
Controlling kinase activity during the cell cycle:
from the DNA damage response to mitosis

Wytse Bruinsma



About the cover
Photograph of Pisang peak (6091 meters) in the Annapurna region in Nepal. The author of this thesis 
reached its summit in 2009. In addition, each chapter contains a photograph showing the view from the 
summit. It signifies the struggle it takes to reach the top and the satisfaction after it is reached as well as 
bearing a striking resemblance of Plk1 activation and inactivation curves as seen in chapter 4. But more 
than that it is just a pretty picture.

Author: Wytse Bruinsma
Cover and lay-out: Wytse Bruinsma
Printing: Gildeprint, Enschede, the Netherlands
ISBN: 978-94-6108-700-3

The research described in this thesis was carried out at the laboratory of experimental oncology at the 
University Medical Center Utrecht and at the Department of Cell Biology at the Netherlands Cancer 
Institute in Amsterdam with financial support from the Netherlands Genomics Initiative from NWO. 
Printing of this thesis was financially supported by the Netherlands Cancer Institute.

Copyright © Wytse Bruinsma



Controlling kinase activity during the cell cycle: 
from the DNA damage response to mitosis

Regulering van kinase activiteit tijdens de celcyclus:
van de DNA schade respons tot aan mitose

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht op gezag van de 
rector magnificus, prof.dr. G.J. van der Zwaan, ingevolge het besluit van het college 

voor promoties in het openbaar te verdedigen op donderdag 19 juni 2014 des 
middags te 12.45 uur

door

Wytse Bruinsma

geboren op 10 maart 1983 te Waalre



Promotor: prof.dr. R.H. Medema



Cell cycle control in G2 by the DNA damage response 
and during checkpoint recovery

Switching Polo-like kinase-1 on and off in time and 
space

Bora and Aurora A continue to activate Plk1 in 
mitosis

Addendum: Localized activation of Plk1

DNA damage inhibits Polo-like kinase 1 via 
dephosphorylation of T210, independent of its 
complex formation with Bora

NUP155 recruits Polo-like kinase-1 to the nuclear 
envelope in prophase 

Tousled-like kinase 2 regulates recovery from a DNA 
damage-induced G2 arrest

Summary and general discussion 

Nederlandse samenvatting
Curriculum Vitae
Publication list
Dankwoord

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Appendix

7

21

37

57

69

87

99

121

135
140
141
142

Contents





7

Chapter 1
Cell cycle control in G2 by the DNA damage 
response and during checkpoint recovery
Wytse Bruinsma and René H. Medema

Department of Cell Biology and Cancer Genomics Center, The Netherlands Cancer Institute, 
Plesmanlaan 121, 1066 CX, Amsterdam, Netherlands. 
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Abstract

Cell division is one of the most important biological processes in any living organism. It is required for re-
production, organismal growth and tissue maintenance. In order to divide, a cell progresses through the 
cell cycle where it duplicates its genetic material and distribute this equally over the two daughter cells. 
The cell cycle represents a highly regulated and carefully quality controlled series of events that leads to 
the generation of two identical daughter cells from one parental cell. One of the main challenges a cell 
faces during progression through the cell cycle is damage to its DNA. This can result in potentially lethal 
or oncogenic changes to the DNA if this is not properly repaired. If a cell encounters DNA damage, it 
arrests the cell cycle to allow for repair of the corrupted DNA. Once repaired, the cell needs to resume 
the cell cycle, a process known as checkpoint recovery. Here, we discuss the latest insights in how cells 
recover from a DNA damage-induced G2 arrest.
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The cell cycle

Cell division is an integral part of any living organism. The formation of two daughter cells from a single 
mother cell is the driving force of organism reproduction and development but is also required for 
maintenance of tissues in the body. The continuous production of new daughter cells is regulated 
during the cell division cycle, or cell cycle for short (Morgan, 2007). The cell cycle consists of a series of 
events that are tightly controlled by cell cycle checkpoints to make sure no errors occur in producing 
two new viable daughter cells. The cell cycle consists of 4 distinct phases: G1, S, G2 and M (short for 
Gap 1, Synthesis, Gap 2 and Mitosis respectively) (Fig.1). In addition, cells can exit the cell cycle and 
enter the G0-phase (Gap 0). During the G1-phase a cell starts to increase in size and prepares for the 
duplication of its genome. Genome duplication is carried out in S-phase in order to generate two copies 
of the genome; one for each daughter cell. During the G2-phase of the cell cycle the cell continues 
to grow and prepares for the actual cell division, which is carried out in mitosis. During mitosis the 
chromosomes segregate to opposite sides of the cell and the cell divides in two daughter cells. Mitosis 
itself is a complicated process that has 5 distinguishable phases (Morgan, 2007). First, the DNA starts 
to condense in order to compact the individual chromosomes in prophase. At the end of prophase the 
nuclear envelope starts to break down and the centrosomes, which have been duplicated in S-phase 
move to opposite sides of the nucleus. During the second phase, prometaphase, the boundaries 
between the nucleus and cytoplasm are resolved and microtubules sprout from the centrosomes in 
order to capture the individual chromosomes. At the same time, the asters that are formed around 
both centrosomes organize into a bipolar spindle. While cells progress through prometaphase, more 
and more of the chromosomes will align at the center of the cell to form the metaphase plate. Once 
all of the chromosomes have aligned, the cell has reached metaphase. In metaphase, sister chromatids 
within a pair are connected to opposite spindle poles, such that they experience opposite pulling 
forces that create tension across the centromeres (van der Waal et al., 2012). This prevents further 
destabilization of microtubules that are attached, and results in silencing of the mitotic checkpoint 
that delays the onset of anaphase. Once the mitotic checkpoint is silenced, the cohesion between the 
sister chromatids is disrupted and the spindle can pull apart the sister chromatids to the opposite sides 
of the cell during anaphase (van der Waal et al., 2012). Finally, in telophase, the cell forms a cleavage 
furrow and divides the cell into two daughter cells, a process known as cytokinesis. In parallel, the 
nuclear envelope reassembles around the segregated packs of chromosomes, which decondense to 
form nuclei again. During progression through the subsequent phases of the cell cycle, there are several 
checkpoints that ensure that each event is executed with high fidelity. These checkpoints only allow 
cells to progress to the next phase once the crucial steps of the previous phase have been correctly 
executed. Failure to complete a cell cycle without errors can result in severe defects to the genome and 
this can result in cell death or contribute to the development of diseases such as cancer (Halazonetis 
et al., 2008; Janssen and Medema, 2011). The G2-checkpoint controls genomic integrity before entry 
into mitosis and the last point in the cell cycle where a cell can stop and repair breaks in its DNA before 
dividing into two new daughter cells. The G2 checkpoint is the topic of this thesis and is described in 
more detail below.

Progressing from G2 into mitosis

During G2, cells prepare to enter mitosis, which requires activation of the master regulator of mitosis, 
Cyclin B/Cdk1. To prevent premature activation of Cyclin B/Cdk1 and untimely entry into mitosis, 
activation of Cyclin B/Cdk1 is tightly regulated through controlled transcription of Cyclin B and a series 
of redundant feedback loops controlling kinase activity of the of Cyclin B/Cdk1 complex (for a detailed 
review see Lindqvist et al. 2009b). Full activation of Cyclin B/Cdk1 is coupled to its translocation from 
the cytoplasm to the nucleus and this event drives cells into and through mitosis. It controls important 
changes to the cellular architecture such as nuclear envelope breakdown, chromosome condensation 
and formation of the mitotic spindle. Importantly, Cyclin B/Cdk1 acts as a bistable switch, meaning its 
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activity is either on or off, such that the decision to enter mitosis becomes an irreversible step in the 
cell cycle (Pomerening et al., 2003; Santos et al., 2012; Sha et al., 2003). This is vital to the fidelity of 
cell division, since activation of Cyclin B/Cdk1 has dramatic consequences that could seriously threaten 
a cell’s integrity if reversed. Tight control of Cyclin B/Cdk1 activation can ensure that a cell only enters 
mitosis once all of the quality control in G2 has been completed successfully. Flipping the switch on 
Cyclin B/Cdk1 results in full commitment to mitosis, because it results in rapid and complete activation 
of Cyclin B/Cdk1 (Lindqvist et al., 2009b). Several positive and negative feedback loops ensure such tight 
control over Cyclin B/Cdk1 activity, mediated via Cdk1 phosphorylation on T14 and Y15 (Lindqvist et al., 
2009b) (Fig.1). T14 and Y15 are phosphorylated by the Wee1 and Myt1 kinases and dephosphorylated 
by the Cdc25 phosphatases (Lindqvist et al., 2009b). The balance in kinase/phosphatase activity is 
subject to regulation by Cyclin B/Cdk1 and Polo-like kinase-1 (Plk1), creating the necessary feedback to 
create a bistable switch (Lindqvist et al., 2009b; Santos and Ferrell, 2008).  In addition, Plk1 promotes 
several other cell cycle processes in G2- and M-phase that could indirectly contribute to Cyclin B/Cdk1 
activation (For a more detailed overview of Plk1 see chapter 2 of this thesis (Bruinsma et al., 2012)). 

Figure 1. The Cell cycle.
In order to proliferate, cell pass through the cell cycle. The cell cycle consists of 4 distinct phases. Cells start out 
in G1 (Gap1)-phase (Gap 1) where cells prepare for the duplication of their genome. During S (Synthesis)-phase, 
cells duplicate their DNA to generate two copies of their genetic material. During G2 (Gap2)-phase, cells grow and 
prepare to enter the final phase where actual cell division takes place. During this last phase, Mitosis, cells segregate 
their two copies of DNA and physically divide in two seperate daughter cells (green panel). These daughter cells can 
either start a new cell cycle or exit the cell cycle and enter a G0 (Gap0)-state. To enter mitosis, cells need to activate 
Cyclin B/Cdk1, the master regulator of mitosis (blue panel). Multiple layers of feedback loops orchestrate timely 
activation of Cyclin B/Cdk1 and result in a switch-like activation, also known as a bistable system. The kinases Wee1 
and Myt1, phosphorylate Cdk1 to inactivate its kinase activity, while the Cdc25 phosphatases remove this inhibitory 
phosphorylation. In turn, Cyclin B/Cdk1 can inactivate Wee1 and Myt1 and activate the Cdc25 phosphatases creating 
several positive feedback loops. Plk1 promotes Cyclin B/Cdk1 activity by phosphorylating and inactivating Myt1 and 
targeting Wee1 for degradation. In addition, Plk1 can activate Cdc25 phosphatases. Plk1 itself is activated by Aurora 
A, which requires its co-factor Bora. Finally, Plk1 and Cyclin B/Cdk1 also form a direct feedback loop. Cyclin B/Cdk1 
is required for the formation of the Plk1/Bora complex. Plk1 can phosphorylate Cyclin B directly, although the exact 
function of this autophosphorylation is currently unclear. Immunofluorescence images are a courtesy from Jonne 
Raaijmakers.
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Plk1 itself is activated through phosphorylation in its T-loop at T210 by Aurora A and Bora (Macurek 
et al., 2008; Seki et al., 2008). In order to promote Cyclin B/Cdk1 activation, Plk1 negatively regulates 
Wee1 levels by targeting it for β-TrCP-dependent degradation (Watanabe et al., 2005; Watanabe et al., 
2004) and controls Myt1 kinase activity through phosphorylation-dependent inactivation (Nakajima et 
al., 2003). In addition, Plk1-dependent phosphorylation of Cdc25C stimulates its nuclear translocation 
and subsequent Cyclin B/Cdk1 activation (Toyoshima-Morimoto et al., 2002). Furthermore, there 
are indications that Aurora A contributes to Cdc25B activation (Dutertre et al., 2004). In turn, Cdk1 
activation leads to inactivation of Wee1 (Watanabe et al., 2004; Watanabe et al., 2005), activation of 
Cdc25 phosphatases (Lindqvist et al., 2009b) and association of Plk1 to Bora (Chan et al., 2008) Finally, 
Plk1 can also directly phosphorylate Cyclin B and promote its nuclear localization (Toyoshima-Morimoto 
et al., 2001; Yuan et al., 2002). These feedback loops all act in concert to ensure controlled activation of 
Cyclin B/Cdk1 activity, whose activity is determinant for entry into mitosis.

The DNA damage response in G2

The genome of cells is continuously challenged by various amounts of intra- and extracellular stresses 
that can cause damage to the DNA, such as oxidative stress, ionizing radiation or sunlight. Estimates 
are that the average cell can experience as many 105 lesions to its DNA a day (Ciccia and Elledge, 
2010). Damage to the DNA can result in several different types of lesions, among which DNA double 
strand breaks (DSBs) are likely the most dangerous. When cells encounter DNA damage the cell cycle 
needs to be arrested to allow for repair of the damaged DNA and to prevent the cells from propagating 
potentially lethal or oncogenic errors while progressing through the cell cycle. This is important because 
deregulation of the DNA damage response (DDR) can predispose to cancer, compromise cell viability 
and is known to be causative for several hereditary diseases (Ciccia and Elledge, 2010; Curtin, 2012). 
To bring about an efficient arrest in the cell cycle, cells are equipped with a variety of DNA damage 
checkpoints. These checkpoints ensure that the damaged DNA is detected and that the proper DNA 
repair pathways are activated to repair the corrupted DNA to its original state. The DNA damage response 
leads to a highly complex series of events involving many different posttranslational modifications such 
as phosphorylation, acetylation, methylation, poly(ADP)ribosylation and ubiquitylation in order to 
orchestrate controlled recruitment and activation of checkpoint and repair proteins with inactivation 
of the cell cycle machinery (For a detailed review see Ciccia and Elledge, 2010). One of the earliest 
events after DSBs is the phosphorylation of the histone variant H2AX at S139, producing γH2AX (Ciccia 
and Elledge, 2010; Rogakou et al., 1998). γH2AX rapidly forms at sites of damage and is required for the 
recruitment of several checkpoint and repair proteins such as ATM, MDC1, 53BP1 and BRCA1 (Bekker-
Jensen et al., 2005; Stucki et al., 2005). The phosphatidylinositol-3-kinase-like family members ATM and 
ATR kinases are the master sensors of DNA damage. ATM is activated by DSBs, while ATR recognizes 
single-stranded DNA. Once active, ATM and ATR phosphorylate and activate effector kinases such as 
Chk1 and Chk2, which propagate the signal to downstream targets as well as mediator proteins, such 
as 53BP1, that are required for recruitment of DNA break processing proteins and DNA repair proteins 
(Ciccia and Elledge, 2010).
When cells encounter DNA damage in G2, Cyclin B/Cdk1 needs to be inhibited to prevent untimely entry 
into mitosis before the damage is repaired (Fig.2A). Not surprisingly, many of the feedback loops that 
control its progressive activation are also controlled by the DNA damage checkpoint. For instance, Wee1 
is activated while Cdc25 phosphatases are inactivated (Reinhardt and Yaffe, 2013). In addition, Plk1 and 
Aurora A are inhibited (Krystyniak et al., 2006; Smits et al., 2000). Aside from these immediate early 
modifications there is also a more long-term effect of the DDR on the mitotic entry network. Probably 
the most extensively studied protein in this process, the transcription factor and tumor suppressor p53, 
is activated upon DNA damage. The effects of p53 on its target genes generates a cellular response that 
regulates the cell cycle arrest and ultimate cell fate by regulating apoptosis and senescence (Riley et 
al., 2008). Induction of p53 both results in activation and repression of its target genes. For instance, 
induction of p53 promotes the transcription of p21. p21 binds to Cyclin/Cdk complexes and inhibits 
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their kinase activity, thus promoting a cell cycle arrest (Abbas and Dutta, 2009). However, amongst the 
target genes that p53 controls are also a vast amount of G2-specific genes (Riley et al., 2008; Spurgers et 
al., 2006). Activation of p53 represses this set of genes, resulting in inhibition of cell cycle progression. 
In addition to transcriptional repression, several proteins that promote mitotic entry, such as Cyclin B, 
Cdc25A, Plk1 and Bora, are targeted for degradation at the later stages of the DDR (Bassermann et al., 
2008; Busino et al., 2003; Gillis et al., 2009; Qin et al., 2013). Initiating these events ensure that the cell 
cycle is halted while a cell focuses on DNA repair.

Recovery from a DNA damage response-induced arrest

Step 1) Maintaining recovery competence
As discussed above, repression of Cyclin B/Cdk1 activity and induction of p53 by the DNA damage 
checkpoint has severe consequences for the expression of G2-specific genes during the DDR (Riley 
et al., 2008). Cells need to retain a minimal amount of expression of these genes to retain their G2 
state and be able to resume the cell cycle after the DNA damage-induced arrest. This is regulated by a 
delicate balance between transcriptional repression of G2-specific genes on one hand and sustained 
expression of these genes on the other (Alvarez-Fernández et al., 2010b) (Fig.3). 
The tumor suppressor p53 is activated upon DNA damage and acts as the main transcriptional 
repressor during a G2-arrest (Riley et al., 2008). p53 activity needs to be carefully balanced to maintain 
reversibility of a G2 arrest (Alvarez-Fernández et al., 2010b; Lindqvist et al., 2009a). Homeostasis in 
the p53 pathway is maintained via several negative regulators of p53, such as Wip1 and Mdm2, which 
themselves are direct transcriptional targets of p53 (Barak et al., 1993; Batchelor et al., 2008; Fiscella 
et al., 1997). This feedback mechanism leads to oscillations in the p53 response (Batchelor et al., 2008; 
Lahav et al., 2004), that play an important role in determining the outcome of the DDR. For example, 
altering the oscillatory pattern of p53 induction can lead to a block in recovery from a DNA damage-
induced arrest (Purvis et al., 2012). Also, Wip1 dephosphorylates p53 at S15 (Lu et al., 2005), and Wip1 
depletion results in excessive p53-dependent repression of G2-specific genes such as Cyclin B and Plk1 
(Lindqvist et al., 2009a). As a result, Wip1-depleted cells fail to recover when the checkpoint is silenced 
and remain arrested in G2.
While p53 acts to repress transcription of G2-specific genes, the transcription factors FoxM1, NF-Y and 
B-Myb are responsible for promoting the expression of many of these genes such as Cyclin B and Plk1 
(Chae et al., 2004; Laoukili et al., 2005; Zhu et al., 2004). In turn, Cyclin B/Cdk1 and Plk1 promote 
the activation of FoxM1 (Fu et al., 2008; Laoukili et al., 2008). Similarly, the G2-specific transcription 
factors NF-Y and B-Myb are also regulated by Cdk activity (Chae et al., 2004; Saville and Watson, 
1998). Although Cdk activity is repressed during the DDR in G2, complete repression does not seem 
to occur, as FoxM1-activity is maintained during the arrest (Alvarez-Fernández et al., 2010a). In fact, 
full inhibition of Cdk1 activity during a DDR results in further repression of G2-specific gene expression 
and loss of recovery competence in a FoxM1-deapendent manner (Alvarez-Fernández et al., 2010a). 
Similarly, the transcription factor B-Myb is essential for recovery from a DNA damage-induced G2 arrest 
(Mannefeld et al., 2009). Whether other G2-specific transcription factors such as NF-Y, also contribute 
to maintaining recovery competence is currently unknown.
In addition to regulating expression levels through transcription, protein levels of several mitotic 
regulators are also controlled by degradation during the DDR. Upon DNA damage in G2, the anaphase 
promoting complex or cyclosome (APC/C) is activated (Sudo et al., 2001) and targets several G2-specific 
proteins such as Plk1, Cyclin A and Cyclin B for degradation (Bassermann et al., 2008; Wiebusch and 
Hagemeier, 2010). This activation depends on the APC/C co-activator Cdh1 (Bassermann et al., 2008; 
Sudo et al., 2001) and potentially puts the APC/C-Cdh1 in control of recovery competence after DNA 
damage.
In summary, the balance between transcriptional repression by p53, activation of transcription by 
FoxM1 and B-Myb and possibly the control of protein stability by APC/C-Cdh1 is of utmost importance 
during the DNA damage response to control reversibility of the G2 arrest and keep cells competent 
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Figure 2. The DNA damage response and checkpoint recovery.
A) The DNA damage response results in inactivation of Cyclin B/Cdk1. ATM and ATR kinases are activated upon 
DNA damage. Activation of ATM and ATR result in activation of Chk2 and Chk1, respectively. Activation of Chk1 by 
ATR depends on the protein Claspin, and Chk2. These effector kinases mediate the inactivation of Plk1, Aurora A 
and the Cdc25 phosphatases, while activating Myt1 and Wee1, thus promoting the inactivation of Cyclin B/Cdk1 at 
multiple levels. In addition, p53 is induced in response to DNA damage which in turn results in induction of the Cdk 
inhibitor p21. B) When the damage to the DNA is repaired, cells need to shut down the signaling of the DNA damage 
response and re-activate Cyclin B/Cdk1. Plk1 plays a crucial role in this process, since it targets several components 
of the DNA damage response to inactivate the DDR and contributes to the re-activation of Cyclin B/Cdk1 to promote 
mitotic entry. Plk1 targets Wee1 and Claspin for degradation, inactivates Myt1 and Chk2 and releases 53BP1 form 
the site of damage. In addition, the redundancy of the Cdc25 phosphatases is reduced and cells depend on Cdc25B 
to re-activate Cyclin B/Cdk1. Figure 5. Balance between the DNA damage response and checkpoint recovery. During 
the DNA damage-induced cell cycle arrest, entry into mitosis is prevented. However, control and maintenance of 
the arrest is not an on-or-off state. The DNA damage response (red, activity going upward) and the mitotic entry 
machinery (green, activity going downward) negatively feed back onto each other, creating a graded oscillatory 
activation/inactivation pattern.
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to recover once the DNA has been repaired (Fig.3). This mechanism has interesting consequences for 
the timing of the DNA damage response. It defines a clear window within which cells should be able 
to repair the damaged DNA and resume the cell cycle. As a result, this would provide for a mechanism 
that if a cell is too extensively damaged or is unable to repair the sustained DNA damage it automatically 
enters an irreversible G2-arrest and this would prevent the carry over of unrepaired DNA damage into 
mitosis.

Step 2) Shutting down the DNA damage checkpoint
After repair has been completed and it is safe for a cell to resume the cell cycle, the cell needs to switch 

Figure 3. Recovery competence.
During the DNA damage arrest in G2 (blue area) it is of crucial importance that cells maintain their G2 state. Pro-
mitotic gene and protein expression (i.e. Plk1, Cyclin B, Cyclin A) is repressed to prevent untimely entry into mitosis. 
When DNA repair is complete and cells recover from the DNA damage-induced arrest, these protein levels are 
restored to allow cells to enter mitosis (green line). However, if expression of these proteins falls beneath a critical 
threshold (dashed line) during the DNA damage-induced arrest, cells will be rendered unable to recover even though 
the DNA damage is resolved (red line). This delicate balance is controlled by mechanisms promoting (green boxes) 
and repressing (red boxes) recovery competence during the DDR. During the arrest, Cdk activity is required to sustain 
activation of the transcription factor FoxM1, which promotes expression of the G2-specific genes. In addition, B-Myb 
and Lin-9 are similarly required to promote the expression of these genes. On the other hand, p53 actively represses 
the expression of these genes. p53 also induces expression of Wip1, creating a negative feedback loop that keeps 
p53 activity in check. Finally, the APC/C-Cdh1 is activated during the DNA damage response and targets several 
proteins for degradation to control protein expression levels.



15

1
off the DDR. Activation of the DDR leads to many changes in post-translational modifications, such as 
phosphorylation, acetylation, methylation and ubiquitylation, on the chromatin as well as on checkpoint 
signaling proteins (Panier and Durocher, 2013). Since these modifications promote checkpoint 
activation, cell cycle arrest and DNA repair, reversal of these modifications is essential to silence the 
checkpoint and prepare a cell for cell cycle re-entry. Aside from reversal of these post-translational 
modifications, a cell needs to properly restore the chromatin at the sites of damage. The latter process 
is not trivial, since the chromatin is extensively remodeled and nucleosomes are removed at the sites of 
damage. This is necessary to process the break and allow access of DDR-proteins to the break site. Thus, 
after repair is complete, nucleosomal organization needs to be restored to reinstate proper chromatin 
structure and function (Avvakumov et al., 2011). The exact order and control of histone eviction and 
nucleosome reassembly at the sites of damage is currently unclear. Studies in yeast have shown that 
reloading of H3K56-acetylated histones into repaired DNA depends on the histone chaperones Asf1 
and CAF-1. This event functions as a ‘repair complete’ signal (Chen et al., 2008; Kim and Haber, 2009). 
Conflicting reports exist as to whether H3K56-acetylation in human cells localizes to sites of damage or 
is removed (Das et al., 2009; Miller et al., 2010). However, re-establishing H3K56-acetylated histones is 
required for recovery from UV-induced lesions (Battu et al., 2011).
Reversal of protein phosphorylation is carried out by phosphatases, and many Ser/Thr-phosphatases 
have been implicated in dephosphorylating DDR proteins (Lee and Chowdhury, 2011). For instance, 
Wip1, which, as mentioned above, controls p53 stability, also dephosphorylates γH2AX, ATM, Chk1 and 
Chk2 to repress the DDR (Fujimoto et al., 2006; Lu et al., 2005; Lu et al., 2007; Macůrek et al., 2010; 
Shreeram et al., 2006; Takekawa et al., 2000). In addition, PP2A, PP4, and PP6 have also been shown 
to dephosphorylate γH2AX, as well as other checkpoint components (Lee and Chowdhury, 2011). 
Whether this reflects abundant redundancy in the system or is simply a consequence of requirement 
for different phosphatase under different circumstances, such as different types of damage or distinct 
cell cycle phases remains to be resolved.
Next to protein phosphorylation, extensive ubiquitylation takes place at the sites of damage to create 
a landing platform for all kinds of repair proteins (Doil et al., 2009; Stewart et al., 2009). Obviously, this 
also needs to be reversed in order for cells to silence the checkpoint and re-enter the cell cycle. Several 
deubiquitylating enzymes (DUBs) have been implicated in reversal or editing of the ubiquitin chains 
formed after the DDR (Panier and Durocher, 2013). For instance, USP3 and USP44 overexpression have 
been shown to reduce the size and amount of DNA damage foci (Doil et al., 2009; Mosbech et al., 2013). 
However, the role of DUBs in shutting down the DDR and recovery remains poorly understood. It will be 
interesting to see how these DUBs control the degree of recovery during a DSB response.
Aside from reversal of post-translational modifications, checkpoint components are also actively shut 
down during recovery. A pivotal role in this process is played by Plk1, which promotes repair and controls 
the de-activation of several checkpoint proteins (Fig.3B). During the DNA damage-induced arrest in G2, 
Plk1 promotes the recruitment of Rad51, a DNA repair protein required to direct DNA repair through 
homologous recombination (Yata et al., 2012). In addition to promoting repair, Plk1 also directly targets 
several components of the DNA damage response. During checkpoint recovery, Plk1 targets Claspin, 
a protein that mediates the activation of Chk1 by ATR, for degradation in a βTrCP-dependent manner 
(Mamely et al., 2006; Peschiaroli et al., 2006). Failure to degrade Claspin leads to attenuated Chk1 
activation and failure to recover from the DDR. In addition, Plk1 phosphorylates 53BP1 and Chk2 to 
promote recovery (van Vugt et al., 2010; Vidanes et al., 2010). Interestingly, binding of Plk1 to 53BP1 
requires priming by Cyclin B/Cdk1, indicating that Cdk activity also contributes to shutting down the 
DDR (van Vugt et al., 2010). Plk1 also contributes to the inactivation of p53 by controlling the nuclear 
localization of GTSE1, a negative regulator of p53 (Liu et al., 2010). GTSE1 is implicated in controlling 
p53 levels through Topors and Mdm2 (Dias et al., 2009; Yang et al., 2009) but also has been reported 
to functionally interact and antagonize p53 function (Ando et al., 2004). Finally, there are indications 
that Plk1 controls MDC1 (Ando et al., 2013). So, over the recent years it has become more and more 
apparent that Plk1 directly controls the DDR. In addition, proteomic approaches have identified many 
potential new binding partners and substrates of Plk1, among which several DNA damage checkpoint 
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proteins (Bibi et al., 2013; Halim et al., 2013; Lowery et al., 2007). It will be very interesting to see to 
what extend Plk1 feeds into the DNA damage signaling to regulate checkpoint signaling and promote 
checkpoint shutdown.

Step 3) Re-activating Cyclin B/Cdk1
As a last step, cells need to restart the cell cycle and enter mitosis. Again, Plk1 plays an important role 
in this process. The role of Plk1 in unperturbed mitotic entry is largely redundant and its inhibition in 
unperturbed cells leads to a cell cycle delay in G2, followed by a prominent mitotic arrest. However, 
during checkpoint recovery, Plk1 becomes essential for re-entry into the cell cycle (van Vugt et al., 
2004) as do its upstream activators Aurora A and Bora (Macurek et al., 2008). In addition, reactivation 
of Cyclin B/Cdk1 by the Cdc25 phosphatases is also rewired during the DDR (Fig.2B). In unperturbed 
cells Cdc25A, B and C appear to act redundantly in G2. However, in response to DNA damage, Cdc25A is 
degraded (Falck et al., 2001), reducing the redundancy normally observed during mitotic entry. In fact, 
during checkpoint recovery cells depend on specific isoforms of Cdc25B (Jullien et al., 2011; van Vugt 
et al., 2004). This reduction in redundancy might provide a better control of the arrest, as only fewer 
proteins need to be kept in check to prevent premature cell cycle re-entry.

Concluding remarks

Recovery from a DNA damage-induced arrest is an intricate process that consists of several steps that 
need to be taken in a tightly controlled order for the process to function efficiently. While presented 
here as a series of sequential steps, in reality these processes are not truly separated. In real life, events 
such as the DNA damage response, the mitotic entry machinery and transcription regulation all feed 
back onto each other (Fig.4). This is particularly apparent in the regulation of p53, which shows an 
oscillatory pattern upon DNA damage (Lahav et al., 2004). This oscillation is generated by the induction 
of Wip1 and Mdm2, showing the interplay between DDR activation and inactivation (Batchelor et 
al., 2008). This mechanism possibly ensures homeostasis in the DDR and provides some ‘breathing 
room’ to the cell cycle machinery in order to maintain recovery competence. Indeed, the nature of 
this oscillatory behavior is essential to determine the outcome of the DDR (Purvis et al., 2012). Other 
clear examples of a more complex feedback between the DDR and mitotic entry are the multifaceted 
roles of Plk1 and Cdk1 in initiation of DNA repair, shutting down the DDR and promoting mitotic entry 
(Huertas and Jackson, 2009; Lindqvist et al., 2009b; van Vugt et al., 2010; Yata et al., 2012). This suggests 
that different levels of activity of these kinases can drive transitions from arrest to cell cycle re-entry, 
from checkpoint signaling to checkpoint silencing and from a reversible to an irreversible arrest. Their 
activities therefore need to be carefully controlled to maintain checkpoint reversibility, without causing 
a premature checkpoint override.

Figure 4. Balance between the DNA damage response and checkpoint recovery.
During the DNA damage-induced cell cycle arrest, entry into mitosis is prevented. However, control and maintenance 
of the arrest is not an on-or-off state. The DNA damage response (red, activity going upward) and the mitotic entry 
machinery (green, activity going downward) negatively feed back onto each other, creating a graded oscillatory 
activation/inactivation pattern.
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Taken together, the cell cycle arrest induced by the DDR represents a continuous balance of forces 
between cell cycle-promoting and cell cycle inhibitory mechanisms that should never be fully on-or-off 
to allow the cell to act out the perfect DNA damage response in G2. To better understand the interplay 
between these signaling pathways, we will need to better understand the nature of the feedback loops. 
Only then will we be able to understand the full implications of the balance between the DDR and cell 
cycle re-entry and exploit this in optimization of the DDR as a target in cancer therapy.
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Abstract

Polo-like kinase-1 (Plk1) executes several essential functions to promote cell division. These functions 
range from centrosome maturation in late G2 to the regulation of cytokinesis, which necessitates precise 
separation of Plk1-dependent substrate phosphorylation over time. Multiple levels of control are in 
place to ensure that Plk1-dependent phosphorylation of its various substrates is properly coordinated in 
time and space. Here, we review the current knowledge on the mechanisms that enforce the temporal 
and spatial control of Plk1 activity, and how this results in coordinated phosphorylation of its many 
different substrates. We also review a number of newly discovered functions of Plk1 that provide more 
insights into the spatio-temporal control of Plk1-dependent substrate phosphorylation.
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Plk1 runs the cell cycle

Ever since the discovery of Polo kinase in Drosophila in 1988, Polo-like kinases (Plks) have emerged 
as a family of kinases that perform several crucial functions in cell division (Petronczki et al., 2008). 
Five members of the Polo kinase family (Plk1-5) have been discovered in humans, all of which seem 
to have largely non-overlapping functions during the cell cycle (Andrysik et al., 2010; van de Weerdt 
and Medema, 2006). Polo-like kinases consist of a kinase domain and two polo box regions (with the 
exception of Plk4 and Plk5). The two polo box regions fold together to form a polo box domain (PBD), 
a functional domain that can bind phosphorylated peptides. This priming phosphorylation is mainly 
provided by Cdk1 but there is also evidence that shows that at least Plk1 can create its own docking 
site through priming phosphorylation (Elia et al., 2003a; Elia et al., 2003b; Neef et al., 2007). This 
mechanism ensures targeted substrate recognition and recruitment of Plk1 to selected sites within the 
cell. It provides a very important, and well-studied aspect of Cdk-directed spatio-temporal control for 
Plks, as it allows sequential recruitment to distinct substrates through timely phosphorylation of the 
respective peptides that create a PBD-binding site.
The best-studied member of the Polo-like kinase family is Plk1, which has been implicated in various 
essential cell cycle-related processes including centrosome maturation, mitotic entry, checkpoint 
recovery, spindle assembly, sister chromatid separation, and cytokinesis. Plk1 is upregulated in many 
human tumors and this has been found to correlate with poor prognosis. However, it has to be noted 
that very few mutations have been found in Plk1 and that the mutations that have been reported lead 
to destabilization of the protein rather than increased expression or activity. This suggests that Plk1 
upregulation is an indirect consequence of increased cell proliferation in tumors, rather than a causal 
role for Plk1 deregulation in tumorigenesis (Lens et al., 2010). Nonetheless, its essential roles during the 
cell cycle have made Plk1 an interesting target for anti-cancer treatment (Lens et al., 2010). Many of its 
interactions and substrates have been studied extensively (Archambault and Glover, 2009) and analysis 
of interaction partners of the PBD of Plk1 shows that it interacts with proteins acting in a wide variety 
of processes, many of which are still unexplored (Lowery et al., 2007). Indeed, recently several papers 
have been published that implicate Plk1 in novel processes, providing more insight into its functions and 
the regulation of its activity.

Switching on Plk1: when and where?

As mentioned earlier, Plk1 has several essential functions during the cell cycle. Its activity starts to 
increase during G2 and peaks in mitotic cells. One of the most important functions of Plk1 in late G2/
prophase is to control activation of Cyclin B/Cdk1 to ensure timely entry into mitosis. Plk1-inhibited 
cells will eventually enter mitosis, albeit with a significant delay and will arrest in prophase (Lénárt 
et al., 2007) with immature centrosomes (Lane and Nigg, 1996) and unresolved chromosome arm 
cohesion (Sumara et al., 2002). Approximately 5 hours before mitosis Plk1 activity starts to rise, which 
was observed using a Plk1-specific FRET-based biosensor (Macurek et al., 2008). Activation of Plk1 at 
this time in G2 requires phosphorylation of Threonine 210 (T210) in the activation loop of its kinase 
domain by Aurora A (Figure 1) (Jang et al., 2002; Macurek et al., 2008; Seki et al., 2008b). However, 
Aurora A can only phosphorylate Plk1 if it is bound to its co-factor Bora (Macurek et al., 2008; Seki 
et al., 2008b). The precise regulation of the Bora/Plk1 interaction is unclear, but is probably initiated 
by Cdk1-dependent phosphorylation of Bora (Chan et al., 2008). This suggests that Cdk1 activity is 
required for the activation of Plk1 in G2, while Plk1 activation in turn is required for the activation of 
Cyclin B/Cdk1. This type of regulation is often seen in cell cycle transitions which typically depend on 
such interlinked feedback and feed forward loops to establish bistable systems that render cell cycle 
transitions irreversible (Reviewed in (Lindqvist et al., 2009b)).
Interestingly, work done with the Plk1-specific FRET-based biosensor suggests that the initial activation 
of Plk1 occurs in the nucleus (Macurek et al., 2008). However, other lines of evidence suggest that Plk1 
gets activated at the centrosome (Lindqvist et al., 2009b). It is currently unclear where endogenous 
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Bora localizes in mammalian cells, but in Drosophila, Bora has been shown to shuttle between the 
cytoplasm and nucleus in a cell cycle-dependent manner (Hutterer et al., 2006). During interphase it is 
distinctly nuclear but in late G2 it relocates to the cytoplasm until nuclear envelope breakdown (NEB). 
It is tempting to speculate that this coincides with the moment Plk1 gets activated, but this seems to 
contrast with the observation that Plk1 activity is first seen in the nucleus. Nonetheless, both Plk1 and 
the FRET-based biosensor also actively shuttle between the cytoplasm and nucleus. If a cytoplasmic 
phosphatase were responsible for dephosphorylation of Plk1 or the biosensor, this could also lead to 
enrichment of phosphorylated biosensor in the nucleus. Thus, these observations cannot be interpreted 
as direct evidence. Localized biosensors should be used to clarify exactly where Plk1 is first activated.
At the onset of mitosis the nuclear envelope disappears and thereby the possibility of distinct 
compartmental regulation of Plk1 also dissolves. In addition, Bora is degraded just prior to entry in 
mitosis in a Plk1- and SCF-bTrCP-dependent manner (Chan et al., 2008; Seki et al., 2008a), and 
regulation of Aurora A is taken over by another co-factor, TPX2, which targets Aurora A to the mitotic 
spindle (Kufer et al., 2002) (Figure 1). Around the same time, regulation of Plk1 activity switches from an 
Aurora A-dependent to an Aurora A-independent activation mechanism although the exact mechanism 
of this switch is currently not understood (Macurek et al., 2008). Interestingly, Carmena et al. found 
that Drosophila Aurora B is able to phosphorylate Polo at residue T182, the equivalent of human T210, 
and that this Aurora B-dependent regulation is potentially conserved in mammalian cells (Carmena et 
al., 2012). In addition, several additional kinases have been suggested to be involved in regulating Plk1 
activation, such as the Ste20-like kinases (Ellinger-Ziegelbauer et al., 2000; Erikson et al., 2004; Walter 
et al., 2003) and more recently Greatwall (Peng et al., 2011), a highly conserved PP2A-counteracting 
kinase (Burgess et al., 2010; Voets and Wolthuis, 2010). Using Xenopus extracts, Peng et al. identified 
a positive feedback loop between Greatwall, Aurora A and the Xenopus Plk1 homologue Plx1 (Peng 

Figure 1. Activation and inactivation of Plk1 during the G2-to-M transition.
Polo-like kinase 1 (Plk1) is phosphorylated on T210 by Aurora A (AurA), presumably at the centrosome. This 
event is dependent on Cdk-mediated association of Plk1 with its co-factor Bora. Activated Plk1 is also seen at the 
kinetochores in late G2. During progression through G2, Plk1 mediates the nuclear translocation of the Optn/MYPT1 
complex, which is then activated by Cdk1 to dephosphorylate T210 in late G2 and mitosis. How dephosphorylation 
of T210 in the cytoplasm is regulated is currently unknown. In addition, when cells enter mitosis Plk1 promotes the 
degradation of Bora, which allows Aurora A to bind to its co-factor TPX2. This effectively switches phosphorylation of 
Plk1 T210 to being Aurora A-independent (indicated by ‘Kinase?’). Substrate phosphorylation of Plk1 is first seen in 
the nucleus. This observation is the consequence of the complex spatio-temporal regulation of Plk1 as cells prepare 
to enter mitosis.
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et al., 2011). It will be interesting to see if these kinases might indeed have a significant effect on Plk1 
activation in other systems as well.

Switching Plk1 off: when and where?

In addition to phosphorylation by kinases, the activating phosphorylation on T210 is sensitive to 
dephosphorylation by phosphatases. In mitosis, dephosphorylation of T210 has been shown to be at 
least partially mediated by the PP1 subunit MYPT1 (Yamashiro et al., 2008). It has to be noted however, 
that although both in vivo and in vitro experiments suggest that MYPT1 mediates the dephosphorylation 
of T210, double depletion of MYPT1 and Plk1 rescue some of the effects of Plk1 depletion (Kachaner 
et al., 2012; Yamashiro et al., 2008). As depletion of a strictly upstream phosphatase is not expected to 
rescue any effects of its target, this observation suggests MYPT1 may also directly regulate substrates 
of Plk1 in mitosis.
Until recently it was unclear if and how the T210 phosphosite can be dephosphorylated in G2. However, 
the recent discovery of a Plk1 negative feedback loop has shed some light on how Plk1 might be 
dephosphorylated during G2. Kachaner et al. show that spatial regulation of MYPT1 by Optineurin 
(Optn) is dependent on Plk1, uncovering an important negative feed-back loop (Kachaner et al., 
2012). Optn is initially cytoplasmic but shuttles to the nucleus after phosphorylation on S177 by Plk1. 
The exact timing of this translocation is unclear, but phosphorylation of Optn coincides with T210 
phosphorylation, indicating it is a direct consequence of rising Plk1 activity. Once nuclear, the Optn-
MYPT1 complex can be primed by Cdk1 for binding to Plk1 and can subsequently act to counteract the 
phosphorylation of T210. Thus, active Plk1 in the cytoplasm would suppress Plk1 activity in the nucleus 
in G2. This model seems to be in contrast with the results obtained with the FRET-based biosensor 
where Plk1 activity is first seen in the nucleus. However, it is important to note that the biosensor is a 
read-out for both kinase and phosphatase activity. It is therefore the balance between phosphorylation 
and dephosphorylation in both compartments that determines where a change in FRET activity is first 
observed. A cytoplasmic phosphatase for T210 has not been reported yet, but it is very well possible 
that the different findings can be reconciled once we understand exactly where and when T210 gets 
dephosphorylated. Nonetheless, Optn clearly plays an important role in the spatio-temporal control of 
Plk1 activity (Figure 1). The recent studies show once more that regulation of Plk1 consist of complex 
feedback loops and suggest that regulation of phosphorylated T210 in G2 might be fundamentally 
different from that in mitosis. 

Switching on Plk1 to promote centrosome maturation and separation

The spatio-temporal regulation of Plk1 activity and localization during the cell cycle ensures that it 
is activated and recruited correctly to exert its function. In G2, Plk1 specifically localizes to the 
centrosomes, where it functions to recruit pericentriolar material (PCM) and turns the centrosomes 
into active microtubule nucleation centers (Lane and Nigg, 1996). The major target of Plk1 that is 
responsible for efficient centrosome maturation is Nlp. Plk1-dependent phosphorylation of Nlp disrupts 
the interaction of Nlp with the centrosome and γ-Tubulin Ring Complex (γ-TuRC), thereby promoting 
microtubule nucleation (Casenghi et al., 2003). Recently, pericentrin (PCNT) was identified as a novel 
target of Plk1 at the centrosome and was also found to be essential for centrosome maturation (Lee 
and Rhee, 2011). Phospho-resistant point mutants of PCNT fail to recruit essential PCM components 
such as CEP192, g-tubulin, Aurora A and Plk1 itself to the centrosome, thereby inhibiting maturation. 
Plk1 has also been implicated in phosphorylation and activation of players that are involved in 
centrosome disjunction and separation. In S-phase, the centrosomes duplicate but remain physically 
tethered through a proteinaceous link containing C-nap1 and Rootletin (Bahe et al., 2005) (Figure 
2). When the cell is in late G2, C-nap1 and Rootletin are phosphorylated by the NIMA-related kinase 
Nek2A, resulting in their dissociation from the centrioles (Bahe et al., 2005). It was previously proposed 
that Plk1 might act upstream of Nek2A to promote centrosome separation after recovery from a DNA 
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damage arrest (Zhang et al., 2011). However, more recently it was shown that the activation of Nek2A 
is regulated by two components from the Hippo pathway: Mst2 and hSav1 (Mardin et al., 2010). Mst2 
is phosphorylated by Plk1, which prevents the binding of the antagonizing phosphatase PP1γ to Nek2A 
(Mardin et al., 2011). Thus, increased Plk1 activity in G2/prophase promotes phosphorylation of C-nap1 
and Rootletin by Nek2A, thereby initiating centrosome disjunction (Figure 2). 
In parallel to the Nek2A-mediated disengagement, the plus end-directed kinesin Eg5 contributes to 
the disjunction of the centrosomes (Mardin et al., 2010). Furthermore, Eg5 is responsible for the full 
separation of the centrosomes in prophase (Whitehead and Rattner, 1998). Interestingly, Plk1 is also 
directly implicated in Eg5-mediated centrosome separation. Different studies show that Plk1-activity 
contributes to the centrosomal localization of Eg5 (Bertran et al., 2011; Mardin et al., 2011; Smith et 
al., 2011). Bertram et al. show that this depends on the activation of Nek9 through Plk1- and Cdk1-
dependent phosphorylation events, resulting in the activation Nek6/7, which in turn phosphorylates Eg5 
on S1033 (Bertran et al., 2011). This phosphorylation, together with Cdk1-dependent phosphorylation 
on T926, contributes to the accumulation of Eg5 at centrosomes in prophase, which is essential for its 
separating activity (Bertran et al., 2011) (Figure 2). Interestingly, Smith et al. demonstrated that Plk1-
dependent centrosome separation is a slow and inefficient process, whereas Cdk1 and Plk1 together 
mediate a fast and more linear separation (Smith et al., 2011). Together, these data demonstrate that 
Plk1 promotes centrosome separation in G2/prophase both by regulating Eg5 recruitment as well as 
initiating centrosome disengagement. 

Switching on Plk1 to promote chromosome alignment

Once centrosomes are separated and a cell enters prometaphase it has to break down its nuclear 
envelope (NE) to allow the association of the chromosomes with the mitotic spindle. NEB is mainly 
dependent on phosphorylation and depolymerization of nuclear lamins and microtubule- and dynein-
dependent tearing forces (Beaudouin et al., 2002; Salina et al., 2002). Recently, a direct role in NEB 
was reported for Plk1. Li et al. showed that Plk1-dependent phosphorylation on S179 of the p150glued 
dynactin subunit promotes the localization of p150glued to the NE, thereby promoting NEB (Li et al., 
2010).
After NEB, Plk1 remains at the centrosomes and kinetochores where it functions to regulate 
kinetochore-microtubule attachment (Lénárt et al., 2007). It is thought that the early association of 
Plk1 with the kinetochore depends on PBIP1 (Kang et al., 2006). However, PBIP1 is degraded early in 
mitosis in a Plk1-dependent manner (Kang et al., 2006). After degradation of PBIP1, Plk1 is retained 
at the kinetochores and several kinetochore/centromere-associated proteins, among which Bub1, 
BubR1 and INCENP, have been shown to contribute to its localization (Elowe et al., 2007; Goto et al., 
2005; Qi et al., 2006). Although it is not clear how Plk1 promotes kinetochore-microtubule (KT-MT) 
attachments mechanistically, Plk1 is able to phosphorylate BubR1 on S676, which was previously shown 
to be important for KT-MT attachments (Elowe et al., 2007). Although this phosphorylation coincides 
with a lack of tension at the kinetochores, the exact functional implication remains to be determined. 
In addition, Tex14 was recently identified as a kinetochore protein that binds to Plk1 at the kinetochore 
in a Cdk1-dependent manner. Plk1-dependent phosphorylation of Tex14 was linked to the maturation 
of the outer kinetochore and was shown to be essential for the formation of stable KT-MT attachments 
(Mondal et al., 2012).  Tex14 is not ubiquitously expressed (Wu et al., 2003), and the defects in Tex14 
knock-out mice are restricted to germ cells (Greenbaum et al., 2009), therefore it seems unlikely that 
Tex14 is generally required for formation of stable KT-MT attachments. Rather, this function might be 
restricted to cell lines that exhibit Tex14 overexpression (Kelemen et al., 2009).
Besides regulating KT-MT attachments, Plk1 acts also early in mitosis to activate the anaphase promoting 
complex/cyclosome (APC/C). Plk1 phosphorylates the APC/C inhibitor Emi1, which facilitates the 
recognition by its ubiquitin ligase SCF-βTrCP. This interaction promotes Emi1 degradation, allowing the 
APC/C to become active (Hansen et al., 2004; Moshe, 2004). Studies with Plk1 inhibitors confirm a delay 
in Emi1 degradation at mitotic onset in Plk1-inhibited cells. However, no defect in Cyclin A destruction 
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could be observed (Lénárt et al., 2007). This is in line with the observation that cells expressing a non-
degradable version of Emi1 display no defects in Cyclin A, Cyclin B1 and Securin degradation (Di Fiore 
and Pines, 2007). These findings suggest that Emi1 acts as an APC/C inhibitor during interphase to 
allow the build up of mitotic Cyclins, but that Plk1-mediated destruction of Emi1 is not a prerequisite 
for APC/C activation at mitotic onset. 

Switching on Plk1 to control spindle positioning

Recently, Kiyomitsu et al. (Kiyomitsu and Cheeseman, 2012) discovered a novel function for centrosome-
associated Plk1 in positioning of the mitotic spindle during (pro)metaphase. The mechanistic properties 
underlying correct positioning of the mitotic spindle have mostly been studied in model organisms 
that divide asymmetrically, such as Caenorhabdits elegans embryos and Drosophila neuroblasts. These 
studies have revealed that a highly conserved Gα/LGN/NuMA complex is essential for the recruitment of 
the minus-end directed motor complex dynein to the cortex (Nguyen-Ngoc et al., 2007). Dynein positions 
the spindle by pulling on the astral microtubules extending from the spindle poles. Kiyomitsu et al. show 
that LGN and NuMA localize in a symmetric fashion to the cortex, and are distal to both spindle poles 
in unpolarized human cells. Both internal (Ran-GTP gradient) and external signals (retraction fibers) 
regulate the localization of LGN and NuMA to the cell cortex. In contrast to LGN and NuMA, dynein 
and dynactin show an intriguing asymmetric signal at only one side of the cortex. Consequently, the 
spindle is pulled towards the side of dynein/dynactin localization (Figure 3). However, when the spindle 
pole comes in very close proximity to the cell cortex, dynein/dynactin will switch to the opposing side. 

Figure 2. Plk1 promotes centrosome separation.
After S-phase, duplicated centrosomes remain physically tethered through a proteinaceous link containing 
C-Nap1 and Rootletin. In late G2, this link is severed through phosphorylation of C-Nap1 and Rootletin by Nek2A. 
Phosphorylation of these linker proteins depends on the balance between Nek2A kinase and the counteracting PP1γ 
phosphatase. In early G2, Nek2A is in complex with Mst2 and Sav1, which allows the binding of PP1γ to Nek2A, 
thereby continuously counteracting Nek2A activity and preventing premature centrosome separation. Plk1 activity 
increases in G2, which results in phosphorylation and activation of Mst2 kinase. Mst2 in turn, phosphorylates Nek2A, 
which prevents the formation of a Nek2A-PP1γ complex. This increases Nek2A activity, allowing the dissociation of 
the C-Nap1 and Rootletin link that keeps the centrosomes together. In addition, Plk1 contributes to the recruitment 
of the kinesin-5 motor Eg5 to centrosomes during late G2/prophase. Eg5 crosslinks antiparallel microtubules and 
slides them apart, thereby promoting centrosome separation. Plk1, together with Cdk1, activates Nek9 at the 
centrosomes; Nek9 then phosphorylates and activates Nek6/7. Both Nek6/7 and Cdk1 phosphorylate Eg5 in its C 
terminus, which promotes the recruitment of Eg5 to centrosomes (indicated by dashed arrow) thereby stimulating 
centrosome separation.
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These oscillations decrease when the spindle is 
positioned towards the middle of the cell and act 
as a surveillance mechanism to keep the mitotic 
spindle centered in symmetrically dividing cells. 
Kiyomitsu et al. show that centrosomal Plk1 
controls the switching of dynein/dynactin. Plk1 
can phosphorylate several dynactin members 
and NuMa, perturbing the interaction of dynein/
dynactin with LGN/NuMa proteins. Interestingly, 
NuMA was previously found to bind to the PBD 
of Plk1 (Lowery et al., 2007). However, the exact 
target of Plk1 that is responsible for the loss of 
dynein/dynactin at the cortex remains to be 
determined. Nonetheless, the story presents 
an interesting twist to the spatio-temporal 
regulation of substrate phosphorylation by Plk1, 
which in this case is dictated by the position of 
the mitotic spindle.

Switching on Plk1 to complete 
cytokinesis

After these mitotic events are completed, Plk1 
has one final role to play. During the final steps 
of mitosis, sister chromatids are separated into 
two new daughter cells and these cells need 
to be physically separated, a process called 
cytokinesis. During sister chromatid separation, 
Plk1 translocates to the spindle midzone/central 
spindle via its interaction partner, PRC1. PRC1 
forms homodimers through which it can crosslink 
antiparallel microtubules (Schuyler et al., 2003). 
Its activity and its interaction with the spindle 
midzone before anaphase onset is thought to 
be negatively regulated by Cdk1 (Neef et al., 
2007) or by Plk1 itself (Hu et al., 2012). Once 
anaphase is initiated and Cdk1 activity is low, 
PRC1 translocates to the microtubule overlap. 
Plk1 primes its own interaction with PRC1 by 
phosphorylating PRC1 on T602 thereby targeting 
itself to the spindle midzone (Neef et al., 2007).

The first evidence for a functional role for Plk1 in cytokinesis came from the S. Pombe Plo1p mutant, 
which displays errors in septation (Ohkura et al., 1995). Later studies in mammalian cells, uncovered 
that inhibition of Plk1 prevents binding of the Rho-GEF Ect2 to the Centralspindlin complex, resulting in 
a failure to localize RhoA to the cell membrane. Consequently, Plk1-inhibited cells fail to perform furrow 
ingression and display major defects in cytokinesis (Brennan et al., 2007; Burkard et al., 2007; Petronczki 
et al., 2007; Santamaria et al., 2007; Wolfe et al., 2009). Besides promoting the interaction between 
Ect2 and the Centralspindlin complex, Plk1 is involved in the recruitment and functionality of several 
other players in cytokinesis amongst which mKLP2 and NudC (Neef et al., 2003; Zhou et al., 2003). As 
suggested for PRC1 in metaphase (Hu et al., 2012), Plk1 also negatively regulates the association of the 
abscission protein CEP55 with the spindle midzone during the early steps of cytokinesis (Bastos and 

Figure 3. Plk1 regulates spindle positioning.
Gα/LGN/NuMA localize to the plasma membrane 
and their localization is negatively regulated by a 
chromosome-derived Ran-GTP gradient. Gα/LGN/
NuMA can recruit the minus-end directed motor dynein 
and its cofactor dynactin. This association is negatively 
regulated by Plk1, which is located on the centrosomes. 
When the centrosome comes in close proximity to 
the cell membrane, binding of dynein/dynactin to its 
upstream recruitment factors is inhibited and dynein 
will preferentially localize to the opposing side, where 
the centrosome is further away from the cortex. 
Consequently, dynein will pull on the astral microtubules, 
thereby moving the spindle towards the middle of the 
cell. These intrinsic signals are essential to maintain 
spindle orientation and centration in non-polarized cells. 
Figure adapted from (Kiyomitsu and Cheeseman, 2012).
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Barr, 2010). Plk1 inhibition or expression of CEP55 phophorylation mutants results in premature CEP55 
midzone recruitment, abnormal midbody architecture and defects in abscission (Bastos and Barr, 2010).
Cytokinesis is a perfect example of a process in which Plk1 activity needs to be tightly controlled both 
in time and space. Both premature activation or inhibition of Plk1 during the late stages of mitosis can 
result in defects in cytokinesis and abscission. 

The balancing act between Plk1 and the DNA damage checkpoint

Since Plk1 promotes mitotic entry, it is not surprising that there is active inhibition of Plk1 in situations 
of cellular stress. Indeed, it has been established for some time that Plk1 gets inactivated and degraded 
upon induction of a DNA damage response (Bassermann et al., 2008; Smits et al., 2000). Although Plk1 
is not essential for normal mitotic entry, Plk1 does become essential for mitotic entry once the DNA 
damage checkpoint is activated in G2 (van Vugt et al., 2004). One of the reasons for this acquired extra 
function is that Plk1 is in part responsible for shutting down the DNA damage checkpoint, something 
it does not need to do in an unperturbed cell cycle. Thus, Plk1 functions at an important nodal point 
between the DNA damage response and the cell cycle machinery.
Double strand breaks are recognized and processed by an accumulation of several checkpoint proteins 
and promote activation of ATM and ATR and their downstream effector kinases Chk1 and Chk2 (Ciccia 
and Elledge, 2010). Once ATR is activated, it phosphorylates and activates Chk1, which requires the 
adaptor protein Claspin to link both proteins together (Kumagai and Dunphy, 2000). Once activated, 
Plk1 phosphorylates Claspin and targets it for proteasomal degradation by SCF-bTrCP (Mamely et al., 
2006; Peschiaroli et al., 2006). Expression of non-degradable Claspin leads to an inability to recover 
from a DNA damage-induced arrest, demonstrating that the Plk1-mediated degradation of Claspin is 
imperative to reverse the checkpoint-induced arrest. In addition, Plk1 also negatively regulates the DNA 
damage signaling cascade by phosphorylating the checkpoint scaffolding protein 53BP1 and Chk2. This 
causes 53BP1 to dissociate from sites of damage and results in the inactivation of Chk2 (van Vugt et 
al., 2010). Interestingly, phosphorylation of 53BP1 by Plk1 is preceded by a priming phosphorylation by 
Cyclin B/Cdk1, creating a docking site for Plk1. As a result, Plk1 gets recruited to sites of damage where 
it can phosphorylate 53BP1 and Chk2. When Plk1 phosphorylates Chk2, it does so in its FHA-domain, 
rendering Chk2 unable to bind to its ligands and leading to inactivation of the kinase (van Vugt et al., 
2010) (Figure 4).
In addition to inactivating the DNA damage signaling cascade, there are also several reports describing 
regulation of p53 by Plk1. The tumor suppressor p53 is a key player in stress-induced gene expression 
and is an important mediator of the DNA damage checkpoint (Ciccia and Elledge, 2010; Riley et al., 
2008). A key regulator of p53 is Mdm2, which can target p53 for proteasomal degradation and thereby 
negatively regulates its activity (Riley et al., 2008). GTSE1 was already known to be an Mdm2-dependent 
negative regulator of p53 (Monte et al., 2003; Monte et al., 2004), but it was only recently discovered 
that phosphorylation of GTSE1 at S435 by Plk1 is responsible for translocation of GTSE1 to the nucleus 
(Liu et al., 2010). Once nuclear, GTSE1 binds p53 and shuttles it out of the nucleus, effectively prohibiting 
its function and promoting recovery from a DNA damage-induced arrest. Additionally, Plk1 also controls 
p53 levels through the ubiquitin and SUMO E3 ligase Topors (Yang et al., 2009). Plk1 phosphorylates 
Topors at S718, leading to decreased SUMOylation and increased ubiquitylation of p53, promoting its 
degradation (Figure 4).
In addition to its classical role in the DNA damage response in G1, p53 also participates in the DNA 
damage response in G2, where it controls the competence to recover after a prolonged arrest (Lindqvist 
et al., 2009a). In G2, p53 activity needs to be carefully balanced by the Wip1 phosphatase to prevent 
loss of expression of several mitotic regulators and thus retain the potential to proceed to mitosis after 
the damage has been resolved. Overactivation of p53 leads to complete inactivation of essential mitotic 
regulators such as Cyclin A, Cyclin B and Plk1. Interestingly, the transcription factor FoxM1 counteracts 
this p53-mediated repression, and loss of FoxM1 activity also leads to a loss of recovery competence 
(Alvarez-Fernández et al., 2010; Laoukili et al., 2005). Remarkably, Plk1-mediated phosphorylation of 
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S715 and S724 is required for proper activation of FoxM1 (Fu et al., 2008). Based on its roles in p53 and 
FoxM1 regulation, it is tempting to speculate that Plk1 also has an important role in controlling recovery 
competence (Figure 4).
Considering the role of Plk1 in recovery from DNA damage-induced arrest, it is not surprising that Plk1 
can also control DNA repair. Yata et al. recently described a role for Plk1 in recruitment of Rad51 to the 
site of DNA damage (Yata et al., 2012). First, Plk1 phosphorylates Rad51 on Ser14, leading to subsequent 
phosphorylation of T15 by CSNK2. Dual phosphorylation of Rad51 promotes its accumulation at the site 
of damage and facilitates homologous recombination (Figure 4). Although Plk1 activity is repressed by 
the DNA damage response, its activity is required for the start of repair suggesting a minimal amount 

Figure 4. Functions of Plk1 during the DNA damage-response.
Plk1 controls several aspects of the DNA damage-response. Plk1 has been shown to indirectly inactivate p53 function 
(upper panels). It does so by regulating its ubiquitylation and SUMOylation through Topors, and by mediating nuclear 
export of p53 through GTSE1. During the DNA damage-response in G2 it is crucial that a cell retains expression of 
G2-specific genes. FoxM1 and p53 have been shown to control this by maintaining low levels of expression of pro-
mitotic genes such as Cyclin A, Cyclin B and Plk1. Plk1 controls both transcription factors, therefore it is tempting to 
speculate that it also has a role in the maintenance of cell cycle recovery competence (upper panel). Plk1 initiates 
repair by promoting Rad51 accumulation on resected DNA at the site of damage (lower left panel). Although Plk1 
provides the initial phosphorylation, a subsequent phosphorylation by CSNK2 is required to initiate homologous 
recombination. After the DNA has been repaired, Plk1 is required to remove and inactivate several key components 
from the DNA damage response (lower right panel). Plk1 phosphorylates Claspin and targets it for proteasomal 
degradation, leading to inactivation of its downstream target Chk1. In addition, Plk1 phosphorylates 53BP1 to 
promote its dissociation from the DNA, and Plk1 can inactivate Chk2 by direct phosphorylation (lower right panel). 
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of activity is maintained (Yata et al., 2012). Whether the regulation of Rad51 by Plk1 requires localized 
high activity or depends on low general Plk1 activity has not yet been addressed. In a similar manner, 
Cdk1 has been shown to promote homologous recombination through CtIP (Huertas and Jackson, 
2009; Huertas et al., 2008; Limbo et al., 2011). In addition, Cdk activity is indispensible during the DNA 
damage response in order to maintain recovery competence through FoxM1 (Alvarez-Fernández et al., 
2010).
Together, these studies suggest that there is a crucial threshold for the activity of pro-mitotic kinases 
in a DNA damage arrested G2 cell that is essential for optimal repair and subsequent resumption of 
the cell cycle. Future work should resolve what conditions cause reduction of kinase activity below this 
threshold, and what the consequences are for the outcome of the damage response.

Plk1 times transcription with the cell cycle

In addition to its classical roles in the cell cycle, recently Fairley et al. reported that Plk1 can also 
coordinate DNA polymerase III-dependent transcription of tRNAs and 5S rRNA with the cell cycle 
(Fairley et al., 2012). During G2, Plk1 activity promotes transcription of these genes by binding to the 
transcription factor Brf1 and phosphorylating it on S450. However, once cells enter mitosis, elevated 
levels of Plk1 lead to additional phosphorylation of Brf1 on T270 and prevent binding of RNA polymerase 
III, leading to an inhibition of transcription during mitosis. This means that initial activation of Plk1 to 
phosphorylated Brf1 on S450 is temporally separated from Plk1-dependent phosphorylation of Brf1 
on T270. Interestingly, altering Plk1 levels can have differing effects, depending on the stage of the cell 
cycle. These observations suggest that either the level of Plk1 activity, alternative post-translational 
modifications on Plk1, or a change in binding partners causes Plk1 to differentially phosphorylate Brf1 
at distinct stages of the cell cycle. This introduces yet a new level of spatio-temporal control of Plk1, 
allowing it to function as a positive regulator of Pol III-dependent transcription in interphase but a 
negative regulator in mitosis. 

Concluding remarks 

Plk1 is involved in many processes that are executed at different moments during the cell cycle. 
Localization of the kinase and its degree of activity are crucial to the regulation of Plk1 function. In 
the future, detailed characterization of its spatio-temporal regulation is imperative to fully understand 
Plk1 function during the cell cycle. Perturbations of these regulatory mechanisms can affect the proper 
execution of the various processes that are controlled by Plk1, ranging from centrosome separation 
and maturation, mitotic entry, checkpoint recovery, transcriptional control, spindle assembly, and sister 
chromatid separation to cytokinesis.
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Abstract

Polo-like kinase 1 (Plk1) is required for proper cell division. Activation of Plk1 requires phosphorylation 
on a conserved threonine in the T-loop of the kinase domain (T210). Plk1 is first phosphorylated on 
T210 in G2 phase by the kinase Aurora A, in concert with its cofactor Bora. However, Bora was shown 
to be degraded prior to entry into mitosis, and it is currently unclear how Plk1 activity is sustained in 
mitosis. Here we show that the Bora/Aurora A complex remains the major activator of Plk1 in mitosis. 
We show that a small amount of Aurora A activity is sufficient to phosphorylate and activate Plk1 in 
mitosis. In addition, a fraction of Bora is retained in mitosis, which is essential for continued Aurora A 
dependent T210 phosphorylation of Plk1. We find that once Plk1 is activated, minimal amounts of the 
Bora/Aurora A complex are sufficient to sustain Plk1 activity. Thus, the activation of Plk1 by Aurora A 
may function as a bistable switch; highly sensitive to inhibition of Aurora A in its initial activation, but 
refractory to fluctuations in Aurora A activity once Plk1 is fully activated. This provides a cell with robust 
Plk1 activity once it has committed to mitosis.
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Introduction

Polo-like kinase 1 (Plk1) is a key regulator of several important cell cycle-associated processes, such as 
centrosome maturation, spindle assembly, sister chromatid cohesion, cytokinesis and recovery from 
a DNA damage-induced arrest (Archambault and Glover, 2009; Bruinsma et al., 2012). The distinct 
functions of Plk1 are controlled at multiple levels, through control of its expression, localization and 
activity (Archambault and Glover, 2009; Bruinsma et al., 2012). Expression of Plk1 is highly cell cycle-
regulated; its expression is first induced in G2 and peaks during the early stages of mitosis (Bruinsma 
et al., 2012; Uchiumi et al., 1997). Upon exit from mitosis, Plk1 is degraded by the anaphase promoting 
complex/cyclosome (APC/C) (Archambault and Glover, 2009; Bruinsma et al., 2012; Fang et al., 1998; 
Lindon and Pines, 2004). Plk1 has been described to be recruited to the centrosomes in G2, as well 
as to spindle poles and kinetochores during mitosis (Arnaud et al., 1998; Golsteyn et al., 1995; Kang 
et al., 2006). Spatial control of Plk1 function is in part mediated by the conserved C-terminal polo-
box domain (PBD). This domain can recognize phosphorylated threonine or serine residues which are 
created by other kinases such as Cdk1 (Elia et al., 2003a; Elia et al., 2003b). As such, spatiotemporal 
control of Plk1 functions is under the influence of other kinases that can prime distinct Plk1 substrates 
for recognition and eventual phosphorylation by Plk1. Besides controlling substrate specificity, the PBD 
directs recruitment of Plk1 to distinct subcellular sites, such as the kinetochores in early mitosis and the 
spindle midzone in late mitosis (Bruinsma et al., 2012). This level of spatio-temporal control is essential 
to allow Plk1 to execute multiple roles during cell division in an orderly manner.
Part of this intricate regulation is the activation of Plk1. This event is dependent on phosphorylation 
of a conserved threonine residue (T210) in the T-loop of its kinase domain (Jang et al., 2002). 
Phosphorylation of this residue starts in G2, when Plk1 activity gradually increases until it reaches its 
full activity when cells enter mitosis. The initial phosphorylation of T210 in G2 is mediated by the kinase 
Aurora A (Macurek et al., 2008; Seki et al., 2008b). Efficient phosphorylation of T210 in G2 critically 
depends on Bora, a co-activator of Aurora A, known to bind to Plk1 (Hutterer et al., 2006; Macurek et 
al., 2008). Once cells enter mitosis, Bora is degraded in a Plk1-dependent manner and Aurora A can 
subsequently interact with other co-activators, such as TPX2, which directs Aurora A to the mitotic 
spindle (Chan et al., 2008; Eyers et al., 2003; Seki et al., 2008a). Mitotic activity of Plk1 is strictly 
dependent on continued phosphorylation of T210 (Jang et al., 2002; Macurek et al., 2008; Seki et al., 
2008b). However, it is unclear how T210-phosphorylation is maintained once Bora is degraded and 
which kinase is responsible for the continued T210-phosphorylation of Plk1 in mitosis. In yeast, Cdk1 
has been shown to activate Cdc5 (the sole Polo homolog in budding yeast) through phosphorylation of 
a T-loop residue corresponding to human T214 (Mortensen et al., 2005). However, it has recently been 
shown that another member of the Aurora kinase family, Aurora B can phosphorylate Polo in Drosophila 
and can also contribute to T210 phosphorylation during mitosis in mammalian cells (Carmena et al., 
2012). Aurora B is part of the chromosomal passenger complex and has several roles during mitosis, 
including error correction of microtubule attachments at the kinetochores and cytokinesis (van der 
Waal et al., 2012). Its localization and similarity to Aurora A makes this kinase a very likely suspect in the 
controlling Plk1 activity during mitosis.
Here we have investigated the control of T210 phosphorylation of Plk1 during mitosis. We find that 
Aurora B does not have a major contribution to overall mitotic T210 phosphorylation in human cells. 
In contrast, we provide evidence that phosphorylation of T210 and activation of Plk1 in mitosis is still 
dependent on Bora/Aurora A. We show that a small amount of residual activity of Bora/Aurora A is 
sufficient to keep Plk1 active. Depletion of both Bora and Aurora A is required to inactivate Plk1 in 
mitosis. These data show that in contrast to G2, mitotic activation of Plk1 is extremely robust that can 
be sustained at very low levels with severely reduced levels and activity of the Bora/Aurora A complex. 
This suggests that the activation of Plk1 by Bora/Aurora A might function as a bistable switch, a feature 
described for the mitotic kinase Cyclin B/Cdk1 and an integral mode of cell cycle control at the onset of 
mitosis (Medema and Lindqvist, 2011).
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Results

Analysis of T210-phosphorylation in mitosis
Plk1 is first activated in G2 and reaches maximal activity in mitosis, coincident with the kinetics of T210 
phosphorylation (Macurek et al., 2009). To further characterize the spatio-temporal pattern of T210 
phosphorylation, we made use of two phospho-specific antibodies raised against a phosphorylated 
peptide encompassing the T210 region of Plk1; ab39068 from Abcam and bd558400 from BD Biosciences 
(Carmena et al., 2012; Macurek et al., 2009). To obtain mitotic cells, we subjected synchronized cultures 
of U2OS osteosarcoma cells to a mitotic shake-off, which resulted in samples that contained well over 
90% mitotic cells (Fig.1A). We identified a clear band at approximately 70 kDa with both antibodies that 
migrated at the same height as total Plk1 and disappeared after depletion of Plk1 by RNAi (Fig.1B). In 
addition, the same band was also recognized by both antibodies in immunoprecipitates of endogenous 
Plk1. Further, we immunopurified myc-tagged wild-type and T210A-mutated Plk1 from mitotic cells and 
tested the reactivity of the anti-phospho-T210 antibodies. As expected both antibodies did recognize 
the wild-type Plk1 but failed to recognize the T210A mutant, thus confirming the specificity towards 
phosphorylated T210 of Plk1 on western blot (figure 1C). We next proceeded to look at the specificity 
of phospho-T210 staining at centrosomes and kinetochores, where Plk1 is located in mitosis. Consistent 
with our previous report, the bd558400 antibody showed a clear signal at the centrosomes in mitotic 
cells and depletion of Plk1 by siRNA resulted in a clear reduction of the signal (Fig.1D,E). In contrast, 
the centrosomal staining was very weak or even absent with ab39068. In addition, both antibodies 
clearly stained the kinetochores (Fig.1D). However, kinetochore staining with both anti-phospho-T210 
antibodies persisted after depletion of Plk1 by RNAi, while the total level of Plk1 at kinetochores was 
clearly reduced (Fig.1D,F and Supplementary Fig.1A,B). In the case of ab39068 we even observed an 
increase in the signal at kinetochores when Plk1 was depleted. These observations demonstrate that 
both antibodies recognize the appropriate epitope on western blot and that bd558400 specifically 
recognizes T210-phosphorylated Plk1 at mitotic centrosomes. However, our data suggests that the 
kinetochore staining seen in human cells with both antibodies is possibly an off-target signal and hence 
demands caution when studying this phosphorylation event in mitosis.

Aurora A regulates T210 phosphorylation of Plk1 in mitosis
We and others have previously shown that the initial activation of Plk1 in G2 is dependent on Aurora A 
and Bora (Macurek et al., 2008; Seki et al., 2008b). Nonetheless, Plk1 activity in mitosis appears to be 
relatively refractory to inhibition of Aurora A (Macurek et al., 2008). These observations suggest that 
Plk1 activation is not exclusively dependent on Aurora A, implying that another kinase can possibly 
phosphorylate T210 at later stages of the cell cycle. 
Aurora A and Plk1 are recruited to the centrosomes in G2, and it has been suggested that the 
centrosomes might be the site where Plk1 is first activated during G2 (Bruinsma et al., 2012). In addition, 
Plk1 is also recruited to kinetochores (Arnaud et al., 1998; Kang et al., 2006) and therefore we reasoned 
that a kinetochore-localized kinase might promote the second phase of T210 phosphorylation around 
the time of mitotic entry. A logical candidate is the Aurora kinase family member Aurora B, known 
to phosphorylate several proteins at kinetochores in mitosis (Ruchaud et al., 2007). Interestingly, a 
recent report indeed showed that Aurora B is the kinase responsible for T-loop phosphorylation of Polo 
kinase at kinetochores in Drosophila and that Aurora B could also contribute to T210 phosphorylation 
in human cells (Carmena et al., 2012). Therefore we investigated the possibility of sequential activation 
of Plk1 by Aurora A and Aurora B.
To study the requirements for T210 phosphorylation in mitotic cells, we first synchronized cells in mitosis 
and subsequently treated them with inhibitors of the different Aurora kinases with distinct selectivity 
for Aurora A versus Aurora B. When Aurora A activity was selectively inhibited using the pharmacological 
inhibitor MLN 8054 (Manfredi et al., 2007) we observed a partial inhibition of T210 phosphorylation in 
mitotic cells, while Plk1 levels were not affected (Fig.2A,C). Interestingly, inhibition of Aurora B with the 
pharmacological inhibitor ZM 447439 did not result in a significant reduction in the phosphorylation of 
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Figure 1. Phosphorylation of T210 on Plk1 in mitosis. 
A) U2OS cells were treated for 24 hours with thymidine and subsequently released for 16 hours in the presence 
of nocodazole. Mitotic cells were harvested by mitotic shake-off. B) Plk1 was immunoprecipitated out of U2OS 
cell lysates treated as in A and blotted for total levels of Plk1 and for phosphorylated T210. C) Myc-tagged Plk1 
wildtype and T210A were immunoprecipitated form lysates synchronized with thymidine and nocodazole and 
blotted with the indicated antibodies. D) Cells were treated with siRNA’s targeting Plk1. After synchronization by 
thymidine and nocodazole, samples were stained for total levels of Plk1 and phosphorylated T210. Scale bars: 5 μm. 
E) Quantification of centrosomal stainings of cells depicted in D. The fluorescence intensity is depicted relative to the 
γ-tubulin staining to correct for centrosome size. F) Quantification of kinetochore stainings of cells depicted in D. The 
fluorescence intensity is depicted relative to CREST staining to correct for kinetochore size.
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T210 in mitosis. Nonetheless, both inhibitors did inhibit their respective targets, as demonstrated by a 
reduction in the autophosphorylation site at T288 on Aurora A and by a reduction in Aurora B kinase 
substrate phosphorylation on histone H3 at S10 (Fig.2A). Moreover, addition of ZM 447439 caused a 
complete override of a taxol-induced mitotic arrest (Supplementary Fig.3A), indicating that Aurora B 
function was effectively inhibited in these cells. Dual inhibition of both Aurora A and Aurora B in mitotic 
cells reduced T210-phosphorylation to a level similar as seen after single inhibition of Aurora A, providing 
further evidence that Aurora B does not play a major role in T210-phosphorylation in human mitotic 
cells. To confirm the effects we observed with the Aurora kinase inhibitors we next depleted Aurora A, 
Aurora B or a combination of both by RNAi and examined the contribution of Aurora A and Aurora B to 
T210 phosphorylation in mitosis. Consistent with the data obtained with the selective small molecule 
inhibitors, we observed a decrease in phospho-T210 upon depletion of Aurora A (Fig.2B,C). Depletion 
of Aurora B did not seem to selectively reduce T210-phosphorylation. These observations imply that 
the contribution of Aurora B to overall T210 phosphorylation of Plk1 in mitosis in human cells is very 
minimal. This is not in line with previous observations that Aurora B depletion can lead to a reduction 

Figure 2. Aurora A affects T210 phosphorylation in mitosis. 
A) Cells were treated as in 1A. The indicated inhibitors were added for 90 minutes together with the proteasomal 
inhibitor MG-132 to prevent premature mitotic exit. The concentrations used were 1 μM MLN 8054 and 2μM ZM 
447439. B) Cells were treated with siRNA’s targeting the indicated genes then treated as in 1A. C) Bands of T210-
phosphorylated Plk1 and total Plk1 from figures 1A,B were quantified. A ratio of phosphorylated T210 over total 
Plk1 was calculated and an average of three independent experiments was plotted. Error bars represent the SD of 
three independent experiments. D) Quantification of centrosomal stainings of cells treated as in A. The fluorescence 
intensity is depicted relative to the γ-tubulin staining to correct for centrosome size.
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in T210-phosphorylated Plk1 at kinetochores in mitosis in human cells (Carmena et al., 2012). However, 
it should be noted that ab39068 was used to determine the level of T210-phosphorylated Plk1 at 
kinetochores, which we find to recognize an epitope that might not correspond to T210-phosphorylated 
Plk1 (see Fig.1). We therefore wondered if we could confirm that the presence of this signal is sensitive 
to inhibition of Aurora B. Indeed, upon immunofluorescence staining we could clearly observe a signal 
at the kinetochores that overlapped with CREST-staining when using an anti-Plk1 or any one of the two 
anti-phospho-T210 antibodies (Supplementary Fig.1C-F). Treatment with the Aurora kinase inhibitors 
clearly reduced the signal seen with the two anti-phospho-T210 antibodies (Supplementary Fig.1C-F). 
This, taken together with our observations shown in Fig.1F, indicates that these antibodies recognize an 
epitope at the kinetochores that is sensitive to Aurora kinase inhibition, but which might not correspond 
to T210-phosphorylated Plk1. In line with this we do not see a reduction in Plk1 T210-phosphorylation 
on western blot. Since bd558400 does recognize T210-phosphorylated Plk1 at the centrosomes, we 
quantified the centrosomal signal to see how this was affected by inhibition of different Aurora kinases. 
In accordance with our results on western blot we observed that inhibition of Aurora A led to a decrease 
of phospho-T210 at centrosomes while the level of total Plk1 remained equal (Fig.2D). We conclude 
that overall mitotic T210-phosphorylation in human cells primarily depends on the activity of Aurora A, 
but not Aurora B. Nonetheless, a significant amount of Plk1 remains phosphorylated on the T210 site 
when Aurora A is inhibited with MLN 8054 in mitotic cells.

Aurora A dependent regulation of Plk1 activity in mitosis
Although it has been well established that phosphorylation of T210 is associated with activation of Plk1 
it is not a direct readout of Plk1 activity itself. Based on the data obtained thus far, we cannot exclude 
that Aurora B can affect Plk1 activity in mitosis through a phospho-T210-independent mechanism. To 
address this issue we directly monitored global Plk1 activity in living cells using a Plk1-specific FRET-based 
biosensor (Macurek et al., 2008). Phosphorylation of this biosensor by Plk1 causes a change in the CFP/
YFP emission ratio, which can be monitored by time-lapse imaging of U2OS cells stably expressing the 
biosensor. Plk1 activation starts approximately 5 to 6 hours before mitosis (Macurek et al., 2008) and 
inhibition of Plk1 with the selective inhibitor BI 2536 (Lénárt et al., 2007) completely abolishes the shift 
in FRET-ratio, except for a small change that occurs when cells enter mitosis (Fig.3A). Using the selective 
Mps1 kinase inhibitor Reversine (Santaguida et al., 2010), we were able to demonstrate that this latter 
change depends on Mps1, consistent with observations that Mps1 can phosphorylate targets that 
contain a consensus site for phosphorylation that overlaps the Plk1 consensus (Supplementary Fig.2) 
(Dou et al., 2011). In order to exclude that inhibition of Aurora B has an effect on Plk1 activation during 
mitotic entry we quantified the CFP/YFP ratios of cells entering mitosis in the presence of the indicated 
inhibitors. As was shown before, the initial activation of Plk1 is dependent on Aurora A (Macurek et al., 
2008). However, when Aurora B is inhibited, the activation curve of Plk1 completely follows the DMSO 
control (Fig.3B). The combination of Aurora A and Aurora B inhibition shows a similar effect on Plk1 
activity as Aurora A inhibition alone. These results show that Aurora B does not influence Plk1 activation 
at the G2/M transition. Next we depleted Aurora A and Aurora B and monitored the activation curve 
(Fig.3C). Again we found that Aurora A depletion led to a delay of initial Plk1 activation, an effect we do 
not observe when Aurora B is depleted. Overall these results show that it is Aurora A and not Aurora B 
that controls the initial activation of Plk1 during G2.
To monitor the contribution of Aurora A and/or B to Plk1 activation in mitosis, we synchronized cells in 
mitosis with nocodazole. CFP/YFP emission ratios were determined by time-lapse imaging. Similar to 
monitoring Plk1 activity during mitotic entry, we could decrease the CFP/YFP-ratio by adding BI 2536, 
showing that we can also use the FRET-based biosensor to monitor Plk1 activity in mitotic cells (Fig.3D). 
Next we tested the contribution of different kinases to Plk1 activation in mitosis by adding the Aurora 
A and Aurora B specific inhibitors MLN 8054 and ZM 447439 during imaging (Fig.3E). In addition, the 
proteasomal inhibitor MG-132 was added to prevent premature mitotic exit that can be induced by 
inhibition of Aurora activity (Ditchfield et al., 2003). The CFP/YFP emission ratio in DMSO-treated cells 
remained constant for the duration of the experiment (Fig.3E). In contrast, inhibition of Aurora A led 
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to a small reduction in Plk1 activity in mitosis (Fig.3E). This partial decrease in Plk1 activity induced by 
inhibition of Aurora kinases was highly reproducible, although the extent of inhibition was somewhat 
variable, ranging from 10-30% of the initial activity. However, we never observed inhibition of more 
than 30% of the total Plk1 activity. In accordance with our earlier results, Aurora B inhibition did not 
induce any change in Plk1 activity. In addition, when cells were depleted of Aurora kinases we also did 
not observe complete inhibition of Plk1 activation in any condition (Fig.3F). These results show that 

Figure 3. Aurora A affects Plk1 activity in mitosis. 
A) Stills from a movie showing false color-coded CFP/YFP emission ratios. The stills show control and BI 2536-treated 
cells expressing the FRET-based biosensor for Plk1 activity entering mitosis. BI2536 was used at a concentration of 
100 nM. Scale bars: 10 μm. B) Quantifications of CFP/YFP emission ratios of cells entering mitosis in the presence of 
the indicated inhibitors. Error bars indicate the standard deviation of 10 individual cells. C) Quantifications of CFP/
YFP emission ratios of cells entering mitosis treated with siRNA’s targeting the indicated genes. D) Stills from a movie 
showing false color-coded CFP/YFP emission ratios. The stills show control and BI 2536-treated cells expressing 
the FRET-based biosensor for Plk1 activity while synchronized in mitosis by subsequent thymidine and nocodazole 
treatment. MG-132 was added to prevent premature mitotic exit. E) Quantifications of CFP/YFP emission ratios 
of cells synchronized in mitosis by nocodazole. The arrow indicates addition of the inhibitors and MG-132. F) 
Quantifications of CFP/YFP emission ratios of cells treated with siRNA’s targeting the indicated genes and then 
synchronized in mitosis by nocodazole. The arrow indicates addition of BI 2536.



45

3

Aurora A is not only responsible for initial activation of Plk1 but also contributes to Plk1 activation in 
mitosis. In addition, although our data do not exclude a role for Aurora B, they clearly indicate that 
Aurora B does not provide a major contribution to global Plk1 activation in mitosis.

Complete inhibition of Aurora A prevents Plk1 activation
It has been well established that positive feedback loops can lead to very rapid activation of mitotic 
kinases and induce a huge increase in protein phosphorylation in mitosis (Medema and Lindqvist, 
2011). Since RNAi-mediated depletion or pharmacological inhibition of kinases is never 100% complete 
we reasoned that a small pool of active Aurora A might be enough to sustain Plk1 activation after 
entry into mitosis. Indeed, when depleting Aurora A we detected a small amount of residual Aurora A 
(Fig.4A). In an attempt to achieve complete inhibition of Aurora A activity we first depleted the protein 
through RNAi and then added MLN 8054 to inhibit the remaining protein and monitored Plk1 activity 
in mitosis. Indeed, while we did detect residual T210-phosphorylated Plk1 in cells depleted of Aurora 
A or treated with MLN 8054, we could not detect the band corresponding to T210-phosphorylated 
Plk1 in mitotic cells depleted of Aurora A and simultaneously treated with MLN 8054 (Fig.4A). Total 
levels of Plk1 were largely unaffected in all samples (Fig.4A). Next we monitored the CFP/YFP emission 
ratio in these conditions to see if full inhibition of Aurora A affects Plk1 activity to a greater extent. 
As seen before, inhibition or depletion of Aurora A caused a delay in Plk1 activation in G2. However, 
combination of depletion and inhibition resulted in full inhibition of Plk1 activation, similar to what we 
observed after depletion or inhibition of Plk1 itself (Fig.4B). Next, we tested if we could fully inhibit Plk1 
activation in mitotic cells already depleted of Aurora A by the addition of MLN8054. As we observed 
before, depletion of Aurora A or inhibition with MLN 8054 produced a reduction of mitotic Plk1 activity 
of approximately 10-30% (Fig.4C). Interestingly, addition of MLN8054 to cells already depleted of 
most of Aurora A showed a marked decrease of Plk1 activity. After 4 hours of MLN 8054 treatment 
Plk1 activity was reduced to levels close to that in Plk1-depleted or inhibited cells, indicating a near 
complete shut-down of Plk1 activity in mitosis when depletion and inhibition of Aurora A are combined. 
These observations indicate that effective inhibition of Aurora A can fully prevent activation of Plk1. In 
addition, inactivation of Plk1 in mitosis can be achieved by a similar strategy, indicating that the major 
kinase responsible for Plk1 activation in mitosis is Aurora A.

Aurora A and Bora regulate activity in mitosis
Since we found that Aurora A is the main activator of Plk1 and Aurora A requires several different co-
activators to exert its functions (Hirota et al., 2003; Kufer et al., 2002; Macurek et al., 2008; Seki et al., 
2008b), we wondered which co-activator would mediate the phosphorylation of Plk1 by Aurora A. The 

Figure 4. Complete inhibition of Aurora A abolishes T210 phosphorylation and Plk1 activation.
A) Cells were treated with either control siRNA’s or siRNA’s targeting Aurora A. After cells were synchronized in 
mitosis as in 2A, cells were treated with 1 μM MLN 8054 in the presence of MG-132 and harvested by mitotic shake-
off. B) Quantifications of CFP/YFP emission ratios of cells entering mitosis treated with siRNA’s targeting the indicated 
genes and indicated inhibitors. C) Quantifications of CFP/YFP emission ratios of cells treated with siRNA’s targeting 
the indicated genes and then synchronized in mitosis by nocodazole. The arrow indicates addition of the indicated 
inhibitors.



46

3

best characterized co-activators are Bora and TPX2 so we decided to take a closer look at the role of 
these two proteins.  In order to study Bora we generated an antibody to detect the endogenous protein. 
This antibody clearly recognized Bora in G2 and mitosis (Fig.5A). Consistent with previous literature 
we observed a clear mobility shift in Bora retrieved from mitotic cells, as well as a reduction of total 
levels as Bora is being degraded in a β-TrCP-dependent manner (Chan et al., 2008; Seki et al., 2008a). 
However, there is still a small amount of Bora present in mitotic cells, and depletion of Bora through 
RNAi shows a further reduction of mitotic Bora (Fig.5A). We next looked at phosphorylated T210 in 
mitotic cells after Bora depletion. We observed a marked decrease in T210-phosphorylated Plk1 which 
we could even further reduce by treatment with MLN 8054 indicating that interfering with the Bora/
Aurora A complex severely perturbs mitotic T210 phosphorylation (Fig.5B). When co-depleting Aurora 
A and Bora we saw a similar effect, as phosphorylated-T210 was undetectable in the double knock 
down (Fig.5C). Interestingly, Bora levels were increased in the Aurora A depleted samples, possibly as a 
consequence of reduced Plk1 activity during G2. This could provide a mechanism to cope with reduced 
Aurora A activity. Since T210-phosphorylation leads to activation of Plk1 we monitored activity with our 
FRET-based bio-sensor. Depletion of Bora led to partial inhibition of Plk1 activation (Fig.5D). However, 
when Bora depletion was combined with Aurora A inhibition through MLN 8054 the activation curve 
completely mimicked that of Plk1-depleted cells. Cells in which Aurora A and Bora were co-depleted 
showed a similar effect on Plk1 activity (Fig.5E). Next we monitored if we could also shut down Plk1 
activity in mitotic cells. Indeed, we observed that mitotic Plk1 activity in Bora-depleted cells was also 
reduced when compared to control cells (Fig.5F). When adding MLN 8054 to these Bora-depleted cells, 

Figure 5. Aurora A and Bora regulate activity in mitosis.
A) U2OS cells were transfected for 48 hours with siRNA’s. For G2 samples U2OS cells were harvested 7 hours 
after thymidine release. Mitotic samples (M) were obtained by mitotic shake-off after overnight treatment with 
nocodazole. B) Cells were treated as in 4A. Asterisk indicates aspecific band. C) Cells were treated as in 2B. D) 
Quantifications of CFP/YFP emission ratios of cells entering mitosis transfected with the indicated siRNA’s and in 
the presence of the indicated inhibitors. E) Quantifications of CFP/YFP emission ratios of cells entering mitosis 
transfected with the indicated siRNA’s. F) Quantifications of CFP/YFP emission ratios of cells treated with siRNA’s 
targeting the indicated genes and then synchronized in mitosis by thymidine and nocodazole. The arrow indicates 
addition of the inhibitors and MG-132.
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Plk1 activity was reduced to levels almost overlapping with Plk1-depleted mitotic cells. In addition, cells 
entering mitosis after co-depletion of Aurora A and Bora also displayed a clear reduction of Plk1 activity, 
albeit not complete. To test if Aurora B is responsible for this small pool of remaining Plk1 activity we 
inhibited both Aurora A and Aurora B in Bora-depleted cells. However further inhibition of Aurora A or 
B did not lower the activity any further (Supplementary Fig.3). Also, depletion of the other Aurora A co-
factor TPX2 did not result in loss of T210-phosphorylated Plk1 or a substantial reduction in Plk1 activity 
(Supplementary Fig.4). Together these results suggest that the small pool of Bora that is left in mitosis 
is sufficient to mediate the Aurora A-dependent phosphorylation and activation of Plk1. It is only when 
this small pool of Bora is also absent that mitotic Plk1 T210-phosphorylation and activity is lost. 

Aurora A and Bora depletion produce T210-dependent phenotypes of Plk1
As we observed that co-depletion of Aurora A and Bora lead to inactivation of Plk1 and loss of 
phosphorylated T210 we reasoned we should also be able to observe phenotypes associated with 
inactive Plk1. The most prominent phenotype of Plk1 depletion is a mitotic arrest due to the formation 
of monopolar spindles (Sunkel and Glover, 1988). We therefore determined the amount of mitotic 
cells 48 hours after siRNA transfection. While asynchronously growing control cells have around 2% of 
mitotic cells, depletion of Plk1 elevates this amount to approximately 30% (Fig.6A). Single depletions of 
Aurora A and Bora did lead to an increase in mitotic indices, but this was not more than 5%. However, 
co-depletion resulted in 20% mitotic cells, indicating that co-depletion of Aurora A and Bora leads to 
a prominent mitotic arrest. We next scored monopolar spindles among the mitotic cells present in 
the different conditions (Fig.6B). While monopolar spindles only occurred occasionally in the control 
population, Plk1 depletion resulted in 60% of the mitotic cells displaying this phenotype (Fig.6C). Single 
depletions mildly elevated the amount of monopolar spindles, but co-depletion of Aurora A and Bora 
resulted in a similar fraction of mitotic cells arrested with a monopolar spindle when compared to 
Plk1. To test if monopolar spindle formation was indeed due to the loss of T210 phosphorylation we 
proceeded to rescue this monopolar spindle phenotype with a phospho-mimicking constitutive active 
Plk1-T210D mutant. We made use of a tetracycline-inducible cell line resistant to Plk1 siRNA (Macurek 
et al., 2009). In this way we are able to deplete endogenous Plk1, Aurora A and Bora and reconstitute a 
Plk1 mutant that is active regardless of its upstream activators (Fig.6D). We then scored the fraction of 
mitotic cells which displayed a monopolar spindle phenotype in both the absence and presence of this 
constitutive active Plk1 mutant. In our control samples we saw a slight increase in monopolar spindles 
upon expression of the T210D mutant. This might be attributed to the fact that a constitutive active 
mutant of Plk1 lacks its refined regulation of activity in mitosis and displays a mitotic delay by itself (van 
de Weerdt et al., 2005). However, we observed that we could reduce the fraction of monopolar spindles 
in both the Plk1-depleted and Aurora A/Bora-depleted cells (Fig. 6E). We were unable to completely 
rescue the phenotype, but this might be due to additional functions of Bora/Aurora A. However, this 
observation shows that the monopolar spindles observed in Bora/Aurora A deficient cells are at least 
in part the result of aberrant Plk1 phosphorylation at T210. Together these results demonstrate that 
Aurora A and Bora act as the predominant activators of Plk1 in mitosis.

Discussion

Plk1 is activated during the G2 phase of the cell cycle by Aurora A together with its cofactor Bora 
(Macurek et al., 2008; Seki et al., 2008b). However, Bora was shown to be degraded upon entry into 
mitosis (Chan et al., 2008; Seki et al., 2008a), raising the question how Plk1 activation is sustained once 
a cell has entered mitosis. Here, we show that Bora and Aurora A are required for the maintenance 
of Plk1 activity in mitosis. We show that a fraction of the total pool of Bora is retained in mitotic cells, 
and that this fraction is crucial for continued Plk1 activation. Also, we show that very little Aurora A 
activity is sufficient to maintain Plk1 in its active state in mitotic cells, and that Plk1 is rather refractory 
to dephosphorylation and inactivation once cells have entered mitosis. Taken together, these data point 
to a complex of Bora/Aurora A as the primary activator of Plk1, both in interphase, as well as in mitosis.
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Our data show that the contribution of Aurora B to T210-phosphorylation of Plk1 is very limited at 
best. Our data cannot rule out the possibility that Aurora B can phosphorylate a small pool of Plk1 
in mitosis at specific locations or during a limited period of time. The recent work by Carmena et al. 
indeed suggests that Aurora B-dependent activation of Polo in Drosophila is restricted to a very short 
period in mitosis. However, unlike Carmena et al., we find that the kinetochore signal in human cells 
does not disappear when Plk1 is depleted, indicating that this signal corresponds to a different epitope. 
It is of course possible that a small amount of Plk1 that remains at kinetochores after RNAi is highly 
phosphorylated, but this is not confirmed by immunoblots. These contrasting observations could 
stem from the use of different batches of phospho-specific antibody. Indeed, Abcam has temporarily 
discontinued its antibody in the past, claiming variability between batches (V. Archambault, personal 
communication). Thus, it seems most plausible that Aurora A is the primary kinase responsible for Plk1 
activation in mitosis. 

Figure 6. Aurora A and Bora depletion mediate T210 dependent phenotypes of Plk1.
A) U2OS cells were harvested 48 hours after transfection with siRNA’s and anlyzed by FACS to determine the 
percentage mitotic cells based on MPM-2 staining. Error bars represent the standard deviation of 3 independent 
experiments. B) Examples of mitotic cells showing a bipolars pindle (upper panel) and a monopolar spindle (lower 
panel). Stainings are indicatd in the lower panel. Scale bars: 5 μm. C) Cells were fixed and stained as in B, 48 hours 
after transfection with siRNA’s. The percentage of mitotic cells displaying monopolar spindles was determined 
through microscopy. Error bars represent the standard deviation of 3 independent experiments. D) Inducible myc-
Plk1-T210D U2TR cells were transfected with siRNA’s for 48 hours and treated with or without tetracyclin to induce 
expression of the exogenous myc-tagged Plk1-T210D. For the last 16 hours cells were treated in nocodazole and 
finally harvested through mitotic shake-off. E) Inducible myc-Plk1-T210D U2TR cells were treated and fixed as in C. 
Error bars represent the standard deviation of 3 independent experiments.
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But is the Bora/Aurora A complex the sole activator of Plk1? While our data cannot unequivocally prove 
this, we feel there are good reasons to conclude that it is responsible for the majority, if not all, of the 
T210-phosphorylation in mitosis. For one, siRNA-mediated depletion of Bora combined with depletion 
or inhibition of Aurora A leads to complete loss of Plk1-T210-phosphorylation. Similarly, depletion 
of Aurora A, combined with pharmacological inhibition of the residual Aurora A, leads to an almost 
complete loss of Plk1-T210-phosphorylation. But if Bora/Aurora A is the major activator of Plk1, also in 
mitosis, then why is mitotic Plk1 activity refractory to the addition of the selective Aurora A inhibitor 
MLN 8054. We envision two, not mutually exclusive scenarios. First, the Bora/Aurora A complex might 
be in direct contact with Plk1, since Bora is known to bind Plk1 directly (Chan et al., 2008; Seki et al., 
2008a). In this way it would be very difficult, if not impossible, for an ATP-competitive compound such 
as MLN 8054, to completely inhibit target phosphorylation. Whenever MLN 8054 is exchanged for ATP 
in this complex, T210-phosphorylation could occur very rapidly, before the ATP is exchanged again for 
MLN 8054. Secondly, T210-dephosphorylation might be inhibited in mitotic cells. As a result, mitotic 
Plk1 activity would be relatively refractory to inhibition of its upstream kinase. Indeed, we found that 
it takes much more time to shut down Plk1 activity when Bora/Aurora A are inhibited (approximately 
4 hours) than when we directly inhibit Plk1 (approximately 30 minutes, Fig.4C). This suggests that 
the phosphatase responsible for T210-dephosphorylation is not fully active in mitosis. PP1 and its 
regulatory subunit MYPT1 have been shown to dephosphorylate T210 in mitotic cells (Yamashiro et 
al., 2008). Plk1 was recently shown to affect MYPT1 activity through optineurin, uncovering a potential 
positive feedback loop (Kachaner et al., 2012). Further work will be required to resolve how T210 
dephosphorylation is controlled at the different stages of mitosis.
Several other kinases have been suggested to phosphorylate T210 on Plk1, such as the Ste20-like kinases 
SLK and LOK (Ellinger-Ziegelbauer et al., 2000; Walter et al., 2003). Both these kinases are homologs 
of the Xenopus xPlkk1, which is known to function in a positive feedback loop with Plx1, the Xenopus 
homolog of Plk1 (Erikson et al., 2004). siRNA-mediated depletion of SLK and LOK did not result in loss 
of T210-phosphorylation, either in interphase or mitosis (data not shown). This might indicate that 
their effect might be marginal or only exerted in specific situation such as the cell cycle of lymphocytes 
(Walter et al., 2003). More recently, Aurora B was implicated in the activation of Polo/Plk1 in mitotic 
cells, both in Drosophila as well as in human cells (Carmena et al., 2012). From the data presented it 
seems very plausible that Aurora B is at least partially responsible for the activation of Polo in Drosophila. 
Interestingly, we do not find any support for a role for Aurora B in global Plk1 phosphorylation and 
activation in human mitotic cells. However, Carmena et al postulate that phosphorylation of Polo by 
Aurora B occurs at a very distinctive time window in early mitosis at the kinetochores. Our FRET-based 
biosensor can rapidly diffuse in cells and this might therefore not be the right tool to pick up such 
restricted spatio-temporal regulation. Thus it remains a distinct possibility that Aurora B has a very 
specific localized role in controlling Plk1 activation at the kinetochores while the majority of Plk1 is 
controlled by Aurora A.
Our findings that sustained Plk1 activation in mitosis relies on small amounts of Aurora A/Bora and 
that Plk1 inactivation occurs very slowly suggest that the Aurora A/Bora-mediated Plk1 activation could 
act as a bistable system. Bistable systems consist of interlinked feedback loops that render cell cycle 
transition irreversible as switching on occurs at a high threshold, but once switched on, these systems 
enforce their own activation making it difficult to switch them off (Lindqvist et al., 2009). This type of 
regulation is known to play a role in regulating Cyclin B/Cdk1 activation, a process in which Plk1 itself is 
also involved (Lindqvist et al., 2009). Such a mode of action for the Aurora A-Bora-Plk1 activation loop 
could provide an important contribution to the all-or-nothing decision of cells on the brink of mitosis.

Materials and Methods

Antibodies, siRNAs and reagents
Phosphospecific Plk1-pT210 was obtained from Abcam and BD biosciences. Anti-Plk1 was previously 
described (Macurek et al., 2008). Anti-Plk1 (F8), anti-TPX2 (H300), γ-tubulin (H183) and anti-Actin (I-
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19) were from Santa Cruz. Anti-Aurora A and anti-Aurora A-pT288 were from Cell Signaling. MPM-2 
and H3-pS10 were from Millipore. Anti-α-tubulin was from Sigma, CREST from Cortex Biochem, anti-
Aurora B from (transduction) and anti-Myc (clone 9E10) from Covance. The rabbit anti-Bora antibody 
was raised against recombinant His-tagged human Bora comprising amino acid residues 79 to 559. 
The corresponding cDNA fragment was cloned in pET-28a vector (Novagen) and the recombinant 
protein fused to a histidine tag was purified using Ni-NTA resin (Qiagen) following the manufacturer’s 
instructions before immunization. Secondary antibodies Alexa-488, Alexa-568 and Alexa-633 from 
Molecular Probes and horseradish peroxidase coupled secondary antibodies from Dako. ON-
TARGETplus smart pools targeting luciferase or GAPDH (as a negative controls) and Aurora A and Bora 
were from Dharmacon. Short interfering RNA’s targeting TPX2 were described previously (Macurek et 
al., 2008), Oligo’s targeting Plk1 were obtained from Ambion, 5’-GCUCUGUGAUAACAGCGUG-3’ and an 
siRNA for which the Plk1-T210D mutant is insensitive was based on the pSuper described previously 
(van Vugt et al., 2004) 5’-CGGCAGCGUGCAGATCAAC-3’ and  siAurora B was obtained from Dharmacon, 
5’-GGAAAGAAGGGAUCCCUAA-3’. The following drugs were used: BI 2536 (100nM, Boehringer 
Ingelheim Pharma), MLN8054 (1 μM, Millennium Pharmaceuticals), ZM447439 (2 μM, AstraZeneca), 
MG132 (1 μM, Sigma), Nocodazole (250 ng/ml, Sigma), Reversine (250 nM, Roche) and Tetracyclin (1 
μg/ml, Sigma).

Cell culture and transfections
Human osteosarcoma U2OS cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco) supplemented with 10% FCS (Lonza), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml 
streptomycin. Cell lines expressing myc tagged PLK1 wildtype, Plk1-T210A and Plk1-T210D mutants 
under the control of tetracycline-inducible promoter were described previously (Macurek et al., 2008). 
U2OS cells stably expressing the FRET-based biosensor were generated by transfection, selection of 
stable clones by zeocin (400 mg/ml, Invitrogen) treatment followed by clonal selection. Stable clones 
were grown in media containing Tet system approved fetal bovine serum (Lonza). For induction 
of expression, cells were treated for indicated times with tetracycline (1 mg/ml). Transfections of 
siRNA’s were done using Lipofectamine RNAiMAX reagent (Life Technologies) using the manufacturers 
instructions.

Cell synchronization
Mitotic cells were obtained through synchronization by thymidine (2.5 mM, 24 h) treatment followed 
by a 16 hour release into Nocodazole (250ng/ml). For reconstitution assays, expression of PLK1-T210D 
was induced by addition of tetracycline (1 mg/ml). To determine the mitotic index, cells were harvested 
and fixed in ice-cold ethanol (70%). Cells were stained with MPM-2 and alexa488-conjugated secondary 
antibodies and counterstained with propidium-iodide. Cell cycle distribution was determined by flow 
cytometry counting 104 events as described.

Immunoprecipitations and western blotting
Cells were extracted in lysis buffer (50 mM HEPES, pH 7.4, 1 mM MgCl2, 1 mM EGTA, 1% NP-40, 1 mM 
NaF, 1 mM Na3VO4, protease inhibitors), normalized for total protein content and incubated overnight 
(15 h) at 4°C with polyclonal anti-PLK1 antibody immobilized on protein A (BioRad). Immunocomplexes 
were extensively washed and analysed by immunoblotting. Samples for Western blotting were either 
prepared in lysis buffer or Laemmli sample buffer and analyzed by immunoblotting.

Immunofluorescence and FRET analysis
Fixation and antibody staining for immunofluorescence were performed as described (Macurek et al., 
2008). Double staining of Plk1 and phosphorylated T210 was done sequentially with the phosphorylated 
T210 antibody that was prelabeled with alexa 488. Images show maximum intensity projections of 
deconvolved Z-stacks, acquired on a Deltavision RT imaging system using 0.95NA 40x objectives. 
Quantification of immunofluorescence was performed as described, measuring the centrosomal and 
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kinetochoral maximum intensity. The FRET-based probe for monitoring PLK1 activity has been described 
previously (Macurek et al., 2008)1. The CFP/YFP emission ratio after CFP excitation of U2OS cells stably 
expressing the FRET-based biosensor, was monitored on a Deltavision Elite imaging system, using a 20x 
0.75NA objective. Images were acquired every 10 or 20 min. The images were processed with ImageJ 
using the Ratio Plus plug-in (http://rsb.info.nih.gov/ij/).
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Supplementary data

Supplementary figure 1. Kinetochore staining of antibodies targeted against phosphorylated Plk1 at T210 
respond to Aurora inhibition. 
A,B) Cells were treated as in 1A and double-labeled for Plk1 and phosphorylated-T210. The ratio of phosphorylated 
T210 over Plk1 signal at individual kinetochores was plotted. Scale bars: 5 μm. D-F) Cells were synchronized in mitosis 
by nocodazole and treated with the indicated inhibited for 90 minutes hours. After fixation the cells were stained for 
total Plk1 and phosphorylated T210. Scale bars: 5 μm.
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Supplementary figure 3. Aurora B inhibition in mitotic cells
A) U2OS cells were treated for 24 hours with thymidine and subsequently released for 16 hours in the presence of 
paclitaxel. Cells were subsequently treated for 2 hours with either DMSO as a control or ZM 447439 and harvested 
for FACS. B-C) Quantifications of CFP/YFP emission ratios of cells treated with siRNA’s targeting the indicated genes 
and then synchronized in mitosis by thymidine and nocodazole. The arrow indicates addition of the inhibitors and 
MG-132.

Supplementary figure 2. Mps1 is responsible for the aspecific FRET-based biosensor signal in mitosis.
Quantifications of CFP/YFP emission ratios of cells entering mitosis in the presence of the indicated inhibitors. BI 
2536 was used at a concentration of 100 nM and Reversine at a concentration of 250 nM). Error bars represent 
standard deviations of 10 individual cells.
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Supplementary figure 4. TPX2 has no effect Plk1-T210 phosphorylation and activity of Plk1. 
A) U2OS cells were transfected with the indicated siRNA’s, synchronized in mitosis by thymidine and nocodazole 
treatment. Mitotic cells were treated with 1 μM MLN 8054 for 90 minutes and harvested by mitotic shake-off. B) 
Quantifications of CFP/YFP emission ratios of cells entering mitosis transfected with the indicated siRNA’s and in the 
presence or absence of 1 μM MLN 8054. C) Quantifications of CFP/YFP emission ratios of cells treated with siRNA’s 
targeting the indicated genes and then synchronized in mitosis by thymidine and nocodazole. The arrow indicates 
addition of the inhibitors and MG-132.
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Abstract

Polo-like kinase 1 (Plk1) is one of the major kinases controlling mitosis. At different stages of cell division, 
Plk1 is recruited to distinct subcellular sites. It starts out at the centrosome, then appears also on the 
kinetochores and at the end of mitosis it translocates to the central spindle. Activation of Plk1 requires 
phosphorylation of T210 by Aurora A, an event that critically depends on the co-factor Bora. However, 
conflicting reports exist as to where Plk1 is first activated. Phosphorylation of T210 is first observed at 
the centrosomes, but kinase activity seems to be restricted to the nucleus in the earlier phases of G2. 
Here we demonstrate that Plk1 activity manifests itself first in the nucleus using a nuclear FRET-based 
biosensor for Plk1 activity. However, we find that Bora is restricted to the cytoplasm and that Plk1 is 
phosphorylated on T210 at the centrosomes. Thus, Plk1 activation occurs on centrosomes, but active 
Plk1 first accumulates in the nucleus. This suggests that while Plk1 kinase is activated in the cytoplasm, 
Plk1-dependent phosphorylation does not occur in the cytoplasm. We discuss several explanations for 
this surprising separation of activation and function.
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Introduction

Polo-like kinase 1 (Plk1) is an important kinase during the cell cycle. It controls several key processes 
that drive cells into and through mitosis such as centrosome maturation, spindle assembly, sister 
chromatid cohesion, cytokinesis and recovery from a DNA damage-induced arrest (Bruinsma et 
al., 2012). To carry out these specific functions, Plk1 is recruited to very specific subcellular sites 
throughout the cell cycle. Plk1 is predominantly localized at the centrosomes during S-phase, G2 and 
mitosis. In addition, Plk1 localizes to the kinetochores during G2 and mitosis and at the end of mitosis 
when the chromosomes segregate it translocates to the spindle midzone (Petronczki et al., 2007). This 
localization of Plk1 depends on its Polo-box domain that can, efficiently bind to pre-phosphorylated 
substrates (Elia et al., 2003a; Elia et al., 2003b) and can target Plk1 to its various subcellular localizations 
in the cell (Kang et al., 2006; Leung et al., 2002; Neef et al., 2007; Qi et al., 2006; Soung et al., 2009). 
Plk1 is first activated in G2, by phosphorylation of T210 (Jang et al., 2002). The Aurora A kinase is 
responsible for this phosphorylation event and requires binding of the co-factor Bora (Macurek et al., 
2008; Seki et al., 2008b). That this happens in G2 is quite well established, however, exactly where in 
the cell Aurora A phosphorylates Plk1 is not entirely clear. Both proteins localize to centrosomes and 
T210-phosphorylated Plk1 has also been observed at centrosomes (Barr and Gergely, 2007; Bruinsma 
et al., 2012; Macurek et al., 2008). However, antibodies targeting T210-phosphorylated Plk1 have been 
shown to recognize off-target epitopes, making analysis based on these signals problematic (Bruinsma 
et al., 2013). In addition, measuring Plk1 activity in real time with a FRET-based biosensor specific for 
Plk1 showed that Plk1 activity is first observed in the nucleus at around 5 hours before mitosis with 
activity spreading to the cytoplasm approximately 2 hours before mitosis (Macurek et al., 2008). A 
straightforward interpretation of this observation is of course complicated by the fact that the FRET-
based biosensor is diffusible and active transportation of the FRET-based biosensor could contribute to 
the effects that we observed. In addition, the biosensor is not only sensitive to changes in kinase activity, 
but responds equally well to changes in phosphatase activity. Thus, it could well be that a difference in 
the concentration of phosphatase(s) responsible for the dephosphorylation of the biosensor between 
nucleus and cytoplasm could explain the observed difference in FRET-ratios. Moreover, the localization 
of the co-factor Bora is not extensively studied. In Drosophila, where Bora was first identified as a co-
factor for Aurora A, it was shown that Bora is located in the nucleus and translocates to the cytoplasm 
in early prophase until nuclear envelope breakdown (Hutterer et al., 2006). However, if localization of 
Bora during the cell cycle in human cells is similarly regulated is currently unclear.
Here we show, using a nuclear localized FRET-based biosensor that the initial Plk1 activition in the 
nucleus that we previously observed is not the result of a diffusing FRET-probe, indicating that 
initial activation of Plk1 in the nucleus is a true event. However, we also show that restricting the 
localization of Plk1 to the nucleus does not allow phosphorylation of T210. This is in contrast to forced 
centrosomal localization, where Plk1 can get phosphorylated on T210. Thus, our data show that Plk1 
is phosphorylated at T210 at the centrosome, which should result in its activation, but Plk1 activity is 
first seen to rise in the nucleus. We were unable to functionally reconstitute Plk1 function by mutants 
of Plk1 that strictly localized at the centrosomes or in the nucleus, indicating that Plk1 needs to be able 
to diffuse from the centrosomes to the nucleus in order to be fully functional. Finally we show that 
Bora localizes strictly in the cytoplasm in human cells and is degraded approximately 2 hours before 
cells enter mitosis. Taken together, Plk1 is activated in the cytoplasm where both Bora and Aurora A are 
localized, however, translocation of Plk1 to the nucleus seems to be required for the establishment of 
target phosphorylation, as it is there that Plk1 activity first appears.

Results

The Plk1 FRET-probe is phosphorylated in the nucleus
Plk1 localizes both at the centrosomes and kinetochores during G2. While most of the literature suggests 
that Plk1 is activated at the centrosomes, this is mainly based on the phosphorylation of T210 (Macurek 
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et al., 2008) and the fact that Aurora A is localized at the centrosomes in G2 (Barr and Gergely, 2007). 
However, using a FRET-based biosensor to measure the Plk1 activity in real-time, we found that Plk1 
activity first appears in the nucleus approximately 5 hours before cells entered mitosis (Fig.1A, Macurek 
et al., 2008). Since this probe is freely diffusible we wondered whether shuttling of an activated probe 
between the cytoplasm and the nucleus might account for this observation. To test this we generated 
an H2B-tagged FRET-based biosensor for Plk1 that is localized exclusively in the nucleus (Fig.1B). We 
observed that cells expressing this construct entered mitosis normally and displayed similar kinetics 
of Plk1 activation in the nucleus (Fig. 1C,D). In addition, pharmacological inhibition of Plk1 with the 
small molecule inhibitor BI 2536 (Lénárt et al., 2007) led in both cases to inhibition of Plk1 activity, save 
for a small signal in mitosis (Fig.1A,B,C,D), which we have previously shown to be dependent on the 
mitotic kinase Mps1 . In addition, inhibition of Aurora A with the small molecule inhibitor MLN 8054 
(Bruinsma et al., 2013; Manfredi et al., 2007) also led to similar kinetics of Plk1 activation where the 
initial inhibition is repressed (Fig.1A,B,C,D). Taken together these results show that immobilization of 
the FRET-based biosensor for Plk1 does not affect the timing of its phosphorylation, demonstrating that 
activity of Plk1 first rises in the nucleus, approximately 5 hours before cells enter mitosis.

Dynamic localization of Plk1 is important for checkpoint recovery
Since we observed that Plk1 activity starts in the nucleus during G2 we next asked whether nuclear 

Figure 1. Plk1 activity is first seen in the nucleus.
A) Stills from a movie showing false color-coded CFP/YFP emission ratios. The stills show control-, BI 2536- and MLN 
8054-treated U2OS cells expressing the diffusible FRET-based biosensor for Plk1 activity while entering mitosis. BI 
2536 was used at a concentration of 100 nM, MLN 8054 at a concentration of 1 μM. B) Stills from a movie showing 
false color-coded CFP/YFP emission ratios of U2OS cells expressing the H2B-tagged FRET based biosensor were 
treated as in 1A. C) Quantification of CFP/YFP-ratio of cells shown in 1A. Error bars represent the SD of 10 individual 
cells. D) Quantification of CFP/YFP-ratio of cells shown in 1B. Error bars represent the SD of 10 individual cells.
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localization of Plk1 is required to enter mitosis during recovery from a DNA damage-induced arrest. 
We generated stable cell lines expressing tetracycline-inducible and RNAi-resistant variants of Plk1 
that were either freely diffusible, or exclusively localized at centrosome or in the nucleus. For this 
purpose, we used EGFP-TEV-S (LAP)-tagged wild type Plk1 (Cheeseman and Desai, 2005; Macurek et 
al., 2008), an AKAP-LAP-Plk1 fusion that is physically tethered to the centrosome through fusion to the 
centrosomal targeting domain of AKAP450 (Gillingham and Munro, 2000) and an H2B-LAP-Plk1 hybrid 
in which Plk1 is fused to H2B and is therefore located exclusively in the nucleus (Fig.2A). Using a short 
hairpin that targets endogenous Plk1, we depleted the endogenous protein to very low levels, while 
tetracycline-induced expression of the exogenous proteins was unaffected (Fig.2B). Next we asked if 
these fusion proteins could be phosphorylated at T210 during checkpoint recovery. To this end, we 
synchronized the cells in G2 and induced DNA damage by adriamycin. After these cells were arrested 
in G2, we induced recovery by adding caffeine for 8 hours. During this time Plk1 gets activated through 
phosphorylation of T210 and cells resume the cell cycle and enter mitosis (Macurek et al., 2008; van 
Vugt et al., 2004). Indeed, LAP-Plk1 was efficiently phosphorylated at T210 after the addition of caffeine 

Figure 2. Plk1 is activated at the centrosomes but needs to be dynamically localized.
A) Expression of RNAi resistant LAP-Plk1, AKAP-LAP-Plk1 or H2B-LAP-Plk1 was induced in U2TR stably expressing 
these constructs by addition of tetracycline. DIC- and GFP-images were taken of representative cells. B) Tetracycline 
inducible U2TR cells stably expressing RNAi resistant LAP-Plk1, AKAP-LAP-Plk1 or H2B-LAP-Plk1 were transfected 
with an empty pSuper, or a pSuper targeting endogenous Plk1. Cells were synchronized in G2 and damaged with 
0.5 μM adriamycin for one hour and expression was induced where indicated using tetracycline. 16 hours after 
induction of DNA damage cell were harvested and analyzed by western blotting. C) Tetracycline inducible U2TR 
cells stably expressing RNAi resistant LAP-Plk1, AKAP-LAP-Plk1 or H2B-LAP-Plk1 were were synchronized in G2 and 
damaged with 0.5 μM adriamycin for one hour and expression was induced where indicated using tetracycline 
for 16 hours. Cells were harvested at the indicated time points after addition of caffeine and analyzed by western 
blotting. D) Tetracycline inducible U2TR cells stably expressing RNAi resistant LAP-Plk1, AKAP-LAP-Plk1 or H2B-LAP-
Plk1 were transfected with an empty pSuper, or a pSuper targeting endogenous Plk1. Cells were synchronized in G2 
and damaged with 0.5 μM adriamycin for one hour and expression was induced where indicated using tetracycline. 
Cells were arrested for 16 hours, recovery was induced by caffeine addition for 8 hours and the mitotic index was 
determined, based on the percentage of Histone H3-pS10 positive cells, using FACS.



62

3

(Fig.2C) In accordance with the hypothesis that Plk1 is activated at centrosomes we found that AKAP-
LAP-Plk1 was also phosphorylated at T210. However, the phosphorylation was not nearly as prominent 
as with LAP-Plk1. But most importantly, we could not detect phosphorylation of T210 on H2B-LAP-Plk1, 
suggesting that activation of Plk1 might indeed be limited to the centrosomes at this stage of the cell 
cycle (Fig.2C). Next we wondered if the centrosomal- and nuclear-tethered Plk1 versions could induce 
checkpoint recovery, a well-established function of Plk1 (Macurek et al., 2008; van Vugt et al., 2004). To 
this end, we depleted endogenous Plk1 by RNAi and reconstituted Plk1 expression with the exogenous 
proteins prior to induction of recovery. We subsequently determined the amount of mitotic cells after 
8 hours of caffeine treatment as a measure of checkpoint recovery. While expression of the exogenous 
versions of Plk1 did not affect recovery in the presence of the endogenous Plk1, we clearly observed a 
reduction in cells entering mitosis when Plk1 was depleted. Reconstitution of LAP-Plk1 rescued recovery, 
albeit not completely (Fig.2D). However, reconstitution of AKAP-LAP-Plk1 or H2B-LAP-Plk1 was unable 
to significantly increase the fraction of cells that could recover (Fig.2D). These results indicate that Plk1 
needs to be able to freely diffuse between nucleus and cytoplasm to be efficiently phosphorylated at 
T210 and to be able to promote recovery from a DNA-damage-induced arrest.

Bora localizes in the cytoplasm 
Activation of Plk1 is carried out by Aurora A, which phosphorylates T210 in G2. This phosphorylation 
event requires the co-factor Bora (Macurek et al., 2008; Seki et al., 2008b). To further study Plk1/Bora 
complex formation, we synchronized cells at the G1/S border and performed a time course to see when 
these proteins started to interact. We observed that interaction between Plk1 and Bora occurs already 
in S-phase, while phosphorylation of Plk1 at T210 occurs only in G2 (Fig.3A). Since available antibodies 
that recognize Bora do not show a specific signal on immunofluorescence we are unable to determine 
the exact localization of endogenous Bora in cells (data not shown). To better study the localization of 
Bora we generated a tetracycline-inducible GFP-Bora cell line. Induction with tetracycline resulted in 
efficient induction of GFP-Bora expression. In addition, GFP-Bora could efficiently co-immunoprecipitate 
Plk1 and this interaction increases when recovery is induced by the addition of caffeine (Fig. 3B). We 
next monitored the localization of GFP-Bora. In Drosophila, Bora has been shown to initially localize 
in the nucleus, then transfer to the cytoplasm in early prophase until nuclear envelope breakdown 
(Hutterer et al., 2006). However, we were unable to detect any nuclear signal of GFP-Bora; instead 
we clearly observed that Bora was persistently cytoplasmic throughout interphase. When cells enter 
mitosis, Bora is targeted for degradation in a Plk1- and βTrCP-dependent manner (Chan et al., 2008; 
Seki et al., 2008a). To see if GFP-Bora behaves in a similar manner we filmed cells expressing GFP-Bora 
entering mitosis. Indeed, GFP-Bora was degraded approximately 2 hours before cells entered mitosis 
(Fig.3C,D). In accordance with the literature, this was abrogated when Plk1 was inhibited. In addition, 
inhibition of Aurora A had a similar effect (Fig.3C,D), something that has been observed on endogenous 
Bora as well (Bruinsma et al., 2013).
Because we were unable to monitor endogenous Bora by immunofluorescence, we performed a 
fractionation assay to separate cytoplasmic proteins from the nuclear proteins (Méndez and Stillman, 
2000). We synchronized cells in G2, and induced DNA damage. 16 hours after the DNA damaging insult, 
we induced recovery by addition of caffeine and harvested cells after 1, 2 and 4 hours to monitor 
T210 phosphorylation. Similar to our observations with the GFP-Bora-expressing cell line, endogenous 
Bora appeared to be strictly cytoplasmic (Fig.3E). Interestingly, Aurora A was clearly present in both 
the nucleus and the cytoplasm. Although the general idea is that Aurora A localizes predominantly at 
the centrosomes, nuclear localization has also been reported (Rannou et al., 2008). Phosphorylation 
of Plk1 at T210 did not seem to be preferentially present in the cytoplasm or in the nucleus as the 
signal appeared in both places at 4 hours after caffeine addition. These results, combined with the data 
presented in figure 2, suggest that Plk1 is phosphorylated at T210 in the cytoplasm since Bora is strictly 
cytoplasmic.
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Discussion

Plk1 localization is highly dynamic during the cell cycle. Activation starts in G2, presumably at 
the centrosomes, but activity is first observed in the nucleus approximately 5 hours before mitosis 
(Bruinsma et al., 2013; Macurek et al., 2008). However, the exact location where Plk1 is activated 
remains somewhat unclear, as these observations appear to be in discrepancy.
Here we provide definitive proof that phosphorylation of Plk1 targets first occurs in the nucleus, and 
that earlier observations suggesting that Plk1 activity is first seen in the nucleus were not an artefact 
of diffusion or active import of phosphorylated FRET-probe from the cytoplasm (Fig.1). Furthermore 
we show that centrosome-tethered Plk1 is phosphorylated at T210, while H2B-tethered Plk1 is not. 
Functionally, neither of these two fusion proteins is able to rescue recovery from a DNA damage-
induced arrest in cells depleted from endogenous Plk1 (Fig.2). Finally, we show that Bora localizes 
exclusively in the cytoplasm and is degraded approximately 2 hours before cells enter mitosis. Our data 
suggest that Plk1 is phosphorylated at T210 at the centrosomes but phosphorylation of Plk1 targets 
is somehow inhibited in the cytoplasm, whereas activated Plk1 that translocates to the nucleus can 

Figure 3. Bora localizes in the cytoplasm and is degraded 2 hours before mitosis.
A) U2OS cells were synchronized at the G1/S border using a 24-hour thymidine block and harvested at the indicated 
times after thymidine release. Plk1 was immunoprecipitated and protein levels were analyzed by western blot. B) 
Tetracycline inducible U2TR cells stably expressing GFP-Bora were synchronized in G2, DNA damage was induced for 
one hour using 0.5 μM adriamycin. Tetracycline was added where indicated and cells were arrested for 16 hours. 
Caffeine was added for 4 hours where indicated. Cells were harvested and GFP-Bora was immunoprecipitated. 
Protein levels were analyzed by western blot. C) Tetracycline inducible U2TR cells stably expressing GFP-Bora were 
filmed asynchronously and expression was induced by tetracycline. Cells were treated as indicated with 100nM 
BI 2536 or 1 μM MLN 8054. Stills from a movie showing DIC- and GFP-images are shown of cells entering mitosis. 
D) Quantification of 3C, total GFP expression levels were measured over time. Error bars represent SEM of 10 
individually quantified cells. E) U2OS cells were arrested for 16 hours after induction of DNA damage in G2 with 0.5 
μM adriamycin. Recovery was induced with caffeine for the indicated times. Total lysates were obtained as well as 
cytoplasmic and chromatin fractions using the cell fractionation protocol from Méndez and Stillman (2000).
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phosphorylate its targets.
The FRET-based biosensor is based on a Plk1 phosphorylation site in Myt1, a cytoplasmic protein 
(Macurek et al., 2008; Nakajima et al., 2003). Phosphorylation of the FRET-based biosensor can easily 
be reversed as Plk1 inhibition decreases the CFP/YFP-ratio to basal levels in approximately half an 
hour (Bruinsma et al., 2013). This observation shows that there are also phosphatases at play that 
dephosphorylate the FRET-probe. It will be interesting to see how the activity of these phosphatases in 
the cytoplasm and nucleus contribute to the dynamics of Plk1 activity and the FRET-based biosensor.
We find that a version of Plk1 that is tethered to the centrosome can be phosphorylated at T210, albeit 
less than the wild type version of Plk1. However, it is not possible to functionally rescue Plk1 function 
when Plk1 is tethered to the centrosome, something others have observed as well (Kishi et al., 2009). 
In addition, forced nuclear localization did not result in phosphorylation at T210 during recovery nor 
did it result in a functional rescue. These results suggest that dynamic localization of Plk1 during the 
cell cycle is of utmost importance to carry out its functions. Activity of Plk1 can direct it to different 
subcellular sites. For instance, Plk1 is recruited in a Cdk-dependent manner to the centrosomes by 
hCenexin1 (Soung et al., 2009) and to kinetochores by BubR1, Bub1 or INCENP (Elowe et al., 2007; Goto 
et al., 2005; Qi et al., 2006). In addition Plk1 can also create its own docking site to target itself to the 
kinetochores through PBIP1 (Kang et al., 2006) or mediate its translocation to the central spindle in 
anaphase through PRC1 (Neef et al., 2007). These reports and our current results are clear indications 
that dynamic localization of Plk1 is indispensible for proper execution of its functions during G2 and 
mitosis. If Plk1 is first activated in the cytoplasm and its activity is manifested once it enters the nucleus 
it will be interesting to see if nuclear restriction of constitutively active Plk1-T210D mutant, which 
does not require phosphorylation by Aurora A to become active, will be functional in reconstitution 
experiments during recovery from a DNA damage-induced arrest.
Phosphorylation of Plk1 at T210 by Aurora A requires Bora (Macurek et al., 2008; Seki et al., 2008b). 
Our data strengthen the idea that initial phosphorylation occurs in the cytoplasm as we observe that 
Bora is strictly cytoplasmic. Bora binds to the Plk1 Polo-box domain in a Cdk1-dependent manner (Chan 
et al., 2008).  This not only allows Aurora A to phosphorylate Plk1 at T210 but additionally targets Bora 
itself as a substrate of Plk1 (Chan et al., 2008; Seki et al., 2008a). Phosphorylation by Plk1 targets Bora 
for βTrCP-dependent proteasomal degradation. While the literature so far has suggested that this takes 
place in mitosis, we observed that Bora levels already diminish at 2 hours before cells enter mitosis. This 
observation coincides roughly with the time that Plk1 activity is first seen in the cytoplasm (Macurek et 
al., 2008). Since Plk1 activity is first seen in the nucleus and Bora most likely interacts with Plk1 in the 
cytoplasm it is tempting to speculate that the T210-phosphorylation occurs in the cytoplasm but Plk1 
target phosphorylation is somehow inhibited until Plk1 translocates to the nucleus where it cannot bind 
Bora anymore. Degradation of Bora before mitotic entry might allow for Plk1 target phosphorylation 
in the cytoplasm. So might Bora function as an inhibitor of Plk1 activity, at least towards its other 
substrates, in the cytoplasm? Or at least, could binding of Bora to Plk1 prevent efficient binding to 
its other substrates by occupying the Polo box domain binding site? Further analysis of the Bora-Plk1 
complex and the effect of Bora-binding to Plk1-dependent phosphorylation of other Plk1 targets is 
required to answer these questions.

Materials and methods

Cell culture, antibodies and reagents
Human osteosarcoma U2OS cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco) supplemented with 6% FCS (Lonza), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml 
streptomycin. Cell lines expressing LAP-Plk1, AKAP-LAP-Plk1, H2B-LAP-Plk1 and GFP-Bora under the 
control of tetracycline-inducible were cultured in DMEM containing Tet system approved fetal bovine 
serum (Lonza). Antibodies that were used were directed against Plk1 (Macurek et al., 2008), Plk1, Actin 
(both from Santa Cruz), GFP (Roche), Plk1-pT210 (BD), Tubulin (Sigma), Bora (Bruinsma et al., 2013), 
Aurora A (Cell Signaling) Histone H3-pS10 and H2AX (both from Upstate). The following drugs were 
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used: BI 2536 (100nM, Boehringer Ingelheim Pharma), MLN8054 (1 μM, Millennium Pharmaceuticals), 
thymidine (2.5 mM, Sigma), caffeine (5 mM, Sigma), adriamycin (0.5 μM, Sigma), nocodazole (250 ng/
ml, Sigma), PI (Sigma) puromycin (Sigma, 2 μg/ml) and tetracyclin (1 μg/ml, Sigma).

Cloning and generation of stable cell lines
H2B-tagged versions of LAP-Plk1 and the FRET-based biosensor were generated in the following 
manner: H2B was amplified by PCR using the forward primer 5’-AAGCTTATGCCAGAGCCAGCGAAGTC-3’ 
and the reverse primer 5’-AAGCTTAGATCCTTAGCGCTGGTGTACTTGG-3’ and ligated into either the FRET-
based biosensor or the LAP-Plk1 construct using the restriction enzyme HindIII (NEB). AKAP-LAP-Plk1 
was generated bin the following manner: The AKAP centrosomal binding doamina was amplified by 
PCR using the forward primer 5’-AAGCTTGCCACCATGGCCAACATTGAAGCC-3’ and the reverse primer 
5’-CTTAAGCTTCTCATGCCAGCATGAAATTG-3’ and ligated into the LAP-Plk1 consruct using the restriction 
enzymes HindIII and EcoRI (NEB). The pTON-GFP-Bora construct has been described previously 
(Macurek et al., 2008). U2OS-derived U2TR cells stably expressing LAP-Plk1 ahve been described 
previously (Macurek et al., 2008). U2TR cells stably expressing AKAP-LAP-Plk1, H2B-LAP-Plk1 and GFP-
Bora were generated by calcium phosphate transfection of the constructs, selection of stable clones 
by zeocin (400 mg/ml, Invitrogen) treatment for two weeks followed by clonal selection. Stable clones 
were grown in media containing tetracycline system approved fetal bovine serum (Lonza). To induce 
expression cells were treated for indicated times with tetracycline (1 mg/ml).

Transfections, cell synchronization and FACS
Cells were transfected using calcium phosphate transfection of plasmids. For selection of transfected 
cells with pSuper constructs, GFP-spectrin was co-transfected for FACS or with pBABE-puro followed 
by puromycin treatment for western blot analysis. For analysis of checkpoint recovery cells were 
synchronized at the G1/S-border by thymidine (2.5 mM) for 24 hours followed by a 6 hour release and 
1 hour incubation with Adriamycin (0.5 μM). Afterwards cells were kept for 16 hours in nocodazole 
(250ng/ml). Recovery was induced by adding caffeine (5 mM). Unperturbed mitotic entry was assayed 
by a 24 hour thymidine block followed by a release into nocodazole. For reconstitution assays, 
expression was induced by addition of tetracycline (1 mg/ml) at the indicated times. For FACS analysis, 
cells were transfected  were harvested by trypsinization and fixed with ice-cold 70% ethanol. Cells were 
stained using the anti-Histone H3-pS10 antibodies (Millipore) and Alexa488-conjugated secondary 
antibodies (Molecular Probes). DNA was stained using propidium iodide and samples were analyzed 
on a FACSCalibur flow cytometer (BD biosciences). Cell cycle distribution was determined by flow 
cytometry counting 104 events of cells positive for GFP-spectrin.

FRET- and live cell imaging
For time-lapse microscopy, cells were grown on LabTek II chambered coverglasses in Leibovitz’s L-15 
medium (Gibco) supplemented with 6% FCS (Lonza), 2 mM L-glutamine, 100 U/ml penicillin, and 
100 mg/ml streptomycin and were imaged with DIC on a Zeiss Axiovert 200 M using 20x NA 0.75 
objectives or on a Deltavision imaging system using 20x 0.75NA objectives. Images were taken every 
20 minutes. GFP-Bora levels were quantified by measuring the integrated density of the GFP signal in 
cells. Background was subtracted using an area that contained no cells. The FRET-based biosensor for 
monitoring PLK1 activity has been described previously (Macurek et al., 2008). The CFP/YFP emission 
ratio after CFP excitation of U2OS cells stably expressing the FRET-based biosensor, was monitored on a 
Deltavision Elite imaging system, using a 20x 0.75NA objective. Images were acquired every 20 minutes. 
The images were processed with ImageJ using the Ratio Plus plug-in (http://rsb.info.nih.gov/ij/).

Cellular fractionation immunoprecipitations and western blotting
Chromatin fractionation was performed as described (Méndez and Stillman, 2000). Soluble cytosolic 
proteins were extracted from U2OS cells by incubating cells in buffer A (10 mm HEPES, pH 7.9, 10 mm 
KCl, 1.5 mm MgCl2, 0.34 M sucrose, 10% glycerol, 1 mm DTT, 0.1% Triton X-100 and protease inhibitor 
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cocktail) at 4 °C for 10 min and spinning down at 1500 g for 2 min. Soluble nuclear fraction was obtained 
by extraction of pelleted nuclei with an equal amount of buffer B (10 mm HEPES, pH 7.9, 3 mm EDTA, 
0.2 mm EGTA, 1 mm DTT) and spinning down at 2000 g for 2 min. Insoluble chromatin was washed with 
buffer B and finally resuspended in SDS sample buffer. For immunoprecipitations cells were lysed in with 
1 ml lysis buffer (1% NP- 40, 50 mM Hepes pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM MgCl2, 1 mM NaF, 
1 mM Na3VO4, 25 mM β-glycerophophatese, 1 tablet of Complete EDTA-free per 50 ml) on ice for 10 
min. The lysate was cleared by centrifugation and 10% of supernatant was used for whole cell lysate. 
Immunoprecipitations were performed using S-protein beads (Novagen) or with antibodies bound to 
Dynabeads Protein A (Life Technologies). Beads were washed with TBST and incubated with the rest of 
the lysate at 4 °C for 24h. Beads were washed extensively with lysis buffer, after which bound protein 
was eluted with Laemmli sample buffer.
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Abstract

When cells are challenged with DNA damage in G2 the DNA damage response (DDR) arrests the cells to 
allow for repair. During the DDR several key mitotic regulators such as Cdk1-Cyclin B, Aurora-A and Plk1 
are inhibited to prevent entry into mitosis. Here we have studied how inhibition of Plk1 is established 
after DNA damage. Using a FRET-based biosensor for Plk1 activity, we observed that inhibition of Plk1 
after DNA damage occurs with relatively slow kinetics, dependent on the amount of damage a cell is 
challenged with. We could also show that activity of Plk1 during the DDR is solely regulated through 
inhibition of Plk1-T210 phosphorylation. T210 is phosphorylated by the kinase Aurora-A and its co-factor 
Bora. Interestingly, the interaction between Bora and Plk1 remains intact during the early phases of the 
DDR, but Aurora-A is inhibited. However, expression of an Aurora-A mutant refractory to inhibition by 
the DDR failed to fully restore phosphorylation of T210 or Plk1 activity. These observations suggest that 
inhibition of Plk1 after DNA damage is caused by inhibition of Aurora-A and a block in recognition of the 
Bora/Plk1-complex by Aurora A.
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Introduction

One of the most life-threatening events that can occur to cells that are preparing to divide is a double 
stranded break in their DNA. In order to deal with such an event, cells activate a DNA damage-
dependent checkpoint, the DNA damage response (DDR) that results in a cell cycle arrest (Ciccia and 
Elledge, 2010). This arrest provides cells with time to repair the damaged DNA and ensures that cells 
can enter mitosis with an intact genome, or initiate apoptosis or senescence when the damage is too 
extensive (Ciccia and Elledge, 2010). To prevent cells from entering mitosis the DDR can repress the 
pro-mitotic machinery that leads to activation of Cdk1/Cyclin B (Lindqvist et al., 2009). One of the key 
regulators during the DDR is Plk1 (Bruinsma et al., 2012). Plk1 is involved in the activation of Cdk1, but 
also controls repair and is required to restart the cell cycle following a DNA damage-induced arrest, 
a process called checkpoint recovery (Bruinsma et al., 2012; van Vugt et al., 2004). Activation of Plk1 
starts in G2, approximately 5-6 hours before mitotic entry (Macurek et al., 2008). At this time, Plk1 
is phosphorylated on T210 in its T-loop by Aurora A, resulting in activation of the Plk1 kinase domain 
(Jang et al., 2002; Macurek et al., 2008; Seki et al., 2008b). Phosphorylation of Plk1 at T210 by Aurora 
A requires binding of the co-factor Bora (Macurek et al., 2008; Seki et al., 2008b). During G2, Plk1 and 
Bora form a complex which is most likely initiated by Cdk1 activity (Chan et al., 2008).
When cells are challenged with genotoxic stress such as double strand breaks (DSBs), Plk1 is one of the 
targets of the DNA damage response and its activity is inhibited (Smits et al., 2000). The DNA damage 
response not only causes inhibition of Plk1 activity, it also promotes Plk1 degradation (Bassermann et 
al., 2008). In addition, upstream activators of Plk1 are similarly affected by the DNA damage response; 
Aurora A activity is inhibited in a Chk1-dependent manner (Krystyniak et al., 2006), while Bora has been 
shown to be targeted by ATR for degradation in a  β-TrCP-dependent manner after UV-induced DNA 
damage (Qin et al., 2013). Moreover, activation of the DNA damage response results in inhibition of 
Cdk-activity (Reinhardt and Yaffe, 2013), which normally promotes the binding of Bora to Plk1 (Chan et 
al., 2008). Thus, activation of Plk1 seems to be prevented at multiple levels after DNA damage, possibly 
to enforce tight inhibition of Plk1 activity. 
Controlling Plk1 activity during the DNA damage response is especially important since Plk1 can 
promote recovery from the DNA damage-induced arrest, not only through re-activation of the cell cycle 
machinery (van Vugt et al., 2004), but Plk1 can also silence signaling of the DNA damage checkpoint 
at multiple levels. Plk1 was shown to inhibit localization of 53BP1, inhibition of Chk2 and promote the 
degradation of the Chk1 activator Claspin (Mamely et al., 2006; Peschiaroli et al., 2006; van Vugt et 
al., 2004; van Vugt et al., 2010; Vidanes et al., 2010). . Interestingly, although Plk1 activity is actively 
repressed during the DNA damage response, its activity seems to be required for efficient repair, as 
Plk1-mediated phosphorylation was shown to recruit Rad51 to sites of damage to facilitate homologous 
recombination (Yata et al., 2012). These observations suggest that intricate regulation of Plk1 activity 
is required during the DNA damage response to coordinate repair, checkpoint silencing and cell cycle 
re-entry.
To gain more insight in the regulation of Plk1, we studied how inhibition of Plk1 is established in 
response to DNA damage. We show that Plk1 activity is first inhibited through dephosphorylation of 
T210, with relatively slow kinetics. The initial decrease in T210-phosphorylation is not paralleled by a 
disruption of the Plk1/Bora complex, despite inhibition of Cdk-activity after DNA damage. Also, while 
Aurora A activity is rapidly lost after DNA damage, expression of a constitutive active mutant of Aurora A 
failed to overcome inhibition of T210-phosphorylation after DNA damage. This suggests that inhibition 
of Plk1 activity is controlled at multiple levels that besides inhibiting Aurora A might also directly affect 
recruitment of Aurora A to the Plk1/Bora-complex.

Results

ATR and Chk1 inhibits Plk1 activity during the DDR
To study the effects of the DNA damage response on the activity of Plk1 we used the topoisomerase II 
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Figure 1. Plk1 is inhibited after the DNA damage checkpoint in an ATR/Chk1-dependent manner.
A) U2OS cells were treated with 10 μM etoposide for the indicated times, fixed and stained for γH2AX and DAPI. 
Each dot represents the average γH2AX signal in the nucleus of individual cells. Bars indicate the average intensity. 
B) Asynchronously growing U2OS cells were treated with or without etoposide for the indicated times with the 
indicated inhibitors. Afterwards, cells were fixed and the percentage of mitotic cells was determined based on S10-
phosphorylated histone H3 positive cells. C) Asynchronously growing U2OS cells were filmed and the cumulative 
mitotic index was scored. At timepoint 0, the indicated inhibitors were added together with 10μM etoposide. D) 
U2OS cells were synchronised in G2 by an 8-hour thymidine release. After 8 hours, cells were treated as indicated. 
Plk1 was immunprecipitated and samples were probed with the indicated antibodies. E) Asynchronously growing 
U2OS cells expressing the Plk1 FRET-based biosensor were filmed and at timepoint 0 the indicated drugs were 
added. CFP/YFP emission ratios were calculated and plotted over time. Cells that entered mitosis before addition of 
the drugs are indicated in blue and cells that had active Plk1 at the time of drug addition are shown in red. Dashed 
gray lines indicate time point zero.
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inhibitor etoposide to induce DNA double strand breaks. Treatment of U2OS cells with 10 μM etoposide 
resulted in a prominent increase in the amount of phosphorylated H2AX (γH2AX), which marks the sites 
of damaged DNA (Rogakou et al., 1998). After analysis of the accumulation of the total nuclear signal of 
γH2AX, we found that it reached a maximum after 60 minutes of incubation (Fig.1A), and therefore we 
used 60 minutes of incubation with etoposide to assess the effects of DNA damage on Plk1 and the cell 
cycle. Addition of etoposide resulted in a near immediate block of mitotic entry in these cells (Fig.1C), 
indicating that the checkpoint is rapidly established under these conditions. In order to identify which 
pathway mediates the observed cell cycle arrest we used selective inhibitors for ATM, ATR and Chk1 and 
Chk2 as the main effector kinases of the DDR (Cimprich and Cortez, 2008). Inhibition of ATR or Chk1 
caused the most prominent increase in the amount of cells entering mitosis in 4 hours after addition of 
the inhibitors (Fig.1B). In addition, time-lapse analysis of asynchronous U2OS cells confirmed that only 
inhibition of ATR or Chk1 could override the G2 arrest induced by etoposide treatment (Fig. 1C).
Activation of the DNA damage response leads to loss of phosphorylated T210 and inhibition of Plk1 
activity (Smits et al., 2000). Plk1 normally gets phosphorylated on T210 in G2, so we wondered if T210 
phosphorylation is removed when DNA damage is inflicted on cells that already contain some T210-
phosphorylated Plk1. To this end, cells were released from a thymidine block for 8 hours, when T210-
phosphorylation was first detected (Fig. 1D). Induction of DNA damage at this time caused a reduction 
in T210-phosphorylation (Fig.1D, compare lane 1 and 3), while three hours of mock treatment caused 
a further increase in the amount of phosphorylated T210 (Fig. 1D). This observation indicates that 
activation of the DNA damage response blocks T210-phosphorylation and results in dephosphorylation 
of previously phosphorylated Plk1. The effect of DNA damage on T210-phosphorylation could be 
overcome by inhibition of ATR or Chk1 but not ATM or Chk2 (Fig. 1D). These observations suggest that 
in U2OS cells the ATR-Chk1 pathway controls the arrest after induction of double strand breaks after 
treatment of etoposide.
Next we looked closer at the kinetics of Plk1 inactivation after DNA damage. To this end we made use 
of a FRET-based biosensor for Plk1 activity (Macurek et al., 2008). We analyzed asynchronously cycling 
U2OS cells by time-lapse fluorescence microscopy to monitor Plk1 activity over time. This allowed us 
to observe what happens to Plk1 activity in cells that are in different stages of G2 and therefore have 
already established different levels of Plk1 activation (Fig.1E). Addition of the Plk1 inhibitor BI 2536 
(Lénárt et al., 2007) resulted in an almost immediate decrease in Plk1 activity, reaching basal levels 
in approximately half an hour. This is in accordance with our previous observations with BI 2536 in 
mitotic cells (Bruinsma et al., 2013). Addition of etoposide to these G2 cells resulted in an immediate 
block in the further activation of Plk1, followed by a progressive decrease in Plk1 activity that was 
decidedly slower than inhibition of Plk1 by BI 2536. Interestingly, even the cells that were on the brink 
of entering mitosis (judged by the level of Plk1 activity) at the moment of etoposide addition were able 
to arrest in G2 (Fig. 1E). This suggests that the immediate block in mitotic entry is a consequence of the 
block in further activation of Plk1, rather than active inhibition. The effect of etoposide on Plk1 activity 
was completely overridden when Chk1 was inhibited by UCN-01, consistent with our observation 
that etoposide-induced inhibition of T210-phosphorylation requires Chk1. These results show that 
Plk1 activation is immediately blocked in response to activation of the DNA damage checkpoint, in a 
manner dependent on ATR and Chk1. In addition, further inhibition of Plk1 activity is a slower process. 
This suggests that preventing the increase in Plk1 activation is sufficient to establish a functional DNA 
damage-induced arrest.

Kinetics of Plk1 inhibition are sensitive to the amount of DNA damage
Since inhibition of Plk1 after DNA damage is so strikingly slower than direct Plk1 inhibition we wondered 
if the amount of DNA damage could influence the kinetics of Plk1 inhibition. To this end we treated 
asynchronously cycling cells with different concentrations of etoposide, ranging from 0 to 10 μM, to 
induced an increasing extent of DNA double strand breaks. When quantifying the amount of total γH2AX 
in these differently treated cells we clearly observed a dose dependent increase of the γH2AX signal 
(Fig.2A). The amount of γH2AX started to significantly increase after treatment with 0.5 μM etoposide 
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and increased until plateauing at a dose of 5.0 μM etoposide (Fig.2A). Next, we monitored the effect of 
these different concentrations on cycling cells by real-time imaging. We scored the cumulative mitotic 
entry of asynchronously cycling cells and added different concentrations of etoposide during filming. In 
correlation with the effects on γH2AX induction, we observed an almost complete inhibition of mitotic 
entry starting at DNA damage caused by addition of 0.5 μM etoposide while a dose of 0.1 μM etoposide 
failed to block mitotic entry (Fig.2B). However, at this concentration, some cells still entered mitosis as 
late as 5 hours after treatment. At higher concentrations we did not observe cells entering mitosis that 
late after inducing DNA damage (Fig.2B). Next we used these different concentrations of etoposide to 
study their effect on Plk1 activity using our FRET-based biosensor. Plk1 activity was nicely inhibited at 
doses of 0.5 μM or 1 μM etoposide, but it clearly took much longer to establish full inhibition when 
compared to cells challenged with 5 or 10 μM etoposide (Fig.2C). At the lower doses of etoposide, Plk1 
activity plateaued for approximately 2-3 hours before decreasing whereas with the higher doses, Plk1 
activity started to drop immediately following the addition of etoposide. These results clearly show 
that the mode of Plk1 inhibition is influenced by the amount of damage a cell is challenged with, even 
though the resulting cell cycle arrest is similar.

Regulation of phosphorylated-T210 is required for inhibition of Plk1 activity by the DNA damage response
In addition to regulation of T-loop phosphorylation, degradation of Plk1 in response to DNA damage 
has also been reported (Bassermann et al., 2008). To investigate the possible contribution of Plk1 
degradation to its inactivation in response to DNA damage, we added the proteasome inhibitor MG-
132 after induction of DNA damage. When monitoring Plk1 activity after addition of etoposide in the 
absence or presence of MG-132 we observed that Plk1 activity was similarly inhibited, regardless 
whether Plk1 was stabilized or not (Fig.3A). These observations indicate that proteasomal degradation 
does not control Plk1 activity at the onset of the DNA damage response but rather have effects during 
the later stages of the DDR. In addition, we analyzed the phosphorylation status of Plk1 at T210 after 
stabilizing Plk1 during DNA damage. We found that, similar to the results obtained with the FRET-based 
biosensor, preventing Plk1 degradation did not prevent dephosphorylation of Plk1 at T210 (Fig. 3B). 
Next, we wondered whether regulation of T210 phosphorylation is sufficient to inactivate Plk1 during 
DNA damage. It could very well be possible that other DNA damage-dependent phosphorylation sites 
on Plk1 could contribute to inactivation of Plk1, independent of T210 phosphorylation. To examine 
this, we monitored Plk1 activity in cells expressing wild type Plk1 or a phosphorylation-mimicking 
T210D mutant of Plk1, previously shown to be fully active throughout G2 (Macurek et al., 2008). In cells 
expressing wild type Plk1, we could clearly observe the inactivation of Plk1 in response to DNA damage 
(Fig.3C). However, in cells expressing the Plk1-T210D mutant, addition of etoposide did not affect Plk1 
activity, even though an arrest was induced that prevented cells from entering mitosis (Fig.3C). Taken 
together these results show that Plk1 activity is strictly controlled via phosphorylation of the T-loop 
at T210 in response to DNA damage. Also, these data show that persistent activation of Plk1 is not 
sufficient to fully silence the DNA damage checkpoint and drive cells back into the cell cycle, indicating 
that other cell cycle breaks must be eliminated to overcome the DNA damage-induced cell cycle arrest.

Inhibition of Plk1 activity after DNA damage occurs independent of Plk1/Bora complex disassembly
Phosphorylation of Plk1 at T210 during the G2-phase of the cell cycle is carried out by Aurora A 
(Macurek et al., 2008; Seki et al., 2008b). In order for Aurora A to be able to do this, Plk1 needs to form 
a complex with Bora (Macurek et al., 2008; Seki et al., 2008b). Binding of Bora to Plk1 depends on Cdk1-
dependent phosphorylation of Bora (Chan et al., 2008). Since Cdk activity is known to be inhibited after 
DNA damage (Reinhardt and Yaffe, 2013), we reasoned that the Bora/Plk1 complex could be disrupted 
in response to DNA damage. Therefore, we investigated the formation of this complex before and 
after damaging cells in G2. We made use of a cell line simultaneously expressing the Plk1 FRET-based 
biosensor and an mCherry-tagged version of Bora (Fig.4A). In accordance with earlier observations, we 
observed degradation of Bora approximately 2-3 hours before cells entered mitosis (Fig4A,B, chapter 3 
addendum). Next we challenged these cells with etoposide to inflict DNA damage in G2 cells that had 
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Figure 2. Inhibition of Plk1 after the DNA damage response is dependent on the amount of damage.
A) Cells were treated with the indicated concentrations of etoposide for 1 hour. Each dot represents the average 
γH2AX signal in the nucleus of individual cells. Bars represent the average intensity. Images show examples of the 
γH2AX signal and DAPI. B) Asynchronously growing U2OS cells were filmed and the cumulative mitotic index was 
scored. At timepoint 0, the indicated concentrations of etoposide were added together. C) Asynchronously growing 
U2OS cells expressing the Plk1 FRET-based biosensor were filmed and at timepoint 0 the indicated concentrations 
of etoposide were added. CFP/YFP emission ratios were calculated and plotted over time. Cells that entered mitosis 
before addition of the drugs are indicated in blue and cells that had active Plk1 at the time of drug addition are 
shown in red.
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already activated Plk1. We observed that while Plk1 activity was inhibited the levels of mCherry-Bora 
in these cells did not show a uniform response (Fig.4C). In some cells Bora levels dropped after DNA 
damage while in others Bora levels remained fairly equal or at least showed only a moderate reduction, 
which did not significantly correlated with the kinetics of Plk1 inhibition. To determine how the Plk1/
Bora complex was affected after induction of DNA damage we immunoprecipitated Plk1 and probed 
for binding to Bora. As expected, phosphorylation of T210 decreased after induction of DNA damage 
either by adriamycin, etoposide or 10 Gy of ionizing irradiation (IR) (Fig.4D). This reduction was already 
seen at 3 hours after the damage induction, and persisted up to 16 hours after the damaging insult 
in the etoposide- and adriamycin-treated cultures (Fig.4D). In the irradiated cultures we found that 
a fraction of the cells had recovered at 16 hours after IR, consistently we observed reappearance of 
T210 phosphorylation. At 16 hours into the arrest, we could observe a decrease in the levels of both 
Bora and Plk1, as described before (Bassermann et al., 2008; Qin et al., 2013). Interestingly, while Plk1/
Bora complex formation was clearly reduced 16 hours after DNA damage, the complex seemed to be 
unaffected by the damage at 3 hours (Fig.4D). In fact, we could observe a clear increase in the amount 
of Bora bound to Plk1 when comparing the time-point that the DNA damaging agents were added (8 
hours, lane 1, Fig.4D), and the 3 hour time-points (lanes 3-5, Fig.4D). This suggests that new complexes 
of Plk1 and Bora continue to form during the initial phase of the DNA damage response. These results 
also demonstrate that the inhibition of Plk1 that occurs in the first hours following the DNA damage, 
occurs independently of Plk1/Bora complex disassembly or degradation of Bora.

Cdk1 initiates Plk1-Bora complex formation
The main target of the DNA damage response is Cyclin B/Cdk1 (Reinhardt and Yaffe, 2013). It has been 

Figure 3. Inactivation of Plk1 after DNA damage is regulated through T210 phosphorylation.
A) Asynchronously growing U2OS cells expressing the Plk1 FRET-based biosensor were filmed and at timepoint 0 the 
indicated inhibitors were added. CFP/YFP emission ratios were calculated and plotted over time. Cells that entered 
mitosis before addition of the drugs are indicated in blue and cells that had active Plk1 at the time of drug addition 
are shown in red. B) U2OS cells were synchronised in G2 by an 8-hour thymidine release. After these 8 hours, cells 
were treated as indicated. Plk1 was immunprecipitated and samples were probed with the indicated antibodies. C) 
The Plk1 FRET-based biosensor was transiently transfected in cells stably expressing tetracycline-inducible Plk1-wt or 
Plk1-T210D. Expression was induced with tetracycline and individual cells were treated and anlyzed as in 3A.
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shown that, in vitro, Cdk1 has been implicated in formation of the Plk1-Bora complex (Chan et al., 
2008). However, details on how this is exactly regulated are unclear. One of the processes Aurora A, 
Plk1 and Bora are crucial in is recovery from a DNA damage arrest. To test the roles these individual 
kinases play in formation of the Plk1/Bora complex we synchronized cells in G2, induced DNA damage 
and subsequently induced recovery by adding caffeine 16 hours after the damage. During recovery we 
treated cells with several small molecule inhibitors that are specific for Plk1 (BI 2536), Aurora A (MLN 
8054), Cdk1 (RO 3306) or a more general Cdk inhibitor (Roscovitine) (Lénárt et al., 2007; Manfredi et al., 
2007; Meijer et al., 1997; Vassilev et al., 2006). Induction of recovery resulted in formation of the Plk1/
Bora complex and activation of Plk1 by phosphorylation of T210. Inhibition of Plk1 or Aurora A using 
BI 2536 or MLN 8054, respectively, resulted in reduced T210-phosphorylation (Fig.5A). However, the 
complex between Plk1 and Bora was still formed, indicating that Plk1/Bora complex formation occurs 
independent of Plk1 and Aurora A activity. Interestingly, inhibition of Cdk activity resulted in both loss of 
T210-phosphorylation and inhibition of Plk1/Bora complex formation. In fact, we could observe a clear 
reduction in the total protein levels of Bora upon inhibition of Cdk activity. These observations show 
that Cdk activity is required for formation of the Plk1/Bora complex during recovery.
To test if Cdk1 inhibition can revert Plk1 activation and Plk1/Bora complex formation once Plk1 is 
activated we synchronized cells in G2 and added the Cdk1 inhibitor RO 3306 or adriamycin and 
etoposide to inhibit phosphorylation of T210 on Plk1. Induction of DNA damage resulted in a loss of 
T210-phosphorylation (Fig.5B). However, inhibition of Cdk1 by RO 3306, did not seem to result in a 

Figure 4. Inhibition of Plk1 activity after DNA damage is independent of Plk1-Bora complex formation.
A) Stills from a movie showing a cell entering mitosis expressing both the Plk1 FRET-based biosensor and mCherry-
Bora. B) Quantification of Plk1 activity from cells as depicted in 4A entering mitosis and corresponding total levels 
of mCherry-Bora. Error bars represent the SD of 10 individual cells. C) The Plk1 FRET-based biosensor and mCherry-
Bora expressing cells from 4A while being challenged with DNA damage at timepoint 0. Graph presents Plk1 activity 
in 10 individual cells and total mCherry-Bora fluorescence. E) U2OS cells were released after thymidine release (TR) 
at the indicated times and treated with the indicated types of DNA damage (0.5 µM adriamycin 10 µM etoposide or 
10 Gy of IR). Plk1 was immunprecipitated and samples were probed with the indicated antibodies.
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loss of T210-phosphorylation, despite a reduction in the amount of Bora bound to Plk1. To analyze 
how inhibition of Cdk activity affected Plk1 activity we monitored Plk1 activity using the FRET-based 
biosensor and inhibited Cdk1 with RO 3306, or inhibited general Cdk activity with roscovitine. Inhibition 
of Cdk1 induced a decrease of Plk1 activity, but the reduction was only transient, and Plk1 activity 
started to increase approximately an hour later. Interestingly, Plk1 activity plateaued at 4-5 hours after 
addition of RO 3306, at which point a subset of cells entered mitosis, while in other cells Plk1 activity 
dropped down to basal levels and these cells remained in G2 for the duration of the experiment (Fig.5C). 
When cells were treated with roscovitine, we saw a similar effect at the lower doses of roscovitine 
(Fig.5C). However, when the concentration of roscovitine was increased to 125 μM all cells completely 
lost Plk1 activity in 3-4 hours (Fig.5C). Taken together, these data suggest that Cdk activity is at the basis 
of Plk1/Bora complex formation and subsequent Plk1 activation. However, once the complex is formed 
and Plk1 is at least partially activated, inhibition of Cdk1 is insufficient to reverse this process efficiently, 
suggesting that inhibition of Plk1 during DNA damage does not primarily depend on the loss of Cdk1 
activity. Our results obtained with roscovitine suggest that other Cdks, such as Cdk2, might have an 
additional role in maintaining activation of Plk1 during mitotic entry.

Preventing Aurora A inhibition is insufficient to fully sustain Plk1 activity after DNA damage
Since we find that Plk1 and Bora remain in a complex at a time when T210-phosphorylation is clearly 
decreased we wondered if inhibition of Plk1 activity was entirely due to inhibition of Aurora A during 

Figure 5. Cdk1 initiates Plk1-Bora complex formation. 
A) U2OS cells were synchronized by thymidine, released for 7 hours in G2 and treated for 1 hour with 0.5 μM 
adriamycin. Cells remained arrested for 16 hours and recovery was induced by addition of caffeine. During caffeine 
treatment, cells were co-treated with the indicated inhibitors. Plk1 was immunoprecipitated and protein levels were 
analyzed by western blot. B) U2OS cells were synchronized by thymidine and released into G2 for 8 hours. Where 
indicated cells were treated with 1 hour 0.5 μM adriamycin, or 10 μM etoposide and harvested after a total of 11 
hours after thymidne release or for 3 hours with 4 μM RO 3306. Plk1 was immunoprecipitated and protein levels 
were analyzed by western blot. C) Asynchronously growing U2OS cells expressing the Plk1 FRET-based biosensor 
were filmed and at timepoint 0 the indicated inhibitors were added. CFP/YFP emission ratios were calculated and 
plotted over time. Cells that entered mitosis before addition of the drugs are indicated in blue and cells that had 
active Plk1 at the time of drug addition are shown in red.
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the early stages of the DNA damage response. Indeed, when using Aurora A-T288 autophosphorylation 
as a readout of Aurora-A activity (Walter et al., 2000), we found that Aurora A activity was decreased 
after DNA damage in G2 (Fig.6A). Next we generated stable cell lines expressing FLAG-tagged Aurora A 
under control of a tetracycline-regulatable promoter. We obtained such cell lines for wild type Aurora A, 
a kinase-dead K162R mutant and a constitutively active T288E mutant (Fig.6B) and determined kinase 
activity of the different variants by in vitro kinase assays. As expected, wild type Aurora-A and the T288E 
mutant immunoprecipitated from mitotic cells were highly active, whereas the K162R-mutant displayed 
very little activity (Fig.6C). Importantly, the T288E-mutant was fully active in damaged cells, a condition 
that lead to a reduction in activity of wild type Aurora A to the level observed with the kinase-dead 
mutant (Fig.6C). 
Next we induced DNA damage in the Aurora A-T288E expressing cell line and immunoprecipitated Plk1 
(Fig.6D). When Aurora A-T288E expression was induced we could not sustain phosphorylation of T210 
after DNA damage indicating that persistent Aurora A activity in damaged cells is insufficient to prevent 
dephosphorylation of Plk1 at T210. Finally, we transfected the FRET-based biosensor in our myc-Plk1-
wt, myc-Plk1-T210D, FLAG-Aurora A-wt and FLAG-Aurora A-T288E inducible cell lines and monitored 
Plk1 activity in G2 and after DNA damage (Fig.6E). As observed previously, wild type Plk1 was inhibited 
after induction of DNA damage while Plk1-T210D remained highly active, even after DNA damage. 
Surprisingly, cells expressing Aurora A-wt displayed an intermediate effect, Plk1 activity was inhibited, 
albeit much less efficiently, suggesting that overexpression of Aurora A does affect inhibition of Plk1 
after DNA damage (Fig. 6E).  In cells expressing Aurora A-T288E, inhibition of Plk1 by DNA damage was 
variable (Fig.6E). In some cells Plk1 was partially inhibited, similar to what was seen with Aurora A-wt 
overexpression. In other cells we observed elevated Plk1 activity that was not inhibited in response to 
DNA damage. Whether this is due to different expression levels in individual cells remains to be seen. 
Thus, although overexpression of a constitutive Aurora A-T288E mutant clearly contributes to Plk1 
activity, it is not sufficient to completely circumvent Plk1 inhibition during the DNA damage response.

Discussion

During mitotic entry, Plk1 is activated in G2 by phosphorylation of T210 in its T-loop by Aurora A. This 
event requires complex formation of Plk1 with Bora (Macurek et al., 2008; Seki et al., 2008b). While 
activation of Plk1 through this complex has been studied extensively, relatively little is known about 
its dissociation upon DNA damage. Here we show that upon DNA damage, Plk1 activity is mediated 
through phosphorylation at T210. However, the complex of Plk1 and Bora does not fall apart in the 
early phases of the cell cycle, nor does constitutive Aurora A activity during DNA damage restore T210 
phosphorylation. We propose that Plk1/Bora complex formation and subsequent activation is regulated 
in a sequential two-step mechanism and inactivation is a reversal of this mechanism (Fig.6F). First, 
during activation, Cdk1 activity induces the complex formation between Plk1 and Bora (Chan et al., 
2008). This then allows Aurora A to phosphorylate Plk1 at T210 (Macurek et al., 2008; Seki et al., 2008b). 
After DNA damage phosphorylation of T210 on Plk1 is prevented by inhibition of the phosphorylation 
step by Aurora A while the complex between Plk1 and Bora remains intact during the early phases of 
the DDR. A constitutive active Aurora A-T288E mutant is unable to induce phosphorylation of Plk1 at 
T210 in damaged cells, suggesting that inhibition of Plk1 activity after DNA damage might be controlled 
via inhbition of Aurora A recruitment to the Plk1/Bora complex. During the later stages of the DDR, the 
complex between Bora and Plk1 falls apart, resulting in a further block in Plk1 activiation Whether this 
is a result of inhibited Cdk activity or degradation of Bora is currently unknown.
Intriguingly, during the early inactivation of Plk1, Cdk activity plays a relatively small role compared to 
its activation. While Cdk activity is crucial for the formation of the Plk1/Bora complex, our data obtained 
with Cdk1 inhibitors and the Plk1 FRET-based biosensor suggests that Cdk activity plays a minor role in 
maintaining the activity of Plk1 in G2. However, phosphorylation of two potential Cdk sites, T214 and 
S498, has been reported (Daub et al., 2008; Oppermann et al., 2009). A functional role for these sites 
has yet to be established. Our data suggest that the effect, if any, is dispensable for Plk1 activity in G2. 
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It has been known for some time that Plk1 activity is inhibited after the DNA damage response (Smits 
et al., 2000). However, one of the most striking things we observed was that the complete inhibition of 
activity of Plk1 after DNA damage took around 5 hours, while inhibiting Plk1 using a pharmacological 
inhibitor of Plk1 only took approximately half an hour, similar to inactivation of fully active Plk1 in 
mitosis (Bruinsma et al., 2013). This slow inactivation means that for a substantial period after the 
initial DNA damage cells retain a certain degree of Plk1 activity. This observation indicates that during 
the DNA damage arrest cells simply need to prevent Plk1 from becoming fully active. Retention of Plk1 
activity shortly after activation of the DDR might be functionally relevant if Plk1 activity is required 
during the early phases of the DNA damage response. In fact, Plk1-mediated phosphorylation is shown 
to be involved in the recruitment of Rad51 to sites of damage and thus cells could require Plk1 activity 
to start up the repair process (Yata et al., 2012). In addition, Plk1 feeds back into the DDR to control 
duration and shut-down through 53BP1, Claspin, Chk2 and p53 (Mamely et al., 2006; van Vugt et al., 
2010; Yang et al., 2009). These negative feedback loops between Plk1 and the DNA damage checkpoint 
could explain why we observe that Plk1 inhibition is dependent on the extent of DNA damage and the 
relatively slow shutdown of Plk1 activity once the DDR is activated. It will be interesting to see how 
these pathways relate to each other and control the duration of the DDR and repair efficiency.
We find that in the early phase of the DDR, the Bora/Plk1 complex is still intact while T210-
phosphorylation and Plk1 activity is lost. This raises the question why this complex is allowed to remain 
intact since it is such an essential step towards Plk1 activation by Aurora A (Macurek et al., 2008; Seki 
et al., 2008b)? It is tempting to speculate that the relatively slow Plk1 inactivation during the DDR is a 
direct result of the remaining complex formation of Plk1 and Bora. The continued association of Plk1 
and Bora during the earlier phases of the DDR would allow for Plk1 to be available for phosphorylation 
at T210 and result in a controlled inactivation. It is currently not well understood how Bora exactly 
mediates T210-phosphorylation by Aurora A. It could act as a recruiting platform for Aurora A as well 
as causing exposure of the T-loop to allow access to the T210-site. We find that constitutively active 
Aurora A cannot phosphorylate Plk1 after DNA damage, even though Bora still binds to Plk1. This 
observation suggests that the step where Aurora A is recruited to the complex to phosphorylate T210 
on Plk1 is the step that is abrogated at the early stages of the DDR. It is currently unclear how this 
recruitment would be regulated. However, it is likely that post-translational modifications of Bora play 
a role since Bora consists of approximately 16% Serines and 7% Threonines, making it very susceptible 
to phosphorylation-dependent regulation (UniProt Consortium, 2014). Indeed, several regulatory sites 
on Bora have been identified as well as a very prominent phospho-shift (Bruinsma et al., 2013; Chan et 
al., 2008; Dephoure et al., 2008; Lee et al., 2013; Macurek et al., 2008; Seki et al., 2008a). In addition, 
other proteins such as Fry and CEP192 have been implicated in Aurora A-mediated Plk1 activation and 
could play an additional role in this process (Ikeda et al., 2012; Lee and Rhee, 2011). It will be interesting 
to see if forced recruitment of an Aurora A-T288E mutant to the Plk1/Bora-complex after DNA damage 
will result in restoration of T210-phosphorylation. Similarly, analysis of identified phosphorylation sites 
on Bora that might contribute to Aurora A recruitment or recognition of the Plk1/Bora-complex might 
give more insights in the mechanism and dynamics of Plk1 activation.
Finally, an important part of regulation of a phosphorylation-site is its dephosphorylation. Several 
reports have implicated the PP1C regulatory subunit MYPT1 (Myosin phosphatase-targeting subunit 
1) as the phosphatase for T210 on Plk1 (Chiyoda et al., 2012; Kachaner et al., 2012; Yamashiro et al., 
2008). However, a clear role for dephosphorylation of Plk1 at T210 by MYPT1/PP1C after DNA damage, 
or any other phosphatase has not been established, although it has been suggested (Chiyoda et al., 
2012). Therefore it remains an intriguing question what the role is of phosphatases in the assembly and 
disassembly of this complex.
Taken together, we have shown how contributions of different kinases control Plk1 activation and 
inactivation during G2 and the DDR. However, further analysis of the proteins involved and uncovering 
contributions of new players should lead to a complete picture of the complex regulation of Plk1.
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Materials and Methods

Antibodies, siRNAs and reagents
Phosphospecific Plk1-pT210 was obtained from BD biosciences. Anti-Plk1 was previously described 
(Macurek et al., 2008). Anti-Plk1 (F8), anti-CDK4 (C-22) and anti-Actin (I-19) were from Santa Cruz. 
Anti-Aurora A and anti-Aurora A-pT288 were from Cell Signaling. H3-pS10 and H2AX-pS139 were from 

Figure 6. Aurora-A activity during DNA damage is insufficient to activate Plk1.
A) Cells were released from a single thymidine block as indicated and treated for one hour with 10 μM etoposide 
at the indicated time. Aurora A and Plk1 were immunoprecipitated and samples were blotted for the indicated 
proteins. B) UT2R cells stably expressing tetracycline-inducible FLAG-Aurora A-wt, -K162R or -T288E were treated 
over night with tetracycline where indicated and expression was anlyzed by western blotting. C) FLAG-Aurora A-wt, 
-K162R or -T288E from tetracycline-inducible U2TR cells were immunoprecipitated from a population of mitotic 
cells (mitotic shake-off) or DNA damage arrested cells (DNA damage) and assayed for activity using recombinant H3 
as a substrate and probed for phosphorylation at S10. D) U2TR cells expressing tetracycline-inducible FLAG-Aurora 
A-T288E were treated as indicated and blotted for the indicated proteins. E) The Plk1 FRET-based biosensor was 
transiently transfected in cells stably expressing tetracycline-inducible Plk1-wt, Plk1-T210D, Aurora A-wt or Aurora 
A-T288E. Expression was induced with tetracycline and individual cells were treated as in 1E. F) Model of a two-step 
activation and inactivation of Plk1. See discussion for details.
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Millipore. Anti-FLAG (M2) was from Sigma. The Bora antibody was described previously (Bruinsma 
et al., 2013). Secondary antibodies Alexa-488, Alexa-568 and Alexa-633 from Molecular Probes and 
horseradish peroxidase coupled secondary antibodies from Dako. The following drugs were used: 
ATM inhibitor (10 μM, Calbiochem), ATR inhibitor 45 (10 μM, Medicinal Chemistry Shared Recources, 
Ohio State University), Adriamycin (0.5 μM Sigma), BI 2536 (100nM, Boehringer Ingelheim Pharma), 
Caffeine (5 mM, Sigma), Chk1 inhibitor (2.5 μM, Calbiochem), Chk2 inhibitor (10 μM, Sigma), Etoposide 
(indicated concentrations, Sigma), MG132 (1 μM, Sigma), Nocodazole (250 ng/ml, Sigma), Tetracyclin (1 
μg/ml, Sigma), RO 3306 (Calbiochem), Roscovitin (Sigma) and UCN-01 (0.3 μM, Sigma).
Cell culture, transfections and generation of stable cell lines
Human osteosarcoma U2OS cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco) supplemented with 10% FCS (Lonza), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml 
streptomycin. Cell lines expressing myc tagged Plk1 wildtype, Plk1-T210D mutants under the control 
of tetracycline-inducible promoter and the cell line stably expressing the FRET-based biosensor were 
described previously (Macurek et al., 2008). U2TR cells stably expressing tetracycline-inducible FLAG-
Aurora A-wt, FLAG-Aurora A-K162R and FLAG-Aurora A-T288E were generated by calcium phosphate 
transfection, selection of stable clones by zeocin (400 mg/ml, Invitrogen) treatment followed by clonal 
selection. Stable clones were grown in media containing Tet system approved fetal bovine serum 
(Lonza). For induction of expression, cells were treated for indicated times with tetracycline (1 mg/ml).  
U2OS cells stably co-expressing the Plk1 FRET-based biosensor and HA-mCherry-Bora were generated 
by calcium phosphate transfection, selection of stable clones by zeocin (400 mg/ml, Invitrogen) 
treatment followed Fluorencence-assisted cell sorting for YFP and mCherry positive cells on a MoFlo 
Astrios (Beckman Coulter). 

Cell synchronization DNA damage and analysis of mitotic index
Cells were synchronization in G2 by thymidine (2.5 mM, 24 h) treatment followed by the indicated 
releases into Nocodazole (250ng/ml). DNA damage was induced by incubating cells for 1 hour with 
Doxorubicin or Etoposide or by exposure to a 137Cs source. To determine the mitotic index, cells were 
fixed as described (Macurek et al., 2009) and stained with anti-H3-pS10 and alexa488-conjugated 
secondary antibodies and counterstained with DAPI. Cell cycle distribution was determined by counting 
the percentage of anti-H3-pS10 positive cells using the Arrayscan (Thermo Scientific).

Immunoprecipitations, western blotting and kinase assays
Cells were extracted in lysis buffer (50 mM HEPES, pH 7.4, 1 mM MgCl2, 1 mM EGTA, 1% NP-40, 1 mM 
NaF, 1 mM Na3VO4, protease inhibitors), normalized for total protein content and incubated overnight 
(15 h) at 4°C with polyclonal anti-Plk1 antibody immobilized on protein A (BioRad). Immunocomplexes 
were extensively washed and analysed by immunoblotting. Samples for Western blotting were either 
prepared in lysis buffer or Laemmli sample buffer and analyzed by immunoblotting. Kinase assays were 
performed for 20 minutes at 30°C in Aurora kinase buffer (50 mM Tris pH 7.5, 15 mM MgCl2, 2 mM 
EGTA, 0.5 mM and Vanadate 1 mM DTT) supplemented with 100 μM ATP and 5 μg recombinant H3 
(Roche). Reactions were prepared for western blotting and probed with anti-H3-pS10.

Immunofluorescence and FRET analysis
Fixation and antibody staining for immunofluorescence were performed as described (Macurek et al., 
2008). Images show maximum intensity projections of deconvolved Z-stacks, acquired on a Deltavision 
RT imaging system using 0.95NA 20x objectives. Quantification of immunofluorescence was performed 
as described, measuring the nuclear maximum intensity. The FRET-based probe for monitoring PLK1 
activity has been described previously (Macurek et al., 2008)1. The CFP/YFP emission ratio after CFP 
excitation of U2OS cells stably expressing the FRET-based biosensor, was monitored on a Deltavision 
Elite imaging system, using a 20x 0.75NA objective. Images were acquired every 10 or 20 min. The 
images were processed with ImageJ using the Ratio Plus plug-in (http://rsb.info.nih.gov/ij/).
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Abstract

Polo-like kinase 1 (Plk1) is one of the key regulators of cell division. Plk1 is activated in late G2 by 
the Aurora A kinase, in complex with Bora. At this time, Plk1 is also recruited to several subcellular 
structures, such as the centrosomes and kinetochores. Active Plk1, as detected by phosphorylation 
of T210 in its T-loop, is first detected at centrosomes in G2. Active Plk1 subsequently accumulates at 
kinetochores, while in anaphase it translocates to spindle midzone. Binding of Plk1 to its various targets 
is mediated through its Polo-box domain. The Polo-box domain recognizes specific phosphorylated 
consensus sequences and this is required to direct Plk1 to its substrates. As such, the Polo-box plays 
an important role in the subcellular distribution of Plk1. Here we report on a thus far unidentified 
site of Plk1 enrichment. We show that Plk1 is recruited to the nuclear envelope in prophase. Plk1 
accumulates at the nuclear envelope approximately 20 minutes before nuclear envelope breakdown. As 
a consequence, Plk1 resides only very briefly at the nuclear envelope. Using an siRNA-based screening 
approach, we could identify the nucleoporin NUP155 as the protein responsible for the recruitment 
of Plk1 to the nuclear envelope. Consistently, we find that Plk1 and NUP155 interact at the onset of 
mitosis. Taken together, our data show that Plk1 is enriched at the nuclear envelope right around the 
onset of mitosis, suggestive of a function for Plk1 in the control of nuclear import at the onset of mitosis.
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Introduction

Polo-like kinase 1 (Plk1) is one of the main regulators of cell cycle progression (Bruinsma et al., 2012). 
It is first activated in the G2-phase of the cell cycle and its activity persists until cells exit mitosis. Plk1 
is localized at the centrosomes in G2, gets enriched at kinetochores during the early phases of mitosis 
and translocates to the spindle midzone at anaphase (Petronczki et al., 2008). Its roles in cell cycle 
progression have been extensively studied and it is known to regulate several important steps in 
cell division such as centrosome maturation, spindle assembly, cytokinesis and recovery from a DNA 
damage-induced arrest (Bruinsma et al., 2012). Plk1 is a highly conserved kinase and consists of a Ser/
Thr-kinase domain and two Polo-boxes that dimerize to form the Polo-box domain. The Polo-box domain 
is required for substrate recognition, since it can recognize and bind phosphorylated Ser-Ser/Thr-Pro-
motifs (Elia et al., 2003a; Elia et al., 2003b). Polo-box-dependent binding requires pre-phosphorylated 
or ‘primed’ substrates which can be generated either by Cdk activity or by Plk1 itself (Elia et al., 2003a; 
Elia et al., 2003b; Goto et al., 2005; Kang et al., 2006; Neef et al., 2007; Qi et al., 2006; Soung et al., 
2009). Polo-box-dependent targeting to substrates does not only permit Plk1 to find its targets but also 
allows for recruitment of Plk1 to distinct subcellular sites throughout the cell cycle (Hu et al., 2012; 
Jang et al., 2002; Kang et al., 2006). Using the Polo-box domain for affinity purification, many potential 
new targets that act in many different cellular processes have been identified (Bibi et al., 2013; Lowery 
et al., 2007). Aside from it’s classical roles in cell cycle regulation, these studies have also identified 
potential substrates in processes in which Plk1 was not yet implicated such as RNA processing, vesicle 
trafficking and actin modulation, to name a few (Lowery et al., 2007). The role of Plk1 at centrosomes 
and kinetochores have received a lot of attention over the past decade. However, it has also become 
clear that Plk1 can promote processes that occur at different subcellular sites as well. Whether this is 
a consequence of target phosphorylation by Plk1 at centrosomes or kinetochores is not known, but it 
is not unlikely that Plk1 can also diffuse to other subcellular sites. For example, Plk1 has been reported 
to facilitate nuclear envelope breakdown (NEBD) through phosphorylation of p150glued, a component of 
the dynein/dynactin complex that localizes at the nuclear envelope during prophase (Li et al., 2010). 
However, enrichment of Plk1 at the nuclear envelope has not been reported thus far and its function at 
the nuclear envelope remains ambiguous.
Here, we report that Plk1 is recruited to the nuclear envelope approximately 20 minutes before cells 
undergo NEBD. To identify the protein(s) responsible for recruitment of Plk1 to the nuclear envelope 
we used an siRNA-based screening approach. This way we identified the nuclear pore complex 
protein NUP155 as the docking factor for Plk1 at the nuclear envelope. NUP155 is part of the inner 
ring of nuclear pores, which form the central channel of the nuclear pore through which proteins are 
transported (Strambio-De-Castillia et al., 2010). We find that Plk1 and NUP155 interact at a time when 
cells enter mitosis consistent with the timing of recruitment to the nuclear envelope in prophase. These 
observations identify a new site for Plk1 recruitment during mitotic entry and might point to a new 
function for Plk1 in regulating protein transport at the nuclear envelope during prophase.

Results

Plk1 is recruited to the nuclear envelope during prophase
The localization and function of Plk1 at centrosomes, kinetochores and the spindle midzone has 
been extensively studied (reviewed in Bruinsma et al., 2012). However, aside from these established 
recruitment sites we found that staining of Plk1 by immunofluorescence revealed a distinct signal at 
the nuclear envelope in a subset of cells (Fig.1A). Cells with nuclear envelope-associated Plk1 appeared 
to be in prophase, since staining of Plk1 at the nuclear envelope correlated with nuclear localization 
of Cyclin B and early chromosome condensation as seen by DAPI staining (Fig.1A). To investigate if the 
signal seen on the nuclear envelope was indeed due to Plk1 recruitment, we depleted endogenous Plk1 
by RNAi and analyzed Plk1-stainings in prophase cells. Indeed, we found that the signal at the nuclear 
envelope disappeared, much like the signals seen at the centrosomes and the kinetochores (Fig.1A). 
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This means that Plk1 is recruited to the nuclear envelope, most likely in prophase. 
Next we wanted to know exactly when Plk1 is recruited to the nuclear envelope. Since this site of Plk1 
recruitment was previously missed, we assumed that the total time that Plk1 resides at the nuclear 
envelope might be very brief. Therefore we decided to perform high-resolution time-lapse imaging 
to carefully monitor Plk1 distribution as cells pass through G2 and into mitosis. To be able to visualize 
Plk1 in living cells, we made use of a LAP-tagged Plk1 (which contains a GFP signal) under control of a 
tetracycline-regulatable promoter (Macurek et al., 2008). Upon induction of LAP-Plk1 expression, we 
could clearly see an enrichment of GFP-signal at the nuclear envelope, starting at approximately 15-20 
minutes before NEBD (Fig.1B,C). The signal at the nuclear periphery disappeared at the time of NEBD 
(Fig.1B), indicating that Plk1 is recruited to the nuclear envelope right before the onset of mitosis. 
Recruitment of Plk1 to various subcellular sites throughout the cell cycle can depend on its own activity 
(Bruinsma et al., 2012; Kang et al., 2006; Neef et al., 2007) and therefore we wondered if Plk1 activity 
also played a role in its localization to the nuclear envelope. To address this question we treated the 
LAP-Plk1 expressing cells with the selective Plk1 inhibitor BI 2536 (Lénárt et al., 2007). Interestingly, in 
cells that entered mitosis in the presence of BI 2536 we observed that Plk1 was recruited to the nuclear 
envelope well before the timepoint we observed recruitment of Plk1 to the nuclear envelope in control 
cultures. In some cases we could observe Plk1 at the nuclear envelope more than an hour prior to NEBD 
(Fig 1B,C). This suggests that Plk1 activity might be required to delay recruitment of Plk1 to the nuclear 
envelope. Alternatively, the extended residence time at the nuclear envelope could be due to a delay 
in cell cycle progression leading up to NEBD. In other words, Plk1 could be recruited to the nuclear 
envelope in a timely manner, but due to the lack of Plk1 activity, nuclear envelope breakdown might be 
delayed. Nonetheless, these observations clearly demonstrate that Plk1 resides at the nuclear envelope 
from prophase until NEBD.

A nuclear envelope component screen for Plk1 localization
Plk1 localization is highly dynamic during the cell cycle and its targeting to different sites is tightly 
regulated. Plk1 is targeted to different sites by binding to pre-phosphorylated substrates through its 
Polo-box domain (Elia et al., 2003a; Elia et al., 2003b; Goto et al., 2005; Kang et al., 2006; Neef et 
al., 2007; Qi et al., 2006; Soung et al., 2009). Since we observed that Plk1 is targeted to the nuclear 

Figure 1. Plk1 localizes at the nuclear envelope during prophase.
A) U2OS cells were transfected for 48 hours with either control or Plk1 siRNA’s. Prophase cells were selected based 
on nuclear Cyclin B staining and DAPI. Insets show enlargements of the red squares. B) U2TR cells expressing 
tetracycline-inducible LAP-tagged Plk1 were either treated with DMSO or BI 2536. Stills show cells entering mitosis. 
Timing is relative to NEBD. C) Quantification of the cumulative percentage of Plk1 localization at the nuclear envelope 
of cells depicted in 1B.
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envelope in prophase, we wondered what the docking site for Plk1 at the nuclear envelope could be. To 
answer this question we made use of an siRNA library targeting the different structural components of 
the nuclear envelope (Table 1). This library contains multiple nuclear pore proteins (NUPs) and several 
nuclear membrane proteins (Güttinger et al., 2009). Additionally we also included proteins that were 
previously identified in a proteomic screen for interactors of the Polo-box domain of Plk1 (Lowery et al., 
2007). From the identified interactors, we selected proteins that contained consensus sequences for 
phosphorylation by Cdk and Plk1. siRNA pools of four independent targeting sequences were used to 
target each gene. To assess the involvement of the different proteins in Plk1 localization at the nuclear 
envelope, we classified the amount of Plk1 at the nuclear envelope in prophase cells as high, low or 
negative based on the signal detected by immunofluorescence (Fig. 2A). Using this approach we could 
clearly distinguish between control and Plk1-depleted cells, where either all (100%) or almost none 
(<10%) of the prophase cells had Plk1 at the nuclear envelope. We found that most of the siRNA pools in 
our library did not produce a prominent defect in Plk1 localization (Fig. 2B). However, two pools caused 
Plk1 to be lost from the nuclear envelope in prophase. Depletion of NUP50 resulted in a loss of Plk1 
from the nuclear envelope in approximately 30% of the prophase cells (Fig.2B). NUP50 is a component 
of the nuclear basket at the nucleoplasmic side of the nuclear pore. The most prominent effect we 
observed after depletion of NUP155, a core component of the inner ring scaffold of the nuclear pore 
(Raices and D’Angelo, 2012). Depletion of NUP155 resulted in loss of Plk1 from the nuclear envelope in 
approximately 65% of the cells we analyzed (Fig.2B).

NUP155 is required for Plk1 localization at the nuclear envelope
Since RNAi-based screening approaches are susceptible to off-target effects we wanted to validate 
the effects of depleting NUP50 and NUP155 on Plk1 localization at the nuclear envelope. To this 
end, we deconvoluted the siRNA pools that were used in the screen into four single targeting oligo’s 
and analyzed the recruitment of Plk1 to the nuclear envelope using the criteria described above. 
Surprisingly, the effect of the four single siRNA’s targeting NUP50 did not show as striking an effect as 
when they were combined in a single pool (Fig.3A). This could be explained by very low penetrance of 
the phenotype when using single targeting sequences, while combining them into a single pool might 
provide an additional effect. Nonetheless, this would suggest that the contribution of NUP50 to Plk1 
recruitment to the nuclear envelope might be low. However, all of the four single siRNA’s targeting 

Figure 2. A nuclear envelope component screen for Plk1 localization. A) Examples of different levels of Plk1 
localization at the nuclear envelope used as criteria for screening the abundance of Plk1 at the nuclear envelope. 
Images depict high, low and negative classifications. U2OS cells were stained for Cyclin B and DAPI to identify 
prophase cells. B) Quantification of Plk1 localization at the nuclear envelope. Cells were transfected for 48 hours with 
pooled siRNA’s targeting the indicated genes from our library (Table 1) and subsequently fixed and stained for Plk1, 
Cyclin B and DAPI. Quantification was based on criteria listed in 2A. Error bars represent SD of three independent 
experiments.
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NUP155 produced a decrease in localization of Plk1 at the nuclear envelope. Three out of four siRNA’s 
scored higher than 50% and all of them higher than 40% (Fig.3A). To provide further support for a role 
for NUP155 in the recruitment of Plk1 to the nuclear envelope, we asked if the extent of Plk1 loss from 
the nuclear envelope correlated with the level of depletion of NUP155 obtained with each of the single 
siRNA’s. We found that all of them clearly knocked down NUP155 (Fig.3B). Expression of NUP155 was 
reduced at least 80% with each of the different siRNAs. To rule out that depletion of NUP155 would 
cause a reduction in the total levels of Plk1, rather than a specific loss of nuclear envelope-associated 
Plk1, we also analyzed overall Plk1 expression in these cells by western blotting. We found that total 
Plk1 levels did not decrease upon NUP155 knockdown, indicating that depletion of NUP155 affects the 
levels of Plk1 at the nuclear envelope specifically. 
Next, to rule out any effects of NUP155 depletion on formation of the nuclear envelope itself, we looked 
at the integrity of the nuclear envelope in NUP155-depleted cells. We used immunofluorescence to 
monitor Lamin B, a structural component of the nuclear envelope (Worman et al., 1988), and RanBP2, a 
protein closely associated with the nuclear pore complex (Yokoyama et al., 1995). When analyzing these 
proteins we found that, in both cases, the localization of these proteins at the nuclear envelope was 
not perturbed in prophase cells after depletion of NUP155 (Fig.3C). These observations demonstrate 
that depletion of NUP155 does not interfere with the general integrity of the nuclear envelope. Taken 
together, these results identify NUP155 as a key protein for the recruitment of Plk1 to the nuclear 
envelope during prophase.

Plk1 and NUP155 interact at the onset of mitosis
NUP155 was previously identified as a potential interactor of Plk1 in a proteomics-based screen for 

Figure 3. NUP155 is required for Plk1 localization at the nuclear envelope.
A) Deconvolution of teh siRNA pools used in 2B. Cells were transfected for 48 hours with single siRNA’s targeting 
NUP50 and NUP155 and subsequently fixed and stained for Plk1, Cyclin B and DAPI. Quantification was based on 
criteria listed in 2A. Error bars represent SD of three independent experiments. B) Cells were treated as in 3A and 
analyzed by western blotting showing the depletion of NUP155 by the four single siRNA’s. C) Cells were treated as in 
3A and stained for the indicated proteins.
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interactors of the Polo-box domain of Plk1 (Lowery et al., 2007). Also, NUP155 contains two Cdk 
consensus sites, the phosphorylation of which could in priniciple create docking sites for Plk1 (Lowery 
et al., 2007). Therefore, we wondered if Plk1 and NUP155 can interact at the time cells prepare for entry 
into mitosis. To address this possibility we first synchronized the U2OS cells containing tetracycline-
regulatable LAP-Plk1 at the G1/S-border using a thymidine block. These cells were subsequently 
released into G2 and harvested at several time-points after release. We then asked if we could co-
immunoprecipitate NUP155 and LAP-Plk1. Indeed, between 11 and 14 hours after the release from the 
thymidine block, at the time at which cells normally enter mitosis, we observed a progressively stronger 
interaction between LAP-Plk1 and NUP155 (Fig.4). These data confirm that both proteins can physically 
interact around the time that Plk1 is recruited to the nuclear envelope. 

Discussion

Plk1 is a major regulator of mitotic entry and mitotic progression (Bruinsma et al., 2012). Its localization 
at the centrosomes and kinetochores are required for many important cell cycle events, such as 
centrosome maturation, spindle assembly, cytokinesis and recovery from a DNA damage-induced cell 
cycle arrest. Here we report that Plk1 is recruited to the nuclear envelope, a subcellular site where Plk1 
was not previously known to localize. We find that Plk1 recruitment to the nuclear envelope is mediated 
by the nuclear pore component NUP155, indicating that Plk1 is recruited to nuclear pores. 
Subcellular recruitment and substrate recognition of Plk1 are known to be regulated by the binding of 
the Polo-box domain to phosphorylated Ser-Ser/Thr-Pro-motifs. These phospho-epitopes that prime 
target proteins for binding to Plk1 are in many cases known to be generated by Cdk1, although Plk1 has 
also been shown to be able to create its own docking sites through a priming phosphorylation (Elia et 
al., 2003a; Elia et al., 2003b; Goto et al., 2005; Kang et al., 2006; Neef et al., 2007; Qi et al., 2006; Soung 
et al., 2009). Cdk1 activity has been shown to be instrumental for NEBD as it phosphorylates several 
components of the nuclear envelope and nuclear pore complex to promote disassembly (Blethrow et 
al., 2008; Macaulay et al., 1995; Peter et al., 1990). Interestingly, two possible Cdk phosphorylation sites 
and 6 possible Plk1 phosphorylation sites were previously identified on NUP155 bound to the Polo-box 
domain of Plk1 (Lowery et al., 2007). It will be interesting to see if these sites are phosphorylated in vivo, 
and if they are required for the interaction of Plk1 with NUP155 and/or the nuclear envelope during 
prophase.
Our data show that Plk1 is recruited to the nuclear envelope for a very brief period before mitotic 
entry. Since Plk1 is highly active at this point in the cell cycle, the main question is of course what the 
role of Plk1 at the nuclear envelope could be? The binding of Plk1 to a component of the nuclear pore 
complex might suggest that the recruitment of Plk1 to the nuclear envelope could simply be a reflection 

Figure 4. Plk1 and NUP155 interact at the onset of mitosis.
Tetracycline-inducible LAP-Plk1 cells were synchronized by a 24-hour thymidine block and released for the indicated 
times. Expression of LAP-plk1 was induced with tetracycline where indicated. LAP-Plk1 was immunoprecipitated 
using S-protein agarose beads and probed for the indicated proteins.
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of nuclear import of Plk1 at this stage of the cell cycle. We feel this is unlikely, since Plk1 is seen on 
kinetochores well before its recruitment to the nuclear envelope. Also, import of proteins into the 
nucleus is normally not associated with a long residence time on the nuclear envelope. Thus, we believe 
that the recruitment of Plk1 to the nuclear envelope provides an active contribution to the onset of 
mitosis, either by stimulating the import of other proteins into the nucleus, or by promoting nuclear 
envelope breakdown. Both could be established by phosphorylation of NUP155 and other components 
of the nuclear pores. Indeed, our finding that Plk1 resides much longer on the nuclear envelope when 
Plk1 activity is blocked, indicates that Plk1 can indeed speed up nuclear envelope breakdown. Another 
potential substrate of Plk1 described to localize at the nuclear envelope is p150glued, a dynein/dynactin 
subunit (Li et al., 2010). Its phosphorylation by Plk1 has been shown to contribute to nuclear envelope 
breakdown. Whether Plk1 needs to be at the nuclear envelope to efficiently phosphorylate p150glued 
is currently unclear. Also, it remains to be seen if phosphorylation of p150glued coincides with Plk1’s 
association with NUP155. Interestingly, a role for Plk1 in NEBD has also been reported in C. elegans 
(Chase et al., 2000). Since Cdk1 contributes directly to the disassembly of the nuclear envelope (Peter 
et al., 1990), Plk1 might work in concert with Cdk1 to promote NEBD during prophase. However, this 
possible link remains a subject that requires further study.
Another intriguing possibility is that Plk1 directly controls the nuclear translocation of Cyclin B, an event 
that occurs during prophase and results in the full activation of Cdk1/Cyclin B required for the onset of 
mitosis (Lindqvist et al., 2009). Plk1 can phosphorylate Cyclin B directly and a constitutive active Plk1-
T210D promotes nuclear translocation of Cyclin B (Jackman et al., 2003; Toyoshima-Morimoto et al., 
2001; Yuan et al., 2002). However, several more recent reports have shown that inhibition of Plk1 does 
not block or delay the translocation of Cyclin B into the nucleus (Gavet and Pines, 2010; Lénárt et al., 
2007). Instead, Cdk1 has been shown to regulate its own nuclear import (Gavet and Pines, 2010). How 
this works is currently not well understood, but this could involve regulation of the activity of the small 
nuclear Ran GTPase, which controls transportation of proteins between the cytoplasm and the nucleus 
(Clarke and Zhang, 2008; Li, 2004; Swaminathan, 2004). In addition, a yeast study has shown that Cdk1 
can phosphorylate the nucleoporin NUP1, implicating Cdk1 in control of nuclear pore function (Brickner 
and Brickner, 2010). 
A third possibility is that the recruitment of Plk1 to the nuclear envelope is somehow involved 
in the separation of centrosomes during prophase. Work from our lab has shown that centrosome 
separation in prophase is dependent on the kinesin Eg5, as well as the dynein/dynactin motor complex 
(Raaijmakers et al., 2012). Thus, phosphorylation of p150glued by Plk1 could control dynein/dynactin 
function at the nuclear envelope to promote centrosome separation in prophase. However, a direct 
involvement of Plk1 in separation of centrosomes is difficult to prove, since inactivation of Plk1 leads 
to severe centrosome maturation defects (Lane and Nigg, 1996; Lénárt et al., 2007). Nonetheless, one 
could test if prophase centrosome separation is affected after depletion of NUP155. 
Taken together, our data show that Plk1 resides on the nuclear envelope for a brief period preceding 
mitotic entry. Although our understanding of the role of Plk1 at the nuclear envelope will require more 
work, our data do suggest that inhibition of Plk1 increases the time it takes to break down the nuclear 
envelope. This does suggests that the recruitment of Plk1 to the nuclear envelope actively contributes 
to timely dissolution of the nuclear membrane as a means to promote mitotic entry.

Materials and methods

Cell culture, drug treatment and siRNA transfection
U2OS were grown in DMEM (GIBCO) with 6% fetal calf serum (Lonza), L-glutamine (2mM), 50 U/ml 
penicillin and 50 μg/ml streptomycin. Tetracycline-inducible U2TR exogenous LAP tagged PLK1 cells 
were described previously (Macurek et al., 2008) and cultured in DMEM containing 6% Tetracycline-
free fetal bovine serum. Expression of LAP-PLK1 was induced by tetracycline (1 μg/ml) for at least 8 
hours. Cells were treated with PLK1 inhibitor BI2536 (100nM, Selleck) and MG132 (83nM, Sigma). 
The siRNA library was obtained from Dharmacon. Targeting sequences are listed in Table 2. Plk1 siRNA 
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was obtained from Ambion, targeting 5’-GCUCUGUGAUAACAGCGUG-3’. siRNA transfections were 
performed by using HiPerFect (QIAGEN) according to manufacturer’s guidelines.

Immunofluorescence
Cells were grown in 96-well glass-bottom plates (Thermo) and fixed using either ice cold methanol for 
15 min or 3.7% formaldehyde with 1% triton X-100 in PBS at room temperature for 20 min. The following 
antibodies were used: PLK (F-8, Santa Cruz), Cyclin B (Santa Cruz), RanBP2 (Abcam) and Lamin B (Santa 
Cruz). All first antibodies were incubated overnight at 4°C. Secondary antibodies were Alexa 488 and 
561 (Invitrogen) and incubation time was 2 hours at RT. DAPI was added within secondary antibody mix. 
Cells were selected based on DNA condensation (DAPI signal) and Cyclin B level in nucleus. Images were 
acquired on Applied Precision Microscope with 63x/NA 1.4 objective. Images were analyzed with Adobe 
Photoshop CS5, Image J and Softworx.

Time lapse imaging
U2OS cells stably expressing LAP-PLK1 were plated on 4-well glass-bottom Lab-Tek chambers (Thermo 
Scientific). Before imaging, growth media was changed to Leibovitz’s L-15 CO

2 independent medium 
and imaged in an Applied Precision Microscope with 40x/NA 1.4 objectives in a chamber constantly at 
37 °C. Images were acquired in every 2 minutes and Z-stacks were adjusted to 1 µm intervals. Images 
were analyzed with ImageJ.

Western blotting, thymidine synchronization and immunoprecipitation
Cell were lysed with Laemmli buffer (120mM Tris pH 6,8, 4% SDS, 20% glycerol). Protein levels analyzed 
by western blot. The following antibodies were used: Plk1 (F-8, Santa Cruz), Actin (Santa Cruz), H3-pS10 
(Millipore) and NUP155 (Mitchell et al., 2010)(kind gift of Richard Wozniak). Cells were synchronized 
in S phase by thymidine (2.5 mM for 24 h). For immunoprecipitations cells were lysed in with 1 ml lysis 
buffer (1% NP- 40, 50 mM Hepes pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM MgCl2, 1 mM NaF, 1 mM 
Na3VO4, 25 mM β-glycerophophatese, 1 tablet of Complete EDTA-free per 50 ml) on ice for 10 min. The 
lysate was cleared by centrifugation and 10% of supernatant was used for whole cell lysate. S-protein 
beads (Novagen) which were washed with TBST and incubated with the rest of the lysate at 4 °C for 24h. 
Beads were washed extensively with lysis buffer, after which bound protein was eluted with Laemmli 
sample buffer.
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Gene altern. names refseq gene ID kDa description
MVP major vault protein; LRP; 

VAULT1
NM_005115.4 9961 99 lung resistance-related protein

Nup50 MGC39961, NPAP60, 
NPAP60L

NM_007172.3 10762 50 FG-repeat containing nucleoporins

Nup155 N155; KIAA0791 NM_004298.2 9631 155 Essential component of nuclear pore complex. 
Nucleoporins may be involved both in binding 
and translocating proteins during 
nucleocytoplasmic transport

TPR translocated promoter 
region

NM_003292.2 7175 267 large coiled-coil protein that forms intranuclear 
filaments attached to the inner surface of 
nuclear pore complexes

Nup358 RanBp2; ANE1; TRP1; 
TRP2;

NM_006267.4 5903 358 large RAN-binding protein. Recruits Bicd2

Nup88 MGC8530 NM_002532.4 4927 83 associated with the oncogenic nucleoporin 
CAN/Nup214. Faces the cytoplasm

Nup133 hNUP133; FLJ10814; 
MGC21133

NM_018230.2 55746 128 displays evolutionarily conserved interactions 
with other nucleoporins 
(107/160/96/85/43/37/Sec13/Seh1). Goes to 
KT in mitosis. Recruits CENPF to NE

SYNE1 Nesprin-1; C6orf98, 
KIAA0796, KIAA1262, 
KIAA1756, MYNE1

NM_033071.3 23345 1.011 Component of SUN-protein-containing 
multivariate complexes also called LINC 
complexes which link the nucleoskeleton and 
cytoskeleton

SYNE2 Nesprin-2; KIAA1011, 
NUA

NM_015180.4 23224 796 Component of SUN-protein-containing 
multivariate complexes also called LINC 
complexes which link the nucleoskeleton and 
cytoskeleton

C14orf49 Nesprin-3; NET53; 
FLJ25605; MGC75267

NM_152592.3 161176 112 Component of SUN-protein-containing 
multivariate complexes also called LINC 
complexes which link the nucleoskeleton and 
cytoskeleton

C19orf46 Nesprin-4; FLJ36445 NM_001039876.1 163183 43 Component of SUN-protein-containing 
multivariate complexes also called LINC 
complexes which link the nucleoskeleton and 
cytoskeleton

NUP35 MP44; NP44; NUP53 NM_138285.3 129401 35 Essential for the subcomplex containing 
Nup93/205/188

TMEM48 NDC1;NET3; FLJ10407; 
FLJ12556; FLJ34120

NM_001168551.1 55706 76 plays a key role in de novo assembly and 
insertion of NPC in the nuclear envelope

Nup62 p62; IBSN; SNDI; 
MGC841; FLJ20822

NM_001193357.1 23636 53 Present in the flexible channel together with 
Nup54 and Nup62, (FG) repeat-containing 
nucleoporin, localized to the nuclear pore 
central plug 

Nup153 HNUP153, N153 NM_005124.2 9972 153 FG-repeat containing nucleoporins

Table 1. siRNA library of nuclear envelope and nuclear pore proteins.
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Abstract

In order to maintain a stable genome, a cell needs to detect and repair damage inflicted to the DNA 
before it completes the division cycle. To this end cell cycle checkpoints prevent entry into the next cell 
cycle phase until the damage is fully repaired. Proper re-entry into the cell cycle, known as recovery, 
requires that a cell somehow retains its original cell cycle state during the arrest. Here, we have 
identified Tousled-like kinase 2 (Tlk2) as an important regulator of recovery after DNA damage in G2. 
Depletion of Tlk2 leads to premature activation of p53 and a subsequent repression of pro-mitotic 
genes, such as Plk1 and Cyclin B. This compromises the cellular competence to recover from a DNA 
damage-induced cell cycle arrest. We show that Tlk2-depleted cells fail to induce the Asf1A/B histone 
chaperones in response to DNA damage. In yeast, Asf1 is known to signal the completion of repair by 
loading K56-acetylated Histone H3 onto the newly repaired chromatin. In line with this we find that 
Tlk2-depleted cells fail to restore Histone H3K56-acetylation after damage. Interestingly, we find that 
the effect of Tlk2-depletion can be rescued by inhibition of the Sirtuin deacytelases that are involved 
in H3K56-acetylation. Taken together, our results show that restoration of chromatin structure after a 
double strand break is crucial for checkpoint recovery.
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Introduction

DNA damage is continuous threat to the integrity of our genome. When challenged with these 
potentially lethal or oncogenic lesions cells can activate the DNA damage response. When cells activate 
the DNA damage response in G2, entry into mitosis is halted until the DNA is repaired (Bartek and Lukas, 
2007). Dealing with DNA damage and subsequent recovery from the cell cycle arrest requires several 
steps. After initiating the DNA damage signaling, cells need to block cell cycle progression to prevent 
the damaged cell from dividing. Once the DNA has been repaired and the checkpoint has shut down, 
cells need to resume the cell cycle to be able to execute mitosis. Inhibition of the cell cycle is ensured 
by inhibiting activity of key mitotic entry regulators such as Plk1 and Cyclin B/Cdk1 (Reinhardt and Yaffe, 
2013; Smits et al., 2000). In addition to inhibition of their kinase activity, several mitotic kinases are also 
repressed at the level of transcription and protein stability in damaged cells (Riley et al., 2008; Spurgers 
et al., 2006). Regulation of their expression is a delicate process, since too high levels of expression 
can compromise the DNA damage response, resulting in premature cell cycle re-entry, while excessive 
reduction of expression pushes cells in a state of permanent arrest (Lindqvist et al., 2009b; Riley et al., 
2008). The maintenance of proper expression levels of G2-specific genes during a DNA damage arrest 
is known to play a crucial role for keeping the cells in a G2 state during this arrest (Alvarez-Fernández 
et al., 2010; Lindqvist et al., 2009a). Keeping a G2 state is essential for resuming the cell cycle after 
the DNA is repaired, keeping the cells competent to recover from the DNA damage-induced arrest. 
Recovery competence is mediated by a balance of transcriptional repression via p53 on one hand and 
transcriptional activation by transcription factors such as FoxM1, B-Myb and Lin-9 on the other (Alvarez-
Fernández et al., 2010; Mannefeld et al., 2009). As the DNA damage response progresses, the function 
of p53 is repressed by the p53-induced phosphatase Wip1 (Fiscella et al., 1997; Lu et al., 2005), while 
the function of FoxM1 is maintained through Cdk-dependent phosphorylation (Alvarez-Fernández et 
al., 2010; Laoukili et al., 2008).
In order to identify new components of the recovery process we performed an unbiased siRNA-based 
screen for genes required for recovery after DNA damage. We identified Tousled-like kinase 2 (Tlk2) 
as a key regulator of checkpoint recovery. Tlk2 is a homolog of Tousled, first identified in Arabidopsis 
thaliana (Roe et al., 1993). Humans contain 2 homologs of Tousled, Tlk1 and Tlk2, whose activities 
are cell cycle regulated and peak during S-phase (Silljé et al., 1999). Tlk1 and 2 phosphorylate Asf1A 
and Asf1B and regulate their stability (Pilyugin et al., 2009; Silljé and Nigg, 2001). Asf1A and Asf1B are 
histone chaperones that are required to insert K56-acetylated histone H3 into newly replicated DNA 
(Recht et al., 2006; Tsubota et al., 2007). 
In addition to their function in S-phase, Tlks have also been implicated in the DNA damage response. 
Activity of Tlks is inhibited by the DNA damage checkpoint in an ATM- and Chk1-dependent manner, 
indicating that their activity needs to be repressed during the DNA damage response (Groth et al., 2003). 
Despite this inhibition, the function of Tlks might still be required during the DNA damage response. 
Several reports suggest that Tlk1 promotes DNA repair through association and phosphorylation of 
Rad9, a component of the 9-1-1 DNA repair complex (Canfield et al., 2009; Kelly and Davey, 2013; 
Sunavala-Dossabhoy and De Benedetti, 2009). In addition to this possible direct role in repair, repair 
of DNA double strand breaks (DSB) requires resection of the DNA and removal and restoration of the 
nucleosomes that surround the area of the break (Avvakumov et al., 2011; Soria et al., 2012). Indeed, 
in yeast, Asf1 and K56-acetylated H3 have been shown to be important for chromatin re-assembly at 
the break site (Chen et al., 2008). Asf1 stimulates the acetylation of H3 at K56 via recruitment of CBP/
p300 (Das et al., 2009), while deacetylation of H3K56 is mediated by the Sirtuin deacetylases Sirt1, 
Sirt2 and Sirt6 (Das et al., 2009; Toiber et al., 2013). Interestingly, while repair occurs normal in Asf1 
deletion mutants in yeast, they are unable to deposit new histones after repair of the DSB and fail 
to recover from the DNA damage response (Chen et al., 2008). The role of acetylated-H3K56 in the 
DNA damage reponse in mammalian cells is somewhat ambiguous. However, it is clear that acetylated-
H3K56 is present at the site of the break (Das et al., 2009) and disappears at later time points after the 
damage (Battu et al., 2011). 
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Here we report that Tlk2 is a kinase whose activity is responsible for recovery from a DNA damage-
induced arrest in the G2-phase of the cell cycle. Absence of Tlk2 activity results in a premature induction 
of the p53 response and subsequent loss of recovery competence in a p53-dependent manner. In 
addition, Tlk2-depleted cells fail to induce Asf1 histone chaperones during the DNA damage response 
and are unable to restore histone H3 acetylation at K56. The resulting altered chromatin status possibly 
leads to aberrant chromatin assembly and premature activation of p53.

Results

An siRNA-based screen identifies potential regulators of recovery
To identify kinases that are specifically required for recovery we performed a screen in U2OS 
osteosarcoma cells using an siRNA kinome library. Each gene was targeted by a pool of four independent 
siRNA’s targeting different sequences in the gene. We analyzed if siRNA-mediated protein depletion 

Figure 1. An siRNA-based screening approach identifies potential regulators of recovery.
Plot of one of the screens (the duplicates are shown in supplementary fig.1C). U2OS cells were transfected, 
synchronized at the G1/S-border by thymidine for 24 hours and then either released into nocodazole for 16 hours 
(unperturbed mitotic entry) or released for 7 hours, treated with 0.5 μM Adriamycin for one hour and after 16 hour 
G2 arrest were induced to recover by addition of caffeine (checkpoint recovery). Mitotic index was scored based 
on the percentage of Histone H3-pS10 positive DAPI-nuclei and normalized to the untransfected controls. Black 
diamonds indicate individual siRNA-targeted genes from the library, red diamonds indicate positive (Wip1-depleted) 
and negative (untransfected and GAPDH-depleted) controls and green diamonds indicate the hits based on the two 
screens. Grey dotted lines indicate selection criteria for recovery-specific genes.
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would result in reduced recovery from DNA damage. For comparison, we also monitored the effect 
of protein depletion on unperturbed cycling cells (Supplementary Fig.1A). To analyze recovery after 
DNA damage, we treated DNA damage arrested U2OS cells with caffeine for 8 hours and monitored 
mitotic entry by staining with antibodies directed at phosphorylated-S10 on histone H3 (Supplementary 
Fig.1A). Caffeine inhibits the DNA damage checkpoint and efficiently promotes recovery in G2-
arrested cells (Hall-Jackson et al., 1999; Lau and Pardee, 1982). Using caffeine rather than monitoring 
spontaneous recovery gave us more reproducibility and allowed us to exclude genes that lead to a 
deficiency in repair as these effects will be overridden. A similar set-up was used in the past in our lab 
to screen the phosphoproteome of recovering cells and led to the identification of Astrin as a regulator 
of checkpoint recovery (Halim et al., 2013). We were primarily interested in genes that would affect 
recovery after a DNA damage arrest but would not affect unperturbed mitotic entry. As a positive 
control we used knock-down of Wip1, a phosphatase known to control checkpoint recovery (Lindqvist 
et al., 2009a). We performed the kinome-wide screen in duplicate and considered genes that would 
show <70% recovering cells relative to untransfected controls, but >70% of cells entering mitosis in the 
unperturbed mitotic entry relative to untransfected controls and would have a recovery/unperturbed-
ratio of at most 0.7 (Fig.1, Supplementary Fig.1C). This way we were able to identify 6 kinases: Mixed 
lineage kinase domain-like (MLKL), Serine/threonine-protein kinase D2 (PRKD2), Serine/threonine 
kinase 10 (STK10), Transcription initiation factor TFIID subunit 1-like (TAF1L), Tousled-like kinase (TLK2) 
and Tribbles homolog 1 (TRIB1) (Table 1). Interestingly, the library contained several phosphatases as 
well as also identified Integrin linked kinase associated phosphatase (ILKAP) as a potential regulator 
(Table 1). In summary, using this approach we were able to identify 7 genes that that potentially affect 
checkpoint recovery.

Tlk2 is important for checkpoint recovery
We next performed a secondary screen in which we deconvoluted the single siRNA’s from the pools 
used in our primary screen and considered only those genes that met our criteria for at least 3 out of 
the 4 single siRNA’s as bona fide hits. For Tlk2 all four different targeting sequences displayed a defect 
in our checkpoint recovery assay but not in the unperturbed situation (Fig.2A). The other 6 kinases 
identified in the primary screen did not meet the criteria we set for the secondary screen, making Tlk2 
our sole hit (Supplementary Fig.2A,B,C). There was a slight variation in the extent of the recovery defect 
observed with the different Tlk2 siRNA’s, which correlated well with the extent of protein depletion 
achieved with the independent siRNA’s (Fig.2B). To be certain that the defect was caused by a failure to 
make the transition from G2 to mitosis and not due to any other cell cycle defect we performed FACS 
analysis of control and Tlk2-depleted cells at the moment of damage and 8 hours after induction of 
recovery by caffeine. Indeed, we could clearly see that in all cases more than 90% of the cells have a 4n 
DNA content and that the only difference is the distribution of these cells between G2 and mitosis as 
measured by the percentage of MPM-2 positive cells (Fig.2C). 
To more carefully determine the kinetics of cells entering mitosis in our assays we followed the cells 
by time-lapse microscopy and plotted the cumulative mitotic index. The timing of mitotic entry in 
control and Tlk2-depleted cells was very similar in unperturbed cell cultures (Fig.2D, left panel). 
However, when monitoring the cumulative mitotic entry after the addition of caffeine, there was a clear 
defect in mitotic entry in the Tlk2-depleted cells (Fig.2D, middle panel). To rule out that the recovery 
defect was specific to caffeine-induced recovery, we also monitored spontaneous recovery. While G2-
arrested U2OS cells could spontaneously recover after irradiation with 6 Gy of ionizing radiation (IR), 
we found that Tlk2-depleted cells were almost completely unable to undergo spontaneous recovery in 
this time window (Fig.2D, right panel). The more prominent effect we observe after Tlk2 depletion in 
spontaneous recovery suggests that Tlk2 is somehow required to silence the checkpoint, and that this 
effect is compromised after addition of checkpoint inhibitors. 
As a final validation of Tlk2 as a regulator of recovery, we generated cell lines expressing tetracyline-
inducible FLAG-tagged versions of Tlk2, resistant to siRNA #3 to perform a rescue experiment. Using 
this set-up we could express either wild-type Tlk2, or a kinase-dead mutant (D613A) in cells depleted 
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Figure 2. Tlk2 kinase activity is required for recovery from a DNA damage-induced arrest.
A) U2OS cells were transfected with four independent siRNA’s from the pools used in the screen, treated as in 
figure 1 and analyzed for mitotic index. Error bars represent the SD of three independent experiments normalized 
to untransfected controls. B) U2OS cells were synchronized with a single thymidine block, released into G2 and 
damaged with 0.5 μM Adriamycin for one hour. After a 16 hour G2 arrest cells were harvested for western blot 
analysis and analyzed for Tlk2 protein levels. C) U2OS cells were transfected with either a control siRNA or Tlk2 
siRNA #3, synchronized and damaged in G2. Cells were either harvested or treated with caffeine for 8 hours before 
harvest and cell cycle distribution was analyzed by FACS. Percentages of cells in each quadrant are indicated. D) Live 
cell imaging of thymidine synchronized unperturbed or damaged G2 cells. Cumulative percentage of cells entering 
mitosis were scored and plotted. E) U2TR cells stably expressing Tlk2 siRNA #3-insensitive tetracycline-inducible 
FLAG-Tlk2-wt or FLAG-Tlk2-D613A were thymidine synchronized and damaged in G2. Tetracycline was present form 
the start of the experiment where indicated. F) Caffeine induced recovery assay of cell lines shown in 2E. Error bars 
represent SD of three independent experiments.
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of endogenous Tlk2 (Fig.2E). When we used these cell lines in our recovery set-up we could clearly 
observe the recovery defect after depletion of endogenous Tlk2. More importantly we were able to 
rescue this defect by inducing wild-type FLAG-Tlk2 (Fig.2F). However, reconstitution with the D613A 
mutant did not result in a rescue, showing that cells need Tlk2 kinase activity to properly recover from 
a DNA damage-induced arrest. Taken together these data show that during checkpoint recovery cells 
require active Tlk2 to recover from a DNA damage-induced cell cycle arrest in G2 and to promote entry 
into mitosis.

Tlk1 does not regulate recovery
Tlk2 is not the only human homolog of the Tousled kinases (Silljé et al., 1999). Tlk2 shares a 84% 
identical amino acid sequence with Tlk1 and the evidence thus far suggests that both kinases display 
similar functions (Silljé and Nigg, 2001; Silljé et al., 1999). Therefore we were curious to know why 
we did not pick up Tlk1 in our screen. Analysis of the primary data of our screen showed that Tlk1-
depletion resulted in very clear mitotic entry defects in both unperturbed and DNA damaged cultures 
(Supplementary figure 1C). To study the role of Tlk1 in more detail we deconvoluted the pooled siRNA’s 
from the library and assessed the effects on normal mitotic entry and recovery. Interestingly, only siRNA 
#4 produced a clear mitotic entry defect, whereas the other 3 siRNA’s did not seem to affect mitotic 
entry in any way (Fig.3A). All 4 siRNA’s depleted Tlk1 very efficiently (Fig. 3B). Therefore we have to 
conclude that siRNA #4 produces an off-target effect and Tlk1 has no essential role in mitotic entry 
either with or without DNA damage. This suggests that Tlk2 performs a unique function after DNA 
damage, while Tlk1 and 2 might act redundantly in non-damaged cells. To corroborate this notion, we 
co-depleted Tlk1 and 2 and monitored cell cycle progression in unperturbed cells. Co-depletion of Tlk1 
and Tlk2 did result in failure to enter mitotis, both in damaged and non-damaged U2OS cells (Fig.3A 
and 3C), indicating that Tlk1 and Tlk2 indeed perform redundant roles in non-damaged cells. However, 

Figure 3. Tlk1 has no effect on recovery from a DNA damage-induced arrest. A) Cells were treated as in 2A. Error 
bars represent the SD of three independent experiments. B, C) U2OS cells were synchronized with a single thymidine 
block, released into G2 and damaged with 0.5 μM Adriamycin for one hour. After a 16 hour G2 arrest cells were 
harvested for western blot analysis and analyzed for Tlk1 and Tlk2 protein levels.
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when cells are challenged with insults to their DNA, they rely on Tlk2 for efficient recovery.

Tlk2 depletion leads to altered dynamics of the DNA damage response
Tlks have been implicated in the DNA damage response and therefore we asked if depletion of Tlk2 
would affect repair of the DNA damage. To this end we synchronized cells in G2, damaged them using 
0.5 μM Adriamycin and monitored the appearance and disappearance of γH2AX foci over time. In 
both the control and Tlk2-depleted conditions we saw efficient induction of γH2AX foci shortly after 
damage and this signal disappeared over time (Fig.4A and 4B). However, we noted a slightly higher 
induction and a faster decrease of γH2AX in Tlk2-depleted cells when compared to control cells. We 
therefore performed a more extensive time course where we harvested samples at 3-hour intervals 
after induction of DNA damage, and examined several different DNA damage signaling components. 
In control cells we clearly observed the activation of Chk1, as visualized by the phosphorylation at 
S317 followed by induction of p53 and p21 (Fig.4C). However, similar to the altered timing of H2AX 
phosphorylation, we observed premature induction of Chk1 and p53 followed by premature induction 
of p21 (Fig.4C and 4D). In addition, we observed that the phosphorylation of S317 on Chk1 decreased 
prematurely in the Tlk2-depleted cells. Taken together these data suggest that Tlk2 depletion leads to 
altered activation of the DNA damage checkpoint by perturbing the kinetics of activation/inactivation.

Tlk2 depletion leads to a loss of recovery competence
Tlk2-depleted cells display premature p53 induction and so we wondered if p53 could play a role in 
the recovery defect we observed in these cells. It is known that p53 regulates recovery competence 
and p53-depletion can overcome the recovery defect observed in Wip1-depleted cells (Lindqvist et al., 
2009a). To test this hypothesis we co-depleted Tlk2 and p53. In agreement to the literature we could 
overcome the defect in checkpoint recovery induced by Wip1 depletion by co-depleting p53 (Fig.5A). 
In addition, we also observed a clear increase in recovering cells when we compared Tlk2 depletion 
with co-depletion of Tlk2 and p53 (Fig.5A and 5B). Although the rescue was not a 100% complete, 
these results clearly show that p53 has an important role in the loss of recovery competence observed 
in Tlk2-depleted cells. Next we asked if we could see the same difference in p53-proficient and p53-
deficient HCT116 colon carcinoma cell lines. Similar to the phenotypes observed in U2OS cells we see a 
clear reduction in recovery after depletion of Tlk2 in p53-proficient cells, whereas the defect in recovery 
was not observed in cells that do not express p53 (Fig.5C and 5D). In addition, Tlk2 depletion did not 
significantly affect mitotic entry in unperturbed HCT116 cells (Supplementary Fig.3). These data show 
that the effect of Tlk2 on recovery is not limited to U2OS cells. In addition, they demonstrate that the 
effect of Tlk2 on recovery is, at least in part, controlled via p53. 
Wip1 and p53 mediate recovery competence by regulating the expression levels of various pro-mitotic 
genes such as Plk1 and Cyclin B (Lindqvist et al., 2009a). To address whether Tlk2-depleted cells also 
lose recovery competence via reduced expression of pro-mitotic genes, we monitored Plk1 and Cyclin 
B levels right before and 16 hours after the induction of damage. We found that both Plk1 and Cyclin B 
levels were severely reduced after DNA damage in Tlk2-depleted cells, indicating that the effect of Tlk2-
depletion upon p53 activation can lead to loss of pro-mitotic proteins (Fig.5E). In accordance with the 
phenotypes observed in Fig.5A, excessive suppression of Plk1 and Cyclin B was not observed in cells co-
depleted of p53, indicating that p53 activity reduces the levels of pro-mitotic proteins and thus drives 
loss of recovery competence in Tlk2-depleted cells (Fig.5F). 
Next, we reasoned that if Tlk2 depletion leads to loss of recovery competence through excessive 
suppression of pro-mitotic proteins during the DNA damage response, the timing of the Tlk2 rescue by 
our RNAi-insensitive exogenous Tlk2 could be crucial. Indeed, when we restored Tlk2 expression before 
damage was inflicted, cells were able to retain recovery competence. However, when we restored Tlk2 
only after the loss of Plk1 and Cyclin B had already taken place, we were unable to rescue the recovery 
defect of Tlk2-depleted cells (Fig.5G and 5H). In addition, late induction of FLAG-Tlk2 also failed to 
restore normal levels of Plk1 in the DNA damage cultures (Fig.5G). These results clearly demonstrate 
that depletion of Tlk2 leads to p53-dependent loss of recovery competence and thereby renders the 
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cells incapable of recovering from a DNA damage-induced arrest in G2.

Tlk2 regulates chromatin reassembly after DNA damage
Substrates of Tlks include Asf1A and Asf1B (Carrera et al., 2003; Pilyugin et al., 2009; Silljé and Nigg, 
2001). These histone chaperones are required for proper chromatin assembly during S-phase after DNA 
damage, although the latter is mostly established in yeast (Chen et al., 2008; Silljé and Nigg, 2001). 
Therefore, we wondered if these histone chaperones could be the targets of Tlk2 to promote recovery 
after DNA damage. To test this, we first analyzed if expression of Asf1A or Asf1B was affected by ionizing 
radiation. Protein samples were taken at several time-points after irradiation and blotted for both 
histone chaperones (Fig. 6A). Interestingly we observe a clear induction of Asf1A and Asf1B at 9 to 12 
hours after irradiation, but this induction was absent in Tlk2-depleted cells.  This observation indicates 
that Tlk2 is needed for proper induction of Asf1A and Asf1B after DNA damage, possibly through 
regulation of Asf1A and Asf1B protein stability (Pilyugin et al., 2009). Therefore, we asked if depletion 

Figure 4. Depletion of Tlk2 leads to altered kinetics of the DNA damage response.
A) U2OS cells were grown on glass coverslips and synchronized in G2 after thymidine release. Cells were fixed at the 
indicated times after adriamycin-induced DNA damage and stained for DAPI and γH2AX. B) Quantification of cells 
in 4A. Each dot represents the total signal of γH2AX in the nucleus of a single cell. Bars indicate the mean and error 
bars indicate the SD of the data points in each condition. C) U2OS cells were synchronized in G2 and harvested at the 
indicated times after induction of adriamycin-induced DNA damage with or without Tlk2-depletion. Samples were 
analyzed by western blotting for the indicated proteins. D) Quantification of the band intensity of the p53 signal of 
4C.
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Figure 5. Depletion of Tlk2 leads to a loss of recovery competence.
A) U2OS cells were transfected with the indicated siRNA’s, synchronized in G2 and damaged with 6 Gy of IR. Cells 
were harvested 24 hours later and the mitotic index was analyzed by FACS. Error bars represent the SD of three 
independent experiments. B) U2OS cells were treated as in 5A and harvested for western blot analysis to determine 
the knock down efficiency of the indicated siRNA’s. C) HCT116-p53+/+ and HCT116-p53-/- cells were transfected 
with the indicated siRNA’s, synchronized in G2 and damaged with 10 Gy of IR. Cells were harvested 24 hours later 
and the mitotic index was analyzed by FACS. Error bars represent the SD of three independent experiments. D) 
HCT116-p53+/+ and HCT116-p53-/- cells were treated as in 5D and analyzed by western blot to determine the knock 
down efficiency of the indicated siRNA’s and levels of p53. E) U2OS cells were synchronized in G2 and harvested 
or synchronized in G2 and harvested 16 hours after adriamycin-induced DNA damage. Samples were analyzed by 
western blot for the indicated proteins. F) Cells were treated as in 5E. G) U2TR cells stably expressing Tlk2 siRNA 
#3-insensitive tetracycline-inducible FLAG-Tlk2-wt were thymidine synchronized, damaged in G2 and harvested 24 
hours afterwards. Tetracycline was either absent (off), added from the start of the experiment (early) or for 16 
hours after induction of DNA damage (late). H) Cells were treated as in 5G and recovery was induced by addition of 
caffeine for 8 hours. Mitotic index was analyzed by FACS and normalized to the control. Error bars represent SD of 
three independent experiments.
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of Asf1A and/or Asf1B also results in a recovery defect. Asf1A depletion clearly reduced the amount 
of cells that were able to enter mitosis after a DNA damage-induced arrest and this correlated with 
knockdown of Asf1A at protein levels (Fig.6B,C). In contrast, Asf1B produced a relatively mild defect 
(Fig.6B,C). However, co-depletion resulted in an additive effect suggesting that Asf1B does play a role 
in this process. These observations indicate that Asf1A, like Tlk2 plays a unique role during the DNA 
damage response in mammalian cells.
Asf1 is required for acetylation of H3 on K56 (Driscoll et al., 2007; Recht et al., 2006; Tsubota et al., 
2007), and therefore we wondered if the acetylation status of H3 was also affected in Tlk2-depleted 
cells. When cells were challenged with DNA damage in G2 we could observe a reduction in the overall 
level of K56-acetylated histone H3 at 3 hours after DNA damage, which was restored to the level before 
damage at 16 hours (Fig.6D). This indicates that under these conditions H3K56-acetylation is first 
reduced after damage, to subsequently revert to its original level. These observations are in accordance 
with what has been described before (Battu et al., 2011; Das et al., 2009; Miller et al., 2010). However, 
although levels of H3K56-acetylation were similarly reduced after DNA damage in the Tlk2-depleted 
cells, they failed to be restored to their original levels at the later stages (Fig.6D).
Since we observed such a clear difference in the restoration of the H3K56 acetylation mark upon Tlk2-
depletion we tried to rescue the recovery defects of Tlk2-depleted cells by interference in histone 
acetylation. Acetylation of H3 on K56 requires p300/CBP (Das et al., 2009) and deacetylation of this 
residue has been shown to depend on the activity of a class of deacetylases called Sirtuins, in particular 
Sirt1, Sirt2 and Sirt6 (Das et al., 2009; Toiber et al., 2013). We therefore treated cells with the general 
Sirtuin inhibitor nicotinamide (Bitterman et al., 2002). Indeed, inhibition of Sirtuins led to an increase in 
recovery in Tlk2-depleted cells, albeit that the rescue was not complete (Fig. 6E). In addition, acetylation 
of H3K56 was increased after treatment with nicotinamide and expression of Plk1 and Cyclin B was 
restored. Taken together, these results show that Tlk2 regulates Asf1A and Asf1B after DNA damage. 
Failure to express Asf1A leads to a loss of recovery competence, and Tlk2 depletion is associated with 
a failure to restore H3K56-acetylation. This indicates that failure to appropriately reorganize chromatin 
acetylation after DNA damage leads to a recovery defect.

Discussion

During a DNA damage-induced cell cycle arrest in G2, cells need to retain expression of G2-specific 
genes in order to remain competent to re-enter the cell cycle at the appropriate cell cycle stage. Here 
we show that Tlk2 is kinase whose activity is indispensible for this process. Loss of Tlk2 affects the 
kinetics of the DNA damage response and causes a subsequent loss of recovery competence. 
Interestingly we can rescue this defect by co-depleting p53. We show that depletion of Tlk2 leads to a 
loss of pro-mitotic proteins such as Plk1 and Cyclin B. Co-depleting p53 reverts this loss and partially 
rescues the recovery defect. In addition we see that the kinetics of the DNA damage response are 
altered. The general trend is that various checkpoint components are activated prematurely after DNA 
damage. This leads to premature p53 activation and rapid loss of recovery competence. The question 
that remains is why p53 is prematurely expressed in response to altered restructuring of the chromatin? 
Altered chromatin state has been shown to lead to premature and enhanced signaling of the DNA 
damage response (Floyd et al., 2013; Murga et al., 2007) and can even result in ATM activation in the 
absence of DNA damage (Bakkenist and Kastan, 2003).
Alternatively, the major difference in recovery competence could arise from more prominent p53-
dependent suppression of pro-mitotic genes, such as FoxM1, also shown to be a regulator of recovery 
competence (Alvarez-Fernández et al., 2010). In this model, the loss of recovery competence would be 
p53-dependent, but not necessarily a consequence of more extensive p53 activation. In this respect, 
it would be useful to monitor the effect of DNA damage on transcription of this class of genes in Tlk2-
depleted cells. A third possibility could be that the stability of these pro-mitotic proteins is altered in 
the Tlk2-depleted cells. Many, if not all of these proteins, are degraded in an APC/C-dependent manner, 
involving the action of the Cdh1 co-activator (van Leuken et al., 2008; Wiebusch and Hagemeier, 2010). 
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Further analysis of the pathways that control recovery competence will be required to provide more 
insight into the coupling of chromatin reassembly and recovery. 
In addition to the rescue after loss of p53, we are able to similarly rescue the effect of Tlk2-depletion 
by inhibiting Sirtuin activity with nicotinamide. This clearly indicates that histone (de)acetylation events 
are crucial for proper recovery from a DNA damage-induced arrest. Also, this shows that inhibition of 
histone deacetylation can at least partially overcome the requirement for Tlk2, indicating that it exerts 
its effect through control of histone (de)acetylation. Indeed, the histone chaperone Asf1 is required to 
insert histones in newly replicated and repaired DNA (Chen et al., 2008; Das et al., 2009; Groth et al., 
2007; Kim and Haber, 2009; Tyler et al., 1999). In order for Histone H3 to be inserted by Asf1, it needs 
to be acetylated at K56 and associated with H4 (Chen et al., 2008; Recht et al., 2006; Tsubota et al., 
2007). We have looked extensively at K56-acetylation and could observe a decrease in overall H3K56-
acetylation shortly after damage, which was restored at later stages. This was impaired in cells depleted 
of Tlk2, suggesting that restoration of K56-acetylation might contribute to silencing of the checkpoint 
and promote recovery. Consistent with this, we find that depletion of Asf1A also impairs recovery. While 
most of the research on nucleosome assembly after damage has focused on H3K56-acetylation it could 
very well be that this is not the complete story and that other modifications are equally important 
to deposit of histones in newly repaired DNA. For instance, H3K9 has been shown to occur on newly 
deposited histones in de novo replicated DNA (Burgess et al., 2010). In addition, it has been shown that 
H3K9 is acetylated in yeast by Rtt109, the same histone acetyl transferase (HAT) that is responsible for 
H3K56 acetylation (Berndsen et al., 2008; Burgess et al., 2010). In addition H3K9 is deacytelated by 
Sirt6, making it an interesting candidate (Michishita et al., 2008). In addition, it will be interesting to 
know which type of other chromatin modifications are required for proper completion of the repair 
process and subsequent recovery and how this is controlled by proteins like Tlk2.
Currently the substrates of Tlks that have been identified are Asf1A, Asf1B and Rad9 (Kelly and Davey, 
2013; Silljé and Nigg, 2001; Sunavala-Dossabhoy and De Benedetti, 2009). It will be interesting to see if 
there are more Tlk substrates that are currently unknown and if both kinases have a different substrate 
preference. In this way we would be able to see in which processes these kinases are redundant and 
in which processes these kinases have specialized roles. In addition it would be interesting to study 
how Tlk2 itself is regulated. When is it activated and is there a difference between Tlk1 and Tlk2? 
Large-scale mapping of phosphorylation sites has identified several sites in the N-terminus of Tlk1 
and Tlk2, suggesting phospho-regulation of these kinases (Dephoure et al., 2008; Oppermann et al., 
2009). In addition, proteomic analysis of Polo-box domain-interacting proteins identified Tlk1 and Tlk2 
as potential interactors of the Plk1 Polo-box domains (Lowery et al., 2007). It is therefore tempting 
to speculate that Plk1 might be an upstream regulator of Tlk1 and Tlk2 to promote chromatin repair 
and recovery, as Plk1 is involved in these processes as well (van Vugt et al., 2004; Yata et al., 2012). 
Thus, we believe we have uncovered a novel aspect of the DNA damage response in mammalian cells 
that ensures that chromatin reassembly can be coordinated with cell cycle re-entry. The data that is 
currently available for Tlk2 suggests that its activity might also be tightly regulated during the DNA 
damage response, providing us with an interesting node to study the process of recovery. 

Materials and Methods

Antibodies, reagents and western blotting
Antibodies directed against the following proteins were used: Tlk2 (Bethyl), MPM-2 (Millipore), α-Tubulin 
(Sigma), γH2AX (Upstate), Actin, Chk1, Chk2, p21, Plk1, Cyclin B, p53 (all Santa Cruz), Tlk1, Asf1A, Asf1B, 
Chk1-pS317, Chk2-pT68, (all Cell signaling) and acetylated-H3K56 (Epitomics). Secondary antibodies 
Alexa-488, Alexa-568 and Alexa-633 were from Molecular Probes and horseradish peroxidase coupled 
secondary antibodies from Dako. The following drugs were used: thymidine (2.5 mM, Sigma), caffeine 
(5 mM, Sigma), adriamycin (0.5 μM, Sigma), nocodazole (250 ng/ml, Sigma), DAPI (Sigma), PI (Sigma), 
tetracycline (1 μg/ml, Sigma) and nicotinamide (5 mM, Sigma). For Western blot analysis cells were 
lysed in Laemmli sample buffer normalized for total protein content and analyzed by immunoblotting.
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Figure 6. Tlk2 regulates chromatin reassembly after a DNA damage-induced arrest. 
A) U2OS cells were synchronized in G2 and damaged with 6 Gy of IR. Samples were taken at the indicated times 
after induction of damage with or without Tlk2-depletion. Samples were analyzed by western blot for the indicated 
proteins. B) U2OS cells were transfected with the indicated siRNA’s, damaged in G2 with 0.5 μM Adriamycin and 
harvested 16 hours after induction of DNA damage. Samples were analyzed by western blot. C) Cells were treated 
as in 6B and after the 16-hour G2 arrest induced to recover by addition of caffeine for 8 hours. Mitotic index was 
analyzed by FACS and normalized to control. Error bars indicate the SD of three independent experiments. D) U2OS 
cells were transfected with control and Tlk2 siRNA’s, synchronized in G2 and harvested at the indicated times 
after DNA damage induced by adriamycin. Protein levels were analyzed by western blot. E) Cells were transfected, 
synchronized in G2 and induced to recovery 16 hours after DNA damage with caffeine. Nicotinamide was added 
during the DNA damage-induced arrest and subsequent recovery. Error bars represent the SD of three independent 
experiments. F) Cells were synchronized in G2, and harvested 16 hours after induction of DNA damage by adriamycin. 
Nicotinamide was added after induction of DNA damage. Protein levels were analyzed by western blot.
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Cell culture and generation of tetracycline-inducible cell lines
Human osteosarcoma U2OS cells HCT116p53+/+ and HCT116p53-/- human colon carcinoma cells were 
grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% FCS (Lonza), 2 mM 
L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. Tlk2 sequence verified cDNA was obtained 
from Open Biosystems. Tlk2 was amplified and N-terminally tagged with FLAG by PCR with the following 
forward primer: 5’-ATGGATATCACCATGGATTATAAAGATGATGATGATAAAATGATGGAAGAATTGCATAG-3’ 
and reverse primer: 5’-ATGCTCGAGTCAATTAGAAGAACTGTTAT-3’. PCR products were then cloned into 
pCDNA4/TO with EcoRV and XhoI (New England Biolabs). FLAG-Tlk2-wt was made resistant to siRNA 
#3 (targeting sequence: 3’-GAUAGAAAGACAACGGAAA-5’) by site-directed mutagenesis PCR using the 
following primers: 5’-TAAATTCACAGAGGGAAGAGATCGAAAGGCAACGAAAAATGTTAGCAAAGCGGAAAC-3’ 
and 5’-GTTTCCGCTTTGCTAACATTTTTCGTTGCCTTTCGATCTCTTCCCTCTGTGAATTTA-3’ 
FLAG-Tlk2-D613A was generated by mutagenesis PCR using the following 
primers: 5’-GTGTGGAGAGATAAAAATTACAGCTTTTGGTCTTTCGAAGATCATG-3’ and 
5’-CATGATCTTCGAAAGACCAAAAGCTGTAATTTTTATCTCTCCACAC-3’. U2OS-derived U2TR cells stably 
expressing FLAG-Tlk2-wt and FLAG-Tlk2-D613A were generated by calcium phosphate transfection of 
the constructs, selection of stable clones by zeocin (400 mg/ml, Invitrogen) treatment for two weeks 
followed by clonal selection. Stable clones were grown in media containing tetracycline system approved 
fetal bovine serum (Lonza). Clones were further selected for two weeks with tetracycline present in the 
medium to generate clones that tolerate expression of the exogenous Tlk2 clones. For induction of 
expression, cells were treated for indicated times with tetracycline (1 mg/ml).

Cell synchronization
For analysis of checkpoint recovery cells were synchronized at the G1/S-border by thymidine (2.5 mM) 
for 24 hours followed by a 7 hour release and 1 hour incubation with Adriamycin (0.5 μM) or irradiation 
with 6 Gy with a 137Cs source. Afterwards cells were kept for 16 hours in nocodazole (250ng/ml). 
Recovery was induced by adding caffeine (5 mM) for 8 hours. Unperturbed mitotic entry was assayed 
by a 24 hour thymidine block followed by a 16 hour release into nocodazole. For reconstitution assays, 
expression was induced by addition of tetracycline (1 mg/ml) at the indicated times.

siRNA transfection and automated image analysis
For siRNA experiments, cells were grown in 96-well plates (Viewplate-96, Perkin Elmer) and transfected 
with 20 nM siRNA using HiPerFect (Qiagen) or RNAiMAX (Life Technologies) according to manufacturer’s 
recommendations. The human ON-TARGETplus kinome library (GU-103500) and individual siRNAs 
targeting Wip1, Tlk1, Tlk2, Asf1A and Asf1B were obtained from Dharmacon. Cells were fixed by 
addition of equal volume of an 8% formaldehyde solution to the medium to prevent loss of mitotic 
cells, permeabilized with methanol and stained with DAPI and anti-Histone H3-pS10 antibodies. Image 
acquisition was performed using a Cellomics ArrayScan VTI (Thermo Scientific) using a 20x 0.40 NA 
objective. Image analysis was performed using Cellomics ArrayScan HCS Reader (Thermo Scientific). In 
short, cells were identified based on DAPI staining and they were scored as mitotic if the intensity of 
Histone H3-pS10 staining reached a pre-set threshold. All images and automated image quantifications 
were subsequently checked manually. Image analysis was performed on at least 500 cells per condition.

Fluorescence activated cell sorting
Cells were harvested by trypsinization and fixed with ice-cold 70% ethanol. Cells were stained using the 
MPM-2 antibody (Millipore) and Alexa488-conjugated secondary antibodies (Molecular Probes). DNA 
was stained using propidium iodide and samples were anlyzed on a FACSCalibur flow cytometer (BD 
biosciences). Cell cycle distribution was determined by flow cytometry counting 104 events as described.

Immunofluorescence, real time imaging and cumulative index
Fixation and antibody staining for immunofluorescence were performed as described (Macurek et al., 
2008). Images were acquired on a Zeiss Axiovert 200 M using NA 0.75 objectives or on a Deltavision 
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imaging system using NA 1.4 objectives. Quantification of immunofluorescence was performed as 
described, measuring the total nuclear γH2AX signal in the nucleus based on the DAPI signal. For time-
lapse microscopy, cells were grown on LabTek II chambered coverglasses in Leibovitz’s L-15 medium 
(Gibco) supplemented with 10% FCS (Lonza), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml 
streptomycin and were imaged with DIC on a Zeiss Axiovert 200 M using 20x NA 0.75 objectives or on 
a Deltavision imaging system using 20x 0.75NA objectives. Images were taken every 15 minutes and 
movies were manually scored for cumulative mitotic index.
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Supplementary data

Supplementary figure 1. Primary screen details.
A) Protocol used for the siRNA-based kinome screen. U2OS cells were transfected for 24 hours, synchronized at 
the G1/S-border by thymidine for 24 hours and then either released into nocodazole for 16 hours (unperturbed 
mitotic entry) or released for 7 hours, treated with 0.5 μM Adriamycin for one hour and after 16 hours were induced 
to recover by addition of caffeine for 8 hours (checkpoint recovery). Cells were fixed and stained with DAPI and 
antibodies directed at Histone H3-pS10. Finally, automated analysis of the percentage of Histone H3-pS10 positive 
DAPI-stained nuclei was carried out. B) Representative images of positive control (siWip1) and negative control 
(siGAPDH) transfected cells treated as in S1A. Calculated percentages are indicated. C) Plots of duplicate screens. 
U2OS cells were treated as in S1A. Black diamonds indicate individual siRNA-targeted genes from the library, red 
diamonds indicate positive (Wip1-depleted) and negative (untransfected and GAPDH-depleted) controls, green 
diamond indicates the genes that met the criteria in both screens and blue diamonds indicate Tlk1-depleted 
conditions. Grey dotted lines indicate selection criteria for recovery-specific genes.



117

6

Supplementary figure 2. Secondary screening of identified kinases.
Single siRNA’s which were pooled in the primary screen were deconvolved. U2OS cells were transfected with the 
siRNA’s and mitotic index is determined as in figure 1. For each gene identified in the screen the mitotic index of the 
single siRNA’s is shown both in the unperturbed set-up (A), recovery set-up (B) and a ratio between the two (C). The 
grey-dotted line indicates the cut off criteria. Error bars represent the SD of three independent experiments.
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Supplementary figure 3. Tlk2 depletion does not affect unperturbed entry in HCT116-p53-/- and HCT116-p53+/+ 
cells. 
HCT116-p53-/- and HCT116-p53+/+ cells were either release for 24 hours from a 24 hour thymidine block into 
medium containing nocodazole or released for 7 hours into G2, irradiated with 10 Gy IR and released for 24 hours 
into medium containing nocodazole. Mitotic index was analyzed by FACS and normalized to the control treated 
cells. Error bars represent the SD of three independent experiments.

Supplementary table 1. Hits identified in primary screen and description of their known function.
Key: U1, percentage of unperturbed entry relative to control in screen 1. R1, percentage of checkpoint recovery 
relative to control in screen 1. R/E1, ratio of checkpoint recovery over unperturbed entry in screen 1. U2, percentage 
of unperturbed entry relative to control in screen 2. R2, percentage of checkpoint recovery relative to control in 
screen 2. R/E2, ratio of checkpoint recovery over unperturbed entry in screen 2. (references: (Kiss-Toth et al., 2004; 
Leung-Hagesteijn et al., 2001; Rozengurt, 2011; Silljé and Nigg, 2001; Silljé et al., 1999; Sturany et al., 2002; Walter 
et al., 2003; Wang and Page, 2002; Wang et al., 2012))

Gene U1 % R1 % R/E1 U2 % R2 % R/E2 Function
ILKAP 102.7 49.3 0.48 85.6 56.8 0.66 Intergin	  linked	  kinase	  associated	  phosphatase	  (ILKAP),	  interact	  with	  

integrin-‐linked	  kinase	  (ILK/ILK1)	  and	  regulates	  kinase	  activity	  (Leung-‐
Hagesteijn	  et	  al.,	  2001).

MLKL 84.0 46.1 0.55 86.0 41.9 0.49 Mixed	  lineage	  kinase	  domain-‐like	  protein	  (MLKL),	  required	  for	  the	  
execution	  of	  programmed	  necrosis	  (Wang	  et	  al.,	  2012).

PRKD2 85.8 45.3 0.53 86.9 53.7 0.62 Serine/threonine-‐protein	  kinase	  D2	  (PRKD2).	  Activated	  by	  phorbol	  
esters	  and	  gastrin	  via	  the	  cholecystokinin	  B	  receptor	  (CCKBR)	  in	  gastric	  
cancer	  cells	  (Rozengurt,	  2011;	  Sturany	  et	  al.,	  2002).

STK10 81.1 46.6 0.57 81.0 52.9 0.65 Lymphocyte-‐oriented	  kinase	  (LOK),	  associates	  with	  and	  phosphorylates	  
Plk1,	  overexpression	  of	  a	  kinase-‐dead	  version	  of	  the	  protein	  interferes	  
with	  normal	  cell	  cycle	  progression	  (Walter	  et	  al.,	  2003).

TAF1L 87.4 31.5 0.36 87.2 17.3 0.20 Transcription	  initiation	  factor	  TFIID	  subunit	  1-‐like	  (TAF1L),	  may	  act	  as	  a	  
functional	  substitute	  for	  TAF1/TAFII250	  during	  male	  meiosis,	  when	  sex	  
chromosomes	  are	  transcriptionally	  silenced	  (Wang	  and	  Page,	  2002).

TLK2 104.0 69.4 0.67 94.6 30.9 0.33 Tousled-‐like	  kinase	  2	  (TLK2),	  nuclear	  serine/threonine	  kinases	  that	  are	  
potentially	  involved	  in	  the	  regulation	  of	  chromatin	  assembly	  (Silljé	  and	  
Nigg,	  2001;	  Silljé	  et	  al.,	  1999).

TRIB1 100.7 65.9 0.65 95.5 39.4 0.41 Tribbles	  homolog	  1	  (TRIB1),	  interacts	  with	  MAPK	  kinases	  and	  regulates	  
activation	  of	  MAP	  kinases.	  May	  not	  display	  kinase	  activity	  (Kiss-‐Toth	  et	  
al.,	  2004).	  

Hits kinome screen
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Introduction

Control of cell division is of crucial importance to all organisms to allow for proper proliferation, 
development and tissue maintenance. Erroneous execution of cell cycle events can result in cell 
death, incorrect tissue formation and disease. Cells have to deal continuously with extracellular and 
intracellular stresses that can potentially hamper proper execution of the cell cycle. In particular 
damage to the genome can result in the generation of DNA mutations. If these mutations are not 
corrected they can be propagated to the progeny of the corrupted cell and this could have potentially 
dangerous consequences.
In this thesis we have studied the control of one of the key regulators of entry into and execution 
of mitosis, Polo-like kinase 1 (Plk1) (Bruinsma et al., 2012). Plk1 is required for recovery from a DNA 
damage-induced arrest (van Vugt et al., 2004) and here we have studied its activation in mitosis, 
inactivation during the DNA damage response (DDR) and report a novel localization at the nuclear 
envelope during prophase. In addition, we have identified a new player in control of recovery from 
a DNA damage-induced arrest, Tousled-like kinase 2 (Tlk2), which controls chromatin dynamics and 
recovery competence during the DNA damage response.
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1. Using a FRET-based biosensor to monitor kinase activity

In chapters 3 and 4 we made use of a FRET-based biosensor to study the activation kinetics of Plk1. 
Studying real-time kinase activity using FRET-based biosensors has proven to be a powerful tool to 
study regulation of kinase activity in single cells. FRET-based biosensors for several kinases have been 
generated, such as ATM (Johnson et al., 2007), Cdk1 (Gavet and Pines, 2010a), Aurora B (Fuller et al., 
2008), Plk1 (Macurek et al., 2008) and more are probably being generated. Kinase-specific FRET-based 
biosensors provide us with the means to study timing and localization of kinase activity in living cells in 
real-time. Its uses have yielded information on detailed activation and inactivation kinetics (Bruinsma et 
al., 2013; Gavet and Pines, 2010a; Gavet and Pines, 2010b; Macurek et al., 2008), oscillatory behavior 
(Violin et al., 2003) and have uncovered gradients of kinase activity that control biological processes 
(Fuller et al., 2008), all at a single cell level.
The basic make-up of these FRET-based biosensors consists of CFP and YFP fluorophores, connected by a 
kinase specific consensus sequence (usually part of a known substrate) and a phospho-binding domain. 
In case of the Plk1 biosensor we have used the FHA2 domain from the S. cerevisiae Rad53 protein. In its 
unphosphorylated conformation, the CFP and YFP are positioned in such close proximity that excitation 
of the CFP fluorophore results in FRET. Upon phosphorylation of the consensus sequence, the FHA2 
domain binds to the phosphorylated consensus sequence and this changes the conformation of the 
biosensor, resulting in loss of FRET. Using ratiometric imaging techniques to quantify the FRET-signal of 
these biosensors is relatively easy and straightforward (Hukasova et al., 2012). 
However, there are several issues to be mindful of when generating or using these FRET-based biosensors. 
The FHA2 domain used in many biosensors binds a phosphorylated Threonine more strongly than a 
phosphorylated Serine. More importantly, an Isoleucine needs to be added to the sequence at the 
+3 position to promote binding to the FHA2 domain (Durocher et al., 2000) and in order for the FRET-
based biosensor to function efficiently, the peptide sequence should be adjusted accordingly. These 
adjustments could interfere with the specificity of the kinase for the substrate peptide. Furthermore, 
as a short peptide is used as the consensus sequence, promiscuity of other kinases can also influence 
the probe. For instance, in the case of the Plk1 FRET-based biosensor, Mps1, which shares a highly 
identical consensus sequence with Plk1 (Dou et al., 2011), also contributes to phosphorylation of the 
Plk1 based biosensor (Bruinsma et al., 2013). Although the contribution of Mps1 is only marginal and 
restricted to mitosis, caution needs to be taken with regard to specificity when analyzing these FRET-
based biosensors. Finally, the phosphorylation status of the FRET-based biosensor is not only regulated 
by kinase activity, it requires dephosphorylation as well and control of phosphatase activity could 
influence the kinetics of the signal observed. However, the FRET-based biosensors that have been used 
thus far prove that these biosensors are a very powerful tool to study spatiotemporal kinase activity in 
real time in single cells.

2. Spatiotemporal regulation of Plk1

2.1 Aurora A and Bora remain the major activators of Plk1 in mitosis
In chapter 3 we studied the activation of Plk1 in mitosis. During G2, Plk1 is activated approximately 5 
hours before cells enter mitosis by the kinase Aurora A, which phosphorylates Plk1 in its T-loop at T210 
to promote its kinase activity (Macurek et al., 2008; Seki et al., 2008b). This event requires binding of 
the co-factor Bora, which facilitates the phosphorylation of T210 on Plk1 by Aurora A. Depletion or 
inhibition of Aurora A led to inhibition of Plk1 activation during most of G2. However, approximately 
1-2 hours before mitosis, cells were able to activate Plk1 even though Aurora A activity was inhibited 
(Macurek et al., 2008).
Initially it was thought that another kinase is responsible for activation of Plk1 during late G2 and 
in mitosis. The Aurora kinase family member Aurora B was a likely candidate since it localizes 
at kinetochores where Plk1 is also located and its similarity to Aurora A would suggest it could 
phosphorylate Plk1 as well (Fu et al., 2009). Indeed, a study performed in Drosophila identified Aurora 
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B as a kinase responsible for phosphorylation of the corresponding T210 site of the Drosophila Plk1 
homolog Polo (Carmena et al., 2012). This report also contained data obtained from human cells 
that suggested this mechanism is conserved. However, we found that the antibody directed at T210-
phosphorylated Plk1 used in this study recognizes an off-target epitope at the kinetochores and 
therefore demands caution in interpreting these data. In contrast, our study presented in chapter 3, 
did not support a role for Aurora B in controlling Plk1 activity in G2 or mitosis. Inhibition or depletion 
of Aurora B did not significantly affect the T210 phosphorylation status nor did it have any effect on the 
activity as measured with the FRET-based biosensor that reads out Plk1 activity in living cells. We found 
that inhibition of Aurora A activity either by depleting the protein, or by inhibiting its kinase activity 
with the Aurora A-specific small molecule inhibitor MLN 8054 (Manfredi et al., 2007) is insufficient 
to completely inhibit Plk1 phosphorylation and kinase activity. However, simultaneous depletion and 
inhibition effectively blocked T210 phosphorylation in mitosis and reduced Plk1 activity to basal levels, 
both in cells entering mitosis as well as in cells already in mitosis. Thus, full inhibition of Aurora A results 
in complete loss of T210 phosphorylation, also in mitotic cells. This notion was further strengthened 
by our finding that co-depletion of Aurora A and Bora similarly resulted in complete loss of T210 
phosphorylation and Plk1 kinase activity in G2 and mitosis. In addition, co-depletion of Aurora A and 
Bora resulted in a mitotic arrest as a result of monopolar spindle formation, the hallmark phenotype of 
Plk1-depletion. Interestingly, we found it was much harder to shut down Plk1 activity once activated in 
mitosis, compared to inhibition during G2. These observations suggest the system could function as a 
bistable switch. Biochemical switches are crucial for cell cycle progression, where irreversible switch-
like transitions need to be made to induce S-phase entry, mitotic entry and sister chromatid separation 
(Santos and Ferrell, 2008). The best studied bistable switch is the mechanism of activation of Cyclin B/
Cdk1, a process Plk1 itself is also involved in (Lindqvist et al., 2009). Bistable systems require extensive 
feedback loops. Plk1 promotes activation of Cdk1/Cyclin B, which in turn is required for the association 
of Plk1 to Bora and its subsequent activation (Chan et al., 2008). In addition, Plk1 feeds back into Bora 
and leads to its degradation (Chan et al., 2008; Seki et al., 2008a). However, a small residual pool of Bora 
remains and is crucial for maintaining Plk1 activity in mitosis (Bruinsma et al., 2013). In Xenopus, the 
Plk1 homolog Plx1 has been reported to promote Aurora A activity through phosphorylation of Aurora 
A activator TPX2 (Eckerdt et al., 2009). In addition, Xenopus studies have uncovered other positive 
feedback loops controlling Plx1 activity through xPlkk1 and Greatwall (Erikson et al., 2004; Peng et al., 
2011). It will be interesting to see what the contribution of these positive feedback loops are in human 
systems and if they wire the system towards bistability. Taken together, these data suggest Plk1 activity 
may be controlled in a similar manner. However, whether the Plk1 activation is a true bistable switch 
remains a matter that requires further investigation.

2.2 Inhibition of T210 phosphorylation during the DNA damage response is regulated through 
Aurora A 
Activation of Plk1 in G2 requires phosphorylation of Plk1 at T210 by Aurora A (Macurek et al., 2008; Seki 
et al., 2008b). An important mediator of this phosphorylation event is the co-factor Bora. Plk1 forms 
a complex with Bora, which allows Aurora A to phosphorylate Plk1 (Macurek et al., 2008; Seki et al., 
2008b). In chapter 4 we studied the dynamics of this complex when Plk1 is inhibited after DNA damage. 
During the DNA damage response phosphorylation of T210 is lost and Plk1 activity is inhibited (Smits 
et al., 2000). First we find that the arrest induced by etoposide is dependent on ATR and Chk1. This is 
surprising at first glance, since ATM and Chk2 are required to sense double strand breaks induced by 
etoposide. However, processing of these double strand breaks involves resection of the DNA, resulting 
in single-stranded DNA, which in turn activates ATR and Chk1 (Ciccia and Elledge, 2010). But if so, then 
why does inhibition of ATM or Chk2 not override the DDR? It should be noted however, that we do see 
a minor effect of ATM inhibition. Whereas control cells show a near immediate block in mitotic entry, 
we find that ATM-inhibited cells continue to enter mitosis for 1-2 hours after induction of DNA damage 
(Chapter 4, Fig.1C). This effect might be due to the fact that the initial step is ATM-dependent but the 
main contributor of the DDR is ATR, which is activated slightly later after the DNA is resected.
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Next, we made use of our Plk1-specific FRET-based biosensor to study the effects of the DDR on Plk1 
activity. We found that Plk1 inhibition is markedly slower after induction of DNA damage than when it 
is inhibited directly by the Plk1-specific small molecule inhibitor BI 2536 (Lénárt et al., 2007) and that 
the strength of inhibition is dependent on the amount of DNA damage inflicted. Inhibition of Plk1 after 
the DNA damage response is solely mediated through the phosphorylation status of T210 since the 
activity of a constitutive active Plk1-T210D mutant was impervious to inhibition by the DNA damage 
response. Surprisingly, the Bora-Plk1 complex remained intact during the early phases of the DDR, while 
during later phases, both Bora protein levels, as well as complex formation with Plk1 were reduced. 
Reconstitution of a constitutive active Aurora A-T288E mutant could not fully overcome the loss of 
T210-phosphorylation even though the Plk1/Bora complex remained intact, suggesting that other 
modes of regulation are required to dephosphorylate Plk1 at T210. Possibly, recruitment of Aurora A to 
the complex is hampered through an as yet unknown mechanism, or the phosphatase responsible for 
T210 dephosphorylation is activated in response to DNA damage.

2.3 Plk1 localizes at the nuclear envelope during prophase
Plk1 is involved in several different processes during the cell cycle and localizes to various subcellular 
sites (Bruinsma et al., 2012). In chapter 5 we studied a novel, previously uncharacterized localization for 
Plk1, namely at the nuclear envelope. We find that Plk1 localizes to the nuclear envelope approximately 
20 minutes before nuclear envelope breakdown. In addition, inhibition of Plk1 increased the time Plk1 
spent at the nuclear envelope before nuclear envelope breakdown suggesting that its kinase activity is 
required for proper timing of this process. Unlike the well-studied localizations at the centrosome and 
kinetochores (Bruinsma et al., 2012), localization of Plk1 at the nuclear envelope has been overlooked. 
A reason for this might be the short period of time that Plk1 is present at this site and the fact that not 
all antibodies available recognize this subpopulation of Plk1. The latter might also be the result of the 
poor quality of these antibodies.
To uncover the mechanism of recruitment of Plk1 to the nuclear envelope, we used identified, but 
uncharacterized interactors of the Polo-box domain (Lowery et al., 2007) together with key proteins 
involved in nuclear envelope and nuclear pore complexes (Güttinger et al., 2009). We used this small 
siRNA library to screen for nuclear envelope proteins that are required for Plk1 localization at the nuclear 
envelope. Using this semi-unbiased approach we were able to identify the nuclear pore component 
NUP155 as required for Plk1 localization at the nuclear envelope. Furthermore we found that NUP155 
and Plk1 co-immunoprecipitated at a time corresponding with prophase. These data indicate that 
during prophase, Plk1 is recruited to the nuclear envelope through binding to NUP155. Since Plk1 binds 
its targets via its Polo-box domain to pre-phosphorylated Cdk consensus sequences (Elia et al., 2003a; 
Elia et al., 2003b), it is not unlikely that such sites are also required for Plk1 to bind to NUP155. This 
is further supported by the notion that NUP155 was identified as a phospho-dependent interactor of 
Plk1 (Lowery et al., 2007). Interestingly, two potential consensus binding sequences that could mediate 
binding are present in NUP155. 
The role of Plk1 at the nuclear envelope is still unclear although there are indications that Plk1 is 
actively involved in nuclear envelope breakdown through regulation of the dynactin subunit p150glued 
(Li et al., 2010). However, it is also tempting to speculate that Plk1 modulates nuclear pores to control 
transport in or out of the nucleus. During prophase, a major event is the nuclear translocation of Cyclin 
B. Although several reports do not support a direct role for Plk1 in nuclear import of Cyclin B (Gavet 
and Pines, 2010a; Lénárt et al., 2007) the data is scarce. In this respect it is worthwhile to note that, 
a constitutive active Plk1-T210D mutant promotes Cyclin B translocation to the nucleus, making it a 
possibility worth investigating (Toyoshima-Morimoto et al., 2001).

2.4 Mechanisms of dynamic localization and activity of Plk1
When it comes to cell cycle events, timing and localization are everything. These events need to be 
highly synchronized in order to be executed at exactly the right time at the right place. Plk1 is no 
exception in this matter. Plk1 interacts with its substrates through binding of its Polo-box domain to 
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pre-phosphorylated substrates (Elia et al., 2003a; Elia et al., 2003b). In most cases, Cdk1 creates these 
priming phosphorylations, but Plk1 can also create its own docking site (Elia et al., 2003a; Elia et al., 
2003b; Goto et al., 2005; Kang et al., 2006; Neef et al., 2003; Qi et al., 2006)1. This regulation allows 
Plk1 to specifically interact with its substrates and targeting of Plk1 to its subcellular localizations such 
as the centrosomes, nuclear envelope, kinetochores and central spindle can occur in a spatial and 
temporal controlled manner (Bruinsma et al., 2012). Kinetic studies of Plk1 turnover at its different 
subcellular localizations reveal that Plk1 is highly dynamic (Kishi et al., 2009). The degree of dynamics at 
its different subcellular localizations varies and Plk1 that is localized at the centrosomes becomes more 
dynamic when cells enter mitosis. Plk1 activity and functional Polo-box domains are essential for this 
dynamic localization. In fact, increased kinase activity results in higher turnover of Plk1 at its subcellular 
localizations (Kishi et al., 2009). These observations show that localization of Plk1 is differentially 
regulated at its different subcellular localizations. However, whether this is regulated solely through 
regulation of its kinase activity or if there are other layers of regulation as well is currently unclear.
Even though localization of Plk1 at the centrosome has been extensively studied, identification of the 
proteins required for its recruitment to centrosomes is scarce. The centrosomal proteins hCenexin1 and 
PCM1 have been reported to recruit Plk1 to centrosomes (Soung et al., 2009; Wang et al., 2013). In both 
cases Cdk1 is the priming kinase to control the interaction with Plk1. Cdk1 phosphorylates hCenexin1 
in its C-terminus and this provides a docking site for Plk1 (Soung et al., 2009; Soung et al., 2006). In a 
similar manner Cdk1 phosphorylates PCM1 at T703 to mediate recruitment of Plk1. However, these 
events probably take place during late G2 and mitosis and the signal that promotes recruitment of 
Plk1 to early G2 centrosomes remains unclear. In chapter 5 of this thesis we report that recruitment 
of Plk1 to the nuclear envelope during prophase depends on NUP155, possibly in a Cdk1-dependent 
manner. Recruitment of Plk1 to kinetochores has been shown to be dependent on PBIP1 where Plk1 
creates its own binding site (Kang et al., 2006). Once Plk1 binds to PBIP1, it targets it for degradation 
during prophase. In addition, Plk1 is recruited in a Cdk1-dependent manner to kinetochores through 
interaction with several other proteins such as INCENP, Bub1 and BubR1 (Elowe et al., 2007; Goto et al., 
2005; Qi et al., 2006). It would be interesting to see if there is a specific order or timing in which these 
interactions happen or whether they depend on each other, as this is currently unclear. Finally, during 
the later stages of mitosis Plk1 translocates to the central spindle where it creates its own docking sites 
on mKlp2 and PRC1 (Neef et al., 2003; Neef et al., 2007). Interestingly, the generation of its own docking 
site on PRC1 requires the loss of a Cdk1 phosphorylation site on PRC1.
The exact site where Plk1 is first activated is unclear. The high turnover of Plk1 at its subcellular 
localizations makes this a difficult question to address. In the addendum to chapter 3 we have tethered 
Plk1 to the centrosomes and the chromatin and asked if Plk1 could be phosphorylated at T210 and 
whether it could functionally rescue depletion of the endogenous protein. We found that Plk1 could still 
be phosphorylated at T210 once fixed at the centrosomes. Although the amount of phosphorylation 
was much less when compared to wild type Plk1, these data suggest that Plk1 is first phosphorylated at 
T210 at the centrosomes. However, we were unable to functionally rescue Plk1-dependent checkpoint 
recovery in this situation, which is in line with what others have reported (Kishi et al., 2009). Apparently, 
Plk1 function requires it to be freely diffusible through the cell, which is not surprising in light of the 
subcellular distribution of the many Plk1 target proteins. When monitoring Plk1 activity during G2 
with the FRET-based biosensor, we can clearly observe the initial activation of Plk1 in the nucleus, 
which seemingly contrasts with its activation in the cytoplasm (Macurek et al., 2008). However, its 
high turnover at the centrosomes and the observation that release from its subcellular localizations 
is dependent on Plk1 activity (Kishi et al., 2009) suggests that once activated Plk1 is quickly released. 
The co-factor Bora, which is crucial for activation of Plk1 (Macurek et al., 2008; Seki et al., 2008b), 
seems to be mainly cytoplasmic. It will be interesting to see if interaction with Bora would allow for 
phosphorylation at T210 but inhibits its activity towards other substrates. Translocation of Plk1 to the 
nucleus would then result in a nuclear Bora-free pool of Plk1 that can readily phosphorylate its targets, 
including the FRET-based biosensor.
Even though we find that Aurora A remains the main activator of Plk1 activity throughout the cell cycle 
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(chapter 3), its localizations at different subcellular sites likely exposes Plk1 to other kinases that can 
modulate its activity. Although Aurora A has been reported to mainly localize at the centrosomes, we 
find that Aurora A is also stably bound to the chromatin (Chapter 3 addendum). Nuclear localization of 
Aurora A has also been previously reported (Rannou et al., 2008) as well as localization to the central 
spindle (Marumoto et al., 2003). Specific subcellular localization of Bora during the cell cycle is poorly 
understood (Chapter 3 addendum) and it would be interesting to see how the subcellular localized 
activity of Plk1 is controlled. In, in Drosophila, Aurora B has been shown to regulate Plk1 activity at 
kinetochores (Carmena et al., 2012) and the Ste20-like kinases SLK and LOK have also been implicated in 
phosphorylating Plk1 at T210 during the transition into mitosis (Ellinger-Ziegelbauer et al., 2000; Jang et 
al., 2002; Walter et al., 2003). However, we find that the contributions of these kinases to general Plk1 
activity are most likely minor and could be restricted to specific localization or tissues.
In chapter 4 we found that inhibition of Cdk interfered with Plk1/Bora complex formation, but once the 
complex was formed inhibition of Cdk activity was insufficient to induce dissociation of the complex. One 
explanation could be that once Plk1 binds to phosphorylated Bora, the Polo-boxes firmly enclose these 
phosphorylated substrate sequences (Elia et al., 2003a; Elia et al., 2003b) and this simply does not allow 
a phosphatase to dephosphorylate this particular residue due to steric hinderance and interfere with 
complex formation. This has broader implications since Plk1 needs to be dynamically localized and has 
different substrates at different phases of the cells cycle. So how does Plk1 dissociate from a substrate 
and how does a phosphatase dephosphorylate a Polo-box bound phospho-peptide? The answer might 
be in regulation of Polo-box binding capacities rather than simple dephosphorylation of the binding 
motif. A recent report found that ubiquitylation controls Plk1 localization as well, adding yet another 
layer of regulation to spatiotemporal control of Plk1 (Beck et al., 2013). Ubiquitylation of K492 in the 
Polo-box domain of Plk1 by the Cul3-KLHL22 E3 ubiquitin ligase is required for its dissociation from its 
substrates and kinetochore localization (Beck et al., 2013). This mechanism has interesting implications 
as it allows for controlled dissociation of Plk1 from its substrates and subcellular localizations.
Taken together, regulation of Plk1 throughout the cell cycle is a highly versatile and complex process. 
In order to get Plk1 at the right location at the right time this is tightly regulated through multiple 
mechanisms. Careful characterization of the spatiotemporal localization and activation of Plk1 is 
required to address the contributions of its many substrates and upstream regulatory mechanisms that 
control many important cell cycle events.

2.5 Regulation of Bora through post-translational modifications
Bora is crucial for the regulation of Plk1 activity in G2 and mitosis (Bruinsma et al., 2013; Macurek et al., 
2008; Seki et al., 2008b). Strikingly, Bora displays a very prominent phosphorylation-dependent shift on 
western blot. In mitosis, the remaining Bora consists mainly of the slowest migrating band, indicating 
that during cell cycle progression Bora gets increasingly phosphorylated (Chapter 3, Bruinsma et al., 
2013). Analysis of amino acid content reveals that Bora consists of 22.6% phosphorylatable residues (85 
Serines, 37 Threonines and 10 Tyrosines) making it extremely suitable for phosphorylation-dependent 
regulation (UniProt Consortium, 2014). Indeed, over the years several reports have already uncovered 
the functional role of some of these sites. Phosphorylation of S252 by Cdk1 results in binding to Plk1 
(Chan et al., 2008). During the later stages of mitosis phosphorylation of a DSGxxT degron containing 
S497 and T501 by Plk1 targets it for β-TrCP-dependent protein degradation (Seki et al., 2008a). In 
addition, T501 has been shown to be a target of ATR and results to its degradation upon UV-irradiation 
(Qin et al., 2013). Finally, recent reports have shown that S274 and S278 can be phosphorylated by 
GSK3β which leads to Bora binding to Pin1, which regulates protein stability of Bora (Lee et al., 2013a; 
Lee et al., 2013b). However, these reports are probably just the tip of the iceberg when it comes to 
regulation of Bora, as many more phosphorylation sites have been identified by mass spectrometry 
(Dephoure et al., 2008; Lee et al., 2013a; Oppermann et al., 2009). In addition, interaction partners, 
other than Plk1 and Aurora A have not been thoroughly investigated. Further studies will have to shed 
more light on the precise and probably extensive post-translational regulation of Bora during the cell 
cycle.
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2.6 Plk1 as an anti-cancer target
The crucial role of Plk1 in various cellular processes and cell viability has led to its investigation as a 
therapeutic target for several years. Whether Plk1 is an oncogene or a tumor suppressor is a matter of 
debate. Although Plk1 is known as a driver of proliferation and is upregulated in many tumors, very few 
mutations or gene amplifications have been found (Lens et al., 2010).  In fact, one of the few mutations 
uncovered in human tumors leads to its destabilization rather than hyperactivity (Simizu and Osada, 
2000). In addition, the incidence of tumors in heterozygous Plk1 knock-out mice is threefold higher as 
compared to wildtype mice, suggesting a tumorsuppressive role (Lu et al., 2008). Thus, while its role at 
the molecular level is quite well studied, the exact consequences of Plk1 inhibition in human tumors are 
currently unclear and might consist of a combination of effects.
In any case, its effects on proliferative capacity and cell viability make it an attractive therapeutic target. 
Indeed several clinical trials are currently ongoing using pharmacological inhibitors of Plk1. Although 
the first clinical trial studying monotherapy with BI 2536 has been unsuccessful (Mross et al., 2012), 
clinical trials for other Plk1 inhibitors such as BI 6727, GSK-461364, ON 01910.Na, HMN-241, NMS-
1286937, TAK-960 and TKM-080301 are currently in phase I/II (Janssen and Medema, 2011; Lens et 
al., 2010; Yim, 2013). In addition, more inhibitors are yet being developed and preclinically tested (Lens 
et al., 2010). Further research should shed light on the exact therapeutic potential of Plk1 inhibitors 
and provide insight into which combinatorial treatment could improve cancer treatment through Plk1 
inhibition.

3. Tousled-like kinase 2 and regulation of chromatin dynamics during the 
DNA damage response

3.1 Tlk2 regulates recovery competence
A fully functional genome is of the utmost importance for cycling cells. Mistakes can have grave 
consequences when it comes to cell viability and oncogenic potential. Therefore cells need to tightly 
control genomic integrity during the cell cycle. When cells encounter DNA damage during the G2-phase 
of the cell cycle, entry into mitosis is halted until the damage is repaired and a cell can safely progress 
through cell division. Controlling progression into mitosis after the DNA damage is repaired is called 
checkpoint recovery and it ensures tightly controlled interplay between the DNA damage response 
on one hand and the reactivation of Cyclin B-Cdk1 activity. In chapter 6 we set out to identify new 
components that regulate checkpoint recovery. To this end we devised an siRNA-based unbiased 
screening approach and identified the kinase Tlk2 as a regulator of recovery. We found that depletion of 
Tlk2 results in a loss of G2-specific gene expression after DNA damage, amongst which Plk1 and Cyclin 
B. This effect was rescued by co-depleting p53 showing that depletion of Tlk2 results in loss of recovery 
competence. Tlk2 regulates the stability of Asf1A and Asf1B and we were able to show that depletion 
of Asf1A similarly resulted in a recovery defect. This is likely the result of a change in Histone H3 
acetylation at K56. Cells depleted of Tlk2 were unable to restore H3K56 acetylation after DNA damage 
and preventing deacetylation by using the sirtuin inhibitor nicotinamide rescued recovery competence 
in a similar manner as depletion of p53. We speculate that defective chromatin modifications possibly 
result in a perturbed DNA damage response that leads to earlier or overactive p53 activation and thus 
loss of recovery competence.

3.2 Chromatin compaction affects DNA damage checkpoint kinetics
Modifications of the chromatin are an important mechanism that controls many biological processes 
among which transcription, the DDR, cell cycle progression and development (Avvakumov et al., 2011). 
We found that Tlk2 is crucial to regulate chromatin modifications, H3K56-acetylation specifically, during 
the DNA damage response and recovery from the arrest. H3K56 acetylation during the DDR has been 
linked mainly to insertion of histones into newly repaired DNA (Chen et al., 2008; Das et al., 2009; 
Kim and Haber, 2009). But how do changes in chromatin modifications lead to a p53-dependent loss 
of recovery competence? Regulating chromatin modifications during the DDR has been the subject 
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of investigation for some time. We found that depletion of Tlk2 changes the kinetics of the DDR. In 
line with this observation, several reports have shown a similar change in DDR kinetics when reducing 
chromatin compaction. For instance, reduction of the linker Histone H1 in murine embryonic stem cells, 
which is required for higher order chromatin compaction, resulted in a hypersensitive DDR that resulted 
in a quicker and more enhanced response (Murga et al., 2007). Interestingly, treatment of human 
MCF7 cells with the histone deacetylase inhibitor trichostatin A (TSA) produced similar effects. TSA 
has an effect on global chromatin compaction (Tóth et al., 2004), and inhibits class I and class II histone 
deacetylases, but does not affect the class of sirtuin deacetylases (Vanhaecke et al., 2004). Further 
support for this effect of the chromatin state on the DDR comes from a recent report that shows a role 
for the bromodomain protein BRD4 in the regulation chromatin compaction after DNA damage. BRD4 
recruits the condensin II chromatin remodeling complex to acetylated histones. In this way it compacts 
chromatin and restricts the DDR (Floyd et al., 2013). Interestingly, depletion of BRD4 results in more 
open, relaxed chromatin and a stronger DDR. However, in the latter study the relaxed chromatin leads 
to an increase in checkpoint recovery, which is not in line with our data. Nonetheless, this does point 
out the effect that the chromatin state can have on the DDR and cell cycle progression. The study by 
Floyd et al. and several other recent reports have shown that histone acetylation-controlled chromatin 
relaxation is an important aspect that controls the intensity of the DDR. If this relaxation is not properly 
controlled this results in enhanced DDR signaling and hypersensitive cells (Floyd et al., 2013; Kim et al., 
2007; Murga et al., 2007). In addition, it has also been reported that changes to the chromatin induced 
by several chromatin-altering agents that do not result in DNA damage are sufficient to activate ATM 
(Bakkenist and Kastan, 2003). Whether these altered DDR kinetics or ATM activation result in enhanced 
or premature p53 activation remains to be seen but ATM is known to stimulate p53 activity and this 
could potentially sensitize the system (Banin et al., 1998; Canman et al., 1998).
These reports clearly show that chromatin modifications after DNA damage are crucial to control the 
DDR. The exact role of Tlk2 and H3K56-acetylation in these chromatin state alterations is currently 
unclear. However, the effects of chromatin compaction on the dynamics of the DDR are unmistakable 
and it remains an intriguing possibility that depletion of Tlk2 affects chromatin state resulting in 
alterations of the DDR and loss of recovery competence. 

2.3 Tlk2 as an anti-cancer target
In chapter 6 we report that recovery from a DNA damage-induced arrest is hampered upon loss of Tlk2 
but unperturbed mitotic entry is not affected. These findings suggest that Tlk2 inhibition can potentially 
work as a chemo- or radiosensitizer during therapy. The Tlk2 gene has been found to be amplified in 
several tumors including invasive breast carcinoma’s as listed by the cBioPortal for Cancer Genomics 
(Gao et al., 2013). Amplification of the Tlk2 gene in proliferative tumors fits with our data that loss of 
Tlk2 leads to decreased proliferation after DNA damage and could be an interesting target for therapy. 
The effects of Tlk2 gene amplification in invasive breast carcinoma’s are currently being studied in more 
detail (Kim et al., 2012). 
To investigate and exploit its potential as a therapeutic target development of a pharmacological 
inhibitor of Tlk2 should provide a lot of new insights. Specific inhibitors are not yet reported, however, 
a recent study identified several members of the family of phenothiazine antipsychotics as inhibitors of 
Tlk1 (Ronald et al., 2013). This observation might sound surprising since phenothiazines are being used 
for the treatment of patients with schizophrenia for decades (Snyder et al., 1974). However, indications 
exist that this class of antipsychotics contributes to chemosensitization, have anti-proliferative effects 
and can reduce multi-drug resistance (Jaszczyszyn et al., 2012). Its effects in the treatment of mental 
disorders are attributed to binding to dopaminergic receptors, which are most likely absent in our system 
as well as in human tumors (Jaszczyszyn et al., 2012). However, phenothiazines have also been reported 
as inhibitors of PKC activity although the mechanism of kinase inhibition is unknown (Jaszczyszyn et al., 
2012). Several members of the phenothiazine family of antipsychotics have been shown to inhibit Tlk1 
autophosphorylation in vitro and do exert some effects on cell viability (Ronald et al., 2013). However, 
it remains to be seen how specific this drug is for Tlk1, if it similarly targets Tlk2 and if the effects on cell 
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death are truly mediated through these proteins. In summary, data exist linking Tlk2 gene amplifications 
to several human tumors. Specific Tlk2 inhibitors should be developed and used to elucidate the role 
of Tlks, and Tlk2 specifically, in cell cycle control, its contribution in human tumors and to investigate a 
potential use in therapy.

Concluding remarks

In this thesis we have studied how Plk1 activation is controlled during G2 and mitosis. We have uncovered 
the mechanism through which Plk1 remains active throughout mitosis, studied the inactivation kinetics 
after genotoxic stress in G2 and uncovered a novel subcellular localization at the nuclear envelope. 
Activation of Plk1 is a complex mechanism consisting of several feedback loops. To fully understand the 
activation of Plk1, careful dissection of the timing and nature of these feedback loops is required. This 
will allow us to understand how Plk1 gets activated, how this is controlled both in space and in time and 
how this controls its many functions throughout the cell cycle.
In addition we identified a novel role for Tlk2 controlling the competence to recover from a DNA 
damage-induced arrest in G2. We find that Tlk2 controls the chromatin state during the DNA damage 
response and this marks the first indication in human cells that proper restoration of chromatin during 
the DNA damage response is essential for resuming the cell cycle. Further research should focus on 
uncovering the exact contributions of chromatin modifications to the control of recovery competence 
and entry into mitosis.
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Nederlandse samenvatting

De celcyclus
Celgroei is een heel belangrijk proces in ons lichaam. Wij groeien uit van een enkele bevruchte 
eicel tot een lichaam bestaande uit ongeveer 30 biljoen cellen. Ook tijdens ons leven gaat celdeling 
gewoon door, onderhoud en reparatie van weefsel is van essentieel belang om er voor te zorgen dat 
je lichaam optimaal functioneert. Bijvoorbeeld, de huid wordt iedere 6 weken volledig vernieuwd en 
de binnenkant van je darmen zelfs in een week. De hoeveelheid nieuwe cellen die hiervoor nodig is 
wordt verkregen door het proces van celdeling. Door middel van celdeling kan van één individuele 
cel, twee identieke dochtercellen worden geproduceerd. Om dit te bewerkstelligen moet een cel zijn 
erfelijk materiaal verdubbelen zodat iedere dochtercel dezelfde hoeveelheid erfelijk materiaal bevat. 
Het erfelijk materiaal is het DNA wat codeert voor genen. Het DNA zit verpakt zit in 46 chromosomen. 
Dit is te vergelijken met een uitgebreide handleiding (DNA) die verdeeld is in verschillende boeken 
(chromosomen) en hoofdstukken (genen). Genen  coderen op hun beurt weer voor eiwitten, die de 
bouwstenen van ons lichaam vormen. Kort gezegd bepaalt de activiteit, ook wel expressie genoemd, 
van genen de eiwitsamenstelling in een cel en daarmee het gedrag. Het verdubbelen van dit erfelijke 
materiaal is een complex proces. Fouten tijdens de verdubbeling kunnen leiden tot diverse ziekten, 
waaronder kanker. Om dit proces goed te kunnen uitvoeren doorgaat een cel verschillende fases waarbij 
een cel stap voor stap wordt klaargestoomd voor de daadwerkelijke celdeling (zie figuur 1). Tijdens 
S-fase (synthese) wordt het DNA exact gekopieerd zodat een cel twee kopieën van het erfelijk materiaal 
bevat. Na deze fase volgt de G2 (gap 2) fase waarbij wordt bekeken of de verdubbeling zonder fouten 
is volbracht en groeit de cel om groot genoeg te zijn om twee dochtercellen te produceren. Tijdens 
de laatste fase, M-fase (Mitose), vindt de daadwerkelijke celdeling plaats. In G1-, S-, en G2-fase zit het 
DNA verpakt in de celkern. Tijdens M-fase wordt deze celkern geopend en komen de chromosomen 

Figuur 1 De celcyclus
Afgebeeld is de cyclus die cellen volgen. Van G1-fase naar S-fase, G2-fase naar M-fase. Tijdens M-fase deelt de cel in 
tweeën om vervolgens weer in G1-fase terecht te komen. In G1-fase kan een cel besluiten een nieuwe celcyclus uit 
te voeren of de celcyclus te verlaten (G0-fase). In het groene vlak staat in groter detail de daadwerkelijke celdeling 
uitgebeeld. Details zijn te vinden in de tekst. De centrosomen en microtubuli zijn afgebeeld in groen, DNA in blauw 
en cel- en kernmembranen in zwart.
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vrij beschikbaar in de cel. Vervolgens worden de chromosomen in het midden van de cel op een rijtje 
gelegd. Aan weerszijden van de cel ontstaan polen (centrosomen) van waar kabels (microtubuli) naar 
de chromosomen toelopen en ieder centrosoom via deze microtubuli één kopie van ieder chromosoom 
vastgrijpt. Als alle chromosomen zijn bevestigd trekken de kabels een kopie van ieder chromosoom naar 
weerszijden van de cel. Vervolgens splitst de cel in het midden en ontstaan twee identieke dochtercellen.

DNA-schade tijdens de celcyclus
Aangezien het van essentieel belang is dat het DNA intact wordt verdeeld - je wilt wel een volledige 
correcte handleiding hebben in iedere cel - wordt er continu gemonitord of alles wel goed gaat.  
Beschadigd DNA kan leiden tot mutaties in het DNA, dat wil zeggen fouten in de codering van het 
genetisch materiaal. Dit kan leiden tot verlies van essentiële genen, foutieve expressie van genen 
of expressie van kapotte genen. Schade aan DNA kan ontstaan door vele verschillende factoren 
waaronder Uv-straling, sigarettenrook, radioactieve straling en verschillende chemicaliën. Het aantal 
beschadigingen aan DNA in ons lichaam per dag wordt geschat op zo’n 10.000 beschadigingen per 
persoon per dag en het is dus van essentieel belang dat ons lichaam die beschadigingen op een juiste 
manier herstelt. Gelukkig heeft ons lichaam voldoende herstelmechanismen om te voorkomen dat 
deze beschadigingen daadwerkelijk leiden tot gevaarlijke mutaties. Helaas zijn de bovengenoemde 
herstelmechanismen van DNA schade niet 100% waterdicht en dus zullen er altijd kleine veranderingen 
in ons DNA ontstaan die blijvend zijn. Grotere blootstelling aan factoren die het aantal beschadigingen 
veroorzaken kan daarom leiden tot meerdere mutaties en daarmee vergroot het de kans op ziekten.

De celcyclus en kanker
Een van de bovengenoemde ziekten is kanker, een aandoening die wordt gekenmerkt door 
ongecontroleerde celdeling. Gezonde cellen in ons lichaam vermenigvuldigen zich alleen wanneer dit 
nodig is. In tegenstelling tot gezonde cellen blijven kankercellen ongeremd delen en vormen zo een 
gezwel in het lichaam. Als gevolg hiervan kunnen deze cellen gaan woekeren in omliggende weefsels en 
richten ze hier schade aan. In latere stadia kunnen deze kankercellen ook uitzaaien naar andere plekken 
in het lichaam en hier nieuwe kankergezwellen vormen.
De oorzaak van deze ongecontroleerd celdelingen ligt in de genen, aangezien specifieke expressie 
van deze genen, en daarmee de eiwitsamenstelling in de cel, het gedrag bepaalt van iedere cel in 
ons lichaam. In het geval van kankercellen is deze specifieke genexpressie verstoord en zorgt een 
verandering in de eiwitsamenstelling voor een ander gedrag van de cellen dan de bedoeling is. 

Moleculaire schakelaars reguleren progressie van de celcyclus
Om al deze overgangen gedurende de celcyclus te regelen maakt een cel gebruik van een speciaal soort 
eiwitten, de kinases. Een kinase is een eiwit met een enzymatische activiteit die een ander eiwit op 
een specifieke manier kan veranderen, een zogenaamde fosforylatie. Deze fosforylaties werken als een 
soort moleculaire schakelaars die andere belangrijke eiwitten aan of uit kunnen zetten. Deze kinases 
reguleren daarmee een groot netwerk van schakelingen die er voor zorgen dat een bepaalde signalen 
worden verwerkt en effect hebben in de cel. Deze signaleringsnetwerken integreren vele signalen en 
kunnen er zo dus voor zorgen dat een cel deelt wanneer nodig en dat deze deling wordt geremd indien 
er complicaties optreden. Om zo’n signalieringsnetwerk goed te laten functioneren is het dus uitermate 
belangrijk dat de activiteit en de hoeveelheid van deze eiwitschakelaars goed wordt gereguleerd. Voor 
dit proefschrift hebben we de regulatie en activiteit van twee van deze kinases bestudeerd: Plk1 en Tlk2.

Plk1 activatie gedurende de celdeling
Activatie van Plk1 zorgt voor de uitvoer van allerlei processen in de cel die moeten leiden tot een 
vlekkeloze celdeling. Zo is Plk1 bijvoorbeeld belangrijk voor het opzetten van de mitotische spoelfiguur, 
het verdelen van de chromosomen en het splijten van de cel aan het einde van M-fase. Tijdens de 
G2-fase van de celcyclus wordt Plk1 geactiveerd. Activatie wordt langzaam opgevoerd gedurende een 
periode van ongeveer vijf tot zes uur totdat de cel doorgaat naar M-fase en gaat delen. Het activeren 
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van Plk1 tijdens de G2-fase wordt uitgevoerd door een andere moleculaire schakelaar, de kinase Aurora 
A. Echter, een tweede eiwit is nodig om er voor te zorgen dat Aurora A Plk1 daadwerkelijk kan activeren. 
Dit eiwit, genaamd Bora, gaat een interactie aan met Plk1 tijdens de G2-fase en alleen als Bora en Plk1 
aan elkaar verbonden zijn, kan Aurora A Plk1 activeren. In andere woorden: in afwezigheid van Bora kan 
Aurora A Plk1 niet activeren.
Als cellen M-fase ingaan wordt het eiwit Bora afgebroken door de cel en is het dus niet meer beschikbaar 
om Plk1 te activeren. In hoofdstuk 3 hebben we onderzocht hoe Plk1 activiteit in stand kan worden 
gehouden tijdens M-fase. We hebben ontdekt dat de hoeveelheid Bora eiwitten met ongeveer 95% 
wordt gereduceerd door deze afbraak. De overgebleven 5% is echter voldoende om Plk1 actief te 
houden. De daadwerkelijke activatie is nog steeds afhankelijk van Aurora A, maar ook hier zien we dat 
maar een kleine hoeveelheid Aurora A activiteit voldoende is om Plk1 actief te houden.
Deze observaties betekenen dat de activatie van Plk1 tijdens mitose een minder gevoelige schakelaar 
is Het kost vrij weinig energie om Plk1 actief te houden. Aan de andere kant betekent dit dat het 
uitschakelen van Plk1 een stuk lastiger is geworden. Dit is belangrijk omdat de celdeling zelf een soort 
point of no return is. Als besloten wordt dat de deling in gang gezet wordt dan moet deze ook helemaal 
worden afgemaakt. Een stabiele hoge activiteit van Plk1 is daarbij onmisbaar.

Plk1 inactivatie na beschadigingen aan het DNA
Op het moment dat een cel zich klaarmaakt om zich te gaan delen en het DNA tijdens dit proces 
beschadigd raakt wordt het celdelingsproces stopgezet door de DNA-schaderespons totdat de 
beschadigingen zijn hersteld en er geen gevaar meer is voor fouten tijdens de celdeling. Zoals al eerder 
genoemd is de activiteit van Plk1 belangrijk voor het klaarmaken en uitvoeren van de celdeling. Om die 
reden is het uitermate belangrijk dat Plk1 wordt geïnactiveerd tijdens het herstel van de schade om te 
voorkomen dat celdelingen toch worden uitgevoerd. In hoofdstuk vier hebben we in detail bestudeerd 
hoe een cel er voor zorgt dat Plk1 activiteit wordt uitgezet op het moment dat een cel beschadigingen 
aan het DNA oploopt. Wordt Aurora A ook geïnactiveerd en houdt de interactie tussen Plk1 en Bora 
stand? Daarnaast hebben we ontdekt dat de interactie tussen Plk1 en Bora in stand wordt gehouden. 
Dit creëert in potentie de mogelijkheid dat Aurora A Plk1 nog steeds zou kunnen activeren. Echter, toen 
wij kunstmatig Aurora A activiteit stimuleerden bleef Plk1 inactief. 
Deze observaties suggereren dat er meerdere schakelaars zijn die nog niet zijn ontdekt. Deze 
schakelaars bevinden zich hoogstwaarschijnlijk op het Bora eiwit. Nadere bestudering van Bora heeft 
een tiental potentiële schakelaars opgeleverd. Verder onderzoek naar de relevantie en functie van deze 
schakelaars wordt momenteel uitgevoerd en zal een completer beeld moeten geven van de precieze 
manier waarop Plk1 wordt uitgeschakeld ten tijde van schade aan het DNA.

Plk1 lokalisatie in de cel
Om alle functies uit te kunnen oefenen is het van groot belang dat Plk1 zich op de juiste tijd op de juiste 
plek bevindt. Het is al lang bekend dat Plk1 zich voornamelijk op de centrosomen en het DNA bevindt 
en dat activiteit van Plk1 daar nodig is om celdeling zonder problemen te laten verlopen. Naast deze al 
eerder beschreven en uitvoerig bestudeerde lokalisaties in de cel hebben wij ontdekt dat Plk1 zich ook 
op het kernmembraan bevind, iets wat tot nu toe nog niet is beschreven.
In hoofdstuk vijf beschrijven we deze nieuwe lokalisatie in groter detail. We hebben bestudeerd hoe 
Plk1 daar terecht komt en wat het daar doet. Hiervoor hebben we een groep eiwitten bestudeerd 
die zich bevinden op het kernmembraan. Wij hebben ontdekt dat een eiwit genaamd NUP155 nodig 
is om Plk1 op het kernmembraan te laten lokaliseren. NUP155 is een onderdeel van de zogenaamde 
kernporiën. Deze poriën reguleren de uitwisseling van allerlei moleculen zoals eiwitten tussen de kern 
en het cytoplasma.
Wat wij hebben gevonden is dat Plk1 ongeveer 20 minuten voordat een cel het delingsproces start 
naar het kernmembraan toe gaat en daar bind aan het NUP155 eiwit. Deze observaties suggereren dat 
Plk1 vlak voor het celdelingsproces nodig is om de uitwisseling van moleculen tussen de kern en het 
cytoplasma te reguleren en zo het delingsproces te beïnvloeden . Met andere woorden, Plk1 gedraagt 
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zich waarschijnlijk als een soort van douanebeambte die bepaald wie er wel en wie niet de kern in en 
uit mag.

Tlk2 reguleert progressie van de celcyclus na DNA schade
Nadat de celcyclus tijdelijk heeft stilgelegen omdat er schade aan het DNA moet worden hersteld is het 
van groot belang dat de celcyclus daarna weer wordt hervat. Het is al lange tijd bekend dat Plk1 hier 
een belangrijke regulator van is, maar het is onwaarschijnlijk dat dit de enige regulator is. Om nieuwe 
regulatoren te identificeren die een effect hebben op de celcyclus hebben we één voor één alle kinases 
uit cellen verwijderd en gekeken of ze nog in staat waren om te delen nadat we het DNA hadden 
beschadigd. Via deze aanpak konden we het eiwit Tlk2 identificeren als een kinase wat specifiek nodig 
was voor het hervatten van de celcyclus na een periode van DNA-schade.
We hebben ontdekt dat tijdens de periode waarin DNA-schade gerepareerd wordt en de celcyclus 
tijdelijk stil ligt, Tlk2 nodig is om ervoor te zorgen dat een cel een minimale hoeveelheid mitose 
bevorderende activiteit behoudt. Niet voldoende om een cel te laten delen, maar wel voldoende om te 
‘onthouden’ dat hij bezig is met delen. Verlies van deze minimale activiteit leidt tot ‘geheugenverlies’ en 
stelt een cel niet meer in staat verder te gaan met de celcyclus, zelfs niet als de schade aan het DNA is 
hersteld. Dit proces is goed te vergelijken met het principe van een waakvlam . In deze vergelijking staat 
de celcyclus gelijk aan een volledig ontstoken vlam. Na schade aan het DNA wordt de ontstoken vlam 
uitgezet en dus de voortgang van de celcyclus geremd. Tijdens deze remming, is er een waakvlam actief 
die er voor zorgt dat de vlam op een later tijdstip weer kan worden ontstoken en er weer verder gegaan 
kan worden met de celcyclus. Gaat de waakvlam uit tijdens de DNA schade respons, dan kan de vlam 
niet meer worden ontstoken en is het niet mogelijk de celcyclus weer op te starten.
Nadere bestudering van dit proces heeft ons indicaties opgeleverd dat Tlk2 de manier waarop DNA 
verpakt zit in de kern beïnvloed. Verkeerd verpakt DNA kan leiden tot een gevoeligere respons waarbij 
de ‘waakvlam’ uitgaat en de celcyclus wordt verstoord.

Plk1, Tlk2 en kanker
Om behandeling een succes te kunnen maken is het van groot belang om precies te weten wat er 
gebeurt als je een bepaald enzym remt en of een combinatie van medicijnen wellicht een groter effect 
heeft.
Zoals eerder vermeld, is een van de ontregelde processen bij kanker een ongeremde celgroei. Aangezien 
Plk1 een grote rol speelt in het  uitvoeren van celdelingen is dit een zeer aantrekkelijk doelwit om deze 
ongeremde celgroei te onderdrukken. Medicijnen die de activiteit van Plk1 remmen zijn al ontwikkeld 
en worden al uitvoerig getest in de kliniek tijdens chemotherapie. 
Er zijn nog geen medicijnen beschikbaar die de activiteit van Tlk2 kunnen remmen. Mochten deze in 
de toekomst worden ontwikkeld dan zal remming van Tlk2 remming wellicht kunnen leiden tot een 
therapie waarbij kankercellen kunnen worden verzwakt en gevoeliger worden voor schade aan het DNA. 
Bestraling van het kankergezwel zou dan effectiever kunnen werken in het doden van de kankercellen.



140

&

Curriculum Vitae

Wytse Bruinsma was born on March 10, 1983 in Waalre, the Netherlands. In 2001 he received his 
Gymnasium diploma at the Stedelijk Gymnasium in Nijmegen. The same year he started a Bachelor’s 
degree in biomedical sciences at the Utrecht University. From June 2003 until June 2004 he interrupted 
his Bachelor’s to join the board of the students association for medical biology, MBV Mebiose. In 2005 
he obtained his Bachelor’s degree and entered the Master’s degree program Cancer, Genomics and 
Developmental Biology at Utrecht University. During his Master’s he did rotations in the group of prof. 
dr. Hans Bos at the University Medical Center in Utrecht, where he studied the role of the small GTPase 
Rap1 in cell migration, and in the group of prof. dr. Sander van den Heuvel at the department of Biology 
at Utrecht University, where he studied the control of seam cell divisions during the development of 
the C. elegans nematode. In 2008 Wytse obtained his Master’s degree and in the same year he started 
his PhD in the laboratory for experimental oncology at the University Medical Center in Utrecht under 
supervision of prof. dr. René Medema. In 2012 the group of René Medema moved to the Netherlands 
Cancer Institute in Amsterdam where his PhD was continued. The results of the research performed 
during this time are described in this thesis. In october 2014, Wytse will continue his scientific career as 
a postdoctoral researcher in the group of prof. dr. John Petrini at the Memorial Sloan Kettering Cancer 
Center in New York City, USA.



141

&

Publication list

Feine, O., Hukasova, E., Bruinsma, W., Freire, R., Fainsod, A., Gannon, J., Mahbubani, H. M., Lindqvist, 
A., & Brandeis, M. (2014) Phosphorylation-mediated stabilization of Bora in mitosis coordinates Plx1/
Plk1 and Cdk1 oscillations. Cell Cycle.

Bruinsma, W., Macurek, L., Freire, R., Lindqvist, A., & Medema, R. H. (2013). Bora and Aurora-A 
continue to activate Plk1 in mitosis. Journal of Cell Science. 

Bruinsma, W., Raaijmakers, J. A., & Medema, R. H. (2012). Switching Polo-like kinase-1 on and off in 
time and space. Trends in Biochemical Sciences. 

Lindqvist, A., de Bruijn, M., Macurek, L., Brás, A., Mensinga, A., Bruinsma, W., Voets, O., Kranenburg, 
O., & Medema R. H. (2009). Wip1 confers G2 checkpoint recovery competence by counteracting p53-
dependent transcriptional repression. The EMBO Journal.

Lyle, K. S., Raaijmakers, J. H., Bruinsma, W., Bos, J. L., & de Rooij, J. (2008). cAMP-induced Epac-Rap 
activation inhibits epithelial cell migration by modulating focal adhesion and leading edge dynamics. 
Cellular Signalling.



142

&

Dankwoord

Ik heb dit de laatste zes jaar niet alleen gedaan, er zijn veel mensen die me (al dan niet bewust) hebben 
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Allereerst natuurlijk mijn promotor: René. Ik weet nog goed dat wij op congres waren in de VS in 
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jij zette mij buiten mijn comfortzone en ik had vervolgens alle vrijheid om mijn weg te vinden. En al was 
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had nooit gedacht dat ik dit zou zeggen maar ik denk dat ik je wel een beetje ga missen.

Judith, je hebt het maar zwaar op ons kantoortje maar ik ben toch blij dat je zo’n vrolijke noot bent 
(bijna) iedere dag en vaak de drijvende kracht bent achter sociale uitstapjes buiten het lab. Jij was mijn 
go-to-girl als ik even wat te zeuren had (en dat was de laatste tijd regelmatig) of als er geroddeld moest 
worden (dat was altijd al regelmatig). Hoe jij het afgelopen jaar gegroeid bent en zo zelfverzekerd bent 
geworden vind ik mooi om te zien.
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to discuss science and for not having to drink alone. Melinda, probably the best dutch speaker of the 
lab, a special thanks to you! Thanks for putting up with all the work I made you do. Many of which is in 
this thesis and hopefully we will publish a nice paper soon! Lenno, goed te zien hoe alles loopt bij je! We 
hebben toch aardig wat jaren samen gewerkt, dat zijn meer slechte grappen dan proeven vrees ik. Oh, 
en nog sorry voor die floater. Femke, enthousiast op het lab en op de borrels, hou dat vast! En excuses 
dat ik het afgelopen half jaar sjaak afhaak was in het AvL hockeyteam (al winnen jullie nu wel vaker...). 
Anja, echt fijn dat ik toen bij jou en Ferenc kon blijven logeren in San Francisco. Leuk om te zien hoe je je 
eigen kikkerlab opzet, alle succes voor de toekomst en hopelijk kunnen we nog een keer samenwerken 
aan een MRN project! Daniël, je kennis van het veld is ongeevenaard. Tijdens mijn sollicitaties kon ik 
vaak bij je terecht om even te sparren over interessante labs. Dank je wel en succes met je projecten! 
Jeroen, blij dat je het VV-stokje van me overneemt in het lab. Gaat helemaal goed komen met je crispr’s 
en je stampmuziek. Alba, I’m glad you joined the lab! I think you’ll fit in just perfect, I just hope you 
wont work to much on Chk-dos. Herr doktor Koch, the most positive German I know and I don’t know 
that many! I’m going to miss our analysis of football, vorzugsweise auf Deutsch. Jonne, bijna 6 jaar zijn 
we al collega’s, time flies maar het was altijd lol met jou. Ik heb schaamteloos gebruik gemaakt van het 
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feit dat je 2 weken eerder promoveert dan ik en jou alles laten uitzoeken, haha, dank je wel! Roy, AKA 
de Royminator, of het nou op de fiets, in het lab of in de kroeg is, je deddelt er hard op los. Jammer van 
RKC, maar dan kunnen ze nu ten minste PSV niet meer verslaan. Rita, arguably the sweetest person of 
the lab as long as you don’t mock women (including Ronaldo). Keep being as passionate about science, 
and you will do great! Mihoko, sometimes stuck in your own world, but I’m impressed by your working 
mentality. Keep up the good work! Ahmed, office mate, I’ve enjoyed discussing the latest football results 
and learning a thing or two about Egypt as well. Good luck with your many screens! Benjamin, het is 
aanstekelijk te zien hoe gedreven jij bent in het onderzoek. Dank voor de input in wetenschap, postdoc 
sollicitaties en tv-series! Rob K, iedereen komt altijd bij je zeuren over van alles en nog wat maar je blijft 
vrolijk en altijd in voor een geintje, Dankzij jou werd de verhuizing naar Amsterdam geen ramp. Dank 
voor al het geregel! Marianne en Mariet, jullie brengen leven en orde in de brouwerij op B5, ik denk dat 
iedereen op B5 eensgezind is dat het erg fijn is om jullie hier op de afdeling te hebben!

Of course there have been many colleague’s who have left and are still dearly missed. Vincent, maybe 
you are not around very often, but I sure didn’t forget you! Thanks for the mass spec experiments and 
good luck with your projects and your family! Monica, you are still missed in the lab! It’s been too long 
since we had a decent party in Ele! Marvin, indrukwekkend hoe je doordendert in de States maar ik 
mis het teabaggen op borrels nog vaak. Libor and Arne, in the start of PhD you guys really helped me 
on my way, and although Aurora B didn’t do what we thought it would we still managed to publish a 
nice paper. Arne, to you a special thanks for agreeing to grill my at my defence. Raimundo, thanks again 
for making the antibody, it worked like a charm. Thanks for your insights in the Basque language and 
keeping me up to date on your kids! Aniek, jouw gedrevenheid is een voorbeeld voor iedereen. Ik mis 
je gelach door de gang nog regelmatig. Succes met de vliegjes! Yan Juan, I’ve enjoyed the time you 
spent in the lab, good luck with raising Andy and Linda. And I have to admit, China is a very beautiful 
country! Claudio the guitar hero! I hope you are doing great in Barcelona! André good luck in Porto and 
Belén, good luck in München, Madrid or Dublin, I’m afraid I lost track. Jolanda, onze samenwerking was 
helaas maar van korte duur, jammer dat je weg ging, het was zo gezellig! Bilge, I’m glad you found a nice 
position in Nijmegen, good luck! Livio, helaas ging je niet mee naar Amsterdam, we hebben een hoop 
plezier gehad als kantoorgenoten en op de nodige feestjes en borrels. Twister is nooit meer hetzelfde. 
Succes in Australië! And of course my students, Aslı and Tommaso, it was fun having you around and if 
you learned as much from me as I did from supervising you then I did a good job!

Buiten de Medema’tjes om zijn er ook vele collega’s van de verdiepingen en afdelingen die hun bijdrage 
hebben geleverd. Wie ik zeker niet over het hoofd mag zien is Michiel B., dus ook een kort stukje 
over jou. De verhuizing naar Amsterdam maakte van ons niet alleen vrienden, maar ook collega’s. 
Ongelofelijk hoe zo’n mannetje zoveel slechte grappen paraat heeft. Succes met het afronden van je 
promotie, laat je niet klein krijgen! Maike, we zien elkaar helaas niet zo vaak meer, maar ja wie gaat er 
dan ook in Bilthoven wonen!? We zijn al een tijdje geen collega’s meer maar ik mis nog vaak het kletsen, 
discussieren en de gesprekken over de toekomst. Kom je me wel een keertje opzoeken met Boudewijn, 
Beau en mannetje twee? Michiel van V. en Bram, de Alpe d’HuZes en de Ardennen waren mooi, erg 
leuk om zo het beste (en slechtste) uit elkaar naar boven te halen. Rob W, succes op de VU. Erik, jij ook 
succes met afronden, als ik het kan, kan jij het ook. Connie good luck with your new position in Austria.
To all the people on B5 at the NKI: Daniela, Kasia, Jeffrey, Janneke, Kees, Leila, Marcel, Arnoud, Maaike, 
Pablo, Veronika, Coert, Wouter, Elisabetta and Elisa, thank you for the fun times! Back in Utrecht at 
the Stratenum: Geert, Tale, Wilco, Mathijs, Nanette, Saskia, Tobias, Susanne, Claudia, Rutger, Martijn, 
Willem-Jan, Marten, Patrick, Ron, Eva and Miranda, Jullie zijn nog niet vergeten! And of course the NKI 
borrels at on Friday deserve some attention, thanks Vincent, Lucas, Rui, Tao and Ferenc and others for 
the fun times! I’m sure I forget many, many more of you guys, sorry for that but thanks non the less!

Gelukkig is er ook nog een leven buiten werk. Jorg, we kennen elkaar al vanaf het prille begin van 
onze wetenschappelijke carrière, van kutsjaars tot doctors. Het was een eer om je geheugen, paranimf 
en getuige te mogen zijn. Ook Linda ken ik al vanaf die zomer in 2001 en het was altijd lachen. Jullie 
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gingen naar Amsterdam, een paar jaar later ging ik ook, jullie zitten nu in New York en ik kom jullie 
weer achterna. Het was allemaal niet per se de bedoeling maar wel erg gezellig! Een belangrijk deel 
van mijn sociale leven speelde zich ook af met de rest van de Hombrakmannen (en aanhang uiteraard). 
Onze avonden en weekendjes zijn altijd geslaagd. Of we gaan stappen in Breda, Aladin kijken bij Kees, 
schoten lossen in Riga, bergen beklimmen of discussiëren over bier en wat er wel of niet geasfalteerd 
moet worden, het is altijd gezellig! Jorg, Pleun, Jop, Kees, Joep, Bart, Bas, Marcel, Tijs, en de vrouwelijke 
aanhang: Linda, Liset, Gerrianne, Elena, Mathilde, Frouke, Lonneke en alle andere droomvrouwen die 
er nog bij mogen komen, leuk om te zien hoe iedereen zijn eigen weg inslaat. Bedankt voor alle gezellige 
avonden! Kristiaan, we kennen elkaar al zo lang met zo weinig overeenkomsten, echt bijzonder dat we 
nog steeds regelmatig een biertje drinken. Thomas en de rest van de gang uit Nijmegen, het contact 
is over de jaren wat verwaterd maar het blijft leuk om elkaar nog te blijven zien. Natuurlijk mogen de 
semi-vrienden van Villa Virorum niet ontbreken: netwerk en vrijetijdsverdrijf. De vakanties naar Kreta 
en Kroatië, Whiskyborrels, Kerstdiners. Het blijft iedere keer weer geweldig! Pro Viro! Ook alle Tutties, 
Tassies, en andere gezellige mensen die afgelopen jaar in het kielzog van Michelle mijn sociale leven in 
Amsterdam zijn binnengelopen, bedankt voor alle gezelligheid!

Ook Ankie en Mark, Anne en Pieter (en Caspertje niet te vergeten) en Jacqueline en Roy wil ik graag 
bedanken voor het warme welkom binnen de familie, ik voelde me meteen thuis ondanks (of juist 
dankzij) de chaotische mix van vuurpijlen, gedichten, speeches en linedances. Bedankt voor de etentjes 
en gezelligheid, in New York staat straks de deur altijd open!

Lieve Papa en Mama, daar sta ik dan straks, na weer een Houdini act. Het was echt fijn om te weten 
dat jullie altijd achter me stonden, wat ik ook deed. De onvoorwaardelijke steun, alle adviezen en een 
schop onder mijn kont waar nodig hebben me allemaal gebracht tot waar ik nu ben. Bedankt voor alles! 
Boukje, vroeger kon ik je bloed wel drinken maar nu een goede vriendin, ik kan me geen leukere zus 
wensen! Veel geluk samen met Daan. Jelle, prutser, ik vind het vet tof wat je allemaal doet met DEBJET. 
Jullie moeten maar snel gaan touren door de States...

Lieve Michelle, het is allemaal erg snel gegaan met ons. Ondanks dat je (gelukkig) niet uit de wetenschap 
komt ben ik erg blij dat je begrip toonde voor mijn gestress en ervoor zorgde dat ik me ook kon 
ontspannen. Om eerlijk te zijn ben je vanaf het moment dat je nog even moest evalueren eigenlijk niet 
meer uit mijn gedachten weggeweest. Wat ik ook doe, het is allemaal leuker met jou! En nu op naar het 
volgende avontuur, op naar New York City!


