replication halts but unwinding continues (Lopes et al., 



 General discussion and perspectives 

 

- 147 - 

2001; Sogo et al., 2002; Branzei and Foiani, 2010). As a consequence, the cells 

suffer from replication fork arrest and will need time to repair the faulty DNA 

structures and to restart the stalled forks, with a prolonged S-phase as a result.  

Plants without a functional ATR possibly suffer from the same problem, but on top of 

that lack the ability to activate the DNA repair mechanisms, or methods to stabilize 

the stalled replication forks. This results in a severe cell death phenotype after 

treatment to HU. Moreover, these plants will eventually stop growing after a few days 

on HU. This is in contrast to WEE1KO plants that continue to grow, although at a very 

low pace (Culligan et al., 2004; De Schutter et al., 2007). WEE1KO plants still have 

the ability to transcriptionally induce the DNA repair genes. This is supported by 

evidence that the cell cycle genes but not the DNA repair genes are differentially 

regulated between wild type and WEE1KO plants after 24 h on HU. In addition, the 

activity of the DNA repair machinery is still sufficient as no significant differences in 

DNA damage could be detected between WEE1KO and WT plants (Chapter 3).  

The function of WEE1 during S-phase upon replication stress is conflicting with an 

earlier report on WEE1 that showed that plants with an inducible WEE1 

overexpression construct arrested their cells in G2-phase (De Schutter et al., 2007). 

This conflicting result can be explained by assuming that upon a long-term S-phase 

arrest, cells eventually slip through the checkpoint, ultimately ending up in G2-phase. 

Moreover, it was the transcriptional upregulation of the mitotic cyclin CYCB1;1 that 

led to the conclusion that the cell cycle was arrested in G2 (De Schutter et al., 2007). 

While this indeed is a mitotic marker gene during normal growth circumstances, 

CYCB1;1 is strongly upregulated upon treatment with HU or upon DNA-damage 

invoked by γ-irradiation (Culligan et al., 2006; Cools et al., 2010). In addition, 

WEE1KO plants growing on HU induce the CYCB1;1 gene during S-phase, 

demonstrating that CYCB1;1 is closely associated with DNA-stress irrespective of the 

cell cycle phase (Chapter 3; Chen et al., 2003; Culligan et al., 2006; Ricaud et al., 

2007; Cools and De Veylder, 2009). The induction of CYCB1;1 in plants 

overexpressing WEE1 might thus rather indicate problems with cell cycle progression 

than an arrest in the G2-phase. 
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The role of WEE1 in the prevention of vascular cell death  

Vascular cell death in the meristem is a typical phenotype after HU treatment in 

WEE1KO plants. The sensitivity of this tissue corresponded with the transcriptional 

induction of WEE1 in the vascular root meristem and stabilization of the protein in 

these cells upon HU treatment (Chapter 3; De Schutter et al., 2007). Rather 

surprisingly, the vascular cell death is not associated with extensive DNA-damage, 

but with a premature onset of vascular differentiation. This was confirmed by ectopic 

expression of vascular differentiation markers in the root meristem. Treatment with 

benzyladenine, a cytokinine that inhibits protoxylem differentiation (Mahonen et al., 

2006), resulted into the disappearance of vascular cell death and expression of the 

differentiation markers. Furthermore, a long-term HU-treatment showed the 

appearance of an irregular xylem organization in WEE1KO plants. 

Previously, treatments of Arabidopsis thaliana plants with UV-B or DSB-inducing 

drugs resulted into cell death through the induction of programmed cell death (PCD) 

(Curtis and Hays, 2007; Ricaud et al., 2007; Fulcher and Sablowski, 2009; Furukawa 

et al., 2010). This is however clearly a separate process from the cell death observed 

upon replication stress in WEE1KO. During DSB treatment, cell death is 

predominantly located in the stem cells of the root tip, and does not exclusively target 

vascular cells (Chapter 3). The molecular signaling cascade of cell death during both 

stresses is also different: ATM, ATR and SOG1 are needed to induce cell death upon 

DSBs, making the DNA damage response a positive regulator of the PCD (Fulcher 

and Sablowski, 2009; Furukawa et al., 2010). Contrastingly, ATR and WEE1 are 

needed to prevent cell death upon replication stress (Chapter 3). Furthermore, when 

wild type plants are exposed to a stronger DSB-inducing treatment until PCD is 

induced, they mimic the cell death pattern of DSB sensitive mutants, with cell death 

located in the stem cells. On the contrary, treatment of control plants with a higher 

HU dose did not induce cell death in the higher vascular meristem, as observed in 

WEE1KO plants, but also in the stem cells of the root, indicative of DNA-damage. This 

implies that both cell death processes are two separate pathways, with WEE1 being 

responsible for preventing premature differentiation upon replication stress. 

WEE1 protects the vascular meristem against premature differentiation; it is however 

still under debate whether this is a direct or a secondary effect. A current working 
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hypothesis is that the long stretches of ssDNA created after replication fork arrest 

might positively contribute to the induction of the differentiation program. It has been 

shown that EFFECTOR OF TRANSCRIPTION2 (AtET2), a protein that contains an 

endonuclease domain, is needed for vascular differentiation (Ivanov et al., 2008). As 

the endonuclease domain introduces single stranded nicks in the DNA, it is possible 

that this DNA restriction might trigger the cell death process. The stalled replication 

forks observed in WEE1KO plants treated with replication stress could mimic single-

stranded cuts in the DNA, and might initiate the downstream cascade that starts the 

differentiation process. Other types of stress cannot induce the same phenotype as 

they cause DSBs instead of ssDNA. This would explain why increasing HU 

concentrations in wild type plants does not invoke the same cell death pattern as 

DSB-inducing drugs, because WEE1 is still present to prevent the accumulation of 

stalled replication forks.  

 

 

 

 

 

 

Figure 5.1: Hypothetical outline of the DNA damage checkpoints in plants. 
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Targets and control of WEE1 

During the course of the thesis, no hard evidence could be obtained for new WEE1 

targets different from CDKA;1 or for proteins that could control the kinase upon 

replication stress. Nevertheless, interesting results were obtained about the 

posttranslational control by and upon WEE1. In Figure 5.1, the current hypothetical 

outline of the plant DNA damage checkpoints is presented. 

Although CDKA;1 was identified as a possible phosphorylation target (De Schutter et 

al., 2007), it is most likely not the only target of WEE1. Remarkably, plants containing 

a mutated version of CDKA;1, insensitive to inhibitory control by WEE1, are not 

hypersensitive to DNA-stress treatments. This implies that posttranslational control of 

CDKA;1 upon replication stress is dispensable to prevent a hypersensitive response 

(Dissmeyer et al., 2009). Nevertheless, the kinase activity of WEE1 is essential, as 

indicated by the inability of kinase dead versions of WEE1 to complement the 

WEE1KO phenotype (Chapter 4). These results imply that other targets of WEE1 must 

exist. Likely substrates are the plant specific B-type CDKs, or the CAKs where the in 

vitro phosphorylation by WEE1 was already shown before (Shimotohno et al., 2006). 

Upstream elements of WEE1 are the DNA damage checkpoint kinases ATM and 

ATR. Earlier, it was proven that the transcriptional induction of WEE1 is controlled by 

both kinases, dependent on the type of stress applied (Culligan et al., 2006; De 

Schutter et al., 2007). Downstream of ATM and ATR, the transcription factor SOG1 is 

located, a member of a protein family containing a NAC (petunia NAM (no apical 

meristem) and Arabidopsis ATAF1, 2 and CUC2) domain. Microarray analysis 

revealed that during γ-irradiation the SOG1 protein is necessary to induce WEE1, 

placing SOG1 upstream of WEE1 for the transcriptional response to DNA-stress 

(Yoshiyama et al., 2009). Evidence was gathered that WEE1 might be 

posttranslationally regulated by ATM and/or ATR (Chapter 4). Although to date, no 

direct interaction could be confirmed between WEE1 and either one of both proteins, 

two consensus motifs for ATM/ATR are present in the regulatory domain of WEE1. 

Moreover in Chapter 4, both phosphorylation sites were mutated in such way that 

they mimicked a permanent dephosphorylation, and as a consequence are unable to 

be controlled by ATM/ATR. These phospho-mutated versions of WEE1 showed a 
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strong reduced ability to complement WEE1KO plants, demonstrating phosphorylation 

on these sites might be important for control of WEE1 activity. 

Resumption of the cell cycle or restoration of CDK-activity after DNA-stress requires 

an inactivation of the WEE1 protein. This is possibly regulated through a feedback 

loop between WEE1 and CDK on a conserved CDK phosphorylation site in the 

sequence of WEE1. Another possibility is that MAP kinases are targeting this site. 

Similarly to the ATM/ATR consensus sites, this potential target residue was subjected 

to a mutational analysis, revealing that phosphorylation on this site probably aids to 

the inactivation of the protein. Thus, together with the ATM/ATR consensus sites, the 

phosphorylation of this residue might be responsible to modulate the active state of 

the WEE1 protein. 

After inactivation of WEE1, CDKs again need to lose their inhibitory phosphorylation 

on the P-loop. Because of the lack of a CDC25 phosphatase, the way on how plant 

CDKs are dephosphorylated is currently still unknown. Possible methods are the 

involvement of a yet to be discovered phosphatase or just spontaneous hydrolysis. It 

is also possible that inactivated CDKs are targeted for destruction and that new 

unphosphorylated isoforms are generated to resume replication. The G2/M-transition 

depends on a sudden increase and global switch to high CDK levels called 

hysteresis, providing unidirectionality in the cell cycle and produced by the action of 

WEE1 and CDC25. On the other hand, lower CDK activity is already sufficient to 

allow replication (Porter, 2008). Consequentially, the production of new CDKs might 

be sufficient to resume replication without the need for a CDC25 phosphatase. 

 

DNA damage checkpoints in plants 

Although not much is known about the molecular constituents of the DNA damage 

checkpoint in plants, there is evidence that multiple checkpoints are present in the 

plant cell cycle (Figure 5.1). The best-known checkpoint is the S-phase checkpoint, 

discussed above, that induces and activates the WEE1 protein. Besides this 

checkpoint, protection mechanisms of the G1/S transition also must exist, as 

illustrated by the available synchronization methods that use replication-inhibiting 

agents (such as aphidicolin and HU) to accumulate cells at the G1/S transition 
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(Dolezel et al., 1999; Menges and Murray, 2002; Kumagai-Sano et al., 2006; Cools et 

al., 2010). This checkpoint is not dependent on WEE1 as plants lacking the gene still 

can induce synchronization in the root tip (Cools et al., 2010).  

Although WEE1 can be upregulated by ATM in the presence of DSBs (De Schutter et 

al., 2007), the protein is not necessary to induce a G2 or G2/M arrest. WEE1KO 

plants, while hypersensitive to replication stress, do not show increased sensitivity to 

treatments that inflict DSBs. Therefore other mechanisms must exist that can inhibit 

CDK-activity in G2 to allow the cell to repair the breaks by homologous 

recombination. Possible players in this checkpoint are the proteins that belong to the 

SIAMESE (SIM) protein family. SIM is necessary to promote endoreduplication in 

plant trichomes by inhibiting CDK-activity and has a certain level of homology with 

animal Cip/Kip CDK inhibitor proteins (Walker et al., 2000; Churchman et al., 2006; 

Peres et al., 2007; Kasili et al., 2010). Several SIAMESE Related (SMRs) genes 

have been found to be strongly upregulated during DNA damage (Culligan et al., 

2006; Peres et al., 2007; Yoshiyama et al., 2009). Moreover, their induction 

depended on the activity of ATM and SOG1 (Culligan et al., 2006; Yoshiyama et al., 

2009), indicating that these genes might represent new elements of the DNA damage 

pathway. 

 

Future Directions 

The main future concern will be the identification of WEE1 substrates and proteins 

targeting and controlling the activity of WEE1 in the DNA damage pathway. The 

detection of protein-protein interactions of WEE1 is complicated by the cell cycle-

inhibitory effect of the protein when it is expressed in the cell. However, the 

generation of GFP-tagged versions of WEE1 might provide an interesting tool for 

protein analysis. Because no WEE1 antibody is available against plant WEE1, the 

generation of the GFP-tagged versions allows the identification of WEE-binding 

proteins via co-immunoprecipitation. Detection of possible WEE1 interactors can be 

performed via Western Blot analysis or mass spectrometry. Moreover, the availability 

of different WEE1 phosphomutants permits to test how these mutations influence 

substrate specificity and protein interactions.  



 General discussion and perspectives 

 

- 153 - 

Whereas we have evidence for control of WEE1 activity through phosphorylation, the 

functionality of these modifications still needs to be proven. Actual phosphorylation of 

the WEE1 protein by ATM/ATR and CDK can be detected by using antibodies 

against the specific phosphorylation sites of the proteins. These results can be further 

interpreted by analyzing the different phosphomutants to assess which sites are 

targeted and during which conditions. Besides phosphorylation, it is also possible 

that other posttranslational modifications might control the activity of WEE1. For 

instance, the stability of WEE1 in humans and many other cell cycle proteins in 

eukaryotes is dependent on targeting of the protein to the proteasome after 

ubiquitination, but also other posttranslational modifications are possible. 

In the end, the exploration of the signaling cascade that controls WEE1 will require a 

combination of different techniques to understand how the DNA damage checkpoint 

succeeds in controlling the fine balance of activation and inactivation of the WEE1 

protein. 

Another important aspect is to understand how WEE1 influences DNA replication in 

times of replication stress. Because CDKs are the most likely targets of WEE1 in this 

process, identification of the interaction partners of these CDKs can reveal the 

mechanism on how DNA replication speed becomes adapted to the level of 

replication stress. Also the molecular switch governing the onset of vascular 

differentiation whenever replication control is failing needs to be elucidated. It will be 

interesting to see whether vascular differentiation is directly triggered by replication 

stress, or that replication problems in vascular cells pushes them out of the cell cycle 

and consequently induces maturation. Ongoing mutagenesis screens could uncover 

answers to both questions. 
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SSuummmmaarryy  

 

The DNA is the most important molecule of living cells, encoding all the information 

needed for correct development of the organism: how it should sustain itself, how it 

should react to exogenous and endogenous signals, and how it should pass on its 

genetic information. Chemicals, radiation, and intracellular metabolites however, 

continuously target the genome. DNA acts like software in the cell, and as such no 

errors can be allowed, because it endangers the functionality and the viability of the 

cell or organism. Luckily, during the course of evolution, checkpoint mechanisms 

have evolved that can sense and protect the genomic material from DNA damage. 

These checkpoints are monitored by two central kinases, ATM and ATR. Upon 

activation of the DNA damage checkpoints, they will decide whether DNA repair 

mechanisms are initiated, or whether cells are pushed into apoptosis if the stress is 

too severe. Besides this, it is essential that they arrest cell cycle progression during 

the repair process. Throughout the cell cycle, DNA is duplicated and a copy is 

provided to each daughter cell at the moment of division. Consequentially, cell cycle 

arrest upon DNA damage ensures that replication is completed before division, 

preventing spread of a damaged genome to daughter cells. 

CDK-cyclin complexes provide the main regulation of the cell cycle. The sequential 

activity of distinct CDK-cyclin complexes allows the progression through the 4 

different phases of the cell cycle: G1, S, G2 and M-phase. CDKs can be modified by 

a set of proteins whose action alter the activity of the complex. One such pair of 

proteins is WEE1 and CDC25. Both proteins antagonize each other's action on 

CDKs, where WEE1 causes an inhibition of activity. In animals and yeast, the 

interplay between both proteins is needed for a proper G2/M transition during normal 

cell cycle progression. Not surprisingly, the proteins are also targets of the DNA 

damage checkpoint, where activation of WEE1 and inactivation of CDC25 causes a 

cell cycle arrest. In plants, a functional homolog of WEE1 exists, but no CDC25. 

Furthermore, wee1 mutants do not show a cell division phenotype during normal 
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growth circumstances, indicating that plant cell cycle control under unperturbed 

circumstances differs from that of animals. Nevertheless, WEE1 targets CDKA;1 

upon DNA-stress in an ATM and ATR dependent manner, whereas plants lacking a 

functional WEE1 gene display hypersensitive growth inhibition, demonstrating that 

the protein fulfills an essential role during DNA-stress. The goal of this thesis was to 

understand how WEE1 is controlled upon DNA damage, unravel its molecular 

function in plants, and explain why WEE1 knockout plants fail to sustain growth upon 

DNA-stress. 

The project was initiated by a microarray experiment comparing the transcriptome of 

Col-0 and WEE1KO plants when treated with hydroxyurea (HU), an agent that causes 

replication stress through depletion of dNTPs. Analysis of this experiment revealed 

that DNA repair genes are similarly induced in Col-0 and plants lacking WEE1, but 

that the expression of cell cycle genes differs between the two genotypes upon 

transfer to HU. To further investigate this observation, a root synchronization system 

was developed that allowed the investigation and comparison of cell cycle 

progression in control versus wee1 mutant plants. This revealed that DNA stress 

causes an increase of the cell cycle duration in WEE1KO, due to an extended S-

phase. In agreement with a role for WEE1 during DNA replication under stress 

conditions, the WEE1 protein was found to be specifically stabilized in replicating 

cells. Possibly, WEE1 adjusts the replication speed to the reduced dNTP-levels to 

prevent replication fork stalling and collapsing.  

Absence of WEE1 was found to correlate with the occurrence of cell death within the 

root meristem upon treatment with HU. Stem cell death is a common phenotype upon 

DNA damage. However, the cell death of WEE1KO plants was confined to vascular 

precursor cells.  

On the contrary to other DNA damage mutants, the origin of cell death in WEE1KO  

was not found to be associated with an increase in DNA damage, but because of a 

premature onset of vascular differentiation of the root. In fact, programmed cell death 

is one of the processes a maturing xylem cells has to go through to complete 

differentiation. Upon HU administration, ectopic induction of the vascular 

differentiation marker VND7 can be observed in the meristem of WEE1KO plants. 

Furthermore, treatments with benzyladenine, a cytokinine that is able to reduce this 
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vascular differentiation, can also eliminate the cell death observed in WEE1KO plants. 

In addition, long-term treatment of WEE1KO plants with HU induced aberrant vascular 

differentiation, confirming that the vascular cell death in WEE1KO originated from a 

premature onset of differentiation. 

Although earlier reports questioned whether WEE1 would need kinase activity to 

execute its function, the use of a kinase-death allele demonstrated that the WEE1 

protein needs to phosphorylate its targets to invoke a proper cell cycle response to 

replication stress. The elements that control the WEE1 activity on a posttranslational 

level are still unknown, however, evidence was gathered that this could be achieved 

through phosphorylation. Three conserved amino-acid regions were discovered 

among the plant WEE1 kinases, containing putative phosphorylation sites for CDKs 

and ATM/ATR. Mutation of these residues correlated with a reduced potential of the 

WEE1 protein to complement the phenotype of WEE1KO plants, indicating that the 

appointed residues are important sites controlling WEE1 activity in a posttranslational 

manner. 

Whereas there are strong similarities between plants, animals and yeasts in the 

general mechanisms to impose a cell cycle checkpoint upon DNA damage, 

significant differences appear to exist between the signaling pathways involved, as 

shown in this thesis. The strong connection of the plant WEE1 with developmental 

processes indicates that DNA damage checkpoints have been tailored to match the 

needs of the plant for its proper development and own response to DNA-stress. 
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SSaammeennvvaattttiinngg  

 

Het DNA is de belangrijkste molecule voor levende cellen, aangezien het codeert 

voor alle informatie die nodig is voor de juiste ontwikkeling van het organisme: hoe 

het zichzelf moet onderhouden, hoe het zou moeten reageren op exo- en endogene 

signalen, en hoe het de genetische informatie zou moeten doorgeven. Anderzijds 

wordt het genoom continu bestookt door chemicaliën, straling, en intracellulaire 

metabolieten die het kunnen beschadigen. DNA werkt als software in de cel, en 

bijgevolg kunnen er geen fouten toegelaten worden, aangezien het de functionaliteit 

en de levensvatbaarheid van de cel of het organisme in het gedrang brengt. Gelukkig 

zijn er tijdens de evolutie checkpointmechanismen ontstaan, die DNA-schade kunnen 

aanvoelen en het genomisch materiaal ertegen kunnen beschermen. Deze 

checkpoints worden gecontroleerd door 2 centrale kinases, ATM en ATR. Tijdens de 

activatie van de DNA schade checkpoints, zullen zij beslissen of er initiatie is van de 

DNA herstelmechanismes of, als de schade te groot is, de cellen naar apoptose 

geleid zullen worden. Hiernaast, is het ook essentieel dat ze de celcyclusprogressie 

stilleggen tijdens het herstelproces. Tijdens de celcyclus wordt het DNA gedupliceerd 

en wordt er één kopie meegegeven aan elke dochtercel op het moment van de 

celdeling. Bijgevolg, zorgt het celcyclusarrest ervoor dat tijdens DNA-schade de 

replicatie afgewerkt is vooraleer de celdeling begint, en voorkomt hierbij de 

verspreiding van een beschadigd genoom naar de dochtercellen. 

CDK-cycline complexen verzorgen de centrale regulatie van de celcyclus. De 

opeenvolgende activiteit van verschillende CDK-cycline complexen laat de 

progressie toe door de 4 verschillende fases van de celcyclus: G1, S, G2 en M-fase. 

CDKs kunnen gemodificeerd worden door een aantal proteïnes, met een verandering 

van de activiteit van het complex als gevolg. Eén zo'n paar proteïnen is WEE1 en 

CDC25. Beide proteïnes werken elkaars actie op CDKs tegen, waar WEE1 zorgt 

voor een inhibitie van hun activiteit. In dieren en gisten is het samenspel tussen 

beide proteïnes nodig voor een juiste G2/M transitie tijdens de normale 
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celcyclusprogressie. Het is dan ook niet verwonderlijk dat de proteïnes ook een doel 

zijn van de DNA schade checkpoints, waar de activatie van WEE1 en de inactivatie 

van CDC25 een celcyclusarrest veroorzaakt. In planten, is er een functioneel 

homoloog van WEE1 aanwezig, maar niet van CDC25. Bovendien, vertonen wee1 

mutanten geen celdelingsfenotype tijdens normale groeiomstandigheden. Dit geeft 

aan dat de celcyclus van planten tijdens gewone omstandigheden verschilt van die 

van dieren. Desalniettemin, heeft WEE1 nog steeds CDKA;1 als substraat tijdens 

DNA-stress, en is afhankelijk van ATM en ATR. Bovendien vertonen planten zonder 

een functioneel WEE1 gen een hypersensitieve groei-inhibitie. Dit toont aan dat het 

proteïne een essentiële rol vervult tijdens DNA-stress in planten. Het doel van deze 

thesis was om te begrijpen hoe WEE1 gecontroleerd wordt tijdens DNA-schade, zijn 

moleculaire functie in planten trachten te achterhalen, en te verklaren waarom WEE1 

knockout planten er niet in slagen om te blijven groeien tijdens DNA-stress. 

Het project werd geïnitieerd door een microarray experiment waarin het 

transcriptoom van Col-0 en WEE1KO planten werd vergeleken wanneer zij behandeld 

werden met hydroxyurea (HU), een stof die replicatiestress veroorzaakt door 

uitputting van de dNTP-niveaus. Analyse van het experiment toonde aan dat de DNA 

herstel genen op dezelfde manier geïnduceerd worden in Col-0 en planten zonder 

WEE1, maar dat de expressie van de celcyclusgenen verschilt tussen beide 

genotypes wanneer ze in contact gebracht worden met HU. Om deze observatie 

verder te onderzoeken, werd er een synchronisatiesysteem van de wortel ontworpen 

dat een onderzoek en een vergelijking van de celcyclusprogressie toelaat tussen 

controle en wee1 mutante planten. Met deze techniek werd er aangetoond dat DNA-

stress zorgt voor een langere duur van de celcyclus in WEE1KO, die te wijten is aan 

een verlenging van de S-fase. Het WEE1 proteïne werd specifiek gestabiliseerd in 

replicerende cellen, overeenkomstig met een rol voor WEE1 tijdens DNA replicatie 

tijdens stresscondities. Mogelijk stemt WEE1 de replicatiesnelheid af op de 

verminderde dNTP-niveaus om de stilstand en de ontbinding van de replicatievorken 

te voorkomen. 

De afwezigheid van WEE1 correleert met het verschijnen van celdood in het 

wortelmeristeem na behandeling met HU. Dood van stamcellen is een vaak 
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voorkomend fenotype na behandeling met DNA-schade. De celdood in WEE1KO 

planten was daarentegen gelimiteerd tot de vasculaire precursorcellen.  

In tegenstelling tot andere DNA schade mutanten was de oorsprong van de celdood 

in WEE1KO niet gelinkt aan een stijging van de DNA-schade, maar aan een 

vroegtijdige start van vasculaire differentiatie in de wortel. Geprogrammeerde 

celdood is zelfs één van de processen die ontwikkelende vasculaire cellen moeten 

doorlopen om differentiatie te verwezenlijken. Bij behandeling met HU kan er een 

ectopische inductie waargenomen worden van de vasculaire differentiatiemerker 

VND7 in het meristeem van WEE1KO planten. Bovendien veroorzaakt een lange 

behandeling van WEE1KO planten met HU voor een afwijkende vasculaire 

ontwikkeling, hiermee bevestigend dat de vasculaire celdood in WEE1KO veroorzaakt 

wordt door een vroegtijdige initiatie van de differentiatie. 

Alhoewel eerdere artikels in vraag stelden of WEE1 in planten nog steeds kinase 

activiteit nodig zou hebben om zijn functie te kunnen uitvoeren, werd er door gebruik 

te maken van een defect kinase allel aangetoond dat WEE1 zijn substraten moet 

fosforyleren om een juiste celcyclusreactie te veroorzaken op replicatiestress. De 

elementen die WEE1 controleren op post-translationeel niveau zijn nog steeds niet 

gekend, maar er werd bewijs verzameld dat dit gerealiseerd zou kunnen worden door 

fosforylatie. Drie geconserveerde aminozuurresidu's werden ontdekt in de WEE1 

kinases van planten, die mogelijke fosforylatiesites bevatten voor CDKs en 

ATM/ATR. Mutatie van deze residu's correleerde met een verminderde kracht van 

het WEE1 proteïne om het fenotype van WEE1KO planten te complementeren. Dit 

toonde aan dat de gekozen residu's belangrijke sites zijn om WEE1 activiteit te 

controleren op post-translationeel niveau. 

Alhoewel er sterke gelijkenissen zijn tussen planten, dieren en gisten in de algemene 

mechanismes die een celcycluscheckpoint veroorzaken tijdens DNA schade, blijken 

er significante verschillen te bestaan tussen de verschillende signalisatienetwerken, 

zoals aangetoond in deze thesis. De sterke connectie van WEE1 in planten met 

ontwikkelingsprocessen, toont aan dat de DNA schade checkpoints zijn aangepast 

om overeen te stemmen met de noden van de plant voor zijn correcte ontwikkeling 

en eigen reactie op DNA-stress. 
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