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Abstract

Cell cycle progression is orchestrated by the activity of a Cyclin dependent kinase (Cdk) in 
complex with a Cyclin. The key regulator of early mitotic events is the Cyclin B1/Cdk1 complex. 
In G2, Cyclin B1/Cdk1 is kept inactive by phosphorylation in the active site of Cdk1. In humans, 
three members of the Cdc25 family of dual-specificity phosphatases, Cdc25A, Cdc25B and 
Cdc25C activate Cyclin/Cdk complexes. We sought to better understand the regulation of Cyclin 
B1/Cdk1 activation in mitotic entry. A working hypothesis has been that the cell partly controls 
Cyclin B1/Cdk1 activation by regulating the localisation of Cdc25 proteins. 

Therefore, we have studied the intracellular localisation of Cdc25A and Cdc25B. We find that 
both Cdc25A and Cdc25B are predominantly nuclear, although they continuously shuttle between 
the nucleus and the cytoplasm. We identify nuclear export sequences (NES:s) in both Cdc25A 
and Cdc25B. Although the Cdc25A NES and the Cdc25B NES are very similar, only the latter is 
sensitive to an inhibitor of Exportin-1. We map a nuclear localisation signal (NLS) in Cdc25A, 
and confirm a previously reported NLS in Cdc25B. In response to UV-light, Cdc25B partly 
translocates to the cytoplasm. The translocation is dependent on the Cdc25B NES, p38 MAPK 
activity and the integrity of a 14-3-3 binding site. We propose that in response to stress, p38 
MAPK mediates 14-3-3 binding to Cdc25B, which results in its cytoplasmic sequestration. 

We also investigated the roles of the individual Cdc25s by reducing their levels with RNA 
interference (RNAi). Cells treated with siRNA to Cdc25A or to Cdc25B, but not to Cdc25C, 
were delayed in mitotic entry. Moreover, cells treated with siRNA to both Cdc25A and Cdc25B 
were blocked in G2, suggesting that Cdc25A and Cdc25B co-operate to induce mitosis. Data 
from time-lapse movies suggest that whereas Cdc25A may mainly regulate nuclear events, 
Cdc25B probably regulates events in both the nucleus and the cytoplasm. Cells treated with 
siRNA to Cdc25B, but not to Cdc25A, contain higher levels of phosphorylated Cyclin B1/Cdk1 
on unseparated centrosomes than control cells. This shows that Cdc25B is involved in the process 
leading to the accumulation of active Cyclin B1/Cdk1 on the centrosomes. 

By following the Cyclin B1/Cdk1 activation with phospho-specific antibodies, we note that active 
Cyclin B1/Cdk1 first appears on the centrosomes, shortly before they start to migrate apart. The 
activation then spreads to the cytoplasm, and when approximately 50% of the complexes are 
active, Cyclin B1/Cdk1 translocates to the nucleus. During translocation, the Cyclin B1/Cdk1 
activation proceeds similarly in the nucleus and the cytoplasm. We do not see an inactivation of 
Cyclin B1/Cdk1 in late metaphase. Our data are in support of bistability governing Cyclin B1/
Cdk1 activation. 
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1.a  Short wordlist for non-biologists

The explanations in this wordlist are not necessarily entirely correct. 

Chromatin    DNA together with all proteins that bind to it
Chromosome    DNA-molecule, contains many genes
Endogenous    From its own gene. Protein naturally occuring in a cell.
Exogenous    Not from its own gene. Protein (or its gene) placed in a cell.
Eukaryotic    Cell with a nucleus. All cells except bacteria
HeLa     A type of cancer cells that often is used for study of the cell cycle
Gene     Part of a chromosome that contains information on how to build a specific  
    protein
Immunofluorescence (IF)  Method to look at a certain protein in the microscope, using an antibody  
    that can bind to the protein
Immunoprecipitation (IP)  Fishing with an antibody as bait in lysates of cells.
In vivo    In the living – in real life
In vitro    In the test tube
Kinase    Protein that adds a phosphate to another protein
Knock-out    Cell or animal that lacks a certain gene
Meiosis    Sexual division. Special cell division used for producing eggs and sperms
Mitosis    Cell division used by cells except for producing eggs and sperms
Oocyte    Egg
Phenotype    The effect on a cell or an animal when changing a gene or a protein
Phosphatase    Protein that takes away phosphate from another protein
Protein    A molecule that is created according to instructions in a gene
RNAi     A method which makes cells produce less of a specific protein
SiRNA    Molecule that makes RNAi when in a cell
Transcription    The process where a gene (DNA) is copied to mRNA
Transfection   A method to get a molecule into a cell
Translation    The process where a protein is made according to instructions in an  
    mRNA 
Western Blot      Method to look how much of a certain protein cells contain and how big  
    the protein is
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2 Wordlist and abbreviations

1.b Abbreviations

ATM Ataxia Telangiectasia Mutated 
ATR Ataxia Telangiectasia and Rad3-related 
CAK Cdk Activating Kinase
Cdc Cell division cycle
Cdk Cyclin dependent kinase
Chfr Checkpoint with FHA and ring finger 
Chk Checkpoint kinase
CK Casein Kinase 
C-Nap Centrosomal Nek2-associated protein 
CRS Cytoplasmic Retention Sequence 
C-TAK Cdc25C-Associated Kinase
Emi Early mitotic inhibitor
ER Endoplasmic Reticulum 
FLIP Fluorescence Loss in Photobleaching
Fox Forkhead Box
FRAP Fluorescence Recovery After Photobleaching
GFP Green Fluorescent Protein
hTERT human Telomerase Reverse Transcriptase 
KAP Kinase Associated Phosphatase 
Mad Mitotic arrest-deficient 
MAPK Mitogen-Activated Protein Kinase 
MAPKAP MAPK Activated Protein 
MPF Maturation Promoting Factor 
NEBD Nuclear Envelope Breakdown
Nek NIMA-related kinase
NES Nuclear Export Sequence
NF-Y Nuclear Factor Y
Nim Never in mitosis
NLS Nuclear Localisation Signal
PKA Protein Kinase A
Plk Polo like kinase
PP Protein Phosphatase
rb retinoblastoma
RNAi RNA interference
SCF Skp1/Cullin/F-box protein
siRNA Small interfering RNA
Sp Specificity protein 
Tome Trigger of mitotic entry
YFP Yellow Fluorescent Protein
β-TrCP beta-Transducin repeat-Containing Protein 
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2   INTRODUCTION

2.a The eukaryotic cell cycle

The main principles of the cell cycle are 
conserved in all eukaryotic cells.

2.a.1 History

In the mid 19:th century, the idea that all 
living organisms consist of cells that grow and 
proliferate started to emerge. During division 
the chromosomes could be observed, and it 
was hypothesised that they were important for 
proliferation and differentiation. In 1952, Walker 
and Yeates showed that the DNA is duplicated 
before cell-division (Walker and Yates, 1952), 
which led to the division of the cell-cycle into four 
phases: Gap1, DNA Synthesis, Gap2 and Mitosis 
(G1, S, G2 and M). After this, our knowledge of 
the cell-cycle has come mainly from three different 
lines of research (Hartwell, 1991, Hunt, 2004, 
Masui, 2001, Nurse, 2000). 

First, studies in frog oocytes, and later in extracts of 
frog oocytes, led to the discovery of a cytoplasmic 
factor that promotes cell-division (Masui and 
Markert, 1971). The factor was named Maturation 
Promoting Factor (MPF), and was shown to be 
activated in an auto-catalytic manner (Wasserman 
and Masui, 1975). Second, genes important for the 
cell-cycle were found by screening for temperature 
sensitive yeast mutants which displayed altered cell 
growth. By examination of cells at the restrictive 
temperature, conclusions could be drawn about 
where in the cell cycle the mutated gene was 
active (Hartwell, et al., 1970). In this way, a large 
number of Cell Division Cycle (cdc) genes were 
identified in s.cerevisae (Hartwell, 1991) and 
s.pombe (Nurse, 2000). Since the identified genes 
were named cdc + a number in both species, the 
same name can refer to two different proteins – a 
fact that has confused many students of the cell 
cycle. The third line of investigations started with 
an unexpected discovery of a protein that was 
degraded periodically during cell division and 
therefore was named Cyclin (Evans, et al., 1983, 
Hunt, 2004). The three lines of research came 
together with the purification of MPF (Lohka, et 

al., 1988), which turned out to consist of Cdc2 
(now Cdk1) (Gautier, et al., 1988), in complex 
with a Cyclin (Gautier, et al., 1990). 

2.a.2 Basic mechanisms

There are three principal mechanisms for 
regulating enzymatic activity. Either the enzyme 
levels are controlled, the activity of the enzyme is 
regulated through post-translational modifications, 
or an independent factor enhances or represses the 
enzymatic activity. In the eukaryotic cell cycle 
all three mechanisms are combined. Progression 
through the cell-cycle is driven by the kinase 
activity of a cyclin dependant kinase (Cdk) (Nurse, 
2000). As its name implies, the Cdk is inactive 
until it can associate with a Cyclin (Pavletich, 
1999). Whereas Cdk levels are relatively constant, 
the Cyclin levels vary throughout the cell cycle 
(Evans, et al., 1983). In this way, the amount of 
Cyclin determines the maximal activity of the 
Cyclin/Cdk complex. However, other proteins 
modify both the Cyclin and the Cdk. Importantly, 
the Cdk is inactivated by phosphorylation when 
in complex with a cyclin (see 2.b.6). Furthermore, 
specific proteins can associate with Cyclin/Cdk 
complexes, thereby inhibiting their activity. The 
mammalian cell cycle is driven by several different 
Cyclins and Cdks. The activity of one Cyclin/Cdk 
complex is often required for the activation of 
another (Obaya and Sedivy, 2002). In this way, 
a sequential activation of different Cyclin/Cdk 
complexes is achieved. This ensures that cell cycle 
events occur in the right order: a mitotic Cyclin/
Cdk complex is not activated unless an S-phase 
Cyclin/Cdk was previously activated.

2.a.3 Mitotic entry

Mitosis is the process where the cell actually 
divides. It is divided into phases by the appearance 
of the chromosomes in the microscope. In prophase 
the DNA starts to condense, in prometaphase the 
nuclear envelope breaks down and in metaphase 
the DNA is aligned on a metaphase plate. The 
chromosomes separate in anaphase and start 
to decondense in telophase (fig 1). In addition, 
the term antephase has been used for late G2. 
However useful, the stages do not fit well with all 
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molecular changes that occur during mitosis. New 
definitions of mitotic stages have been proposed, 
but have so far not been widely spread (Pines and 
Rieder, 2001). 

When entering mitosis, the cell goes through a 
number of successive structural changes. The 
centrosomes, which later become the focal points 
of the mitotic spindle, separate and migrate 
to opposite sides of the nucleus. How this is 
regulated is not clear, but phosphorylation of C-
Nap1 by Nek2 on the centrosomes is suggested to 
initiate the dissociation of duplicated centrosomes 
(Fry, et al., 1998, Helps, et al., 2000). After the 
initial dissociation, Eg5 pushes the centrosomes 
apart (Sawin, et al., 1992) whereas dynein pulls 
the centrosomes towards the cell cortex (Vaisberg, 
et al., 1993) and to the nuclear envelope (Busson, 
et al., 1998, Salina, et al., 2002). The cell cortex 
itself also moves, thus pulling the centrosomes 
further apart (Rosenblatt, et al., 2004). At the 
same time as they separate, centrosomes maturate 
by recruiting proteins, among others additional 
γ-tubulin ring complexes (reviewed in (Blagden 
and Glover, 2003)). Polo like kinase (Lane and 
Nigg, 1996) and Aurora A (Hirota, et al., 2003) 
are involved in both centrosome separation and 
maturation. 

When the two centrosomes have split apart, the 
DNA starts to condense. Mitotic condensation 
of DNA is performed in three overlapping steps 
(Swedlow and Hirano, 2003). First, the “knot” of 
chromosomes produced during DNA synthesis is 
resolved by Topoisomerase II (Gimenez-Abian, 
et al., 2000). Second, the 30 nm DNA fiber is 

compacted 200-500 times by Condensin (Hirano, 
et al., 1997). Condensin is a multi-protein complex 
with similarities to cohesin (Anderson, et al., 2002). 
How condensin compacts the DNA is not clear, 
although there is no lack of models and theories 
(reviewed in (Swedlow and Hirano, 2003)). The 
third step is to resolve the sister chromatids. 
This is performed by Polo like kinase, which in 
vertebrates removes most cohesin complexes that 
keep the sister chromatids together (Sumara, et 
al., 2002), leaving only centromere-associated 
cohesin. 

In most eukaryotes, the nuclear envelope is broken 
down after DNA-condensation. The nuclear 
envelope breakdown (NEBD) is concomitant 
with phosphorylation of many nuclear envelope 
proteins (Buendia, et al., 2001), notably the 
structural Lamins (Ward and Kirschner, 1990) 
which disassemble when phosphorylated (Peter, 
et al., 1990). Microtubule from the centrosomes 
attach to the nuclear envelope through dynein 
(Busson, et al., 1998, Salina, et al., 2002). 
Microtubules make invaginations in the nuclear 
envelope and dynein pulls the nuclear envelope 
towards the centrosomes, resulting in tearing at 
the opposite side of the centrosomes (Beaudouin, 
et al., 2002, Salina, et al., 2002). Most probably, 
phosphorylation of nuclear envelope proteins and 
microtubule tearing both contribute to NEBD.

2.a.4 Cyclin/Cdk complexes in mitotic entry

In mammalian cells, Cyclin A- and Cyclin B 
containing complexes are active during mitotic 
entry (Obaya and Sedivy, 2002). Two isoforms of 

Figure 1. DNA-staining of HeLa cells

?? ???????? ???????????? ????????? ????????
G2 Prophase Prometaphase Metaphase Anaphase
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Cyclin A exist: a meiotic Cyclin A1 and a mitotic 
Cyclin A2 (Howe, et al., 1995). In most publications 
concerning mitosis, Cyclin A2 is simply called 
Cyclin A. Cyclin A is reported to complex with 
both Cdk1 and Cdk2 (Yam, et al., 2002). In HeLa 
cells, however, Cyclin A only complexes with 
Cdk2 (IV) (Pines and Hunter, 1990). Cyclin A 
is predominantly nuclear, although it constantly 
shuttles between the nucleus and the cytoplasm 
(Jackman, et al., 2002). RNA interference to 
Cyclin A delays cells in G2 (Mitra and Enders, 
2004), whereas overexpression of Cyclin A 
forces early G2 cells into mitosis (Furuno, et al., 
1999), indicating that Cyclin A functions early in 
mitosis. In support of this, Cyclin A is degraded in 
prometaphase (den Elzen and Pines, 2001, Geley, 
et al., 2001).

The master regulator of mitosis is the Cyclin B/
Cdk1 complex (Solomon, 1993). In human cells, 
three different Cyclin B isoforms exist. Whereas 
Cyclin B3 functions in meiosis (Nguyen, et al., 
2002), both Cyclin B1 and Cyclin B2 are thought 
to regulate mitotic events. In contrast to Cyclin B1, 
Cyclin B2 knock-out mice are viable (Brandeis, et 
al., 1998). The major difference between Cyclin 
B1 and Cyclin B2 is their localisation, where 
Cyclin B2 is restricted to the Golgi-apparatus 
(Jackman, et al., 1995). Premature activation of 
Cyclin B2/Cdk1 does not induce mitotic changes 
in the cell, except for vesicularisation of the Golgi 
complex, indicating that Cyclin B2/Cdk1 activity 
is responsible only for mitotic changes in the 
Golgi complex (Draviam, et al., 2001). Moreover, 
Cyclin B2 is expressed at lower levels than Cyclin 
B1 (Brandeis, et al., 1998). 
If Cyclin B1 is expressed together with an active 
form of Cdk1, the complex can induce mitosis, 
even though the cells are in G0/G1 phase of the 
cell-cycle (Draviam, et al., 2001). Since no other 
Cyclins are expressed at this stage, the experiment 
demonstrates that Cyclin B1/Cdk1 activity is 
sufficient to induce mitosis. Cyclin B1 is a mainly 
cytoplasmic shuttling protein, that enters the 
nucleus in late prophase (2.b.5). Thus, Cyclin B1/
Cdk1 can target substrates both in the nucleus and 
in the cytoplasm. 

Two different views of Cyclin/Cdk specificity 

have emerged. One is that the target specificity 
differs between different Cyclin/Cdk complexes. 
The other is that the only important factor is how 
much Cyclin/Cdk activity there is at a certain 
location (for a discussion of the two models, see 
(Roberts, 1999)). The latter model was supported 
by the ability of Cyclin B1 to promote S-phase, 
when redirected to the nucleus (Moore, et al., 
2003). Recently, the target specificities of an S-
phase- and an M-phase Cyclin were compared on 
150 targets in budding yeast (Loog and Morgan, 
2005). The S-phase Cyclin could phosphorylate 
all the targets of the M-phase Cyclin, whereas 
the M-phase Cyclin was less efficient than the 
S-phase Cyclin on 25% of the S-phase Cyclins 
targets. The difference in specificity was caused 
by a Cyclin-binding motif in some of the S-phase 
target proteins. Thus, for most targets the only 
relevant issue is how much Cyclin/Cdk activity 
there is. For a subset of targets, however, it is the 
specific Cyclin/Cdk activity that matters.

Cyclin/Cdk complexes have a large number 
of substrates. In budding yeast, Cyclin/Cdk1 
probably phosphorylates more than 500 proteins 
(Ubersax, et al., 2003). Cyclin B/Cdk1 can 
phosphorylate Eg5, the motor protein involved 
in centrosome separation (Blangy, et al., 1995, 
Sawin and Mitchison, 1995), and many targets 
affecting microtubule dynamics (Ubersax, et al., 
2003, Verde, et al., 1990). Phosphorylation of 
Lamins and condensin are also directly performed 
by Cyclin B/Cdk1 (Kimura, et al., 1998, Peter, et 
al., 1990, Ward and Kirschner, 1990). Thus, Cyclin 
B1/Cdk1 directly regulates the structural changes 
during early mitosis. Interestingly, Cyclin/Cdk1 
also phosphorylates many of the proteins that 
regulate its own activity (Ubersax, et al., 2003).

The phosphorylation by Cyclin/Cdk can induce 
many changes in a target protein. The negative 
phosphate group can change the secondary 
structure of a protein or inhibit/increase the 
binding to other proteins. Many proteins that are 
phosphorylated by Cyclin/Cdk can be recognised 
by Pin1 (Yaffe, et al., 1997), an isomerase that 
turns a peptide bond half a lap, thereby changing 
the structure of the target (Lu, et al., 1996)). Other 
proteins that can bind to targets phosphorylated 
by Cyclin/Cdk are Polo-like kinases (Plks) (Elia, 



Regulation of Cdk dephosphorylation in mitotic entry 

6 Introduction

et al., 2003a). Interestingly, Plk binding to a 
phosphorylated target stimulates the Plkʼs kinase 
activity (Elia, et al., 2003b). 

2.b Regulation of Cyclin/Cdk activity in 
mitotic entry

Cyclin A/Cdk2 is activated before Cyclin B/Cdk1 
(Pines and Hunter, 1990), and most probably with 
different activation kinetics (fig 2).

2.b.1 Transcription

The first level of regulation is by transcription of 
Cyclins. Cyclin A is expressed from early S-phase 
whereas Cyclin B1 is expressed from late S-phase. 
When E2F family members are activated by Cyclin 
D/Cdk4(Cdk6) and Cyclin E/Cdk2 at the G1/S 
transition, Cyclin A is transcribed (for a review, 
see (Stevens and La Thangue, 2003)). Cyclin A/
Cdk2 then inactivates E2F, which is thought to 
enable the cell to exit S-phase (Xu, et al., 1994). 
However, E2F inactivation does not decrease 
Cyclin A transcription. This is probably due to 
Cyclin A/Cdk2 activating NF-Y, a transcription 
factor that enhances Cyclin A transcription, thus 
creating a positive feedback loop (Yun, et al., 
2003). 

NF-Y also targets the Cyclin B1 promotor 
(Mantovani, 1998) as do Forkhead transcription 
factors (Alvarez, et al., 2001). In particular the 
Forkhead transcription factor FoxM1 seems to be 
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Figure 2. Cyclin A and Cyclin B levels (left) and Cyclin A/Cdk2 and Cyclin B/Cdk1 
activities (right) from S-phase to mitosis. Free after (Pines, 1999).

important for Cyclin B transcription (Laoukili, et 
al., 2005). Interestingly, FoxM1 is activated by 
Cyclin/Cdk (Major, et al., 2004). It is thus probable 
that both Cyclin A and Cyclin B can enhance their 
own expression. Both NF-Y and FoxM1 regulate 
the transcription of many other proteins effective 
in mitotic entry and their activities are crucial for 
entry into mitosis (Chae, et al., 2004, Laoukili, et 
al., 2005).

2.b.2 Proteolysis

In a cell cycle phase for which a particular Cyclin is 
not needed, the Cyclin is degraded. However, in G2 
there is little proteolysis of Cyclin A and Cyclin B 
(Brandeis and Hunt, 1996). Cyclin A is degraded in 
prometaphase, an event mediated by the Anaphase 
Promoting Complex (APC) (den Elzen and Pines, 
2001, Geley, et al., 2001). The APC is active until 
early S-phase, where it is inactivated in a process 
requiring E2F and Cyclin A (Lukas, et al., 1999). 
This contradictive relationship is made possible 
by APCʼs ability to degrade one of its accessory 
proteins needed for Cyclin A ubiquitination, when 
most other APC substrates are degraded in G1 
(Rape and Kirschner, 2004). The APC is a huge 
(1500 kDa) protein complex, where at least five 
subunits are regulated by phosphorylation during 
mitosis (for a review of APC, see (Castro, et al., 
2005)).  

During early mitosis, APC is kept inactive by 
Emi1 (Reimann, et al., 2001), RASFF1A (Song, 
et al., 2004) and Mad2 and BubR1 (Meraldi, et 
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al., 2004). Activation of the APC is mediated by 
Cyclin B1/Cdk1 possibly together with PKA and 
Plk1 (Kotani, et al., 1998, Kraft, et al., 2003), 
although the role for Plk1 in APC activation has 
been questioned (van Vugt, et al., 2004b). Cyclin 
B1 is also targeted for degradation by the APC 
(King, et al., 1995), but only when all chromosomes 
are connected to microtubules in metaphase. This 
is referred to as the spindle assembly checkpoint 
(rewieved in (Lew and Burke, 2003)). How Cyclin 
A can be degraded before Cyclin B is not clear. 

2.b.3 Inhibitors

P21 and p27 belong to a family of inhibitors of 
Cyclin/Cdk complexes that are mostly functioning 
in the earlier stages of the cell cycle (Obaya 
and Sedivy, 2002). However, they have also 
been suggested to inhibit Cyclin A and possibly 
Cyclin B complexes in G2 (Medema, et al., 1998, 
Nakayama, et al., 2004). It has been argued that 
p21 cannot inhibit Cyclin B containing complexes 
in vivo. Indeed, p21 has been used as a tool to 
separate the roles of Cyclin A and Cyclin B in 
mitotic entry (Furuno, et al., 1999). However, p21 
was recently reported to activate Cyclin B1/Cdk1 
when phosphorylated (Dash and El-Deiry, 2005). 
The issue is complicated by inhibitors also having 
Cyclin/Cdk-unrelated effects (Besson, et al., 
2004). P21 and p27 are thought to inhibit Cyclin/
Cdk activity by covering the Cdk catalytic cleft as 
well as blocking the phosphorylation to the Cdk 
T-loop (Russo, et al., 1996).

2.b.4 T-loop Phosphorylation

When a Cyclin binds to a Cdk, an area called 
the T-loop in the Cdk is exposed. A threonine 
residue (T161 in Cdk1 and T160 in Cdk2) is then 
phosphorylated by a Cdk Activating Kinase (CAK) 
(Solomon, et al., 1992). The phosphorylated T-loop 
is thought to be sequestered in a positively charged 
pocket, thus uncovering the catalytic cleft of the 
Cdk (Jeffrey, et al., 1995). For Cyclin A/Cdk1 
complexes, but not for Cyclin A/Cdk2 or Cyclin 
B/Cdk1, the T-loop phosphorylation stabilises 
the association between the Cyclin and the Cdk 
(Desai, et al., 1995). As soon as the Cyclin is 
degraded, the T-loop is dephosphorylated by KAP 

or, more likely in mitosis, PP2C, thereby assuring 
that Cdks are inactive when not in complex with 
a Cyclin (Cheng, et al., 1999, Poon and Hunter, 
1995).

2.b.5 Localisation

Since the substrate specificity of Cyclin/Cdk 
complexes differs very little in mitosis (Loog and 
Morgan, 2005), the different localisations of the 
Cyclin/Cdks play a major role in regulating which 
substrates are accessible (Pines, 1999). Cyclin A/
Cdk2 is predominantly nuclear (Girard, et al., 1991, 
Pines and Hunter, 1991). It does, however, shuttle 
between the nucleus and the cytoplasm and can 
therefore to some extent reach cytoplasmic targets 
(Jackman, et al., 2002). Cyclin A is also reported 
to associate with the centrosome (Matsumoto and 
Maller, 2004). However, I have never observed 
Cyclin A on the centrosome in HeLa cells. 

As discussed above, Cyclin B2 is localised 
to the Golgi apparatus and can therefore only 
phosphorylate targets in the Golgi (Draviam, et al., 
2001). Cyclin B1 is predominantly cytoplasmic 
in G2, although it constantly shuttles between 
the nucleus and the cytoplasm (Hagting, et al., 
1998, Toyoshima, et al., 1998, Yang, et al., 1998). 
In prophase, Cyclin B1 is phosphorylated in a 
cytoplasmic retention sequence (CRS), which 
mediates the formation of a Nuclear Localisation 
Signal (NLS), leading to a nuclear accumulation of 
Cyclin B1/Cdk1 approximately 10 minutes before 
nuclear envelope breakdown (Hagting, et al., 
1999, Li, et al., 1997). Cyclin B1 also localises to 
the centrosomes, in a manner regulated by Aurora 
A (Hirota, et al., 2003).

2.b.6 Active site phosphorylation

The relation between Wee and Cdc25, two proteins 
that antagonistically regulate the cell-cycle, was 
established for almost 20 years ago (Russell and 
Nurse, 1986, Russell and Nurse, 1987). It was 
soon discovered that when a Cdk complexes with 
a Cyclin, the Cdk gets phosphorylated by Wee on 
Y15 in its catalytic cleft. This inhibitory phosphate 
needs to be removed by Cdc25 for activation of 
the Cyclin/Cdk complex (fig 3) (for a review of 
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the many studies leading to these conclusions, 
see (Solomon, 1993)). However, the relevance 
of active site phosphorylation in Cdk2 has been 
debated (Chow, et al., 2003).

Myt1, an additional kinase that can phosphorylate 
Cdk on both T14 and Y15, was later discovered 
(Mueller, et al., 1995b). Myt is localised to 
the ER and Golgi complex (Liu, et al., 1997), 
whereas Wee is a nuclear protein (Heald, et al., 
1993). Wee is targeted for degradation via the 
SCF in early mitosis by Tome-1 (Ayad, et al., 
2003) or β-TrCP1/2 (Watanabe, et al., 2004). The 
degradation of Wee1 requires phosphorylation by 
Plk1 and Cyclin B1/Cdk1 (van Vugt, et al., 2004a, 
Watanabe, et al., 2004). Wee is negatively regulated 
by phosphorylation (Tang, et al., 1993), in part by 
the nim1 kinase (Coleman, et al., 1993, Wu and 
Russell, 1993) and in part by Cyclin B/Cdk1, which 
thereby creates a positive feedback loop (Mueller, 
et al., 1995a). Another positive feedback loop is 
created by Cyclin/Cdk phosphorylating Cdc25, 
thereby activating Cdc25 (Hoffmann, et al., 1993, 
Kumagai and Dunphy, 1992).

2.b.7 Models of Cdk1 activation

Based on the regulation of Cdk activation, and in 
particular the double feedback loops mentioned in 
2.b.6, two major concepts of Cdk1 activation in 
mitotic entry have been proposed. Some models 
suggest a limit cycle behaviour, which means that 
the level of Cdk1 activity will never be stable, 
but instead oscillates (Goldbeter, 1991, Qu, et 
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Figure 3. Schematic representation of Cdk phosphorylations regulating Cyclin/Cdk 
activity.

al., 2003). Other models have favoured a bi-
stable system, where all Cdk1 is inactive, active 
or approaching one of these states (Novak and 
Tyson, 1993, Thron, 1996). A consequence of bi-
stability is hysteresis, meaning that the thresholds 
for activation and inactivation differ. Hysteresis 
makes it unlikely that the process of activation or 
inactivation is interrupted once it is initiated. Some 
experimental data point to bi-stability governing 
Cdk1 activation (Cross, et al., 2002, Pomerening, 
et al., 2003, Sha, et al., 2003). It has been argued, 
however, that the experimental setup has created 
an artificial bi-stable system (Han, et al., 2005).

2.c Cdc25 phosphatases

Cdc25 is a dual specificity phosphatase that can 
dephosphorylate both T14 and Y15 in both Cdk1 
and Cdk2 (Honda, et al., 1993, Sebastian, et al., 
1993). The dephosphorylation of Cdk requires 
two separate binding steps (Rudolph, et al., 2001). 
Cdc25 first dephosphorylates T14 and then, with 
20 times less affinity, Y15 (Borgne and Meijer, 
1996, Rudolph, et al., 2001).  

2.c.1 In different species

Cdc25 was first cloned from fission yeast 1986 
(Russell and Nurse, 1986). Later, Mih1 in budding 
yeast (Russell, et al., 1989), string and twine in 
drosophila (Edgar and Ofarrell, 1989, Jimenez, et 
al., 1990) and NimT in A.nidulans (Oconnell, et 
al., 1992) were shown to be Cdc25 homologues. 
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The many names together with Cdc25 in budding 
yeast not being related to fission yeast Cdc25 have 
contributed to some confusion. The Cdc25 proteins 
are conserved in their C-terminal catalytic domain, 
but differ in their N-terminal regulatory domain 
(Draetta and Eckstein, 1997).

In mammals, three Cdc25 homologues exist, named 
Cdc25A, Cdc25B and Cdc25C (Galaktionov and 
Beach, 1991, Nagata, et al., 1991, Sadhu, et al., 
1990). All three human Cdc25s exist in multiple 
splice-versions (Baldin, et al., 1997b, Bureik, et 
al., 2000, Forrest, et al., 1999, Wegener, et al., 
2000). Different areas of the N-terminal regulatory 
domain are deleted, possibly leading to slightly 
deregulated activity of these Cdc25s. However, 
the importance of the splice-versions is not clear. 
Cdc25B3, the full length version, is the most 
abundant form of Cdc25B and expressed in all 
cells (Baldin, et al., 1997b). Possibly, Cdc25B2, 
which has the largest deletion, is slightly more 
active (Baldin, et al., 1997b). 

Cdc25A was initially described as a protein 
required for progression through mitosis, which 
could be activated by Cyclin B-, but not Cyclin 
A-containing complexes (Galaktionov and Beach, 
1991). However, the definition of mitosis used 
in this study was “round cell” and it is possible 
that the results reflected Cdc25As involvement 
in apoptosis (Fuhrmann, et al., 2001, Zou, et al., 
2001). Later studies suggested instead a role in G1 
and S-phases, since overexpression of Cdc25A 
accelerated entry into S-phase (Blomberg and 
Hoffmann, 1999) and injection of anti-Cdc25A 
antibodies blocked S-phase entry (Hoffmann, et 
al., 1994, Jinno, et al., 1994). Recently, the focus 
turned back to mitosis, since RNAi to Cdc25A 
lowered the amount of mitotic cells (Mailand, et 
al., 2002). Cdc25A transcription is initiated by 
E2-F (Vigo, et al., 1999), but the level of Cdc25A 
transcription does not vary dramatically during 
the cell-cycle (Paskind, et al., 2000, Vigo, et al., 
1999). Instead, Cdc25A levels are tightly regulated 
by degradation. Cdc25A is degraded via the SCF 
in S- and G2 phases (Busino, et al., 2003) and 
via the APC in late mitosis and G1 (Donzelli, et 
al., 2002). The half-life of Cdc25A is decreased 
by Cdk2 activity (Ducruet and Lazo, 2003), 

possibly reflecting a feedback to avoid too high 
Cdk activity in interphase. In mitotic entry, Cyclin 
B/Cdk1 stabilises Cdc25A by phosphorylating its 
N-terminus (Mailand, et al., 2002). 

Cdc25B was detected in two independent 
screenings (Galaktionov and Beach, 1991, Nagata, 
et al., 1991). It has been reported to be expressed 
almost evenly throughout the cell-cycle but with a 
slight increase in G2 (Lammer, et al., 1998, Nagata, 
et al., 1991), predominantly in G2 (Körner, et al., 
2001), or only in late G2 (Gabrielli, et al., 1996). 
Despite the disagreement between different studies 
all note a higher level of Cdc25B in G2 cells. The 
regulation of Cdc25B transcription involves NF-
Y  (Körner, et al., 2001) and FoxM1B (Wang, et 
al., 2001), factors that also are involved in Cyclin 
B transcription (see 2.b.1). Little is known of 
Cdc25B destruction. In vitro translated Cdc25B is 
degraded by the proteasome when Cyclin A/Cdk1 
activity is added to an insect cell lysate (Baldin, et 
al., 1997a). Overexpression of Cdc25B forces the 
cell into premature mitosis (Gabrielli, et al., 1996, 
Karlsson, et al., 1999) and injection of anti-Cdc25B 
antibodies prevents mitotic entry (Lammer, et al., 
1998), suggesting that Cdc25B regulates entry into 
mitosis. Cdc25B can dephosphorylate both Cyclin 
A/Cdk2 and Cyclin B/Cdk1, but phosphorylation 
of the N-terminus of Cdc25B in G2 or mitosis is 
reported to increase its affinity for Cyclin B/Cdk1 
(Gabrielli, et al., 1997a, Lammer, et al., 1998). 
Candidate kinases for activating Cdc25B include 
CK2 (Theis-Febvre, et al., 2003), Akt (Baldin, et 
al., 2003), Aurora A (Dutertre, et al., 2004) and 
Cyclin A/Cdk2 (Mitra and Enders, 2004). 

Cdc25C was the first human Cdc25 to be cloned 
(Sadhu, et al., 1990). Its trancription is regulated 
by NF-Y, Sp1 (Zwicker, et al., 1995) and E2F 
(Haugwitz, et al., 2002) and peaks in late G2 
(Sadhu, et al., 1990). To reach a high level of 
activity, Cdc25C needs to be phosphorylated at 
multiple sites by Cyclin B/Cdk1 (Hoffmann, et 
al., 1993, Strausfeld, et al., 1994). This has led to 
the suggestion that Cdc25C is not involved in the 
initiation of Cyclin B/Cdk1 activation, but rather in 
the propagation of Cyclin B/Cdk1 activation once 
mitosis has started (Nilsson and Hoffmann, 2000). 
In support of this, Cdc25C is less efficient than 
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Cdc25B in inducing premature mitosis (Karlsson, 
et al., 1999). Plk1 participates in the activation of 
Cdc25C in mitosis (Kumagai and Dunphy, 1996, 
van Vugt, et al., 2004a). An additional role for 
Cdc25C in regulating entry into S-phase has also 
been proposed (Turowski, et al., 2003). 

2.c.2 Cdc25 and 14-3-3

All human Cdc25s can associate with 14-3-3 
proteins (Conklin, et al., 1995, Peng, et al., 1997). 
14-3-3 proteins regulate many cellular processes by 
binding to specific phosphorylated epitopes. The 
emerging idea is that 14-3-3 proteins strengthen 
the impact of a phosphorylation event by inducing 
conformational changes or preventing interactions 
with target proteins (Mackintosh, 2004). 14-
3-3 protein binding to Cdc25 phosphatases 
predominantly has an inhibitory effect on their 
activity. 14-3-3 bound to Cdc25A is thought to cover 
a binding site for Cyclin B (Chen, et al., 2003), 
whereas bound to Cdc25B and Cdc25C it blocks 
Cyclin/Cdk access to the catalytic site (Forrest and 
Gabrielli, 2001) and changes the localisation of 
the phosphatase (see 2.c.3). 14-3-3 proteins often 
function as a dimeric complex (Mackintosh, 2004), 
and in Cdc25B two 14-3-3 proteins are thought to 
sequester the N-terminal on the catalytic C-terminal 
(Giles, et al., 2003). It has recently been suggested 
that a C-terminal 14-3-3 binding site exists in all 
three human Cdc25s. Phosphorylation of this site 
can abolish the interaction between Cdc25 and 
Cyclin/Cdk (Uto, et al., 2004). 

Before 14-3-3 proteins can bind to Cdc25s, specific 
residues in the Cdc25s need to be phosphorylated. 
Phosphorylation of Cdc25C has been most studied. 
Candidate kinases for enabling 14-3-3 binding to 
Cdc25C include C-TAK1 (Peng, et al., 1998), Chk1 
(Peng, et al., 1997), Chk2 (Matsuoka, et al., 1998), 
p38 (Bulavin, et al., 2001) and MAPKAP kinase 2 
(Manke, et al., 2005). For Cdc25A, only Chk1 is 
reported to promote 14-3-3 binding (Chen, et al., 
2003). Kinases likely to promote 14-3-3 binding 
to Cdc25B are Chk1 (Zhao, et al., 2002), Eg3 
(Davezac, et al., 2002), p38 (Bulavin, et al., 2001) 
and MAPKAP kinase 2 (Manke, et al., 2005).

During mitosis, Cdc25C and probably also 

Cdc25B are phosphorylated by Cyclin B/Cdk1 on 
an amino acid very close to a 14-3-3 binding site. 
This phosphorylation inhibits the phosphorylation 
of the 14-3-3 binding site and thereby of 14-3-
3 binding during mitosis (Bulavin, et al., 2003). 
Dephosphorylation of the 14-3-3 binding site has 
been best studied in Cdc25C. This is achieved by 
PP1 (Margolis, et al., 2003) or PP2A (Hutchins, et 
al., 2002), but is dependent on prolyl-isomerisation 
of the 14-3-3 binding site by Pin1 (Zhou, et al., 
2000).

2.c.3 Localisation of Cdc25

Cdc25A is a mainly nuclear protein (Hoffmann, et 
al., 1994), although it constantly shuttles between 
the nucleus and the cytoplasm (II). Cdc25C was 
initially reported to be nuclear (Girard, et al., 1992, 
Millar, et al., 1991), but later studies show that 
Cdc25C is a cytoplasmic protein, which enters the 
nucleus at the onset of mitosis. The localisation of 
Cdc25C is regulated by a balance between nuclear 
export (NES) (Graves, et al., 2001) and nuclear 
import (NLS) (Ogg, et al., 1994) sequences. 
Moreover, Cdc25C is sequestered in the cytoplasm 
by binding to 14-3-3 proteins (Dalal, et al., 1999, 
Graves, et al., 2001). Phosphorylation of the 
Cdc25C NES by Plk1 (Toyoshima-Morimoto, et 
al., 2002) and Plk3 (Bahassi, et al., 2004), most 
probably in concert with dephosphorylation of the 
14-3-3 binding site, promotes nuclear accumulation 
of Cdc25C in prophase. 

The localisation of Cdc25B is regulated in a similar 
manner as described for Cdc25C. 14-3-3 binding 
mediates a cytoplasmic localisation of Cdc25B 
(Giles, et al., 2003, Uchida, et al., 2004a). Two 
different NES:s (Davezac, et al., 2000, Uchida, 
et al., 2004b) (I) and an NLS (Davezac, et al., 
2000) have been identified. However, there is 
no consensus in the field regarding the in vivo 
localisation of Cdc25B. Overexpressed Cdc25B 
can be both nuclear and cytoplasmic (Davezac, et 
al., 2000, Karlsson, et al., 1999). Using the same 
antibody, both a cytoplasmic (Gabrielli, et al., 1996) 
and a nuclear (Gabrielli, et al., 1997b) Cdc25B 
localisation have been described in G2 HeLa cells. 
We find that Cdc25B is mainly nuclear, but that 
Cdc25B can translocate to the cytoplasm when 
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the cell is stressed (I). Overexpressed Cdc25B can 
associate with the centrosome (I) and endogenous 
Cdc25B has been observed at the centrosome in 
cells lacking Chk1 (Kramer, et al., 2004). Moreover, 
endogenous Cdc25B is reported to associate with 
the centrosome when phosphorylated by Aurora-A 
(Dutertre, et al., 2004). 

2.c.4 In the absence of Cdc25

Surprisingly, the cell-cycle is not disturbed in 
mouse cells lacking Cdc25B (Lincoln, et al., 2002) 
or Cdc25C (Chen, et al., 2001). Recently, mice 
lacking both Cdc25B and Cdc25C were generated 
(Ferguson, et al., 2005). Except for a minor delay in 
Cdk1 dephosphorylation, the cell-cycle progressed 
normally. A possible explanation to these results 
is that other phosphatases, most likely Cdc25A, 
can compensate for the lack of Cdc25B and 
Cdc25C. This has been shown to occur for other 
knock-out mice by a process called developmental 
compensation or adaptation (Sage, et al., 2003). 
However, no difference in Cdc25A levels or 
expression pattern was detected in cells from the 
Cdc25B and Cdc25C knock-out mice. There is thus 
a possibility that additional phosphatases have the 
ability to dephosphorylate Cyclin/Cdk complexes.

RNA interference (RNAi) to the human Cdc25s 
has been performed in some studies in addition 
to (III). In HeLa cells, RNAi to Cdc25A resulted 
in delayed passage through both G1/S and G2/M 
transitions (Mailand, et al., 2002). Also in HeLa 
cells, RNAi to Cdc25C delayed entry into mitosis, 
and the phenotype could be reverted by adding 
back Cdc25C (Bulavin, et al., 2003). However, in 
U2OS cells RNAi to Cdc25A did not affect the G2/
M transition. There, both Cdc25B- and Cdc25C-
reduction delayed mitotic entry to some extent. 
However, after recovery from DNA damage in G2, 
only Cdc25B was crucial for entry into mitosis 
(van Vugt, et al., 2004a). 

2.c.5 Cdc25 and cancer

Cancer results from uncontrolled growth of cells. 
Since Cdc25 phosphatases promote progression 
through the cell cycle, they are likely to participate 
in the development of cancer. An oncogenic 

potential has been described for Cdc25 in c.elegans 
(Clucas, et al., 2002) and for human Cdc25A and 
Cdc25B in mice (Galaktionov, et al., 1995b, Ma, 
et al., 1999). Moreover, many studies have shown 
that both Cdc25A and Cdc25B, but not Cdc25C, 
are overexpressed in a majority of human cancers 
(reviewed in (Kristjansdottir and Rudolph, 2004)). 
This has led to an increased focus on developing 
therapeutical inhibitors of Cdc25 activity. 

2.d The cell cycle in stress

2.d.1 The concept of checkpoints

At several locations in the cell cycle, the cell 
controls that the previous events were executed 
correctly. If not, progression through the cell 
cycle is blocked or delayed. Those locations are 
referred to as checkpoints (Hartwell and Weinert, 
1989). The term checkpoint has expanded to also 
include a delay or block in the cell cycle that is 
caused by damage or stress. Here, I only focus on 
two checkpoint pathways that are relevant for the 
present investigation.

2.d.2 ATM/ATR 

DNA is constantly being damaged due to oxygen 
radicals and other chemical modifiers. If a cell 
containing damaged DNA divides, there is a risk 
that mutated genes accumulate which eventually 
could lead to cancer. When DNA is damaged 
between mid G1 and late G2, the cell-cycle pauses 
and the DNA is repaired. The signal to stop the 
cell-cycle is mediated by the ATM and/or ATR 
kinases through Chk1 and/or Chk2 (rewieved in 
(Kastan and Bartek, 2004)). Targets in the ATM/
ATR pathway include p53 (Xu and Baltimore, 
1996), Plk1 (van Vugt, et al., 2001), Wee1 and 
14-3-3 proteins (Yarden, et al., 2002). All three 
human Cdc25s can be phosphorylated by Chk1 in 
vitro (Sanchez, et al., 1997). Cdc25A is targeted 
for degradation by phosphorylation mediated by 
Chk1 or Chk2 (Falck, et al., 2001, Mailand, et al., 
2000, Molinari, et al., 2000, Zhao, et al., 2002). 
In addition, Chk1-mediated phosphorylation 
of Cdc25A promotes 14-3-3 binding (Chen, 
et al., 2003). In response to DNA-damage 
Chk1 phosphorylates Cdc25B. Whether it also 
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phosphorylates Cdc25C is not clear (Zhao, et al., 
2002). 

2.d.3 p38 MAPK 

P38 MAPK are a family of kinases that are 
activated by many physical and chemical stresses 
and inflammatory cytokines (for a rewiew see 
(Roux and Blenis, 2004)). P38 is known to 
regulate the G1/S transition through rb (Wang, et 
al., 1999) and p53 (Bulavin, et al., 1999). P38-
dependent regulation of the spindle assembly 
checkpoint (Takenaka, et al., 1998) and entry into 
mitosis has also been described (Kurata, 2000). 
In response to UV-light, cells that have entered 
early prophase can revert to G2 (Mikhailov, et 
al., 2004). This is at least partly caused by p38 
which, probably via MAPKAP kinase 2 (Manke, 
et al., 2005), induces phosphorylation of Cdc25B 
and possibly Cdc25C (Bulavin, et al., 2001). 
This phosphorylation mediates 14-3-3 binding to 
Cdc25B. Cdc25B translocates to the cytoplasm in 
a p38 dependent manner after stress (I). It is not 
clear if Cdc25A is affected by p38 activation. In 
contrast, Cdc25A has been suggested to function 
as an upstream inhibitor of p38 in conditions of 
oxidative stress (Zou, et al., 2001). It is possible 
that p38 co-operates with Chfr, a checkpoint 
protein functioning in mitotic entry (Scolnick and 
Halazonetis, 2000), in regulating an early prophase 
checkpoint (Matsusaka and Pines, 2004). 
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3. OBJECTIVES AND METHODS

3.a Objectives and aims

The main objective of my study is to better understand the mechanisms by which a cell divides. My 
hypothesis has been that the cell partly controls entry into mitosis by regulating the intracellular 
localisation of cell cycle regulators. I have focused on two specific issues:

1. The regulation of Cdc25 phosphatases  ̓intracellular localisation (I) and (II).

2. The isoform functions and the spatial and temporal pattern of Cdc25 mediated Cyclin/Cdk 
activation (III) and (IV).
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Antibody staining using a specific antibody to a highly abundant 
protein (red). 



Arne Lindqvist 2005

Objectives and methods 15

3.b Methodological considerations

Materials and methods are described and referred 
to in the individual papers. In this section specific 
methodological issues are discussed.

3.b.1 Localisation

There are two principal ways of investigating the 
localisation of a protein. Either a substance, usually 
an antibody, that can recognise the endogenous 
protein in situ is used, or a labelled form of a 
protein is introduced into the cell. Each method 
comes with one major problem. How does one 
know that the antibodies are specific on fixed cells 
and how does one know that an introduced labelled 
protein behaves like the endogenous protein? 

To get around the specificity problem in (I), we 
used RNA interference to validate the localisation 
showed by the antibody. We saw that the antibody 
staining was not entirely specific, but we could 
define the unspecific staining and therefore draw 
conclusions about the localisation. However, we 
can never be sure that the antibody can recognise all 
the target proteins: there might be subpopulations 
of the protein that are post-translationally modified 
or interact with other proteins in a way that restricts 
the possibilities of the antibody to recognise an 
epitope. 

Whether an exogenous labelled fusion protein 
behaves as the endogenous protein is difficult 
to address. There are three principal factors that 
might affect the behaviour of an introduced 
labelled protein. First, the labelling might interfere 
with protein interactions or modifications. This 
can to some extent be controlled for by making 
sure that the labelling does not interfere with 
the proteins  ̓ catalytic properties. However, it is 
impossible to control for all unknown interactions 
and modifications that might occur in vivo. 
Second, the expression level of the protein may 
be elevated. Elevated protein levels can lead to 
titration of a binding partner or to activation of 
signal cascades because of excess catalytic activity. 
In theory this could be avoided by combining 
knock-out cells or RNAi with introduction of the 
labelled protein under the endogenous promoter. 

However, this would be a very time-consuming 
procedure. Third, the exogenous protein needs to 
be introduced into the cell. Both transfection and 
microinjection affect the cells and are probably 
starting signal transduction cascades that could 
affect the behaviour of both the cell and the 
introduced protein. 

In (I) we observe a difference in localisation 
between endogenous and exogenous Cdc25B. It 
is probable that the issues described above can 
explain the difference in localisation. However, 
we cannot be certain of how much each issue 
contributes to the difference.

3.b.2 Quantification of fluorescence

In (I), (III) and  (IV) I quantify the signal from 
immunofluorescence images. In doing this I make 
several assumptions that are not easily controlled. 
The first assumption is that the specific antibody 
staining can be distinguished from unspecific 
staining. As described above I believe we 
succeeded in separating specific from unspecific 
staining in (I). In (III) and (IV), however, I did 
not have the tool of RNA interference to validate 
the antibody specificity. This makes the level of 
cell cycle dependent unspecific staining, as most 
probably phosphorylated Cdk2 in (IV), difficult 
to estimate. The cell cycle-independent unspecific 
staining was accounted for by subtracting the 
signal obtained from G1 cells. 

Apart from assuming that the antibody signal is 
specific, we also assume that the antibody signal 
is linear. An antibody is large in comparison 
with many cellular proteins. Sterical hindrance 
could easily reduce the ability of an antibody 
to reach its target if the target molecules are 
located close to each other. In addition, sterical 
hindrance from surrounding proteins may vary in 
different subcellular compartments. Apart from 
this, an antibody staining should theoretically be 
approximately linear as long as there is an excess 
of antibodies. One way to control the linearity 
could be to stain a GFP-tagged protein with an 
antibody and compare the signals. This is difficult 
to do, however, when using antibodies to post-
translational modifications as in (III) and (IV). 
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The linearity of the antibody signal is not crucial 
for qualitative statements. It is, however, crucial 
for calculated ratios. 

The last assumption is that the quantifications 
of different images are comparable. Variation in 
signal intensity due to different labelling, washing, 
mounting and cover glass thickness is very hard to 
avoid. Therefore, we performed all quantifications 
on cells on a single cover slip. But even within one 
cover slip the background signal can vary. When 
not restricted to areas with injected cells, as in 
(IV), only images with similar background signal 
were used. To ensure a comparable illumination 
of the different images, we measured the actual 
illumination, before it reached the cells, and used 
it to correct the signal intensity. 

A focused light beam does not produce an even 
illumination. Moreover, the distance between the 
cells and different areas of the CCD camera varies. 
This means that a labelling in the periphery of an 
image will appear weaker than a labelling in the 
middle. To circumvent this problem we corrected 
the images with a calibration image, which was 
acquired in the beginning of each quantification 
experiment.

3.b.3 RNA interference

In this thesis I depend to a large extent on the 
method of RNA interference. This method became 
available when I had worked with my thesis-
project for 1 year (Elbashir, et al., 2001) and 
dramatically changed the possibilities to answer 
our questions. However, full of advantages, it is 
not without problems. 

The first problem may sound trivial: how does 
one know if it works? Many antibodies recognise 
something else than what they are supposed to and 
the reduction of many proteins will, sometimes 
surprisingly, not produce an apparent phenotype. 
I was lucky in the sense that RNAi to Cdc25B 
caused a phenotype and we realised that none 
of our antibodies recognised Cdc25B, whereas 
RNAi to Cdc25C caused a reduction of Cdc25C 
on a Western Blot whereas we initially could not 
detect any phenotype. If our Cdc25C antibody 

was not specific or if RNAi against Cdc25B had 
not created a phenotype, the logical explanation 
would be that the siRNAs did not work.

Second, how does one know that only the level 
of the protein of interest is reduced? What from 
the beginning looked like a question of sequence 
specificity of the siRNA, became actualised with 
the reports that siRNAs could invoke an interferon 
response (Sledz, et al., 2003). Thus, there is a 
possibility that signalling cascades change protein 
levels and protein modifications in a way that will 
affect the experimental results.

Third, the introduction of the siRNA into the cell 
can affect cell behaviour as discussed for fusion 
proteins above. 

3.b.4 Using transformed cell-lines

There are many advantages in using a transformed 
cell-line as a model for studying cell division. 
We chose HeLa cells since they grow rapidly, are 
relatively easy to synchronise and can be transfected 
or microinjected with proteins, plasmids or 
siRNAs. Furthermore, HeLa cells have frequently 
been used in the field of cell cycle research, which 
makes comparisons with published results more 
accurate. There is of course a risk that they will 
not behave as nontransformed human cells do in 
vivo. We therefore tried to validate our findings in 
human telomerase immortalised fibroblasts. Even 
though this is not a proof for that our findings 
describe the in vivo situation, it shows that they 
are not restricted to HeLa cells alone. 

3.b.5 Synchronisation

Synchronisation of many cells to the same cell 
cycle phase is a valuable tool, especially for 
techniques requiring a large number of cells. 
However, the synchronisation procedure can 
affect the cells. Some synchronisation protocols 
use DNA-damaging drugs like Hydroxy-Urea 
or Aphidicolin to block cell cycle progression 
in S-phase. Cells treated with these drugs have 
initiated a checkpoint response that will affect 
protein levels (e.g. Cdc25A) and post-translational 
modifications of many proteins in the cell. It was 
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recently shown that cells become more dependent 
on Plk1 and Cdc25B when entering mitosis after 
recovering from a DNA-damage checkpoint (van 
Vugt, et al., 2004a). Thus, mitotic entry is at least 
partly performed differently, depending on the 
history of the cell. It is, however, not clear how 
long the difference persists. In many studies, cells 
are synchronised in prometaphase by low levels 
of microtubule poisons. Under these conditions, 
p38 is activated (Takenaka, et al., 1998). The 
activation of p38 is most likely transient (Bulavin, 
et al., 2002), but is likely to affect the entry into 
mitosis. We have used thymidine to block cells 
in early S-phase. Excess thymidine mediates a 
downregulation in the production of nucleotides, 
which results in diminished DNA synthesis. This 
is considered a relatively mild way to block cells. 
However, thymidine synchronisation has been 
reported to increase the active site phosphorylation 
on Cdk2 (Chow, et al., 2003). 
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4. RESULTS AND DISCUSSION

4.a Cdc25B localisation (I)

Where Cdc25B is located in the cell has been a matter of controversy. Two articles, 
describing the same antibody used on G2 HeLa cells, reported conflicting data on 
Cdc25B localisation (Gabrielli, et al., 1997b, Gabrielli, et al., 1996). We produced 
an anti-Cdc25B antibody and validated it for immunofluorescence by microinjecting 
siRNA against Cdc25B, thereby reducing Cdc25B levels. The Cdc25B staining 
appears in S-phase and increases until prophase. Between prophase and metaphase, the 
staining gradually disappears. We found Cdc25B to be mainly nuclear in G2 although 
a small fraction resides in the cytoplasm. The nuclear staining of endogenous Cdc25B 
is punctuated, which could indicate that Cdc25B can bind to a protein or a structure 
in the nucleus.

Cdc25B has previously been described to continuously shuttle between the nucleus 
and the cytoplasm (Davezac, et al., 2000, Karlsson, et al., 1999). An NES and an 
NLS have also been described (Davezac, et al., 2000). Using fluorescence loss in 
photobleaching (FLIP), we confirm that Cdc25B is shuttling. We map a novel NES in 
the N-terminus of Cdc25B, which is also recently reported by another study (Uchida, 
et al., 2004b). When 14-3-3 binding sites are phosphorylated, Cdc25B will bind to 14-
3-3 proteins (2.c.2). As reported previously, we note that mutation of a 14-3-3 binding 
site in Cdc25B causes the protein to appear more nuclear (Davezac, et al., 2000). The 
association with 14-3-3 proteins is not likely to affect the localisation of Cdc25B per 
se, given their small size. Rather, the binding of 14-3-3 proteins probably makes the 
NLS less accessible (see fig 3A in (I)). Since Cdc25B is present in both the nucleus 
and the cytoplasm, it can potentially activate targets in both compartments. However, 
when the NES in Cdc25B is mutated, Cdc25B is less efficient in inducing premature 
mitosis. This suggests that Cdc25B either has a target in the cytoplasm or needs to be 
activated there. 

Overexpressed Cdc25B is often cytoplasmic in G2 (Karlsson, et al., 1999). We found 
that the cytoplasmic localisation could be induced by UV light or by a p38 MAPK 
activating drug and could be inhibited by a p38 MAPK inhibitor. The cytoplasmic 
localisation is dependent on both the Cdc25B NES and the integrity of S323. S323 in 
Cdc25B3 corresponds to S309 in Cdc25B1, which can be phosphorylated by p38 via 
MAPKAP kinase 2 (Bulavin, et al., 2001, Manke, et al., 2005). Endogenous Cdc25B 
also became more cytoplasmic after p38 activation, although not to the same extent 
as the overexpressed protein. Therefore, titration of a binding partner could be a 
reason why overexpressed Cdc25B appears to be more cytoplasmic than endogenous 
Cdc25B. Our data thus point to the p38 MAPK cascade phosphorylating Cdc25B on 
S323 as a response to UV light. This probably mediates binding to 14-3-3 proteins in 
the cytoplasm. It is unlikely that the cytoplasmic localisation per se delays entry into 
mitosis. This is mainly based on our observation that Cdc25B needs to be exported to 
function as a potent mitotic inducer. 
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4.b Cdc25A localisation (II)

To assess the intracellular localisation of endogenous Cdc25A, we tried several 
antibodies in immunofluorescence. Unfortunately, none of the antibodies recognised 
endogenous Cdc25A when tested in cells where Cdc25A siRNA injection was used 
to reduce Cdc25A levels. Instead, we focused on YFP-tagged Cdc25A. Exogenously 
expressed Cdc25A is mainly nuclear, but by cell fusion assays and bleaching techniques 
we show that it constantly shuttles between the nucleus and the cytoplasm. By database 
searches, we discovered that Cdc25A contains a sequence that is very similar to the 
Cdc25B nuclear export sequence. When we mutated this sequence, Cdc25A became 
less efficient in shuttling. Even though the export sequences of Cdc25A and Cdc25B 
are very similar, they function in different ways: Cdc25B export was sensitive to an 
Exportin 1 inhibitor whereas, to our surprise, Cdc25A export was not. 

Since Cdc25A is nuclear, although constantly being exported, we started searching 
for an NLS. We identified an NLS sequence that when mutated causes Cdc25A to 
appear as a cytoplasmic protein. A putative Cyclin binding motif had previously been 
suggested to mediate an association between Cdc25A and Cyclin A or Cyclin E. We 
find that the localisation of Cdc25A is not altered when mutating the Cyclin binding 
motif. This suggests that interactions via the Cyclin binding motif are not important 
in regulating the localisation of Cdc25A. The amount of cytoplasmic Cdc25A differs 
from cell to cell. There is a slight tendency to more cytoplasmic staining in G2 cells, 
although it can occur throughout the cell cycle. It is not clear what mediates this 
localisation, although transient interactions with cytoplasmic proteins, such as 14-3-3, 
is a possible cause. We conclude that Cdc25A is present both in the nucleus and the 
cytoplasm and thus has the ability to reach both nuclear and cytoplasmic targets. 
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4.c Cdc25 function (III)

The relative contribution of each Cdc25 to various cell cycle transitions is not clear. 
We have reduced the level of each Cdc25 by RNA interference and studied the effect 
on mitotic entry. RNAi to either Cdc25A or Cdc25B delays entry into mitosis, whereas 
RNAi to Cdc25C does not. When released from a thymidine block, cells treated with 
siRNA to Cdc25A or Cdc25B reach mid S-phase as control cells, but are delayed 
before entering mitosis. The G2 delay is probably partially dependent on a slower 
accumulation of Cyclins. Interestingly, Cyclin accumulation differs between cells 
treated with siRNA to Cdc25A and Cdc25B. Cells injected with siRNA to Cdc25A 
have a slower accumulation of both Cyclin A and Cyclin B1, whereas cells injected 
with siRNA to Cdc25B have a slower accumulation of Cyclin B1, but not of Cyclin A. 
Cyclin B1/Cdk1 activity enhances Cyclin B1 transcription, whereas Cyclin A/Cdk2 
activity enhances both Cyclin A and Cyclin B1 transcription (see 2.b.1). It is thus 
possible that the difference in Cyclin accumulation in cells injected with siRNA to 
Cdc25A compared to Cdc25B reflects a difference in substrate specificity in S- and 
G2 phases. However, we do not observe any difference in Cyclin B1/Cdk1 active site 
phosphorylation between any Cdc25- or control siRNA injected cells in S and G2. It is 
possible that the low Cyclin B1/Cdk1 activity before prophase is below the detection 
limit of our experimental setup.

Cells with reduced Cdc25A or Cdc25B levels may in both cases have lower Cyclin A/
Cdk2 activity, but it is not clear how much that contributes to the G2 delay (see 5.b.1). 
Cyclin B/Cdk1 is thought to be activated at the centrosomes (5.b.2). Furthermore, 
Cyclin B1/Cdk1 activation on the centrosomes is thought to mediate centrosome 
migration (2.a.4). To study the effect of Cdc25 reduction on mitotic progression, 
we injected siRNA to the different Cdc25s together with plasmids coding for YFP-
Histone H2B and dsRED-γ-tubulin. By following the injected cells through mitosis 
with 3D microscopy, we could monitor the distance between the centrosomes and 
correlate that with DNA-condensation. Most of the Cdc25A- or Cdc25B siRNA 
injected cells, although delayed, passed through mitosis in a similar manner as control 
cells. However, a subset of Cdc25A injected cells condensed the DNA late, relative 
to centrosome separation. On the contrary, a subset of Cdc25B siRNA injected cells 
separated the centrosomes late, relative to DNA-condensation. This could indicate 
that Cdc25A functions mainly in the nucleus, whereas Cdc25B functions both in the 
nucleus and the cytoplasm. 

We next examined the Y15 phosphorylation of Cdk1 and related it to the Cyclin B1 
levels in cells injected with siRNA to the Cdc25s. Cells injected with siRNA to Cdc25A, 
although delayed, showed a very similar pattern of Cyclin B1/Cdk1 dephosphorylation 
to uninjected cells. However, when comparing cells in which the centrosomes are 
close together, cells injected with siRNA to Cdc25B had higher centrosomal levels 
of Y15 phosphorylated Cyclin B1/Cdk1. This shows that Cdc25B is involved in the 
process leading to activation of centrosomal Cyclin B1/Cdk1.
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4.d Cyclin B1/Cdk1 activation (IV)

Two main theoretical concepts have been proposed to govern Cyclin/Cdk activation, 
limit cycle behaviour or bistability (2.b.7). The models underlying the concepts are 
mainly based on the feedback loops between Cdc25C, Wee1 and Cyclin B/Cdk1, 
and on Cyclin B/Cdk1ʼs ability to induce its own degradation. The data underlying 
both models come primarily from experiments in yeast and xenopus egg extracts. 
However, how the Cyclin B1/Cdk1 activation proceeds in human cells has remained 
unclear. We compared the immunofluorescence signal of Cyclin B1 with Y15 
phosphorylated Cdk1 on the centrosomes, in the nucleus and in the cytoplasm of 
individual cells. We correlated the dephosphorylation with the mitotic stage, based 
on the appearance of the chromosomes and the centrosomes. By doing so, we could 
see a pattern of Cdk1 dephosphorylation in mitosis. To determine the time-frame 
of Cdk1 dephosphorylation, we compared the dephosphorylation pattern with data 
from time-lapse movies. We see that dephosphorylated Cyclin B1/Cdk1 first appears 
at the centrosomes, shortly before they start to migrate apart. The Cyclin B1/Cdk1 
dephosphorylation spreads to the cytoplasm and when approximately 50% of the 
Cyclin B1/Cdk1 complexes are dephosphorylated, Cyclin B/Cdk1 translocates to the 
nucleus. Although 55-80% of the Cyclin B1/Cdk1 complexes are dephosphorylated 
30 minutes after the initial activation, the entire activation process lasts for almost 
an hour.

In a majority of the cells, Cyclin B1/Cdk1 activation proceeds in a similar manner 
in both the nucleus and the cytoplasm, despite the dramatic changes in Cyclin B1/
Cdk1 concentration during Cyclin B1/Cdk1 nuclear translocation. Moreover, no Y15 
phosphorylation of remaining Cyclin B1/Cdk1 complexes is observed when Cyclin 
B1 is degraded in metaphase. Thus, although the local Cyclin B1 concentration 
is below the activation threshold, Cyclin B1/Cdk1 is not inactivated. The lack of 
Cyclin B1/Cdk1 inactivation suggests that bistability and hysteresis govern Cyclin 
B1/Cdk1 activation in human cells. 
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5 GENERAL DISCUSSION

5.a Is localisation important?

Few studies have addressed the localisation of 
Cdc25A, and it remains (therefore?) the only 
Cdc25 whose localisation is not controversial. All 
three Cdc25s are shuttling between the nucleus and 
the cytoplasm, and at least Cdc25B and Cdc25C 
change their localisation as a response to stress, 
probably explaining some of the controversy. The 
localisations of all Cdc25s, as well as their target 
proteins, are dynamic. Since both the Cdc25s and 
the Cyclin/Cdk complexes are shuttling, all Cyclin/
Cdk complexes can theoretically be activated by 
all Cdc25s. So, is the localisation important?

I believe that it is. Cdc25B is more effective in 
inducing mitosis when its NES is intact (I). This 
suggests that Cdc25B either needs to be activated, 
or has a target, in the cytoplasm. The latter is more 
likely since Cdc25B, but not Cdc25C, can induce 
premature mitosis when co-expressed with Cyclin 
B1 in G1 cells (Karlsson, et al., 1999), suggesting 
that no cell cycle regulated activation of Cdc25B 
is necessary, at least not when it is overexpressed. 
The constant shuttling between the nucleus and 
the cytoplasm enables, at least theoretically, 
a synchronisation of nuclear and cytoplasmic 
events. In support of this, the activation of Cyclin 
B1/Cdk1 proceeds similarly in both the nucleus 
and the cytoplasm (IV). The local concentration 
of both Cdc25A and Cdc25B is higher in the 
nucleus than in the cytoplasm. This could ensure 
that Cyclin A/Cdk2 is activated before Cyclin 
B1/Cdk1. Alternatively, it could be a mean to 
counteract nuclear Wee1 activity in the initial 
phase of Cyclin B1/Cdk1 translocation. Cdc25A 
is stabilised by Cyclin B1/Cdk1 in mitotic entry 
(Mailand, et al., 2002). It would be interesting 
to see if the nuclear export of Cdc25A facilitates 
the stabilisation before Cyclin B1/Cdk1 nuclear 
translocation.

Both Cdc25A and Cdc25B are continuously 
imported to and exported from the nucleus. 
However, they appear as predominantly nuclear 
proteins. It is possible that this is caused by the 
nuclear import signal being more efficient than the 

export signal. However, a transient interaction with 
a nuclear protein or structure would make the protein 
remain longer in the nucleus. The punctuate nuclear 
staining of endogenous Cdc25B suggests that an 
interaction takes place. A candidate target in the 
nucleus may be the transcription factor FoxM1B, 
which has been reported to form a complex with 
Cyclin B1/Cdk1 and Cdc25B (Major, et al., 2004). 
Moreover, Cdc25B has been suggested to interact 
with steroid receptors (Ma, et al., 2001).

P38 activation causes Cdc25B to appear as more 
cytoplasmic (I). A Cdc25B NES mutant, which 
is less efficiently exported, does not change its 
localisation dramatically after p38 induction. 
Moreover, an Exportin-1 inhibitor largely inhibits 
the cytoplasmic appearance of Cdc25B. This 
indicates that the nucleo-cytoplasmic shuttling 
of Cdc25B continues after p38 induction. Most 
probably, p38 mediates 14-3-3 binding to Cdc25B. 
It is likely that 14-3-3 binding makes the Cdc25B 
NLS less accessible. Thus, the cytoplasmic 
appearance of Cdc25B after p38 induction is 
probably caused by a change in the balance between 
nuclear import and export. The importance of the 
p38 mediated cytoplasmic localisation is not clear, 
since overexpressed Cdc25B more efficiently 
induces premature mitosis when its NES is intact 
(I). It has been argued that Cdc25B needs to be 
nuclear to induce mitosis (Baldin, et al., 2002). 
The disagreement between our results may reflect 
differences between Cdc25B splice versions or 
different experimental procedures.

Both Cdc25A and Cdc25B are suggested to 
have other targets than Cyclin/Cdk complexes 
(Galaktionov, et al., 1995a, Ma, et al., 2001, Wang, 
et al., 2002). It is possible that additional targets 
remain to be discovered. Some of these targets 
are mainly cytoplasmic. The nuclear export of 
Cdc25A and Cdc25B could thus have an additional 
function, unrelated to their activity towards Cyclin/
Cdk complexes. 
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5.b Mitotic entry

5.b.1 Cyclin A/Cdk2

The exact role of Cyclin A in mitosis is not clear. 
RNAi to Cyclin A mediates a G2 delay where the 
activities of Cdc25B, Cdc25C and Cyclin B1/Cdk1 
are reduced (Mitra and Enders, 2004). Injection 
of p21 can force prophase cells to return to G2, 
until Cyclin B1/Cdk1 translocates to the nucleus 
(Furuno, et al., 1999). Given the similarity between 
different Cyclin/Cdk complexes  ̓ specificity 
(2.a.4), it is possible that Cyclin A/Cdk2 initiates 
DNA condensation. If it does, it is not clear what 
prevents it from condensing DNA earlier in G2. 

In G2, the levels of several proteins, notably Cyclin 
B1, Cyclin A and Cdc25B, increase. Cyclin B1/
Cdk1 complexes are largely kept inactive, whereas 
Cyclin A/Cdk2 complexes, at least to some extent, 
are active (Pines and Hunter, 1990). Theoretical 
models have suggested that the concentration of 
Cyclin determines the concentration of Cdc25 
needed for Cyclin/Cdk activation (fig 4A). In G2, 
the nuclear concentrations of Cdc25A, Cdc25B 
and Cyclin A/Cdk2 are high. In (III) we see that 
RNAi to Cdc25A or Cdc25B to some extent 
inhibits Cyclin A/Cdk2 activity. It is thus possible 
that both Cdc25A and Cdc25B contribute to 
the activation of Cyclin A/Cdk2. However, we 
do not see a further decrease in Cyclin A/Cdk2 
activity when targeting both Cdc25A and Cdc25B 
with siRNAs. One possibility is that the RNA 
interference was slightly less efficient in these 
samples. Indeed, efficient RNA interference to 
two targets is more difficult to achieve than to one 
target (III). Another possibility is that Cyclin A/
Cdk2 active site phosphorylation only occurs in 
a subset of Cyclin A/Cdk2 complexes. Chow and 
co-workers have suggested that whereas active 
site phosphorylation completely regulates Cyclin 
B1/Cdk1 activity, it only plays a minor role in 
regulating Cyclin A/Cdk2 activity in vivo (Chow, 
et al., 2003). 
A third possibility is that the lower Cyclin A/
Cdk2 activities are an effect of the delay of Cyclin 
accumulation in Cdc25A and Cdc25B siRNA 
treated cells. 

Figure 4. A. Theoretical relationship 
between Cdc25 and Cyclin 
concentrations on Cyclin/Cdk activity. 
The schematic simplification is made 
free after (Qu, et al., 2003) and should 
be approximately valid regardless if 
the activation depends on limit cycle 
or bistability behaviour. B. If hysteresis 
governs Cyclin/Cdk activity, the 
threshold for activation is higher than 
the threshold for inactivation.
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5.b.2 Cyclin B1/Cdk1

Cyclin/Cdk activation depends largely on the 
local Cyclin concentration (Novak and Tyson, 
1993, Pomerening, et al., 2003, Qu, et al., 2003, 
Sha, et al., 2003). As shown in figure 4A, less 
Cdc25 is required to activate Cyclin/Cdk if the 
Cyclin concentration rises. In a late G2 cell, the 
highest local concentration of Cyclin B1 is on the 
centrosomes. In the nucleus, both Wee and Cdc25 
levels are high, whereas the Cyclin B levels are 
low. Thus, assuming that Cdc25 and Cyclin/
Cdk inhibitors are evenly dispersed through the 
cytoplasm, Cyclin B/Cdk1 activation should 
theoretically be initiated at the centrosomes. 
Moreover, autocatalytically phosphorylated 
Cyclin B1 and Y15 dephosphorylated Cyclin B1/
Cdk1 first appear on the centrosomes (Jackman, 
et al., 2003) (IV). The possibility that Cyclin B1/
Cdk1 is activated elsewhere and then selectively 
transported to the centrosomes cannot be excluded. 
However, theoretical simulations together with 
experimental data, as described above, strongly 
indicate that Cyclin B1/Cdk1 is activated on the 
centrosomes. 

Cdc25B is continuously exported in G2 cells. 
Even though it is rapidly imported, some 
Cdc25B is always present in the cytoplasm. 
When overexpressed, YFP-Cdc25B can localise 
to the centrosome. The localisation is probably 
mediated through the N-terminal part of Cdc25B 
(fig 5). Similarly to Cyclin B1, Cdc25B is 
phosphorylated at the centrosome by Aurora A 
(Dutertre, et al., 2004, Hirota, et al., 2003). It is 
possible that Aurora A mediated phosphorylation 
of Cyclin B1 and Cdc25B at the centrosome is 
a way to increase the centrosomal Cyclin B1/
Cdk1 and Cdc25B levels above the activation 
threshold. We do not see endogenous Cdc25B on 
the centrosome. However, it is possible that our 
antibody does not recognise centrosomal Cdc25B 
(see 3.b.1). Whether or not Cdc25B is enriched 
at the centrosomes, cytoplasmic Cdc25B has the 
possibility to reach centrosomal Cyclin B1/Cdk1. 
Cells injected with siRNA to Cdc25B are delayed 
in mitotic entry. These cells have a higher level of 
phosphorylated Cyclin B1/Cdk1 on centrosomes 

Figure 5. hTERT 
immortalised 
fibroblast injected 
with pYFP-
Cdc25B(1-77) 
(green), stained for 
γ-tubulin (red).

that have not migrated apart, compared to control 
cells (III). It is thus very probable that Cdc25B 
activates Cyclin B1/Cdk1 on the centrosomes. 

When Cdc25B levels are reduced, Cyclin B1/Cdk1 
activation is initiated, although at a higher local 
Cyclin B1 concentration. This suggests that other 
phosphatases than Cdc25B can activate Cyclin 
B1/Cdk1. Since reduction of both Cdc25A and 
Cdc25B blocked entry into mitosis, Cdc25A is the 
most likely candidate to activate Cyclin B1/Cdk1 
in the absence of Cdc25B (III). 

A majority of the cells injected with Cdc25A- or 
Cdc25B- siRNA, although delayed, passed through 
mitosis in a similar manner as control cells. This 
can indicate that the functions of Cdc25A and 
Cdc25B are redundant. It could, however, also 
indicate a robustness in the progression of Cyclin 
B1/Cdk1 activation. The position of the Cyclin 
B1/Cdk1 activation threshold depends on many 
factors, among others Wee/Myt activity and post-
translational modifications of Cyclin/Cdk and 
Cdc25. Once the activation of Cyclin B1/Cdk1 
is initiated, it will spread through the cytoplasm. 
The activation will cause phosphorylation of 
Cyclin B1, at least partly autocatalytically, which 
promotes Cyclin B1/Cdk1 translocation to the 
nucleus (2.b.5). The translocation occurs when 
approximately 50% of the Cyclin B1/Cdk1 
complexes are active (IV). If the Cyclin B1/
Cdk1 complex shows hysteresis in its activity, 
as suggested by experimental evidence (2.b.7), a 
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different threshold determines the Cyclin B1/Cdk1 
inactivation. Thus, even if the Cdc25 levels are 
below the activation threshold in the nucleus, they 
may be sufficient to sustain the activation once it is 
initiated (fig 4B). Moreover, the dramatic increase 
in nuclear Cyclin B1/Cdk1 concentration during 
the translocation will lower the nuclear Cdc25 
concentration needed for exceeding the threshold. 

A subset of cells injected with siRNA to Cdc25B 
separated their centrosomes and then re-united 
them. It is possible that these cells did not have 
enough nuclear Cdc25 activity to sustain the 
Cyclin B1/Cdk1 activation when the nuclear 
translocation was initiated. In that case, nuclear 
Cyclin B1/Cdk1 would be inactivated and after 
dephosphorylation, unclear by which phosphatase, 
return to the cytoplasm. This could potentially 
reset the activation process, which would soon 
restart since the centrosomal Cyclin B1/Cdk1 
levels are already above the threshold. Indeed, we 
notice that Cdc25B siRNA injected cells that re-
unite their centrosomes soon separate them again 
(III). 

5.b.3 Bistability versus limit cycle

The activity of Cyclin/Cdk complexes affect their 
own activity. Cyclin B1/Cdk1 phosphorylates 
proteins, such as Wee1 or Cdc25C, which results 
in an increase of Cyclin B1/Cdk1 activity. Cyclin 
B1/Cdk1 also enhances its own expression and 
promotes its own destruction. Based on these 
observations, two distinct concepts of Cyclin/Cdk 
activation have emerged (2.b.7). In a limit cycle 
behaviour, the Cyclin/Cdk activity will never be 
stable, but unstead oscillate around an unstable 
focus. In a bistable behaviour, the Cyclin/Cdk 
will be fully active, fully inactive, or approach 
one of these states. A consequence of bistability 
is hysteresis, which means that the activation and 
the inactivation thresholds will differ (fig 4B) 
(for a description of limit cycle and bistability 
behaviours, see (Qu, et al., 2003), Appendix A). 

If Cyclin B1/Cdk1 activation follows a limit 
cycle behaviour, activation and inactivation 
should occur at the same threshold. In (IV) we 
note that Cyclin B1/Cdk1 mostly is not being 

phosphorylated when the Cyclin B1/Cdk1 
concentration suddenly decreases. This occurs at 
two time-points during mitosis, during Cyclin B1/
Cdk1 nuclear translocation and during Cyclin B1 
degradation. The lack of phosphorylated Cyclin 
B1/Cdk1 suggests that the inactivation threshold 
differs from the activation threshold. Our data 
are therefore in support of bistability governing 
Cyclin B1/Cdk1 activity.

If bistability governs Cyclin B1/Cdk1 activity, 
Cyclin B1/Cdk1 should be inactive in G2. 
However, some Cyclin B1/Cdk1 activity in G2 
enhances transcription through FoxM1B. FoxM1B 
has been proposed to form a complex with both 
Cyclin B1/Cdk1 and Cdc25B (Major, et al., 2004). 
It is possible that an enzyme can be active, despite 
unfavourable surroundings, when in complex with 
both its substrate and its activator.

5.b.4 Different phenotypes

The lack of phenotypes in Cdc25B and Cdc25C 
knock-out mice is surprising. Either Cdc25B 
and Cdc25C are not important for cell cycle 
progression, or the lack of phenotypes is a 
consequence of adaptation (2.c.4). The question 
will hopefully soon be answered, since conditional 
Cdc25 knock-outs are currently being produced 
(Ferguson, et al., 2005). 

RNAi to Cdc25A is reported to delay mitotic 
entry in HeLa cells (Mailand, et al., 2002), but 
not in U2OS cells (van Vugt, et al., 2004a). RNAi 
to Cdc25C is reported to mediate a slight delay 
in mitotic entry, both in HeLa (Bulavin, et al., 
2003) and U2OS cells (van Vugt, et al., 2004a). 
Moreover, RNAi to Cdc25B is reported to delay 
entry into mitosis in U2OS cells (van Vugt, et al., 
2004a). In our hands, RNAi to Cdc25A and to 
Cdc25B, but not to Cdc25C, delays mitotic entry. 
It is not clear what underlies the different results, 
since all experiments were performed in a similar, 
although not identical, manner. It is possible that 
some, but not all, differences can be attributed to 
the use of different cell lines.
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Fig 6. Model of mitotic entry. The model is partly highly speculative. For clarity, only Cdc25 
phosphatases and Cyclin/Cdk complexes are shown. In G2, Cdc25A and Cdc25B enhance the 
expression of Cyclin A and Cyclin B, most probably by producing low levels of Cyclin A/Cdk2 
and Cyclin B1/Cdk1 activities. When a sufficient amount of Cyclin B1/Cdk1 is present at the 
centrosomes, it is activated by Cdc25B. The activation of centrosomal Cyclin B1/Cdk1 results in 
migration of the centrosomes. Nuclear Cyclin A/Cdk2 is activated by both Cdc25A and Cdc25B. The 
activations of Cyclin A/Cdk2 and Cyclin B1/Cdk1 may be synchronised due to the nucleo-cytoplasmic 
shuttling of both Cdc25s and Cyclin/Cdks. Nuclear Cyclin A/Cdk2 activity leads to an initiation of 
DNA-condensation. Activated Cyclin B1/Cdk1 translocates to the nucleus which enhances DNA-
condensation. After nuclear envelope breakdown, Cdc25C maintains maximal Cyclin B1/Cdk1 
activity. Cdc25A and Cdc25B probably also participate in this process, but to what extent is unclear.
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6 FUTURE OBJECTIVES

Many questions regarding the mechanisms for mitotic entry remain unanswered. Most probably, 
a number of yet unidentified proteins contribute to the process. Here I list some issues that I think 
would be interesting to study. 

How, where and when is Cdc25B degraded? It is likely that Cdc25B is targeted for degradation by 
SCF. In that case, which F-box protein mediates the interaction? 

Is Pin1 involved in Cdc25B activation? If it is, does it merely compete with 14-3-3 proteins for 
binding to Cdc25B or are there additional mechanisms? Does phosphorylation by Plk1, Aurora A, 
Cyclin A/Cdk2 or Cyclin B1/Cdk1 stimulate Pin1 binding? Conversively, does Pin1 isomerisation 
facilitate their phosphorylation of Cdc25B? Where and when does Pin1 interact with Cdc25B? 

What is the role of Cdc25C in mitosis? Preliminary experiments have shown that cells injected 
with siRNA to Cdc25C are delayed in late prometaphase. Is the Cyclin B1/Cdk1 activity slightly 
lower in these cells, i.e. does a lack of Cdc25C change the bistability properties of Cyclin B/
Cdk1 activation? If so, is there a difference in microtubule dynamics in these cells? Is the spindle 
assembly checkpoint activated? 

When, how and where is Cyclin A/Cdk2 activated? So far only in vitro assays have been used for 
Cyclin A/Cdk2 activity. Do they mirror Cyclin A/Cdk2 activity in vivo? 

How are the localisation dynamics affected by cell cycle phase? Different expression levels and 
post-translational modifications probably affect localisation signals as well as interactions with 
proteins and structures. Recent advances in analysing Fluorescence Recovery After Photobleaching 
(FRAP) data suggest that diffusion coefficients and thereby sizes of multiple interaction complexes 
will be possible to estimate in a near future (Sprague and McNally, 2005). By systematically 
performing FRAP and FLIP on several cellular localisations in different cell cycle phases on a 
number of cell cycle regulators, conclusions could be drawn regarding changes in mobility and 
sizes of interaction complexes.
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