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Chapter 1

The APC/C: Mitosis and beyond 

BBA reviews on cancer, 2008 (adapted)
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For successful mitosis, Cyclin B1 and 

Securin must be degraded efficiently 

before anaphase. Destruction of 

these mitotic regulators by the 26S 

proteasome is the result of their poly-

ubiquitination by a multi-subunit E3 

ligase: the Anaphase-Promoting Complex 

or Cyclosome (APC/C). Clearly, the 

APC/C is not just important for mitosis. 

Destruction of APC/C substrates such as 

Cdc20, Plk1, Aurora A and Skp2 directs 

events in G1. Strikingly, the APC/C needs 

to stay active even in quiescent cells to 

keep them out of the cell cycle and forms 

an intriguing link with pRb. An inactive 

APC/C stabilizes Geminin, Cyclin A and 

Cyclin B1, thereby securing completion of 

DNA synthesis and progression through 

G2-phase. In prometaphase the APC/C 

becomes active again, but is controlled 

by the spindle assembly checkpoint. 

Here we discuss how the APC/C is either 

held in check or released. We argue that 

shedding more light on the APC/C is 

also important to understand cancer and 

could help the design of treatment.

Cycling by Controlled Destruction 

In growing cells, post-translational protein 

modifications direct the rapid transitions 

through consecutive cell cycle phases. To cycle 

uni-directionally, cells can use the destruction 

of proteins which sustain an existing cell 

cycle phase, yet prevent onset of the next. 

Degradation of such cell cycle regulators is 

typically executed by the 26S proteasome 

which recognizes the ill-fated proteins by 

poly-ubiquitin chains. These chains function 

as proteasome targeting earmarks, formed 

on one or some of the target’s lysine residues 

(Hershko and Ciechanover, 1992; Pagano, 

1997; Reed, 2003). It is thus central to 

successful cell cycles that the ubiquitination of 

regulatory proteins is carefully coordinated. 

Ubiquitin-labeling requires a three-step 

process carried out by E1, E2 and E3 

enzymes.  The E1 ‘carrier’ enzyme charges an 

E2 enzyme (also called ubiquitin-conjugating 

enzyme, UBC) with ubiquitin before it can be 

linked to the substrate. The transfer requires 

an E3 ubiquitin ligase which captures the 

substrate and presents it to the ubiquitin-

loaded E2 in such a manner that its lysines 

can be efficiently ubiquitinated (Hershko and 

Ciechanover, 1992, 1998; Pickart and Eddins, 

2004). A wide variety of E3-ligases, ranging 

from monomeric (e.g. Chfr1, a regulator of 

prophase (Scolnick and Halazonetis, 2000), 

or Mdm2, a destabilizer of p53 (Brooks and 

Gu, 2006), to large multi-subunit complexes 

such as the APC/C discussed here influence 

the cell-cycle.

In the control of ubiquitination, either 

activation of the E3 enzyme or the ability 

of the E3 to recognize its substrate is 

rate-limiting. However, just as protein 

phosphorylation by kinases can be counter-

balanced by phosphatases, the extent to 

which E3 activation results in effective protein 

ubiquitination is determined by the activity of 

de-ubiquitinating enzymes (DUBs). In this 

respect, it is remarkable that ubiquitin chains 

need a certain length before they can be 

recognized by the proteasome. This means 

that an E3 must either stay bound long enough 

to its substrate to process it multiple times, or 

needs multiple successive encounters with the 

substrate before sending it for destruction. 

Both models leave ample opportunities for 
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de-ubiquitinating enzymes (DUBs) to undo 

the fatal signal and to inhibit the cell cycle. 

However, although roles for DUBs in various 

cell cycle phases start to emerge (reviewed in 

(Nijman et al., 2005), also see (Ovaa et al., 

2004)), remarkably little is known about their 

regulation.

Two poly-ubiquitinating E3 complexes that 

dominantly influence the cell cycle are the 

the SCF (Skp1, Cullin and F-box) and the 

Anaphase-Promoting Complex, also called the 

Cyclosome (APC/C). In contrast to the APC/C, 

the SCF is considered to be active throughout 

the cell cycle, recruiting specific targets to an 

E2 by means of one of several F-box proteins. 

Importantly, interaction with F-box proteins in 

many cases depends on the phosphorylation 

state of the SCF substrate, indicating that 

substrate-modification and F-box protein 

availability are the most critical steps in SCF-

dependent proteolysis (Harper, 2002; Reed, 

2003; Vodermaier, 2004). The APC/C, the 

largest multi-subunit E3 ligase, is particularly 

famous for coordinating cell division and 

sister chromatid separation. The APC/C first 

becomes active before that, in prometaphase, 

and stays active until at least late in G1, so 

specific recognition of APC/C substrates 

requires additional levels of control. As we 

discuss in this review, safe and successful cell 

cycles demand robust mechanisms to rapidly 

release the destructive power of the APC/C or 

keep it strictly in check. We will also evaluate 

the strong influence the APC/C has on various 

transitions in the cell cycle in normal and 

cancer cells. 

APC/C, Activators and Substrates

Recent developments in structural biology 

have provided the first glimpse of the 

structure of the APC/C, which, together with 

biochemical and genetic data from various 

organisms, is highly relevant to understand 

the APC/C’s different modes of action. The 

emerging picture presents the APC/C as a 

stable ubiquitination reaction platform that is 

controlled by phosphorylation and by dynamic 

interactions with substrates and so-called 

activators.  

The APC/C Requires WD40 Activators

In humans, the APC/C is a very stable assembly 

of 12 different subunits. In analogy with the 

SCF, the APC/C has a large cullin-like subunit, 

APC2 (Yu et al., 1998), which together with a 

small RING finger protein, APC11, is sufficient 

to support E2-dependent E3 activity in vitro 

(Leverson et al., 2000; Tang et al., 2001) 

(Fig. 1). The APC/C can use three different 

E2 enzymes, in humans called UbcH5 (also 

named E2-D1, or SFT for Stimulator of Iron 

Transport), UbcH10 (referred to as UbcX or 

E2-C/Vihar in other species), and E2-25K. 

Interestingly, in a recent proteomics study 

an additional E2 was found to be associated 

to the APC/C, E2S (Steen et al., 2008). In 

concert with its E2, the APC/C controls the 

destruction of at least a few dozen APC/C 

substrates particularly during mitosis and G1 

(Townsley et al., 1997)  (reviewed in (Zachariae 

and Nasmyth, 1999)  and (Pines, 2006)). 

Moreover for timely and specific activity in 

cells the APC/C critically requires either one 

of two WD40-domain proteins as activators, 

Cdc20 or Cdh1 (Visintin et al., 1997; Burton 

and Solomon, 2001; Pfleger et al., 2001)  

(reviewed in (Yu, 2007)). The precise function 

of these activators remains unclear. Activators 

interact dynamically with the APC/C and may 

either facilitate recruitment of substrates by 

their WD40 domains, or enhance the specific 

activity of the APC/C (Peters, 2006; Yu, 2007)  

(Fig. 2). 

The Cdc20-dependent APC/C (APC/CCdc20) 

is critical for mitosis and its activity can 

be measured from prometaphase until at 

least telophase (Pines, 2006). However, in 

prometaphase APC/CCdc20 is controlled by 

the mitotic spindle checkpoint (Hwang et al., 

1998)  (reviewed in (De Antoni et al., 2005) 

and elsewhere in this issue). Silencing of 

this checkpoint, when all chromosomes are 

attached to the mitotic spindle in a bipolar 

fashion, alleviates inhibition of APC/CCdc20, 

resulting in destruction of Cyclin B1 and 

inactivation of its associated Cyclin-dependent 

kinase Cdk1. This triggers mitotic exit. APC/C 

activation also catalyzes the degradation 

of Securin, the inhibitor of the protease 

Separase. Separase initiates anaphase 

by cleaving Cohesin, the proteinaceous 
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shackle joining sister-chromatids (reviewed 

in (Uhlmann, 2004)). Thus by coordinating 

simultaneous destruction of Cyclin B1 and 

Securin, APC/CCdc20 orchestrates cellular and 

nuclear division (Pines, 2006). 

The other APC/C activator, Cdh1, is held in 

check by the APC/C-inhibitor Emi1 (Reimann 

et al., 2001; Di Fiore and Pines, 2007; 

Machida and Dutta, 2007; Verschuren et al., 

2007) as well as by the activities of Cyclin 

A-Cdk2 and Cyclin B1-Cdk1 (Visintin et al., 

1998; Jaspersen et al., 1999). Therefore, 

even though Emi1 is degraded in prophase, 

Cdh1 is most likely inactive in mitosis when 

Cyclin B1-Cdk1 activity is at its highest level 

(Di Fiore and Pines, 2007) (Margottin-Goguet 

et al., 2003; Lindqvist et al., 2007). However, 

there is puzzling evidence that a pool of Cdh1 

capable of recognizing Securin is not restricted 

by Cyclin B1-Cdk1 in prometaphase, but is 

blocked by the nuclear-pore proteins Rae1/

Nup98 (Jeganathan et al., 2005). Cyclin B1-

Cdk1 activity is lost when cells exit mitosis. 

This allows Cdh1, after it has been de-

phosphorylated, to re-associate with the 

APC/C and form an active APC/CCdh1 complex 

(Zachariae et al., 1998; Lukas et al., 1999). 

Thus in anaphase and telophase, both Cdc20 

and Cdh1 may contribute to APC/C activity. 

Indeed, mammalian cells can complete 

chromosome separation and cytokinesis fairly 

normally when Cdh1 is silenced (Lukas et al., 

1999; Di Fiore and Pines, 2007; Machida and 

Dutta, 2007) (Engelbert et al., 2007). After 

Cdc20 is completely degraded at the end of 

mitosis, APC/CCdh1 remains as the active form 

of the APC/C at least during G1 and perhaps 

also during the first part of S-phase (Jaspersen 

et al., 1999; Kramer et al., 2000).

APC/C Substrate Recognition Motifs

The destruction of a number of APC/C 

substrates requires a recognition sequence 

called the D-box which minimally comprises 

the consensus sequence RXXL but may include 

additional primary sequence surrounding the 

D-box (Pfleger and Kirschner, 2000; Pfleger 

et al., 2001). A second motif called the KEN 

box (usually KENxxxE/D/N) is often required 

for ubiquitination and destruction of APC/C 

substrates after anaphase and in G1, when 

APC/CCdh1 is active, whereas D-boxes can 

function as recognition sequences for both 

APC/CCdc20 and APC/CCdh1 (Visintin et al., 

1997; Pfleger and Kirschner, 2000; Bashir 

and Pagano, 2004). However, a switch from 

Figure 1. The APC/C is a huge E3 enzyme: an emerging composition of the APC/C. 

APC1 acts as a scaffold for two subcomplexes, a structural block and a catalytical block. The structural block 

contains TPR subunits APC3/CDC27, APC6/CDC16, APC7 and APC8/Cdc23 and the catalytical block contains 

the cullin APC2, the ring finger APC11 and the APC10/Doc1 processivity factor. APC4 and APC5 may connect 

the TPR block to the catalytic block. Only mammalian APC/C has the additional TPR subunit APC7, which is 

related to APC3/CDC27, but no data on its position within the APC/C are available. Cdc26 and APC13 may 

act as stability factors connecting the TPR subunits [72]. Cdc20 may bind to the TPR subunits, but a recent 

model places Cdc20 close to APC2 and APC11 at the catalytic sub-complex [58].
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Cdc20 to Cdh1-dependent APC/C activation 

cannot simply be interpreted as an acquired 

ability of the APC/C to recognize a functional 

KEN box in addition to the D-box. With an 

increasing number of APC/C substrates 

being characterized, there appears to be a 

remarkable variation between the primary 

destruction motifs of APC/C substrates. For 

example, the region required for destruction 

of the APC/CCdc20 substrate Cyclin A comprises 

a region C-terminally of the D-box (den Elzen 

and Pines, 2001) (Geley et al., 2001) and APC/

CCdh1-dependent destruction of Cdc20, apart 

from its KEN box, may require a different motif 

called the CRY box (CRYxPS, first identified 

in germinal vesicle stage mouse oocytes and 

mouse embryos (Reis et al., 2006). As another 

example, Aurora A has both a D-box and a 

KEN box, but in addition lends its name to 

an A-box (RxLxPSN), a destruction motif that 

is found in all vertebrate Aurora A’s, but not 

in Aurora B or C (Littlepage and Ruderman, 

2002; Crane et al., 2004). Furthermore, 

the degradation of XKid, which has a role in 

chromosome segregation in anaphase, is in 

part dependent on APC/CCdc20 but this demands 

a KEN-like GxEN box (Castro et al., 2003).

It is remarkable that functional destruction 

motifs often reside close to the N- or 

C-terminus of APC/C-substrates and D-boxes 

may be particularly located in protein regions 

that are natively unfolded (Cox et al., 2002). 

Intriguingly, multi-ubiquitination of the lysine 

residues of APC/C substrates occurs randomly, 

which fits with the idea that D-boxes may 

act mainly as a recognition sequence for the 

APC/C, whereas any lysine residue is exposable 

to the active site of the APC/C by random 

motion of the substrate (Yamano et al., 1998). 

Flexibility in the region surrounding the D-box 

would also facilitate the addition of lengthy 

poly-ubiquitination tails (Cox et al., 2002). 

Poly-ubiquitation in itself is not expected to 

be sufficient to inactivate the function of a 

protein as this would bypass the requirement 

for the proteasome. In contrast however, 

provocative evidence showed that the APC/C 

and UbcH10 may control the activity, rather 

than just levels, of its activator Cdc20, so 

that Cdc20 poly-ubiquitination could cause its 

activation by release from its inhibitor Mad2, 

a crucial component of the mitotic checkpoint 

(Stegmeier et al., 2007). 

In conclusion, although point mutations in a 

functional D-box or alternative destruction 

motif can completely stabilize APC/C 

substrates in cells, it remains mysterious 

how a destruction box is defined and why it is 

essential in the APC/C ubiquitination process. 

Apart from controlled switches between 

destruction motifs and APC/C activators, 

additional events or substrate characteristics 

need to explain the strikingly different times 

at which different APC/CCdc20 and APC/CCdh1 

substrates are recognized in vivo. Evidence 

from in vitro studies suggests that different 

APC/C-substrates have different intrinsic 

retention times at the APC/C which could 

influence the probability they become poly-

ubiquitinated (Rape et al., 2006). Retention 

times of substrates at the APC/C may also be 

controlled by additional factors in vivo, such 

as the Cks proteins that recruit Cyclin A to 

the phosphorylated APC/C in prometaphase 

(Yamano et al., 2004; Hayes et al., 2006; 

Wolthuis et al., 2008).

APC/C and Activators: How Do They Act 

Together?

Another important debate is whether 

substrates are selected by the core APC/C 

by WD40 activators, or by both. The WD40 

activators can interact with either substrates 

or the APC/C, and could thus play a so-called 

‘ushering’ role in substrate recruitment by the 

APC/C (Yamano et al., 2004). Protein-protein 

interaction domains called TPR domains 

are present in the subunits APC3/Cdc27, 

APC6/Cdc16, APC7 and APC8/Cdc23, and 

may directly interact with Cdh1 and Cdc20 

(Vodermaier et al., 2003). These subunits 

have thus been implicated in mediating 

interactions with substrate-bound activators 

(Zachariae and Nasmyth, 1996; Vodermaier 

et al., 2003; Kraft et al., 2005). In sharp 

contrast, a recent analysis of the fission yeast 

APC/C indicated that the Cdc20 ortholog Slp1 

binds the APC/C on a position distinct from 

the TPR subunits (Ohi et al., 2007). Indeed, 

yeast Cdh1 does not depend on APC3/Cdc27 

to stimulate APC/C activity, and Cdc20 lacking 

a functional IR tail supports growth (Schwab 
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et al., 2001; Kraft et al., 2005; Thornton et 

al., 2006). A domain called the C-box might 

be most critical for Cdh1 binding to the APC/C 

on a position distinct from the APC3/Cdc27 

(Thornton et al., 2006; Ohi et al., 2007). 

Notably, Cdh1 and Cdc20 may bind or activate 

the APC/C by different mechanisms.

Based on the observation that purified APC/C 

binds the IR-tail of APC10/Doc1 through APC3/

Cdc27, a model was suggested in which Cdh1 

first recruits the substrate to the APC/C, but 

subsequently APC10/Doc1 could help to retain 

the substrate during elongation of ubiquitin 

chains (Carroll et al., 2005). Such APC10/

Doc1-dependent substrate-docking may 

contribute to processivity of the ubiquitination 

reaction (Wendt et al., 2001; Passmore et al., 

2003; Carroll et al., 2005). Indeed, reaction 

products from budding yeast Doc1Δ mutants 

in yeast are mostly mono-ubiquitinated, while 

binding of E2 or Cdh1 is not affected (Carroll 

et al., 2005). Moreover, in vitro, APC10/Doc1 

helps to maintain the substrate at the APC/C-

activator complex (Passmore et al., 2003). 

APC/C subunits, the TPR domain-containing as 

most likely candidates, may also interact with 

substrates independently of WD40 activators 

(Yamano et al., 1998; Steen et al., 2008) and 

van Zon, Wolthuis and Clijsters unpublished 

observations. In Xenopus extracts, a repetitive 

Cyclin B1 D-box peptide binds the APC/C in 

a mitotic phosphorylation-dependent and 

Cdc20-independent manner (Yamano et al., 

2004). In a combined model supported by 

native gel APC/C binding assays, Cdc20 and a 

D-box containing N-terminal peptide of Cyclin 

B1 both contribute to an efficient interaction 

with the APC/C (Passmore and Barford, 2004, 

2005). Here, initial interactions between 

the three reaction components, substrate, 

activator and APC/C all positively contribute 

to complex-formation. Hershko’s lab further 

confirmed this model by more extensive 

in vitro experiments and proposed that the 

interaction of Cdc20 with the APC/C may 

either induce a conformational change that 

increases substrate affinity, or alternatively, 

substrate binding sites on Cdc20 and APC/C 

could be adjacent  (Eytan et al., 2006; Ohi et 

al., 2007). In the latter model, the APC/CCdc20 

complex would form an extended substrate-

binding site (Eytan et al., 2006)  (Fig. 2). 

Whether or not binding of Cdc20 or Cdh1 

could cause a conformational change upon 

binding the APC/C remains object of study 

(Ohi et al., 2007). It needs to be addressed 

whether activators really need to fulfill crucial 

roles as substrate recruitment factors, how 

they can influence the activity of the APC/C 

in vivo, and how inhibitory pathways such as 

the spindle checkpoint precisely block their 

function. 

E3 in 3D

Because of the size of the complex and 

the difficulty to reconstitute the APC/C 

from purified components, the structure of 

the APC/C is hard to investigate by X-ray 

crystallography and NMR. The structure of the 

SCF is however better understood and has 

been used to model some of the features of the 

APC/C. The first analyses of the 3D-structure 

of the APC/C by cryo-electron microscopy led 

to a model structure which consisted of an 

outer protein wall enclosing a large central 

cavity, with a wide opening at the top and 

several smaller channels in the walls (Gieffers 

et al., 2001). A model of the budding yeast 

APC/C indicated that in each APC/C complex 

two or even three copies of single subunits 

could be present, except for APC1, acting as 

a large scaffold (Fig. 1) (Gieffers et al., 2001; 

Passmore et al., 2005). Moreover, in analytical 

ultra-centrifugation experiments two species 

with different sedimentation coefficients (25S 

and 36S respectively) were found which may 

represent monomeric as well as dimerised 

forms of the APC/C, the latter with a mass 

of no less than 3200 kDa. Fascinatingly, this 

dimeric APC/C formed poly-ubiquitin chains 

on a target substrate 7-fold more efficiently, 

suggesting that dimerization could enhance 

APC/C processivity. In case catalytic subunits 

are present twice per APC/C, it is thus 

thought-provoking that one APC/C dimer with 

four active sites could be sufficient to form, in 

a single binding event, a tetra-ubiquitin chain 

on a substrate, which comprises the minimal 

proteasomal targeting signal (Passmore et 

al., 2005). In a different model however, 

synergistic cooperation between two different 

E2s, both binding to the APC/C, is necessary 
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to coordinate mono- with poly-ubiquitination 

(Rodrigo-Brenni and Morgan, 2007).

The structure of S. cerevisiae and Xenopus 

APC/C ‘s as revealed by cryo-negative staining 

and EM showed that the triangular overall 

shape with a cavity is evolutionary conserved 

(Dube et al., 2005; Passmore et al., 2005). 

Ubiquitination of substrates may take place 

on the outside of the APC/C, as the cavity 

had been suggested to be too small to harbor 

E2, ubiquitin as well as the substrate. In line 

with this model, Cdh1 binds the surface of 

the complex (Dube et al., 2005). However, 

a very recent model of the fission yeast 

APC/C, comprising the first model of APC/C 

isolated from mitotic cells in complex with an 

activator, excitingly shows that the cavity of 

the fission yeast APC/C could be large enough 

to harbor both E2 and Ubiquitin (Ohi et al., 

2007). The remarkable differences between 

the published fission and budding yeast APC/C 

structures might be explained by alternative 

data processing, and render the structure of 

the yeast APC/C ‘s open for further debate 

(Passmore et al., 2005; Ohi et al., 2007).

Purification of the yeast APC/C by a tandem-

tagged APC1 subunit supported the idea that 

APC1 functions as a scaffold to bridge two 

blocks of APC/C subcomplexes: a structural 

block of TPR subunits, which is heavily 

phosphorylated in mitosis, and a catalytic 

block that may bind E2 (Thornton et al., 2006) 

(Fig. 1). In both budding and fission yeast, 

the binding between these blocks and APC1 

requires APC4 and APC5 (Fig. 1), indicating 

that these subunits could connect the TPR-

subunit structural block to APC1 (Thornton 

and Toczyski, 2006). 

As indicated, the TPR subunits reside at the 

surface of the APC/C and could function as an 

interaction surface for activators or substrates. 

It is conceivable that for instance release of the 

spindle checkpoint, a conformational change 

induced by mitotic phosphorylation, or binding 

of the activator to the APC/C could bring the 

structural block with the substrate in proximity 

to the catalytic block, thus facilitating ubiquitin 

transfer Thornton and Toczyski suggested a 

substrate capturing mechanism in which the 

APC10/Doc1 subunit and APC6/Cdc16 may 

form a link between the two blocks, creating 

a spot where the substrate can be placed 

Figure 2. APC/C activators: switching the APC/C on or delivering the substrates? 

By their WD40 domains, the activators may help to recruit substrates towards the APC/C (a), but it is also 

possible that the activators trigger an increase in APC/C’s catalytic activity (b). 
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for processing after it has been delivered 

by Cdc20 or Cdh1 (Thornton and Toczyski, 

2006). It will be interesting to see whether 

the D-box could play a role in positioning the 

substrate in this complex. If the function of 

the D-box is related to orienting the substrate 

to the active APC/C, it is likely that factors 

other than destruction motifs control delivery 

of substrates at the APC/C.

Whereas these models do not pin down a 

function for activators, subunits, substrates 

or their D-boxes in the ubiquitination reaction, 

it can be expected that further structural 

analyses of the APC/C with activators or 

substrates, as well as studies of APC/C activity 

in live cells, will reveal how this E3 performs 

its complicated task.

Releasing the APC/C or Keeping It in 

Check.

The activity of the APC/C oscillates during 

the cell cycle, being low in S and G2 phase, 

and high in mitosis and G1. However, during 

mitosis different APC/C substrates are 

degraded at highly defined time-points. Other 

factors that control APC/C activity in mitosis 

are discussed here.

Cyclin B1-Cdk1 Pulls the Trigger

Progressive and robust activation of Cyclin 

B1-Cdk1 triggers nuclear envelope breakdown 

(NEB) and mitotic entry (Jackman et al., 2003; 

Lindqvist et al., 2007). Cdc20-dependent 

APC/C activity first emerges immediately 

after NEB, at the same time when the APC/C 

becomes heavily phosphorylated, suggesting 

an activating role for phosphorylation 

(Rudner and Murray, 2000) (Lahav-Baratz 

et al., 1995; Kraft et al., 2003). The mitotic 

APC/C is at least phosphorylated on APC1 and 

the TPR subunits APC3/Cdc27, APC6/Cdc16, 

and APC8/Cdc23. Kraft and colleagues have 

mapped 34 in vivo APC/C phosphorylation 

sites, 18 of which are targets of Cyclin B1-

Cdk1 in vitro (Kraft et al., 2003). A recent 

study identified even more phosphorylation 

sites, with different phosphorylation states 

found in mitotic cells that were arrested in 

the spindle checkpoint by different spindle 

poisons (Steen et al., 2008). Cyclin A-Cdk 

may also act as an APC/C kinase immediately 

after nuclear envelope breakdown, but APC/C 

phosphorylation continues to accumulate 

during prometaphase when Cyclin A is 

destroyed and Cyclin B1-Cdk1 activity further 

develops (Lindqvist et al., 2007). The mitotic 

kinase Plk1 adds to APC/C phosphorylation, 

too (Golan et al., 2002), but this is not 

essential for activating APC/CCdc20 or mitotic 

progression (van Vugt et al., 2004; Lenart et 

al., 2007). 

Yeast mutants defective in APC/C 

phosphorylation are viable. Interestingly 

however, Cdh1, which is normally redundant 

for mitosis, becomes essential in these 

mutants. This indicates that regulated 

phosphorylation of the APC/C functionally 

cooperates with Cdc20 (Wasch and Cross, 

2002). In various organisms, pre-mitotic 

repression of APC/CCdc20-activity has been 

reported to depend on the low affinity of Cdc20 

for the dephosphorylated state of the APC/C 

core-complex (Kramer et al., 2000; Rudner 

and Murray, 2000) (Shteinberg et al., 1999). 

However, in human cells Cdc20 significantly 

binds the APC/C in G2 phase, before the 

APC/C is phosphorylated ((Wolthuis et al., 

2008) and W. van zon, L. Clijsters, J. Ogink, 

R. Wolthuis, unpublished observations). It 

thus remains unclear how Cyclin B1-Cdk1-

dependent phosphorylation contributes to 

APC/CCdc20 activation. 

Spindle Checkpoint-Independent APC/CCdc20 

Activity: Better Substrates?

Cyclin A-degradation starts immediately 

after NEB, with Cyclin A reaching 10-20% of 

its maximal levels when the chromosomes 

align. However, Cyclin B1 must be protected 

from degradation until all chromosomes are 

bipolarly attached (den Elzen and Pines, 

2001; Geley et al., 2001). Since both these 

Cyclins are APC/CCdc20 targets, this represents 

a remarkable paradox: APC/CCdc20 processes 

Cyclin A while the spindle checkpoint inhibits 

activity of APC/CCdc20 towards Cyclin B1. In 

contrast to the D-box of Cyclin B1, mutating the 

N-terminal D-box of Cyclin A does not prevent 

destruction. Moreover, Cyclin A destruction 

requires it to bind to its Cdk-partner with a 

Cks subunit (Stewart et al., 1994)  and also 
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depends on a small region at the C-terminal 

side of the D-box (den Elzen and Pines, 2001; 

Geley et al., 2001; Wolthuis et al., 2008). 

Whereas Cyclin A-destruction has been 

seen as a remarkable exception of spindle-

checkpoint independent APC/C activity, over 

recent years many more ‘early’ mitotic APC/

CCdc20 targets have emerged. For example, 

HoxC10, a transcription factor involved in axial 

patterning, is degraded during prometaphase 

as well. Destruction of mitotic HoxC10 

correlates with its binding to the APC/C in 

mitosis (Gabellini et al., 2003). Cyclin A and 

HoxC10 compete for degradation, despite 

the fact that they have different destruction 

motifs: in contrast to Cyclin A, HoxC10 

contains 2 D-boxes that are indispensable 

for its degradation and when mutated 

induce a mitotic delay at the metaphase-to-

anaphase transition. Also the Nek2A-kinase, 

implicated in centrosome separation (Fry, 

2002), is degraded checkpoint-independently 

in prometaphase. Nek2A has a D-box as 

well as a KEN box, but degradation of Nek2A 

also relies on a novel destruction motif at 

the C-terminus of Nek2A. This MR dipeptide 

motif, together with the D-box, is required for 

efficient Nek2A-interaction with the APC/C, 

independent of Cdc20 (Hayes et al., 2006). 

Nevertheless, directly targeting Nek2A to the 

APC/C does not bypass the requirement for 

Cdc20 to ubiquitinate Nek2A in cells.

One possible model that would explain the 

spindle checkpoint-independent destruction 

of these early-mitotic APC/C substrates is 

that these are very efficiently targeted to any 

residual checkpoint-independent APC/CCdc20 

activity, for instance due to any extended 

APC/C–interaction motifs. Alternatively, with 

an increasing number of prometaphase APC/

CCdc20 substrates emerging (such as p21, 

whose destruction requires only a minimal 

D-box; (Amador et al., 2007)), it could 

also be postulated that APC/CCdc20 becomes 

increasingly active right after NEB when it is 

progressively phosphorylated (Lindqvist et 

al., 2007) while the checkpoint specifically 

prevents the ability of the APC/C to recognize 

Cyclin B1 and Securin. Further experiments 

are required to determine whether specific 

features of APC/CCdc20 substrates set the 

different timing of their destruction, or 

whether separate pools of APC/CCdc20 hold the 

key. Phosphorylated APC/C and Cdc20 are 

enriched at centrosomes and kinetochores 

(Acquaviva et al., 2004; Lindqvist et al., 2007), 

where Cyclin B1-degradation is initiated upon 

checkpoint release, after which it spreads to 

the mitotic spindle (Clute and Pines, 1999; 

Huang and Raff, 2002). This suggests that 

intracellular localization of APC/CCdc20 might 

be a relevant factor defining separate pools 

of the APC/C (reviewed in (Pines and Lindon, 

2005)). 

Releasing the Spindle Assembly Checkpoint

The spindle checkpoint is active until all the 

chromosomes correctly attach to the mitotic 

spindle and functions through the inhibition 

of Cdc20 by binding of checkpoint proteins 

such as Mad2 and BubR1 (reviewed in 

(Diaz-Martinez and Yu, 2007)). How Mad2 

and BubR1 precisely inhibit Cdc20, and how 

this inhibition is relieved within minutes 

after chromosome attachment is unknown. 

However, Mad2 and BubR1 are assumed to 

inhibit Cdc20 independently as well as in a 

complex (Fang et al., 1998; Sudakin et al., 

2001; Millband and Hardwick, 2002; Tang et 

al., 2004). Association to BubR1 and Mad2 is 

a prerequisite for Cdc20-phosphorylation by 

Bub1, another essential checkpoint component 

(Chung and Chen, 2003; Tang et al., 2004). 

It appears that Mad2 forms a complex with 

Mad1, which is stable at kinetochores and 

recruits cytosolic Mad2 with a special ´open´ 

conformation. Upon binding of the kinetochore 

in the Mad1-Mad2 complex a conformational 

change catalyzes the formation of ´closed´ 

Mad2, which binds and inhibits Cdc20 (Luo et 

al., 2004; De Antoni et al., 2005). 

One mechanism of Cdc20-activation may 

simply be the satisfaction of the spindle 

checkpoint by microtubule-attachment, 

since upon microtubules-attachment the 

kinetochore-concentrations of spindle 

checkpoint proteins are strongly reduced 

(Hoffman et al., 2001). Attachment-dependent 

silencing of the spindle checkpoint involves 

Dynein-dependent transport of checkpoint 

proteins from metaphase kinetochores along 

kinetochore-bound microtubules (Howell et 
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al., 2001; Wojcik et al., 2001). In response 

to microtubule poisons, dynein is retained 

at kinetochores together with Rod, Zw10 

and Mad2 which normally disappear from 

kinetochores in metaphase (Scaerou et al., 

1999; Howell et al., 2000; Cimini et al., 

2001). Dynein-translocation to kinetochore-

microtubules inhibits the poleward flux 

of Mad2 and Rod and severely delays the 

formation of a metaphase-plate in a spindle 

checkpoint-dependent manner (Howell et 

al., 2001; Wojcik et al., 2001). Dynein may 

also be required to capture microtubules 

in a lateral fashion to facilitate end-on 

attachments (Rieder and Alexander, 1990). 

This idea was strengthened by the discovery 

of Spindly (Griffis et al., 2007). Spindly on 

one hand promotes recruitment of Dynein 

to kinetochores and induces silencing of the 

spindle checkpoint through dynein-dependent 

transport. However on the other hand, it is 

needed for alignment of chromosomes at the 

metaphase-plate, suggestive of a function 

in kinetochore-microtubule capture. Another 

mechanic checkpoint-inhibition mechanism is 

driven by the kinesin motor protein CENP-E, 

which is part of the mitotic spindle checkpoint 

(Abrieu et al., 2000). CENP-E activates 

the kinase BubR1 at kinetochores and 

subsequently silences this BubR1-dependent 

Cdc20-inhibition upon sensing tension over 

the centromeres of sister chromatids (Mao 

et al., 2005) (Chan et al., 1999; Mao et al., 

2003).

A protein called p31Comet, initially identified as 

Cmt2 (Habu et al., 2002), can bind the closed 

form of Mad2, either bound to Mad1 or Cdc20, 

to inactivate the checkpoint (Xia et al., 2004; 

Yang et al., 2007). This p31Comet-mediated 

inactivation may involve the APC/C-dependent 

poly-ubiquitination of Cdc20. In this model, 

the ubiquitinated form of Cdc20 could alter 

the conformation of Mad2 to the open form 

(Reddy et al., 2007). Usp44, a recently 

identified de-ubiquitinating enzyme, directly 

counteracts mitotic Cdc20 ubiquitination, 

thereby balancing the checkpoint activity 

together with p31-Comet (Stegmeier et al., 

2007). What determines the switch from 

Cdc20-deubiquitination to -ubiquitination, how 

ubiquitinated Cdc20 escapes the proteasome, 

or how APC/C activity could inactivate the 

checkpoint by which it is inhibited is unclear. 

After the spindle checkpoint is silenced, 

Cyclin B1 and Securin are degraded exactly 

at the same time, which may be necessary to 

couple cytokinesis to chromosome separation 

(Hagting et al., 2002). However, whether 

Cyclin B1 and Securin are recognised and 

processed by the APC/C according to similar 

or different mechanisms (Jeganathan et al., 

2005), or how their destruction is so tightly 

coordinated,  is subject of ongoing discussion 

(Stemmann et al., 2006).  

Activating Cdh1 

In mitosis, Cdh1 is held in check by mitotic 

phosphorylation on Cdk consensus sites in 

early mitosis. APC/CCdh1 most likely starts 

to become active when Cyclin B1-Cdk1 is 

inactivated and cells leave mitosis. In yeast, 

this also requires activation of a mitotic exit 

machinery that controls a Cdh1 phosphatase, 

Cdc14. Although the mechanisms controlling 

mitotic exit are poorly conserved between 

yeast and higher eukaryotes, mammalian cells 

do possess orthologs of the proteins involved. 

For instance, hCdc14a, the human ortholog of 

Cdc14, can dephosphorylate Cdh1 and in vitro 

activates Cdh1-associated APC/C (Bembenek 

and Yu, 2001). Furthermore, the activation 

of Cdc14 by Cdc5, a Plk1 ortholog in yeast, 

appears to be conserved in human cells, since 

Plk1 binds and phosphorylates hCdc14a in 

vitro (Yuan et al., 2007). Like in Drosophila, 

Cdh1 is not required for mitotic exit in human 

cells (Jacobs et al., 2002; Engelbert et al., 

2007; Keck et al., 2007), but becomes more 

important in G1 phase. This may indicate 

that after Cyclin B1-Cdk1 inactivation in 

metaphase, a second step may be required to 

fully activate Cdh1 (Kramer et al., 2000). In 

human cells, a clear understanding of Cdh1 

regulation by phosphatases such as Cdc14 

awaits further investigations.  

Like APC/CCdc20, APC/CCdh1 appears to be 

regulated to degrade mitotic substrates in a 

defined order, starting with Cdc20 and Plk1 

and targetting Aurora A and Aurora B at a 

later stage in G1 (Lindon and Pines, 2004). 

Destruction of Cdh1 substrates is important 

for the timing of G1 phase as we will further 
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discuss below. Overexpression of Plk1 and 

Aurora A leads to centrosome abnormalities, 

so it is possible that their destruction in G1 is 

also significant to synchronize the cell division 

and centrosome duplication cycles. 

Oscillations of APC/C Activity Make Cells 

Cycle

Depending on the availability of nutrients, 

growth factors and an intrinsic genetic 

program cells enter quiescence or continue to 

cycle after completing mitosis. It is becoming 

increasingly clear that APC/C activity is 

required in G0/G1 phase, and plays intricate 

roles in S-phase. In G2 phase, a blocked 

APC/C is critical to reach the next mitosis.

APC/C and pRb

Quiescent G0/G1 cells harbor very little if 

any Cyclin-Cdk activity. This Cyclin activity-

free state is maintained by the action of the 

Rb-pocket proteins (pRb), which inhibit the 

transcription and activity of mitogenic Cyclins. 

The low Cyclin-Cdk state in G0/G1 cells is 

strongly supported by the constant action of 

APC/CCdh1, which targets Cyclin A as well as the 

SCF-component Skp2 for destruction (DelSal 

et al., 1996). The resulting increase in the 

levels of the SCF-Skp2 substrate p27 blocks 

any residual Cyclin E and Cyclin A-associated 

kinase activities (Ganoth et al., 2001; Bashir 

et al., 2004; Wei et al., 2004). Furthermore, 

the APC/C may play a direct or indirect role 

in reducing Cyclin D1 levels (Agami and 

Bernards, 2000). 

Fascinatingly, recent data show that pRb 

physically and genetically interacts with both 

APC/CCdh1 and Skp2. As such pRb contributes 

to Skp2-degradation, connecting the G0/

G1 transcriptional repression-machinery 

directly to the APC/C (Lukas et al., 1997; 

Fay et al., 2002; Ji et al., 2004; Binne et al., 

2007). The essence of APC/CCdh1 activity in 

G1 is emphasized by the ability of cells to 

enter S-phase more easily after inhibition 

or depletion of Cdh1 (Sudo et al., 2001; 

Bashir and Pagano, 2004; Wei et al., 2004). 

A dependency of the G0 arrest on the APC/C 

was most strikingly demonstrated by inducible 

deletion of the cullin-like APC2 subunit from 

mice liver cells, which in some cases turned 

out to be sufficient to trigger re-entry into the 

cell cycle without any additional proliferative 

stimulus (Wirth et al., 2004). Fascinatingly, 

also viruses have evolved ways to inhibit the 

APC/C, as a strategy to force their host cells 

into a G1/S like state that is permissive for 

viral replication (Teodoro et al., 2004; Tran et 

al., 2008).

In normal cells, growth factor stimulation 

triggers Cyclin D1 transcription and p27 

inactivation. As a result, Cyclin-associated 

kinase activity can slowly start to accumulate, 

which helps to alleviate inhibition of the 

pocket-proteins, resulting in further production 

and activation of Cyclin-Cdk complexes. 

Accumulation of Cyclin A-Cdk2 activity can be 

expected to contribute to Cdh1-inactivating 

phosphorylation, directly preventing its 

interaction with the APC/C (Lukas et al., 1999). 

In vivo experiments using a constitutive active 

allele of pRB show that the expression of E2F-

target genes is required to repress APC/C-
Cdh1 activity (Lukas et al., 1999; Sorensen et 

al., 2000), but in the absence of E2F gene-

expression ectopically expressed Cyclin A is 

not sufficient to represses Cdh1-dependent 

APC/C activity. Apparently, another E2F target, 

such as the APC/C inhibitor Emi1 discussed 

below, may aid with Cyclin-Cdk activation to 

provoke S-phase specific Cdh1-inactivation. 

Alternatively, Cdh1 may not need to be 

completely inactivated to allow S-phase entry 

(Di Fiore and Pines, 2007). Nevertheless, 

although the exact position in the hierarchy 

of G0/G1 keepers remains quite undefined, 

inhibition of the APC/C clearly helps cells to 

enter the division cycle.

Coupling to S-phase 

In parallel to the accumulation of S-phase 

Cyclin-Cdk complexes, origins of DNA 

replication need to be assembled before 

S-phase entry. However, premature firing of 

these complexes has to be prevented. A central 

question is how this clock is linked to Cyclin-

Cdk activity and APC/C-inhibition. Assembly 

of pre-replication complexes at the replication 

origin is a three-step process, starting with 

recruitment of the origin recognition-complex, 

followed by the assembly into this complex 
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of Cdc6, Cdt1 and the MCM DNA-helicases 

(Fujita et al., 1999). 

To ensure that firing of DNA-replication occurs 

only once per cell cycle, higher eukaryotes 

largely depend on the Cdt1 inhibitor Geminin: 

genetic inactivation of Geminin leads to 

massive re-replication (Mihaylov et al., 2002; 

Melixetian et al., 2004; Zhu et al., 2004).

Interestingly, Geminin is an APC/C substrate 

in mitosis and G1 (W. van Zon, L. Clijsters, J. 

Ogink, R. Wolthuis, unpublished observations, 

(McGarry and Kirschner, 1998; Li and Blow, 

2005). After firing of the Replication Complex 

in early S-phase, accumulation of Cyclin 

A-Cdk2 activity but most importantly synthesis 

of Emi1 prevent re-replication by driving 

Cdc6 out of the nucleus and by inactivating 

APC/CCdh1, thus re-stabilizing the replication 

inhibitor Geminin during S-phase progression 

(Saha et al., 1998; Fujita et al., 1999; Jiang 

et al., 1999; Petersen et al., 1999; Coverley 

et al., 2000). Geminin remains in an inhibitory 

complex with Cdt1 until after the following 

mitosis, when the APC/C, either through 

Cdc20 or Cdh1, ubiquitinates Geminin to 

release Cdt1 again (W. van Zon, L. Clijsters, J. 

Ogink, R. Wolthuis, unpublished observations, 

(McGarry and Kirschner, 1998; Li and Blow, 

2004). APC/C-dependent loss of Geminin 

and Cyclin-Cdk activity in G1 thus creates a 

window in which cells can prepare for the next 

round of DNA replication.

In quiescent human cells APC/CCdh1 is active 

and Geminin is degraded, yet licensing of 

origins of replication needs to be prevented. 

In these cells, APC/CCdh1 also destabilizes 

Cdc6 which prevents the formation of pre-

replication complexes (Petersen et al., 2000). 

Once cells exit quiescence to enter G1, Cdc6 

is stabilized while the APC/C may continue 
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Figure 3. To Cell Cycle, Swing the APC/C. 

The APC/C, when complexed with Cdc20, needs to be highly active in mitosis to catalyze early and late 

mitotic substrate destruction, but Cdh1 is inactivated at the same time. In G1, when Cdc20 is degraded and 

Cdh1 is activated, APC/C complexed with Cdh1 supports maintenance of the G1 phase. Silencing of APC/C 

activity at some later point in G1 or during S helps Cyclin stabilization thus favouring S-phase propagation, 

and a further inactivated APC/C in S-phase allows Geminin stabilization which is required to prevent re-firing 

of replication origins.  In G2 phase, an inactive APC/C is a prerequisite to allow the accumulation of Cyclin 

A-Cdk and Cyclin B1-Cdk1 complexes in preparation of mitosis. However, in mammalian cells some Cdc20 

Cdc20 is already in complex with the APC/C (unpublished observations). 
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targeting Geminin for destruction, allowing 

the formation of pre-replication complexes 

(McGarry and Kirschner, 1998; Peters, 2002; 

Diffley, 2004). How Cdc6 is specifically 

degraded during G0 but escapes from APC/C-
Cdh1-dependent destruction when a cell enters 

the cell cycle has long been elusive. Diffley 

and co-workers have provided evidence for a 

mechanism in which Cdh1 has equal affinity 

for Cdc6, Geminin and Cyclin A in quiescent 

cells, but loses its affinity for Cdc6 in G1 

(Mailand and Diffley, 2005). 

Considering the importance of inhibiting 

APC/C-Cdh1 to allow Cyclin-Cdk accumulation 

and pre-RC assembly as described, it is not 

surprising that overexpression of Cdh1 causes 

a delay in S-phase onset and lowers the rate 

of DNA replication (Sorensen et al., 2000). 

Probably as a result of Geminin destruction, 

the non-periodic expression of Cdh1 also 

leads to endoreduplication. These cells fail 

to progress to G2 and mitosis, indicating a 

role for Cdh1 inactivation in exit from S-phase 

and disassembly of the pre-RCs. A screen for 

F-box proteins with a function in proliferation 

also identified Emi1, an E2F-induced factor 

expressed from late G1 until early mitosis, 

as an important factor in re-replication (Hsu 

et al., 2002). Emi1 binds and inactivates 

APC/CCdh1 in S-phase, independently of Cdh1 

phosphorylation by Cyclin A-Cdk2 (Hsu et 

al., 2002). Reduction of Emi1 induces re-

replication due to activation of APC/CCdh1 and 

subsequent loss of Cyclin A and Geminin (Di 

Fiore and Pines, 2007; Machida and Dutta, 

2007). Interestingly, co-depletion of Emi1 and 

Cdh1 restores normal S-phase progression 

(Di Fiore and Pines, 2007), indicating Cdh1 is 

the main target of Emi1. 

DNA damage and APC/C activation

In an undisturbed cell cycle, the APC/C is 

silenced throughout S- and G2-phase to 

prevent a second round of pre-RC assembly 

and to maintain high levels of important 

regulators such as Cyclins A and B. However, 

the normal progress through interphase is 

sometimes distorted by aberrant replication 

or DNA damage. To allow time for completion 

of replication or repair of the DNA damage, 

a G1 or G2-like state has to be maintained. 

Some studies indicate that DNA damage can 

feed into APC/CCdh1 activation, causing a drop 

in Cyclin–Cdk activity and an arrest in G1 

phase (Sudo et al., 2001). DNA-damage in G1 

activates p53 and p21-dependent inactivation 

of Cdk2. This leads to dephosphorylation of 

Cdc6 at a Cyclin E-Cdk2 consensus site and 

to subsequent APC/CCdh1-dependent Cdc6 

degradation (Duursma and Agami, 2005; 

Mailand and Diffley, 2005). Upon p53-

induction, Cyclin D1 may turn into an APC/C 

substrate representing a specific case of 

DNA-damage-induced and APC/C-dependent 

protein destruction (Agami and Bernards, 

2000). APC/CCdh1 has also been reported to be 

activated by DNA damage in G2, which results 

in Cdc20 destruction while somehow leaving 

Cyclin A and Cyclin B1 levels intact (Matsumoto, 

1997; Sudo et al., 2001). A recent report 

shows that mammalian MDC1, a mediator of 

DNA-damage response signaling, associates 

with the active form of Cdh1 through direct 

interaction with APC3/Cdc27 in a damage 

dependent fashion (Coster et al., 2007). 

Moreover, chicken DT40 cells disrupted in their 

Cdh1 loci fail to maintain an X-irradiation-

induced G2 arrest (Sudo et al., 2001; Sudo 

et al., 2004). Interestingly, Cdh1 appeared to 

be essential for these cells to maintain a G2 

arrest specifically in response to X-irradiation, 

whereas UV-irradiation caused a normal G2 

delay (Sudo et al., 2001). Decreased Cdh1 

function causes aberrancies during replication 

which trigger a p53-dependent DNA damage 

response (Engelbert et al., 2007) and would 

thus also impair the ability of cells to respond 

to such damage by activating their APC/C.

G2-phase requires a Blocked APC/C

To progress through G2 phase and prepare 

for mitotic entry, cells must accumulate Cyclin 

A (acting with its associating kinase, either 

Cdk1 or Cdk2), Aurora A and Cyclin B1. This 

most likely requires the APC/C to remain 

inactive after S-phase. The function of Emi1 

as an APC/C inhibitor seems not restricted 

to S-phase. In the absence of Emi1-homolog 

Rca1, Drosophila embryos fail to complete the 

transition from G2 to mitosis due to premature 

loss of Cyclins (Grosskortenhaus and Sprenger, 

2002). Further evidence for an Emi1-function 
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in Cdh1-inhibition during G2 is provided by 

Cyclin E over-expression experiments. During 

the first 15 divisions of Drosophila embryos, 

Cyclin E-Cdk2 activity persists throughout the 

cell cycle and is capable of phosphorylating 

Cdh1. After 15 divisions, Cyclin E mRNA 

is down-regulated and Cdk1 and Cdk2 are 

both inactive in G2. The observation that 

Rca1 is dispensable when Cyclin E is over-

expressed during the 16th cell division 

suggests that Rca1 is an important inhibitor 

of Cdh1 in the absence of Cdk1-activity in G2 

(Grosskortenhaus and Sprenger, 2002; Zielke 

et al., 2006). Emi1 depletion by RNAi prevents 

accumulation of Cyclin A and Cyclin B1 and 

thus precludes mitotic entry, which indicates 

that Emi1 is also the dominant Cdh1 inhibitor 

in interphase in human cells (Di Fiore and 

Pines, 2007). In mitosis, Emi1 is degraded, 

but Cdh1 is inactivated by high Cylin B1-Cdk1 

activity. 

APC/C: Multiple Faces in Cancer

As a key regulator of cell division, elucidating 

the function of the APC/C is of substantial 

interest for understanding hyperproliferation 

and cancer. Revelation of the molecular 

properties of particularly APC/CCdc20 may help 

to identify new strategies to chemically target 

mitotic cells, which could be highly valuable in 

cancer therapy.

APC/C and Oncogenesis

Oncogenic mutations which lead to cell-

autonomous generation of proliferative 

signals facilitate cells to grow. Interestingly, 

similar to deletion of the pRb family of 

pocket proteins, genetic inactivation of the 

APC/C may be sufficient for quiescent cells 

to embark onto the cell cycle autonomously 

(Dannenberg et al., 2000; Ferguson et al., 

2002; MacPherson et al., 2003; Wirth et al., 

2004; Tanaka-Matakatsu et al., 2007) or at 

least to render these cells hypersensitive to 

growth factors (Dannenberg et al., 2000; Wirth 

et al., 2004). The positive effects of APC/C 

inactivation on cell cycle progression can be 

attributed to silencing the Cdh1-associated 

activity, as APC/C-deficient cells are halted 

again in the first mitosis, due to the essential 

role of Cdc20-dependent APC/C in Cyclin B1 

destruction (Wirth et al., 2004). More specific 

mutations in Cdh1 function are not expected 

to dramatically impair mitotic events and 

it will thus be interesting to see whether 

genetic inactivation of Cdh1 in somatic cells 

could endow cells with autonomous hyper-

proliferative capacities. A barrier to such 

hyperproliferation could be formed by DNA 

damage arising from aberrancies in DNA 

replication after APC/C misregulation and 

thus mutations in p53 may be predicted to be 

a prerequisite for a proliferative effect of Cdh1 

inhibition (Engelbert et al., 2007). However, 

a recent report provides a fascinating link 

here, too: the APC/CCdh1 substrate Skp2 

can act as an inhibitor of the transcriptional 

and apoptotic function of p53 (Kitagawa et 

al., 2006). Adding to an increasing list of 

mechanisms by which viruses can inactivate 

the APC/C, it is interesting that APC5 and 

APC7, potential Cdh1 binding subunits of the 

APC/C, are targeted during adenovirus E1A-

mediated cellular transformation in a manner 

dependent on CBP/p300 (Turnell et al., 2005; 

Turnell and Mymryk, 2006). 

Whereas the Rb gene is notorious for cancer 

mutations, few examples have been described 

of APC/C mutations that could be of relevance 

for cancer (Wang et al., 2003). Fascinatingly, 

the direct link between pRb and Cdh1 we 

discussed above suggests that pRb mutations 

may influence APC/C activity directly (Binne 

et al., 2007). It is puzzling that a region in 

pRb implicated in the interaction with the 

APC/C is absent in the pocket proteins p130 

and p107, as these genes are also much less 

frequently mutated in cancer (Dannenberg et 

al., 2000; Ji et al., 2004). Impaired function 

of both pRb and APC/CCdh1 is expected to 

give a significant increase in both Cyclin-Cdk 

production and activity, which would strongly 

favor S-phase entry. Another intruiging link 

between pRb and the APC/C is formed by 

the APC/CCdh1 substrate Id2, which is also a 

potential oncogene and an inhibitor of pRb 

function. Therefore, impaired Cdh1 function 

could feed forward to pRb inactivation and 

thus contribute to proliferation in G1 phase 

(Lasorella et al., 1996; Lasorella et al., 2000; 

Lasorella et al., 2006). 
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A more established example of genetic APC/C 

inactivation in cancer is provided by the Cdh1 

inhibitor Emi1, which is very often upregulated 

in malignancies. However, analysis of a tissue 

array of tumors revealed Cdh1 levels are also 

upregulated in Emi1 overexpressing cancers 

(Lehman et al., 2007). Because Cdh1 is 

repressed by Emi1 and Cyclin-Cdk’s, which 

are both highly upregulated in many of these 

cancers, it remains to be seen whether net 

APC/CCdh1 activity is increased or decreased in 

these cancer cells (Lehman et al., 2007). In 

conclusion, these observations provide strong 

arguments for further studies of the roles the 

APC/C could play in oncogenesis. It will for 

instance be important to assess in mouse 

cancer models, how APC/C inactivation may 

contribute to the oncogenic outcomes of pRb-

loss.

Mitotic Arrest in Cancer Therapy  

As a governor of chromosome attachment 

and alignment during prometaphase, the 

spindle checkpoint is a hypersensitive signal 

transduction network that can identify a 

single unattached chromosome pair. The 

chemotherapeutic paclitaxel (taxol) perturbs 

microtubule-dynamics by tightly interacting 

with tubulin, which prevents cells from 

being able to silence the mitotic checkpoint. 

Human cells treated with submicromolar 

concentrations of paclitaxel thus stay arrested 

in mitosis for approximately 10-20 hrs. Cells 

often die during such a spindle checkpoint-

dependent mitotic arrest.  Alternatively,  

they form 4n, low proliferative or apoptosis-

prone G1 cells after leaving the aberrant 

mitosis (Rieder and Maiato, 2004; Brito and 

Rieder, 2006). The molecular mechanisms 

that induce mitotic cell death are poorly 

understood but may involve sensitization to 

Ceramide-induced apoptosis (Swanton et al., 

2006; Swanton et al., 2007). Near-complete 

inactivation of transcription during mitosis may 

contribute to decreased viability by causing 

a detrimental loss of essential proteins over 

time. P53 status has also been suggested to 

be a factor determining survival of mitotically 

arrested cells. In this respect, it is intriguing 

that the viral protein Apoptin, which induces 

apoptosis particularly in cells that lack p53 

function, binds APC1 to inhibit the function of 

the APC/C and thereby causes a very robust 

mitotic block (Teodoro et al., 2004; Reinhardt 

et al., 2007).  In a genome-wide screen for 

factors that can further enhance the toxicity 

of paclitaxel, mitotic spindle components 

as well as proteasome subunits were found 

that highly substantiated mitotic arrest 

(Whitehurst et al., 2007). A similar screen in 

three different human tumor cell lines provided 

direct evidence for the concept that the ability 

to induce mitotic arrest is fundamental to 

the cell-toxicity of paclitaxel (Swanton et al., 

2006; Swanton et al., 2007). Interfering with 

microtubules obviously exerts a spectrum of 

cellular effects, but together these findings 

suggest that paclitaxel may owe a significant 

portion of its anti-cancer therapeutic value to 

its ability to prevent inactivation of the spindle 

checkpoint and keeping cells in an apoptosis-

sensitizing state of arrest (Li et al., 2005; Tan 

et al., 2005; Xiao et al., 2005).  

Cdc20 is the only well established target of 

the mitotic spindle checkpoint in human cells 

and intervention with the function of Cdc20 

induces a mitotic arrest that is similar or 

more robust to an arrest caused by exposure 

to spindle poisons (Dawson et al., 1995; De 

Antoni et al., 2005; Chen, 2007; Li et al., 

2007; Mondal et al., 2007). Cdc20 depletion 

by RNAi does not just stabilize Cyclin B1, but 

also Cyclin A, which indicates that blocking 

the function of Cdc20 may perhaps induce a 

more detrimental block in mitosis (Wolthuis 

et al., 2008). It will have to be determined 

what the role of an active spindle checkpoint 

in mitotically-arrested cells will be in 

determining the fate of these cells. Although 

current prospects suggest Cdc20 is a difficult 

drug-target, further elucidation of how Cdc20 

and the APC/C work in cells may very well 

identify druggable features of this intruiging 

E3 complex in the future.
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The Anaphase-Promoting Complex/

Cyclosome (APC/C) is a multisubunit 

E3-ubiquitin ligase that promotes 

timely degradation of several mitotic 

regulators to control anaphase onset 

and mitotic exit. Activation of the APC/C 

requires one of two auxiliary subunits 

Cdc20 or Cdh1, in combination with 

phosphorylation by mitotic kinases. 

Here, we show that Polo-like kinase-1 

(Plk1) is required for activation of Cdh1-

dependent APC/C function during late 

mitosis. Remarkably, Plk1-depletion 

prevents the efficient dephoshorylation 

of Cdh1 that occurs during mitotic exit. 

We found that Plk1 mediates its effect on 

Cdh1 through direct phosphorylation of 

the human phosphatase Cdc14A, which 

controls the phosphorylation state of 

Cdh1. We conclude that Plk1 controls 

APC/CCdh1 activity through hCdc14A, to 

ensure proper cell cycle progression. 

Introduction

Progression through mitosis requires timely 

degradation of mitotic regulators by the 

Anaphase promoting Complex/Cyclosome 

(APC/C) in conjunction with the co-activators 

Cdc20 and Cdh1 (reviewed in (Peters, 2002)). 

Several functionally distinct APC/C entities 

can be discriminated during mitosis. The first 

APC/C entity is referred to as ‘early’ APC/

CCdc20. This APC/C mediates degradation of 

Nek2a and Cyclin A in prometaphase and 

requires the WD40-protein Cdc20 (also called 

p55cdc, or Fizzy in D. melanogaster and slp1 

in S. pombe) (den Elzen and Pines, 2001; 

Geley et al., 2001; Hames et al., 2001). The 

second acknowledged APC/C, referred to as 

‘late’ APC/CCdc20, depends on the same co-

activator, but mediates degradation of Cyclin 

B1 and securin, (Visintin et al., 1997; Zur 

and Brandeis, 2001; Hagting et al., 2002). In 

contrast to ‘early’ APC/CCdc20, ‘late’ APC/CCdc20 

is not activated until the spindle assembly 

checkpoint is silenced. During anaphase, 

a third APC/C is activated: APC/CCdh1. Cdh1 

(or Hct1 in S. cerevisiae, Fizzy-related in D. 

melanogaster and Srw1/Ste9 in S. pombe) 

is a WD40-repeat-containing protein that is 

homologous to Cdc20. APC/CCdh1 can degrade 

a range of proteins, including mitotic Cyclins, 

Aurora A, Cdc20 and Polo-like kinase-1 (Plk1) 

(Visintin et al., 1997; Charles et al., 1998; 

Shirayama et al., 1998; Pfleger and Kirschner, 

2000; Schwab et al., 2001; Littlepage 

and Ruderman, 2002; Lindon and Pines, 

2004). Cdh1 is kept inactive through direct 

phosphorylation by mitotic Cyclin-dependent 

kinases (Cdks). Through this mechanism 

premature mitotic exit is prevented (Zachariae 

et al., 1998; Kramer et al., 2000). Timely 

activation of APC/CCdh1 thus only occurs 

when Cdk1 activity is silenced through Cyclin 

degradation. Subsequently, Cdk1-mediated 

phoshorylations on Cdh1 are removed by 
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the Cdc14 phosphatase in budding yeast, 

rendering Cdh1 active (Visintin et al., 1998; 

Jaspersen et al., 1999). 

How exactly APC/C activity is brought about is 

unclear. It has been demonstrated that APC/C 

activity is affected through phosphorylation by 

mitotic kinases. In budding yeast, both mitotic 

Cyclin-Cdk complexes as well as the Polo-

related Cdc5 kinase were shown to be required 

for APC/C activity (Charles et al., 1998; 

Shirayama et al., 1998). In line with these 

observations, multiple APC/C components 

were found to be phosphorylated by mitotic 

Cyclin/Cdk and Polo-like kinases in vitro and in 

vivo (Rudner and Murray, 2000; Golan et al., 

2002; Kraft et al., 2003). However, despite 

the observed phosphorylation of the APC/C by 

Plk1, a clear defect in APC/C activation was 

not observed in Plk1-depleted cells (Kraft et 

al., 2003; Sumara et al., 2004; van Vugt et 

al., 2004). However, this might be due to the 

fact that previously only APC/C-Cdc20 targets 

were studied in detail after Plk1-depletion. 

To further investigate the role of Plk1 in the 

activation of the APC/C, we here assessed 

both Cdc20-activated APC/C as well as Cdh1-

activated APC/C.

Results

We set out to determine the kinetics of APC/

CCdc20-dependent Cyclin B1 degradation 

in Plk1-depleted cells. To measure Cyclin 

B1 degradation, we used a GFP-tagged 

N-terminal fragment of Cyclin B1 (further 

referred to as GFP-Cyclin B1-NT), comprising 

its destruction-box, but lacking the ability to 

interact with Cdk1 (Zur and Brandeis, 2002). 

We observed constitutive nuclear localization 

during interphase and chromosomal 

localization during mitosis of GFP-Cyclin 

B1-NT (suppl. fig. 1A). As expected, rapid 

degradation of GFP-Cyclin B1-NT initiated 

as soon as chromosomes aligned in control 

U2OS cells (suppl. fig. 1A, B). On occasion, 

anaphase started before GFP-Cyclin B1-NT 

was completely degraded, which reflects the 

inability of this Cyclin B1 fragment to inhibit 

anaphase onset. Disruption of the destruction 

box in this GFP-Cyclin B1-NT fragment 

(GFP-Cyclin B1-NT-DM) rendered it stable 

during mitosis, and did not interfere with 

chromosomal localization of GFP-Cyclin B1-NT 

nor mitotic progression (suppl. fig. 1C, D). 

When we subsequently analyzed GFP-Cyclin 

B1-NT in Plk1-depleted cells, GFP-Cyclin B1-

NT fluorescence remained high because Plk1-

depleted cells almost invariably enter mitosis 

with monopolar or otherwise abnormal 

spindles, and consequently arrest in pro-

metaphase due to the action of the spindle 

assembly checkpoint, precluding normal 
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Figure 1: APC/CCdc20 Activity in Plk1-depleted 

U2OS cells. 

(A, B) U2OS cells were transiently transfected 

with GFP-Cyclin B1-NT, pS-Plk1 and pS-Mad2 as 

indicated in a 1:10 ratio. 18h after transfection, 

cells were incubated for 24h in thymidine. 10 hrs 

after removal of thymidine, cells were transferred 

to the heated stage of a time-lapse microscope. At 

indicated time points, DIC images and fluorescent 

light were analyzed. Directly after release from 

thymidine, monastrol was added to culture medium, 

where indicated. (C, D) Fluorescence levels were 

quantified using Metamorph software (n=5 for each 

condition). Timelapse movies were started at the 

time of mitotic entry (t=0) and the standard error 

of the mean of 5 experiments is indicated. 
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Figure 2: APC/CCdh1 activity in Plk1-depleted cells. 

(A, B) U2OS cells were cultured in 10 cm dishes and transfected with 1 μg pBabePuro, 10 μg pS-

Plk1, 10 μg pS-BubR1 or pS-Mad2 as indicated. 18 hrs after transfection, cells were incubated in thymidine 

and puromycin for 24 hrs. After release from thymidine and puromycin, cells were treated with monastrol 

if indicated. Cells were harvested at 18 hrs after release from the thymidine block. Western blotting of 

whole cell lysates was performed with anti-Plk1, anti-Aurora A and anti-Cdk4. (B) Alternatively, cells were 

fixed in ethanol, stained with anti-MPM2 and analyzed by FACS. MPM2-positivity of 1*104 events is plotted. 

In parallel, Cyclin B1-associated kinase was measured towards Histone H1. (C) U2OS cells were treated 

as for Figure 2A and harvested at 24 hrs or 40 hrs after release from a thymidine bock. Western blotting 

was performed with anti-Plk1, anti-Aurora A, anti-Cdc20 and anti-Cdk4. (D, E) U2OS cells were transiently 

transfected with Aurora A-YFP, pS-Mad2 and pS-Plk1 in a 1:10 ratio as indicated. 18 hrs after transfection, 

cells were incubated for 24 hrs in thymidine. Directly after removal of thymidine, monastrol was added to 

the culture medium if indicated. 10 hrs after release from thymidine, cells were transferred to the heated 

stage of a time-lapse microscope. At indicated time points, DIC and fluorescent images were recorded. 

Fluorescence levels were quantified using Metamorph software (n=7 for each condition) and arbitrarily set 

at 100% at mitotic exit (t=0). Vertical lines indicate the standard error of the mean of 7 experiments. As a 

control, U2OS cells were transfected with 1 μg Aurora A-YFP and 10 μg pS-Mad as indicated and monastrol 

was added to culture medium after release from thymidine block. 

degradation of Cyclin B1 (data not shown)

(van Vugt et al., 2004). In order to allow 

Cyclin B1-NT degradation in Plk1-depleted 

cells, we silenced spindle assembly checkpoint 

function through simultaneous interference 

with expression of Mad2 and analyzed Cyclin 

B1 degradation following mitotic entry (fig. 

1A). Interestingly, Plk1/Mad2-depleted cells 

efficiently degraded GFP-Cyclin B1-NT (fig. 

1A), with kinetics very similar to control cells 

(fig. 1A and 1C), suggesting that Plk1 is not 

required for activation of spindle checkpoint-

dependent APC/CCdc20 activity. For optimal 

comparison, we also analyzed Cyclin B1 

degradation in mitotic cells with a monopolar 

spindle that do express Plk1. To accomplish 

this, Mad2-depleted cells were treated with 

monastrol, an inhibitor of Eg5 that blocks 

centrosome separation but does not alter Plk1 

activity (Mayer et al., 1999; van Vugt et al., 

2004). Very similar kinetics of GFP-Cyclin B1-

NT degradation were observed in monastrol-

treated cells (fig. 1B and 1D), as compared to 

the Plk1-depleted cells, again indicating that 

Plk1 does not influence the degradation of 

Cyclin B1, at least in checkpoint-compromised 

cells (fig. 1). 

During the later stages of mitosis, Cdh1 

replaces Cdc20 on the APC/C to form the APC/

CCdh1 complex (Visintin et al., 1997; Zachariae 

et al., 1998; Jaspersen et al., 1999; Kramer et 

al., 2000). APC/CCdh1 has a broader substrate 

specificity when compared to APC/CCdc20 and 

can conjugate ubiquitin to proteins containing 

a D-box or a KEN-box including Plk1, Aurora A, 

Cdc20 and Cdc6 (Visintin et al., 1997; Charles 

et al., 1998; Shirayama et al., 1998; Pfleger 

and Kirschner, 2000; Schwab et al., 2001; 

Littlepage and Ruderman, 2002; Lindon and 

Pines, 2004). To study degradation patterns 

of APC/CCdh1 substrates, we analyzed two 

mitotic regulators, of which the degradation 

was described to depend on APC/CCdh1 activity; 

Aurora A and Cdc20 (Pfleger and Kirschner, 

2000; Littlepage and Ruderman, 2002). At 

18 hrs after thymidine wash-out, when the 

majority of cells had exited mitosis, Aurora 

A was virtually gone (fig. 2A (lane 1), fig. 2B 

and data not shown). At this time residual 

levels of Plk1 could be detected, consistent 

with the previous finding that Plk1 is only 

partially degraded during mitotic exit (Lindon 

and Pines, 2004). Cells depleted of Plk1 

as well as monastrol-treated cells showed 

increased Aurora A levels, as was expected 

from spindle assembly checkpoint-arrested 

cells (fig. 2A). Depletion of Mad2 or BubR1 

allowed these cells to exit from mitosis, as 

judged by a drop in MPM2-positivity and 

a decrease in Cyclin B1-associated kinase 

activity (fig. 2B). However, whereas spindle 

assembly checkpoint silencing led to efficient 

►
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degradation of Aurora A in monastrol-treated 

cells, it did not promote Aurora A degradation 

in Plk1-depleted cells (fig. 2A). These effects 

persisted when checkpoint-silenced cells were 

analyzed at 24 hrs and 40 hrs after release 

from a thymidine block (fig. 2C). Accordingly, 

also the degradation of Cdc20 was impaired 

in Plk1-depleted cells (fig. 2C), indicating 

that Plk1 is required for general APC/CCdh1 

activation.

To analyze the effects of Plk1-depletion 

on APC/CCdh1 activation in more detail, we 

analyzed YFP-tagged Aurora A using time-lapse 

microscopy. We observed that Aurora A-YFP 

levels decreased during anaphase, consistent 

with a previous report (data not shown and 

suppl. fig. 1E)(Lindon and Pines, 2004). In 

contrast to spindle assembly checkpoint-

proficient cells, monastrol treatment of spindle 

assembly checkpoint-deficient cells did not 

interfere with the degradation of Aurora 

A-YFP during mitotic exit (fig. 2D), indicating 
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Figure 3: Aurora A degradation during synchronized mitotic exit. 

(A, B, C) U2OS cells were treated with nocodazole for 16 hrs. Mitotic cells were collected by mitotic 

shake-off and left untreated or treated with roscovitin. At indicated time points after roscovitin-

addition, cell lysates were obtained (A), DIC images were taken (B) or cells were fixed in ethanol for FACS 

analysis (C). Cell lysates were analyzed by Western blotting using anti-Aurora A, anti-Cyclin B1 and anti-

β-Actin (A). In parallel, cells were co-stained with anti-Aurora/Anti-Alexa-674 and anti-MPM2/Alexa-488 

and analyzed by FACS. MPM2-positivity of 1*104 events is indicated in upper-right corner of DNA profile 

histograms. Aurora A-positivity is indicated in upper right corner of Aurora A plots. (D) U2OS cells were 

transfected with pS or pS-Plk1 in combination with GFP-spectrin. 36 hrs after transfection, nocodazole was 

added to cell cultures. After 16 hrs, mitotic cells were collected by shake-off. Mitotic cells were replated in 

the absence or presence of roscovitin for 4 hrs, and subsequently cell were fixed in ethanol and stained 

with anti-Aurora A-Alexa-647. Representative Aurora A-plots of GFP-positive cells are shown (upper panel) 

and the mean and SEM of 3 experiments are plotted (lower panel). (E) U2OS cells were treated as for 

figure 3C. Cell lysates were obtained after 4 hrs of roscovitin treatment. Total cell lysates or anti-APC4 

immunoprecipitations were blotted for Plk1, Cyclin B, Aurora A, Cdc27, APC2, APC4 or Cdh1.

that the presence of a bipolar spindle is not 

essential for APC/CCdh1 activation in these cells. 

Interestingly, fluorescence levels of Aurora 

A-YFP remained high during mitotic exit in 

Plk1-depleted cells, again indicating that Plk1 

is required for activation of APC/CCdh1 activity 

(fig. 2E). Aurora A degradation was followed 

in cells with monopolar spindles, indicative of 

Plk1-functionality (van Vugt et al., 2004). 

Cdh1 is prevented from binding to the APC/C 

through direct inhibitory phosphorylation 

by Cyclin B1/Cdk1 (Zachariae et al., 1998; 

Kramer et al., 2000). In yeast, the dual 

specificity phosphatase Cdc14 is required 

to remove the inhibitory phosphorylation 

on Cdh1 to promote APC/CCdh1 activity. The 

direct binding of Cdh1 was previously shown 

to promote APC/C activity by recruiting 

APC/C substrates as well as by inducing 

conformational changes within the APC/C 

(Dube et al., 2005). To investigate at which 

level Plk1 regulates APC/CCdh1, we used an 

experimental setup that allowed synchronized 

mitotic exit in spindle-checkpoint arrested 

cells. Importantly, this experimental setup 

does not require spindle integrity, which is 

a prerequisite to study late mitotic effects 

in Plk1-depleted cells. Nocodazole-treated 

mitotic cells were collected by mitotic shake-

off and replated in the presence of nocodazole 

and the Cdk1 inhibitor roscovitin (fig. 3A). Loss 

of Cyclin B1/Cdk1 activity in the presence of 

nocodazole allows mitotic exit, leading to 4N 

DNA containing post-mitotic cells (fig. 3B, C). 

Clearly, ‘late’ APC/CCdc20 as well as APC/CCdh1 is 

rapidly activated in control cells as judged by 

degradation of Cyclin B1 and Aurora A (fig. 3A, 

C). As expected, also the Cdk1 target Cdc27 

(also called APC3) was dephosphorylated after 

treatment with roscovitin both in control and 

Plk1-depleted cells, indicating that Plk1 is not 

required for mitotic exit in these experiments 

(fig. 3E). Moreover, Cdk1 inhibition led to 

association between Cdh1 and the APC/C 

that again coincided with degradation of 

Aurora A (fig. 3E). Although Cdc27 was also 

rapidly dephosphorylated in Plk1-depleted 

cells, Aurora A was not degraded (fig. 3D, E). 

Importantly, the dephosphorylation of Cdh1 

that occurs during mitotic exit, was dependent 

on Plk1 (fig. 3E). 

The phosphorylation state of Cdh1 was 

previously shown to determine both Cdh1 

association with the APC/C as well as activity 

of APC/CCdh1 (Visintin et al., 1998; Zachariae 

et al., 1998; Kramer et al., 2000; Bembenek 

and Yu, 2001). Evidence from S. Cerevisiae 

has shown that the Cdc14 phosphatase 

dephosphorylates Cdh1 to mediate mitotic exit 

(Visintin et al., 1998). In order to accomplish 

Cdh1 dephosphorylation, the Mitotic Exit 

Network (MEN) is required for the release 

of Cdc14 from the nucleolus (Stegmeier 

and Amon, 2004). In human cells however, 

the upstream regulation of Cdh1 is less well 

studied. Interestingly, one of the two human 

Cdc14 homologues, hCdc14A, can efficiently 

dephosphorylate Cdh1 and activate APC/C-

Cdh1 in vitro (Bembenek and Yu, 2001). 

To investigate the function of hCdc14A in 

►

C2-A4.indd   38 29-7-2008   11:40:45



Plk1 is required for activation of the APC/CCdh1

39

vivo, we utilized siRNA hairpins that efficiently 

down-regulated hCdc14A expression (Fig. 

4A). When hCdc14A-depleted cells were 

assayed for APC/CCdh1 activity using live cell 

imaging, we observed a significant delay in 

the degradation of YFP-Aurora A (Fig. 4B), 

indicating that hCdc14A plays a role in efficient 

activation of APC/C-Cdh1 in vivo.

We next assessed whether Plk1 controls Cdh1 

through regulation of hCdc14A. To investigate 

whether Plk1 activity influences hCdc14A 

function, we analyzed endogenous hCdc14A 

in Plk1-depleted U2OS cells. We confirmed the 

finding that endogenous hCdc14A localizes to 

centrosomes (suppl. fig. 2A)(Bembenek and 

Yu, 2001; Kaiser et al., 2002; Mailand et al., 

2002; Gruneberg et al., 2004). hCdc14A was 

partly lost from the microtubule-organizing 

center in Plk1-depleted cells, indicating that 

Plk1 directly or indirectly controls hCdc14A 

(suppl. fig. 2A, B). To test the possibility 

that Plk1 controls hCdc14A directly, we 
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investigated whether hCdc14A interacts with 

Plk1. Using GFP immunoprecipitations to pull 

down GFP-hCdc14A, we co-immunoprecipitate 

endogenous Plk1 (fig. 4C). The interaction 

between Plk1 and its binding partners was 

shown to be phosphorylation-dependent 

which often requires priming by Cyclin-

dependent kinases (Elia et al., 2003a; Elia 

et al., 2003b). We therefore examined if 

the interaction between Plk1 and hCdc14A 

required phosphorylation of S245, a conserved 

Cdk consensus phosphorylation site (fig. 4E). 

Mutation of the S245 phosphorylation site 

did not disturb the interaction between Plk1 

and hCdc14A, indicating that other kinases 

may direct the binding between Plk1 and 

hCdc14A, or that other hCdc14A-associating 

proteins provide a docking site for Plk1. When 

we incubated recombinant hCdc14A with 

Plk1, Cdc14A was efficiently phosphorylated 

by Plk1 in vitro. This finding is consistent 

with a very recent study by Yuan and co-

workers (Yuan et al., 2007b) and indicates 

that hCdc14A might be directly regulated by 
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Plk1 (suppl. fig 1F, G). Mutation analysis of 

putative Plk1-phosphorylation sites revealed 

that S351 and S363 within human hCdc14A 

were phosphorylated after Plk1 addition (fig. 

4D and (Yuan et al., 2007a)). Importantly, 

immuno-precipitated hCdc14A S351A-S363A 

was no longer phosphorylated by recombinant 

Plk1 (fig. 4D). We next set out to study 

the functional relevance of Plk1-mediated 

phosphorylation of hCdc14A for APC/CCdh1 

activation. To this end, phosphorylation site 

mutants of hCdc14A were expressed in Plk1-

depleted U2OS cells and endogenous Aurora 

A levels were analyzed by FACS and western 

blotting (suppl fig. 3B and fig. 4F, G). Expression 

of hCdc14A or the phospho-mutants resulted 

in a minor decrease in Aurora A levels in 

mitotic cells, indicating that these mutants do 

not significantly inhibit accumulation of Aurora 

A in mitotic cells (suppl. fig. 3B). Mitotic cells 

were subsequently collected by gentle shake-

off and forced to exit mitosis by roscovitin 

treatment (Fig. 4F, G). Again, Plk1-depleted 

cells were unable to efficiently degrade Aurora 

A. Importantly; the phospho-mimicking 

hCdc14A mutant rescued the defect in Plk1-

depleted cells to degrade Aurora A, indicating 

that the APC/CCdh1 is significantly more 

active in these cells (fig. 4F, G). In contrast, 

expression of the non-phosphorylatable 

hCdc14A mutant failed to promote efficient 

Aurora A degradation in Plk1-depleted cells 

(fig. 4F, G). In conclusion, our results reveal 

that Plk1 can control the activity of the APC/

CCdh1 through phosphorylation of hCdc14A.

Discussion

Of the diverse mitotic functions of Plk1, its 

role in APC/C-activation is one of the least 

understood. However, several lines of evidence 

point towards a link between Polo-like kinases 

and the APC/C. Most notably, in budding 

yeast the Cdc5 polo-like kinase controls the 

release of Cdc14 from the nucleolus, and the 

subsequent activation of APC/CCdh1 (Stegmeier 

and Amon, 2004). In higher organisms, the 

situation is less clear. In vitro phosphorylation 

studies have shown that Plk1 can modify 

the APC/C (Golan et al., 2002; Kraft et al., 

2003). Furthermore, Plk1 is involved in the 

degradation of the ‘early’ APC/CCdc20-inhibitor 

Emi1 early in mitosis and through this 

mechanism Plk1 could indirectly control APC/

C-mediated degradation of Cyclin A (Hansen 

et al., 2004; Moshe et al., 2004). However, 

studies of Plk1-depletion or -inhibition revealed 

that Plk1 involvement in the activation of the 

spindle checkpoint independent APC/CCdc20 is 

limited, since degradation of Cyclin A during 

prometaphase is not compromised (Kraft 

et al., 2003; van Vugt et al., 2004; Lenart 

et al., 2007). In addition, previous studies 

addressing the activation of the spindle 

checkpoint-dependent APC/C-Cdc20, required 

for the degradation of Cyclin B1 and Securin, 

have not shown a requirement for Plk1 (Kraft 

Figure 4: Plk1 controls Cdc14A to regulate the APC/CCdh1. 
(A) U2OS cell were transfected with hCdc14A-myc in combination with pS-hCdc14A. Cell lysates 

were immunoblotted for Cdk4 and myc. (B) U2OS cells were transfected with YFP-Aurora A in combination 
with pS or pS-hCdc14A. After release from a thymidine block cells were analyzed using live cell microscopy. 
Aurora A levels were quantified and mean and SEM of 5 movies were synchronized at anaphase onset. 
(c) U2OS cells were transfected with wt-GFP-hCdc14A or S254A-GFP-hCdc14A. After 48 hrs, GFP-
immunoprecipitations were performed and total cell lysates of GFP-IPs were immunoblotted for GFP, Plk1 
and β-Actin. (D) U2OS cells were transfected with GFP-hCdc14A-wt or GFP-hCdc14A-S351A/363A. After 48 
hrs, GFP-immunoprecipitations were performed. GFP-immunoprecipitations were left untreated or incubated 
with recombinant Plk1. Kinase reactions were visualized by autorad. Total cell lysates were immunoblotted 
for GFP and β-Actin (left panel). (E) The conservation in the regions comprising Ser245, Ser351 and Ser363 
of Cdc14A is indicated. (F) U2OS cells were transfected with pS-Plk1 in combination with GFP-Cdc14A-
S351A/363A or GFP-hCdc14A S351D/363D. 18 hrs after release from a thymidine block, mitotic cells were 
collected and replated in medium containing roscovitin for 4 hrs. Cell lysates were analyzed for Aurora 
A, Plk1, GFP and Cdk4 by Western blotting. (G) U2OS cells were transfected with pS-Plk1 in combination 
with GFP-hCdc14A-S351A/363A or GFP-hCdc14A-S351D/363D. 36 hrs after transfection, nocodazole was 
added to cell cultures. After 16 hrs, mitotic cells were collected by shake-off. Mitotic cells were subsequently 
replated in the absence or presence of Roscovitin for 4 hrs, and subsequently cells were fixed in ethanol and 
stained with anti-Aurora A/Alexa-647. Representative Aurora A-plots of GFP-positive cells are shown (left 
panel) and the mean and SEM of 3 experiments are plotted (right panel).

►
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et al., 2003; Sumara et al., 2004; van Vugt 

et al., 2004). Here, we analyzed Cyclin B1 

degradation biochemically as well as in live 

cells, as a measure of ‘late’ APC/CCdc20 activity 

and report that Plk1 is not required for timely 

Cyclin B1 degradation. This is in apparent 

contradiction with earlier results from 

Xenopus extracts, where depletion the Plk1-

homologue Plx1, resulted in inhibition of Cyclin 

B1 degradation (Descombes and Nigg, 1998). 

However, these latter results represent APC/C 

regulation during the metaphase to anaphase 

transitions of meiosis-II, which might be 

regulated differentially (Lorca et al., 1998). In 

addition, it is important to realize that here we 

investigated a role for Plk1 in ‘late’ APC/CCdc20 

activation under conditions where the spindle 

assembly checkpoint is never established or 

was artificially inactivated. 

Activity of the ‘late’ APC/CCdc20 is followed by 

activation of APC/CCdh1. Our data show that 

Plk1 is critically required for activation of APC/

CCdh1. Cdh1-targets, such as Aurora A and 

Cdc20 are not efficiently degraded in Plk1-

depleted cells that are forced to exit mitosis. 

Impaired APC/CCdh1 activation correlates with 

a failure to dephosphorylate Cdh1, which is 

thought to be dependent on hCdc14A. Indeed, 

we could show that the failure in APC/CCdh1 

activation is almost completely reverted by 

expression of a mutant of hCdc14A in which 

two Plk1 phosphorylation sites are converted 

into phospho-mimicking residues. This 

demonstrates that hCdc14A is an essential 

intermediate in Plk1-dependent activation 

of APC/CCdh1. Interestingly, this situation is 

remarkably similar to the pathway promoting 

mitotic exit in budding yeast. Here, Cdh1 also 

requires removal of Cdk1-phosphorylation to 

activate the APC/C, and this dephosphorylation 

is mediated by the yeast Cdc14 phosphatase 

(Visintin et al., 1998; Zachariae et al., 1998; 

Jaspersen et al., 1999). The budding yeast 

polo-like kinase Cdc5 promotes Cdc14 release 

from the nucleolus through regulation of the 

MEN and FEAR-network (Hu et al., 2001; Lee 

et al., 2001; Geymonat et al., 2002; Pereira 

et al., 2002; Stegmeier et al., 2002; Yoshida 

and Toh-e, 2002) and once released from the 

nucleolus, Cdc14 dephosphorylates Cdh1, 

so it can activate the APC/C (Visintin et al., 

1998; Zachariae et al., 1998; Jaspersen et 

al., 1999; Kramer et al., 2000). Interestingly, 

two mammalian homologues of budding yeast 

Cdc14, hCdc14A and hCdc14B have been 

described (Li et al., 1997). hCdc14A localizes 

to centrosomes, whereas hCdc14B localizes 

in the nucleolus (Li et al., 1997; Andersen et 

al., 2002; Kaiser et al., 2002; Mailand et al., 

2002). hCdc14A appears to be functionally 

most related to the yeast Cdc14, since it was 

shown to dephosphorylate and activate Cdh1 

(Bembenek and Yu, 2001). Combining these 

observations with our data that Plk1 can 

phosphorylate hCdc14A and that phospho-

mutants of Cdc14A can override the block 

in Plk1-mediated APC/CCdh1 activation, we 

conclude that control of Cdh1 by Plk1 through 

Cdc14A highlights an evolutionary conserved 

part of APC/C regulation. However, it should 

be pointed out that not all aspects of APC/C 

regulation are conserved. Activation of the 

budding yeast Cdc14-Cdh1 pathway requires 

a specific spindle orientation, in which one of 

the spindle poles is located in the daughter 

bud (Stegmeier and Amon, 2004). In addition, 

yeast Cdc14 activation during anaphase 

involves export from the nucleolus, a structure 

that is not present during a mammalian mitosis 

(Stegmeier and Amon, 2004). Nucleolar 

export of budding yeast Cdc14 releases it 

from its inhibitor Cfi1/Net1, that resides in 

the nucleolus (Shou et al., 1999; Visintin et 

al., 1999). Since hCdc14A localizes to the 

centrosome and no human homolog of Cfi1/

Net1 has been identified, the direct inhibitory 

mechanisms for hCdc14A is unknown (Li et 

al., 1997; Andersen et al., 2002; Kaiser et 

al., 2002; Mailand et al., 2002). In budding 

yeast, however, two signaling networks 

are involved in release of Cdc14 from the 

nucleolus; the MEN (mitotic exit network) 

and the FEAR (Cdc fourteen early anaphase 

release) network (Shou et al., 1999; Visintin 

et al., 1999; Stegmeier et al., 2002). The 

human genome harbors homologues of both 

the MEN network (Plk1, separase) and the 

FEAR network (GAPCenA, WARTS/LATS1, 

Mob1A and centriolin). Although the function 

of these homologues in mitotic exit is largely 

unexplored, it is surprising that all these 

proteins localize to centrosomes (Cuif et al., 
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1999; Morisaki et al., 2002; Chestukhin et 

al., 2003; Gromley et al., 2003; Bothos et al., 

2005). Possibly, the centrosome has adapted 

certain functions from the nucleolus during 

evolution.

Our finding that Plk1 controls Cdh1 through 

hCdc14A, adds a novel Plk1-dependent path 

in the control over APC/C activity. Besides 

direct phosphorylation of several APC/C 

subunits and degradation of an APC/C 

inhibitor, we show here that Plk1 also controls 

the activation of the APC/C auxiliary protein 

Cdh1. The fact that Plk1 regulates the APC/C 

via multiple pathways could also explain why 

depletion of Plk1 has a more dramatic effect 

on Aurora A degradation when compared to 

hCdc14A-depletion. Similarly, expressing the 

phospho-mutants of hCdc14A never fully 

reverted the defect in Aurora A degradation, 

which suggests that multiple Plk1-dependent 

pathways might converge on APC/CCdh1, which 

do not all involve Cdc14A regulation.

The main function of the APC/CCdh1 appears 

to prevent Cyclin accumulation and hence 

prevent premature activation of S-phase-

promoting Cdks (Peters, 2002). This model 

is strengthened by the observation that 

yeast strains lacking Cdh1 are viable, only if 

the Cdk inhibitor Sic1 is present (Schwab et 

al., 1997; Visintin et al., 1997). Analogous 

observations were done in mammalian cells. 

Cdh1 was shown to be present and active in 

quiescent cells (Brandeis and Hunt, 1996) 

and its presence is required to maintain a 

post-mitotic state of differentiated cells, 

such as neurons (Konishi et al., 2004). 

Inactivation of Cdh1 in post-mitotic neurons, 

initiates unscheduled S-phase, which leads 

to apoptosis (Konishi et al., 2004; Almeida 

et al., 2005). Likewise, deletion of the APC/C 

subunit APC/C2 in quiescent hepatocytes 

resulted in hyperproliferation and subsequent 

liver failure (Wirth et al., 2004). In light 

of these observations, future work should 

address what the role of the Plk1/hCdc14A 

pathway is in maintaining proper cell cycle 

control beyond mitosis.

Methods

Cell culture, transfection and synchronization

Human osteosarcoma (U2OS) cells were 

cultured in DMEM-Glutamax (Gibco), 

complemented with 6% FCS, 100 U/ml 

penicillin, and 100 μg/ml streptomycin. Cells 

were transfected for 18 hrs using a standard 

calcium-phosphate protocol. Where indicated, 

cells were blocked at the G1/S transition by 

incubation with 2.5 mM thymidine (Sigma) 

for 24 hrs. In order to allow synchronized 

progression through the cell cycle, thymidine 

was extensively washed away and replaced 

with pre-warmed medium. The Eg5 inhibitor 

Monastrol (0.2 mM, Sigma) was used to 

prevent centrosome separation. 

Plasmids and antibodies

pSuper vectors producing siRNAs against 

Plk1, Mad2 and BubR1 were constructed 

and described previously (van Vugt et al., 

2004). pS-hCdc14A was designed to target 

TCTCACCATTCTCGACTGT. Aurora A-YFP was 

kindly provided by Dr. J. Pines (University of 

Cambridge, United Kingdom) and described 

previously (Lindon and Pines, 2004). Myc-

hCdc14A was kindly provided by Dr. J. Lukas 

(Danish Cancer Society, Denmark) and 

described previously (Mailand et al., 2002), 

GFP-Cyclin B-NT and GFP-Cyclin B NT DM 

were kindly provided by Dr. M. Brandeis 

(the Hebrew University of Jerusalem, Israel) 

and described previously (Zur and Brandeis, 

2002). Use of Spectrin-GFP and pBabePuro 

were described previously (van Vugt et al., 

2004). Plasmids expressing GST-hCdc14A 

and Rabbit anti-hCdc14A antibody were 

kindly provided by Dr. U. Gruneberg (Max-

Planck-Institute, Martinsried, Germany) and 

published previously (Gruneberg et al., 2004). 

GFP-hCdc14A was kindly provided by dr. J. 

Dixon and described previously (Paulsen et al., 

2006). GFP-hCdc14A-S351A/363A and GFP-

hCdc14A-S351D/363D were kindly provided 

by Dr. X. Yao and were described previously 

(Yuan et al., 2007b). GFP-Cdc14A-S254A was 

obtained using site-directed mutagenesis and 

validated by automated DNA sequencing. 

Mouse anti-MPM2, rabbit anti-phospho-

Histone H3 and rabbit anti-Plk1 were from 

Upstate Biotechnology Inc. (Lake Placid, NY) 

rabbit anti-APC4 (C18), mouse anti-Cyclin B, 

rabbit anti-Cdc20 and rabbit anti-Cdk4 were 

from Santa Cruz Biotechnology (Santa Cruz, 
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CA). Rabbit anti-Aurora A was from Cell 

Signaling Inc, (Beverly, MA). Cy5-conjugated 

anti-rabbit and anti-mouse antibodies were 

from Jackson Immunoresearch Laboratories 

(Westgrove, PA).

Analysis of protein degradation

Biochemical analysis of transfected cells 

was performed as follows; U2OS cells were 

cultured in 10 cm dishes and transfected 

with 10 µg of the indicated pSuper vectors 

in combination with 1 µg of the puromycin 

resistance marker pBabePuro. 18 hrs after 

transfection, cells were synchronized with 

thymidine and selected with puromycin 

(2 µg/ml) for 24 hrs. Thymidine and 

puromycin were washed away thoroughly, 

and at indicated time points cell lysates 

were obtained for kinase assays and western 

blotting. Alternatively, protein degradation 

was studied in mitotic cells (obtained by 

mitotic shake off after 16 hrs nocodazole 

treatment), which were treated with 50 µM 

roscovitin for 2 hrs to allow mitotic exit.  In 

order to analyze live protein degradation, 

U2OS cells were cultured on Wilco Wells 

(Wilco Well, Amsterdam, the Netherlands) 

and transfected with the indicated pSuper 

constructs in combination with Aurora A-YFP 

or indicated GFP-Cyclin B constructs in a 

10:1 ratio. 18 hrs after transfection, cells 

were blocked in thymidine for 24 hrs. At 

10 hrs after release from thymidine block, 

cells were transferred to the heated culture 

chamber (37oC, 5% CO2) of a Zeiss Axiovert 

200M microscope equipped with a 0.55 

numerical aperture (N.A) condenser and a 40 

X Plan-Neo DIC objective (N.A. = 1.3). Using 

Metamorph software (Universal Imaging, 

Downington, PA), 12 bits phase contrast 

images (100 msec exposures to halogen 

light) yellow or green fluorescence (100 

msec exposures to blue light) were captured 

with a Photometrics Coolsnap HQ charged-

coupled device (CCD) camera set at gain 1.0 

(Scientific, Tucson, AZ) with appropriate filter 

cubes (Chroma Technology Corp.) to select 

specific fluorescence. Quantitative analysis 

of GFP-Cyclin B1 and Aurora A-YFP was 

done using Metamorph software. In short, 

after background subtraction, integrated 

fluorescence levels were determined of the 

total area of individual cells and referenced 

at metaphase alignment (Fig. 1A), mitotic 

entry (Fig. 1C), mitotic exit (Fig. 3) or 

anaphase (Fig. 4B).

Flow cytometry

Cells were cultured in 10 cm dishes and 

transfected with 10 µg of the indicated 

pSuper constructs in combination with 1 µg 

of Spectrin-GFP or with 1 µg of GFP-hCdc14A. 

At indicated time points after release from 

thymidine block or after roscovitin addition, 

cells were fixed in ice-cold 70% ethanol. After 

washing away ethanol, cells were stained with 

anti-MPM2, anti-phospho-Histone H3 or anti-

Aurora A and counterstained with Alexa647- 

or Alexa488 -conjugated anti-mouse anti-

rabbit antibodies. DNA was stained through 

Propidium iodide/RNAse treatment. For 

each time point 104 cells were analyzed on 

a Becton Dickinson FACScalibur using cell 

quest software. Data were analyzed using 

MoFlow software.

Kinase assays

Cyclin B1-associated kinase assays were 

performed as described in (Smits et al., 

2000). In brief, U2OS cells were harvested 

and lysed in E1A-lysis buffer. Subsequently, 

Cyclin B-Cdk1 was immunoprecipitated from 

5 µg of total lysate and kinase activity towards 

Histone H1 was measured using [γ-32P] ATP.  

For Plk1 kinase assays, 2 ng recombinant 

human Plk1 (aa 36-346) was incubated with 

GST-hCdc14A. Kinase activity was measured 

using [γ -32P] ATP.
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Supplemental figure 1: (A-D) U2OS cells were stably transfected with 1 μg of either GFP-Cyclin B1-

NT or GFP-Cyclin B1-NT-DM. At indicated time points, fluorescence light and DIC images were captured. 

(B, D) Fluorescence levels from figs. S1A, C were quantified using Metamorph software. Fluorescence 

levels at metaphase were arbitrarily set at 100% and shown standard error is based on three independent 

experiments. (E) U2OS cells were transiently transfected with 1 μg Aurora A-YFP and 10 μg pS-Mad2. 18 hrs 

after transfection, cells were incubated for 24 hrs in thymidine. Directly after removal of thymidine, monastrol 

was added to the culture medium if indicated. 10 hrs after washing away thymidine, cells were transferred 

to the heated stage of a time-lapse microscope. At indicated time points, DIC and fluorescent images 

were recorded. (F) GST-hCdc14A was produced in DH5α cells and purified on Gluthation beads. Washed 

and eluted GST-hCdc14A is analyzed in SDS-PAGE. (G) GST-Cdc14A was incubated with recombinant His-

Plk1-T210D and analyzed by autoradiography. Arrowsheads indicate Plk1 autophosphorylation and hCdc14A 

phosphorylation.
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Supplemental figure 2: (A) U2OS cells were 

transiently transfected with 1 μg Histone H2B and 

10 μg pS or pS-Plk1. 18 hrs after transfection, 

cells were incubated for 24 hrs in thymidine. 15 

hrs after washing away thymidine, cells were fixed 

and stained for endogenous hCdc14A and α-tubulin. 

Representative images are shown. (b) Amounts of 

hCdc14A at microtubule-organizing centers were 

quantified from images from Supplemental Figure 

2A using Zeiss AxioVision software (n=10 cells per 

condition).
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Supplemental figure 3: (a) U2OS cells were 

transiently transfected with 1 μg of indicated GFP-

hCdc14A phosphorylation mutants. 48 hrs after 

transfection, cells were fixed and stained for α-tubulin. 

Representative images of interphase and mitotic 

cells are shown. Arrowheads indicate centrosomes. 

(b) U2OS cells were transfected with pS-Plk1 in 

combination with GFP-hCdc14A-wt, GFP-hCdc14A-

S351A/S363A or GFP-hCdc14A-S351D/ S363D. 36 

hrs after transfection, nocodazole was added to cell 

cultures. After 16 hrs, mitotic cells were collected 

by shake-off. Mitotic cells were fixed in ethanol and 

stained with anti-Aurora A/Alexa-647. Number of 

Aurora A-positive cells is plotted (the mean and SEM 

of 3 experiments are plotted).
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RASSF1C is a major splice-variant of the 

Ras-association domain family (RassF1) 

gene. It has been shown to interact 

with β-TrCP and thereby stabilize the 

transcription factor β-catenin (Estrabaud 

et al., 2007). Interestingly, RASSF1C 

has also been implicated in activation of 

SAPK/JNK after DNA damage (Kitagawa 

et al., 2006; Estrabaud et al., 2007). Plk1 

is a mitotic regulator, which is important 

for re-activation of the mitotic cyclin/

Cdk complex after recovery from DNA 

damage. We identified a consensus site 

for Plk1-dependent phosphorylation in 

the unique N-terminus of RASSF1C. Here 

we show that Plk1 can phosphorylate 

RASSF1C in vitro and that the proteins 

can interact in vivo. Over-expression of 

an active form of Plk1 reduces RASSF1C 

protein levels, whereas RNAi-mediated 

depletion of Plk1 increases the protein 

level of RASSF1C. Importantly, active 

Plk1 interferes with DNA damage-

induced JNK-activation. Altogether, our 

data suggest a novel role for Plk1 in 

negatively regulating RASSF1C to silence 

the DNA damage responses that depend 

on JNK. 

Introduction

Mitotic entry is triggered by rapid activation 

of the Cyclin B1/Cdk1-complex. The mitotic 

regulator Polo-like kinase1 (Plk1) promotes 

entry into mitosis by contributing to Cyclin B1/

Cdk1 activation (Kumagai and Dunphy, 1996; 

Toyoshima-Morimoto et al., 2001; Jackman 

et al., 2003). Plk1 blocks the Cdk1-repressing 

activities of Myt1/Wee1 kinases. Myt1 kinase 

activity is inhibited and Wee1 is targeted for 

β-TrCP-mediated degradation, both through 

Plk1-dependent phosphorylation (Nakajima et 

al., 2003; Watanabe et al., 2004; Inoue and 

Sagata, 2005; Watanabe et al., 2005). β-TrCP 

is an F-box protein that acts as a substrate-

recruiting subunit  of the SCF E3-ubiquin ligase 

complex (reviewed in (Deshaies, 1999)). How 

exactly Plk1 itself is activated upon mitotic 

entry is still unclear, but two phosphorylation 

sites, Threonine 210 (T210) and Serine 137 

(S137) within Plk1 play a role in activating the 

protein. T210 is localized in the activation loop 

of the kinase domain and appears to be the 

major phosphorylation site for Plk1 activation 

(Jang et al., 2002). It is phosphorylated early 

in mitosis and may be the critical residue in 

Plk1 activation upon mitotic entry, as mutation 

of T210 into an aspartic acid (T210D), 

mimicking Plk1 phosphorylation, causes 

premature mitotic entry (Jang et al., 2002; 

van de Weerdt et al., 2005). Phosphorylation 

of S137 also increases Plk1 kinase activity but 

this only occurs late in mitosis, after silencing 

of the spindle checkpoint (van de Weerdt et 

al., 2005).

Although Plk1 promotes mitotic entry, it is 

not essential for the transition into mitosis 

during an unperturbed cell cycle (Hansen et 

al., 2004; Sumara et al., 2004; van Vugt et 

al., 2004; Lenart et al., 2007). However, a 

DNA damage-induced G2 arrest rewires the 

mitotic entry pathway to a system which is 

essentially dependent on Plk1 (van Vugt et 

al., 2004). Phosphorylation and activation 

of Plk1 is inhibited in response to DNA 

damage (van Vugt et al., 2001; Tsvetkov and 

Stern, 2005). During recovery from a DNA 

damage-dependent G2 arrest, re-activation 

of Plk1 mediates mitotic entry by targeting 
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inhibitors of mitotic entry for β-TrCP-induced 

degradation. To date, two of the Plk1-

substrates, degraded in a β-TrCP-dependent 

fashion during recovery have been identified; 

Claspin, an adaptor protein required for chk1-

activation,  and the Cdk1-inhibitory kinase 

Wee1 (van Vugt et al., 2004; Mamely et 

al., 2006). In addition to Wee1 and Claspin, 

β-TrCP targets the APC/C-inhibitor Emi-1 and 

the mitotic regulator Bora for SCF-mediated 

degradation in a manner that depends on 

phosphorylation by Plk1 (Margottin-Goguet 

et al., 2003; Hansen et al., 2004; Moshe et 

al., 2004; Seki et al., 2008). This suggests 

close collaboration between Plk1 and β-TrCP 

in promoting mitotic entry, especially after a 

DNA damage-induced arrest.

The Ras-association domain family 

(RassF1) gene is located within a region of 

chromosome 3p21.1 that is often subject to 

loss of heterozygozity (LOH) in human tumors 

(Agathanggelou et al., 2005; Dammann et 

al., 2005). The gene produces seven isoforms 

through alternative splicing and promoter use 

(RASSF1A-G), of which only RASSF1A and 

-C are ubiquitously expressed (Dammann 

et al., 2000; Agathanggelou et al., 2005). 

Both RASSF1A and RASSF1C include the 

Ras-association domain, which may interact 

with RasGTP. RASSF1A and -C vary in their 

N-terminus and have different promoter 

regions (Dammann et al., 2000). RASSF1A is 

a tumor suppressor of which loss of expression 

by promoter methylation has been observed in 

many different tumor cell lines. Tumor cells that 

have lost RASSF1A-expression are unaffected 

in expression of RASSF1C, suggesting that 

this tumor-suppressive function of RASSF1A 

is not conserved in RASSF1C (Agathanggelou 

et al., 2005; Dammann et al., 2005). 

Apart from the unique 50 amino acid stretch 

at the amino terminus, RASSF1C is identical 

to RASSF1A, suggesting at least some overlap 

between functions of the two proteins. As 

an example, the region shared by the two 

proteins contains a large microtubule binding 

domain through which both A and C isoforms 

can bind microtubules (Rong et al., 2004; 

Vos et al., 2004; Kitagawa et al., 2006). An 

Aurora A phosphorylation site that resides 

within this microtubule association region, has 

been reported to modulate RASSF1A-binding 

to microtubules and microtubule stability 

(Rong et al., 2007). Although no Aurora 

A-dependent phosphorylation of RASSF1C is 

reported, the Aurora A-phosphorylation motif 

and surrounding sequences of RASSF1A also 

exist in RASSF1C. Furthermore, RASSF1C 

also binds microtubules and over-expression 

of RASSF1A or RASSF1C in 293T cells causes 

a similar delay in G2/M phase of the cell cycle 

(Rong et al., 2004).

The unique amino acid stretch of RASSF1A 

and C harbor several intriguing features that 

have previously been investigated. RASSF1A 

contains two N-terminal D-boxes that are 

lacking in RASSF1C. D-boxes are RXXL motifs 

within APC/C-substrates that are recognized 

by the APC/C-activating co-factor Cdc20 and 

required for APC/CCdc20-mediated degradation. 

However, the RASSF1A N-terminal D-boxes 

are proposed to be required to inhibit ubiquitin 

ligase activity of APC/CCdc20 (Rong et al., 

2004). RASSF1C contains a β-TrCP interaction 

motif through which it is reported to inhibit 

the β-TrCP-mediated degradation of β-catenin 

(Estrabaud et al., 2007). 

Although both RASSF1A and C are reported to 

influence JNK signaling, RASSF1C specifically 

seems to participate in activation of SAPK/

JNK in response to DNA damage (Kitagawa et 

al., 2006). Normally, RASSF1C is sequestered 

in Promyelocytic leukaemia-nuclear bodies 

(PML-NBs) by Daxx, a key component of PML-

NBs involved in apoptosis and transcriptional 

repression (Kitagawa et al., 2006).  Upon 

DNA damage, degradation of Daxx allows 

the release of RASSF1C into the cytoplasm 

(Kitagawa et al., 2006). Cytoplasmic RASSF1C 

binds microtubules and activates the Stress-

activated protein kinase/c-Jun N-terminal 

kinase (SAPK/JNK) in response to DNA 

damage (Adler et al., 1995; Tournier et al., 

2000; Kitagawa et al., 2006). 

Here we describe a potential link between 

RASSF1C and Plk1-dependent inactivation 

of DNA damage signaling. We found that 

RNAi-mediated depletion of Plk1 increased 

RASSF1C protein levels and, vice versa, that 

over-expression of an active form of Plk1 

reduced RASSF1C levels. Furthermore, we 

found that Plk1 can phosphorylate RASSF1C 
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in vitro and we confirmed that RASSF1C and 

Plk1 associate in vivo. These data suggest 

that Plk1 can regulate RASSF1C through direct 

phosphorylation. Interestingly, we observed 

that expression of an active form of Plk1 

reduced JNK-activity specifically when cells 

are recovering from DNA damage. Altogether, 

our data support a model in which Plk1 

either interferes with RASSF1C expression 

or induces its degradation to silence DNA 

damage-induced JNK-activation.

Results

Plk1 binds and phosphorylates RASSF1C

RASSF1A and -C differ in a small N-terminal 

fragment, but both proteins are suggested 

to function in G2/M progression (Rong et al., 

2004). To reveal RASSF1C-specific functions in 

cell cycle progression, we searched the unique 

N-terminal sequence of RASSF1C for consensus 

sites that could be phosphorylated by key 

mitotic kinases. Interestingly, we identified 

a Plk1-phosphorylation site specifically in 

RASSF1C (fig. 1c) and investigated whether 

RASSF1C could be phosphorylated by Plk1 in 

vitro. Indeed, we found that in vitro translated, 

active Plk1 is capable of phosphorylating 

RASSF1C, although RASSF1C appears to be a 

weaker substrate than Plk1 itself (fig. 1a). 

Next, we investigated whether Plk1 and 

RASSF1C are in vivo binding partners. To 

this end, we expressed a myc-tagged version 

of Plk1 together with different mutants of 

flag-tagged, truncated versions of RASSF1C 

into Hek 293 cells. We observed a strong 

interaction between myc-tagged Plk1 and 

the full length RASSF1C protein (fig. 1b). The 

interaction between Plk1 and RASSF1C was 

significantly reduced when truncated forms of 

RASSF1C were used (fig. 1b). Both N- and 

C-terminal truncations strongly decreased 

the affinity of RASSF1C for Plk1 (fig. 1b), 

suggesting that the tertiary structure of the 

complete RASSF1C-protein is required for its 

interaction with Plk1. 

Plk1 activity regulates the expression level of 

RASSF1C

We observed that the identified phosphorylation 

site for Plk1 is localized in close proximity to 

a previously identified recognition site for 

β-TrCP. Therefore we hypothesized that the 

phosphorylation by Plk1 may alter protein 

stability of RASSF1C. To investigate the 

function of Plk1-association with RASSF1C, 

we depleted Plk1 from Hela cells using RNA-

interference and monitored the effect on 

protein levels of RASSF1C. As judged from 

western blot analysis, Plk1 was successfully 

depleted (fig. 2a). Interestingly, this depletion 

of Plk1 caused a dramatic increase in RASSF1C 

protein level (fig. 2a). 

To confirm the effect of Plk1-depletion on the 

level of RASSF1C, we used different mutants 

of Plk1 that were either constitutively active 

or inactive. We observed that an activating 

phospho-mimicking mutation in Plk1 (Plk1-

T210D) caused the inverse effect of Plk1-

depletion on RASSF1C-levels and induced 

a severe decrease of RASSF1C (fig. 2b). 

Consistently, we observed that expression 

of inactive versions of Plk1 with mutations 

in Threonine 210 (Plk1-T210A) or Lysine 82 

(Plk1-K82R) caused the RASSF1C-level to rise 

above level of control-cells (fig. 2b, c). These 

data consistently show an effect of Plk1-

activity on the protein level of RASSF1C. 

Next, we examined whether the effect of 

Plk1 on RASSF1C was conserved in RASSF1A. 

Therefore, we expressed an active and inactive 

mutant of Plk1 together with RASSF1A and 

analyzed the effect on RASSF1A protein level. 

Interestingly, neither the introduction of an 

active nor inactive mutant of Plk1 affected 

expression levels of RASSF1A (fig. 2d). These 

data suggest that Plk1-activity specifically 

Figure 1: Plk1 binds and phosphorylates RASSF1C. 

(a) RASSF1C was immunoprecipitated with anti-flag antibody and incubated with 1 µg purified Plk1 in 

kinase buffer. A 10 min. kinase reaction was performed and the terminated by addition of SDS loading buffer. 

(b) Hek 293 cells were transiently transfected with a myc-tagged version of Plk1 and indicated truncation 

mutants of RASSF1C. Cell lysates were pre-cleared with mouse IgG and protein G agarose and subjected 

to immunoprecipitation with agarose-conjugated anti-FLAG antibody. (c) Alignment of the RASSF1A and 

RASSF1C protein sequences.

►
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interferes with the expression of RASSF1C. 

RASSF1C disappears at anaphase onset

Since the Plk1-phosphorylation motif is 

adjacent to the β-TrCP interacting domain, 

we were interested in possible cell cycle 

regulated expression of RASSF1C. To 

carefully analyze the behavior of RASSF1C 

throughout the cell cycle, we monitored an 

YFP-tagged version of RASSF1C in U2OS cells 

by time lapse fluorescence microscopy (fig. 

3a). We observed RASSF1C to be associated 

with microtubules during interphase. Upon 

entry into mitosis, RASSF1C was transferred 

along microtubules to the centrosomes 

where it remained associated throughout 

prometaphase. Interestingly, RASSF1C rapidly 

disappeared from centrosomes at anaphase-

onset. Measurement of total fluorescence 

indicated that RASSF1C was degraded, rather 

than dispersed throughout the cytoplasm. 

Two to three hours after mitotic exit, RASSF1C 

started to re-accumulate (fig. 3b).   

Our observation that RASSF1C is lost upon 

mitotic spindle checkpoint inactivation 

together with the fact that RASSF1C contains 

4 D-boxes suggests that it may be degraded 

in an APC/C-dependent fashion. Therefore, 

we compared the degradation-kinetics of an 

APC/C-substrate that is spindle checkpoint-

sensitive to the kinetics of RASSF1C-

degradation. In synchronized populations of 

Hela cells we observed that loss of RASSF1C 

indeed occurred with kinetics similar to loss 

of the checkpoint-sensitive APC/C-substrate 

securin (fig. 3a). This suggests that RASSF1C 

may be degraded in an APC/C-dependent 

fashion after silencing of the spindle 

checkpoint. 

Plk1 affects JNK-activation, possibly through 

regulation of RASSF1C-stability

RASSF1C has been implicated in DNA damage-

induced JNK activation (Kitagawa et al., 

2006). Plk1 is important for the silencing of 

DNA damage checkpoint signaling in multiple 

ways (van Vugt et al., 2004; Mamely et al., 

2006). We observed that Plk1 is capable of 

phosphorylating RASSF1C and that over-

expression of an active form of Plk1 reduces 

RASSF1C-levels. This, together with the 

apparent opposite effects of the two proteins 

in DNA damage signaling, could suggest a 

functional link between Plk1 and RASSF1C 

in inhibition of JNK-mediated DNA damage 

signaling. To test this, we employed a cell line 

expressing an active mutant of Plk1 (Plk1-

T210D) to monitor the effect of Plk1 on JNK-

activation. 

First, we tested whether active Plk1 could 

prevent JNK to respond to DNA damage. 

Therefore, we induced the expression of 

active Plk1 (Plk1-T210D) for 2 hrs early 

in G2. After 2 hrs of Plk1-expression, we 

introduced DNA damage by applying methyl 

methanesulphonate (MMS). MMS is a DNA 

alkylating agent that modifies both guanines 

and adenines to cause base mispairing and 

replication blocks, respectively (Beranek, 

1990). We analyzed the phosphorylation-

state of JNK, reflecting its activity, 2 or 4 hrs 

after induction of DNA damage. However, 

the expression of active Plk1 did not prevent 

JNK-activation upon DNA damage, suggesting 
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Figure 2: Plk1-activity regulates expression 

levels of RASSF1C. 

(a) Hela cells were transiently transfected with a 

flag-tagged version of RASSF1C and indicated 

synthetic siRNA oligos, cultured asynchronously for 

48 hrs, lysed and subjected to western blot analysis. 

(b, c, d) Hela cells were transiently transfected with 

a flag-tagged version of RASSF1C together with 

indicated myc-tagged mutants of Plk1 and treated 

as in (a). 
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Plk1 is not involved in preventing the initial 

activation of JNK upon DNA damage (fig. 

4a).

Since Plk1 is required to silence the DNA 

damage checkpoint during recovery from 

double strand breaks (van Vugt et al., 2004), 

we reasoned that Plk1 may function in a 

similar fashion during recovery from MMS-

induced base alterations. To test this, we 

first introduced DNA damage for 2 hrs and 

subsequently induced the expression of Plk1-

T210D. Indeed, the expression of Plk1-T210D 

silenced the JNK-activation, induced by DNA 

damage (fig. 4b).  These data suggest that 

Plk1 is involved silencing of the DNA damage 

checkpoint in multiple ways. In addition to 

Claspin and Wee1, Plk1 may target RASSF1C 

for degradation, thereby inactivating the 

DNA damage checkpoint that depends on 

RASSF1C-dependent JNK activation. 

Discussion

Here we report a function for Plk1 in silencing 

RASSF1C-mediated DNA damage signaling. 

We observed that active Plk1 activity reduces 

the protein level of RASSF1C, possibly 

through direct phosphorylation, but not the 

protein level of RASSF1A. Importantly, we 

showed that JNK, reported to be mediate DNA 

damage signaling in response to RASSF1C-

release from PML-NBs, was efficiently silenced 

by expression of an active mutant of Plk1. 

RASSF1C and the tumor suppressor RASSF1A 

are splice variants of the RassF1 gene. The 

1A and 1C isoforms are produced from a 

different promoter, differ at the N-terminus 

and share 220 amino acids at the C-terminus 

(Dammann et al., 2000). This shared region 

contains at least a RA-domain, several 

D-boxes, a microtubule-binding domain, and 

two phosphorylation sites; one for Aurora-A 

kinase and one required for Skp2-dependent 

degradation. These shared motifs, together 

with the fact that both RASSF1A and RASSF1C 

are implicated in cell cycle progression and 

apoptosis, suggest the existence of multiple 

redundant functions for the RASSF1A and 1C 

isoforms. 

A respectively 120 and 50 amino acid 

sequence at the N-terminus of RASSF1A and 

a
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Figure 3: RASSF1C is degraded upon inactivation of the spindle assembly checkpoint. 

(a) U2OS cells were transiently transfected with H2B-CFP as a marker of transfection and YFP-RASSF1C 

and analyzed by time lapse microscopy. (b) YFP-RASSF1C levels of 10 independent cells were analyzed 

throughout the cell cycle by time lapse microscopy (as exemplified in (a)) and plotted schematically. (c) Hela 

cells were transiently transfected with flag-RASSF1C, synchronized by a double thymidine block and lysed 

for western blot analysis at indicated time points after release from thymidine.
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RASSF1C harbor several remarkable features 

that may be the key to functions specific for 

either the 1A or 1C isoform. RASSF1A is a 

tumor suppressor, as promoter methylation 

of RASSF1A but not RASSF1C causes loss of 

RASSF1A protein expression observed in many 

human tumors. Furthermore, the N-terminus 

of RASSF1A contains two additional D-boxes 

that are lacking in RASSF1C. The N-terminus 

of RASSF1C, on the other hand, contains a 

β-TRcP-interaction motif and a consensus 

site for Plk1-dependent phosphorylation. 

Interestingly, the D-boxes as well as the motifs 

in the N-terminus of RASSF1C are implicated 

in cell cycle progression and could thus be 

an indication that, although the 1A and 1C 

variants may act redundantly in apoptosis, 

they have specific functions in regulation of 

cell cycle progression. 

RASSF1A and -C isoforms in JNK-signaling

The RASSF1A and RASSF1C proteins have been 

functionally linked to JNK-activity. In response 

to stresses like DNA damage, activated JNK 

is sufficient to induce apoptotic chromatin 

condensation (Ura et al., 2007). The JNK 

pathway, leading to chromatin condensation, 

appears to be the main target of Ste20-like 

kinase (MST1) (Ura et al., 2007). MST1 and 

MST2 are cleaved by caspases, resulting in 

active fragments that translocate to the 

nucleus (Graves et al., 1998; Lee et al., 1998). 

RASSF1A is reported to induce apoptosis 

through direct and indirect association with 

MST1 and MST2 via the C-terminal part 

(Khokhlatchev et al., 2002; Oh et al., 2006; 

Guo et al., 2007; Matallanas et al., 2007). 

Since this C-terminal part is shared RASSF1C, 

it is not surprising that most of the described 

RASSF1A-interactors involved in this pathway 

also bind RASSF1C (Ortiz-Vega et al., 2002; 

Oh et al., 2006; Matallanas et al., 2007). 

Conceivably, RASSF1A and C have redundant 

functions in this JNK-dependent apoptosis-

promoting pathway. In the context of cell 

cycle regulation, RASSF1A over-expression 

is reported to induce an arrest in G1 and to 

suppress JNK-activation (Whang et al., 2005). 

In agreement, it has recently been shown 

that RASSF1A is degraded in at the G1/S 

transition in a SKP2-dependent fashion and 

that inhibition of this degradation arrests cells 

in G1 (Song et al., 2007). Although the Serine, 

essential for Skp2-dependent degradation is 

present in RASSF1C, our data suggest that 

this degradation is specific for RASSF1A. We 

observed that the protein level of RASSF1C 

rapidly drops at anaphase-onset and strongly 

increases in G1, about 3 hours after initiation 

of the mitotic degradation. The increasing 

expression-level of RASSF1C towards the 

G1/S-transition as opposed to the decreasing 

level of RASSF1A could reflect different cell 

cycle related functions for the two proteins.
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Figure 4: Active Plk1 silences DNA damage-

induced JNK-activity. (a) U2OS cells, expressing 

myc-Plk1-T210D from an inducible promoter were 

synchronized with thymidine. 6 Hrs after release 

from thymidine, cells were Plk1-T210D-induced by 

addition of tetracycline for 2 hrs or left uninduced. 

In parallel, Plk1-T210D induced or uninduced cells 

were subsequently treated with MMS to generate 

DNA damage and harvested for western blot 2 

and 4 hrs after DNA damage. Cell lysates were 

analyzed by western blot with indicated antibodies. 

(b) U2OS cells, expressing myc-Plk1-T210D from 

an inducible promoter were synchronized with 

thymidine. 6 Hrs after release from thymidine cells 

were harvested (lane 1) or treated with MMS for 2 

hrs to induce DNA damage (lane 2, 3). 2 Hrs after 

DNA damage, cells were induced with mutant Plk1 

or were left uninduced and harvested 2, 4 or 6 hrs 

later. Cell lysates were analyzed by western blot 

with indicated antibodies.
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Interestingly, RASSF1C has been shown to 

activate JNK-signaling in response to DNA 

damage during G2 (Kitagawa et al., 2006). 

In the N-terminal region specific for RASSF1C 

we identified a Plk1-phosphorylation site. 

Plk1 is known to silence DNA damage 

signaling in G2 by phosphorylating Claspin 

and thereby targeting it for β-TrCP-dependent 

degradation. Our observation that active Plk1 

could on one hand silence DNA damage-

induced JNK-activation and on the other hand, 

reduce RASSF1C protein levels, suggested 

that in analogy to claspin, Plk1-dependent 

phosphorylation of RASSF1C could silence 

JNK-mediated DNA damage signaling. 

RASSF1C and β-TrCP-mediated degradation

RASSF1C contains a β-TrCP-interaction motif 

in its unique N-terminus, only five amino acids 

apart from the Plk1-phosphorylation site. 

Interestingly, over-expression of RASSF1C 

has been shown to result in inhibition of 

β-TrCP-mediated ubiquitination of multiple 

substrates (Estrabaud et al., 2007). We 

observed that introduction of an active mutant 

of Plk1 results in loss of RASSF1C and that 

depletion of Plk1 or expression of a kinase-

dead version increases the level of RASSF1C. 

The stabilizing effect of RASSF1C on different 

β-TrCP-substrates suggests that RASSF1C 

may interact with β-TrCP to compete with 

other substrates. Phosphorylation of RASSF1C 

by Plk1 may cause a change in conformation 

causing either dissociation from β-TrCP or 

β-TrCP-depedent degradation of RASSF1C.

We observed that active Plk1 also has a 

silencing effect on JNK-activity, specifically in 

response to DNA damage in G2. As already 

mentioned, RASSF1A has previously been 

reported to negatively affect JNK-activity 

(Whang et al., 2005). Analysis of cell cycle 

regulation of exogenous RASSF1A protein 

level showed that it is present at least from 

thymidine release until mitotic exit (Song 

et al., 2004). The simultaneous presence of 

RASSF1A and RASSF1C in G2 could support a 

model in which Plk1-induced loss of RASSF1C 

allows β-TrCP-mediated degradation of 

transcription factors such as β-catenin and 

IκB and, at the same time, allow RASSF1A to 

oppose the RASSF1C-induced JNK-activation. 

RASSF1C and APC/C-mediated degradation

The N-terminus of RASSF1A contains 2 

potential D-boxes and the C-terminal part 

of both RASSF1C and RASSF1A contain 

four potential D-boxes. This suggests that 

both proteins may be recognized by the 

APC/C and possibly degraded after APC/C-

dependent ubiquitination. Inhibition of cell 

cycle progression in response to DNA damage 

or extracellular stresses needs to occur before 

mitotic entry, since mitotic progression is 

irreversible. Proceeding into mitosis in the 

presence of damage involves the risk of mitotic 

catastrophe or mitotic failure and possibly loss 

of euploidy. If RASSF1C functions in G2 DNA 

damage signaling, it is possible that in the 

absence of DNA damage, it is degraded once 

mitosis has been initiated. Our observation 

that RASSF1C is degraded upon checkpoint 

inactivation parallel to the APC/C-Cdc20 

substrate securin, supports such a model. 

Future research will hopefully reveal whether 

RASSF1C can be degraded by SCF-, APC/C-

mediated ubiquitination or both and whether 

this destruction is regulated differentially in 

response to DNA damage. 

Methods

Cell lines and treatment 

The cervical cancer line HeLa, the osteosarcoma 

cell line U2OS as well as the embryonic 

kidney cell line HEK 293 were obtained from 

American Type Culture Collection (Rockville, 

MD). HeLa cells were maintained in RPMI 1640 

(Invitrogen, Carlsbad, CA) supplemented with 

5% fetal bovine serum. HEK293 cells were 

maintained in DMEM (Invitrogen, Carlsbad, 

CA) supplemented with 10% fetal bovine 

serum and the U2OS cells were grown in 

DMEM supplemented with 6% fetal calf serum 

(Integro), 100 U/ml penicillin, and 100 μg/

ml streptomycin. All cells were kept at 37oC 

incubator with supplementation of 5% CO2. 

MG132, Methyl methane sulphonate (MMS), 

nocodazole as well as taxol were purchased 

from Calbiochem (San Diego, CA) and were 

dissolved in DMSO at a concentration of 

10 mM, 100 µM, 1 µM, 1 µM and 250 ng/

ml respectively. Thymidine (Calbiochem, 

San Diego, CA) was dissolved in PBS at 

a concentration of 200 mM. The plasmid 

C3-A4.indd   59 30-7-2008   14:09:07



Chapter 3

60

encoding myc-tagged human Plk1-T210D 

mutant has been described previously (van 

de Weerdt et al., 2005). U2OS-TR cells stably 

expressing the Tet-repressor were transfected 

with pcDNA6/TR plasmid (Invitrogen) 

followed by blasticidin (10µg/ml) treatment 

and clonal selection. Cell lines expressing 

Plk1-T210D under control of tetracycline-

inducible promoter were generated by 

transfection of U2OS-TR cells with linearized 

pcDNA4/TO plasmids (Invitrogen) and stable 

clones were selected with zeocin (400 µg/ml) 

followed by clonal selection. Stable clones 

were grown in media containing Tet system 

approved Fetal Bovine Serum (Clontech). For 

induction of expression, cells were treated for 

indicated times with tetracycline (1 µg/ml). 

Synchronization of HeLa cells was carried out 

by double thymidine block. Briefly, cells were 

first treated with 2mM of thymidine for 19 

hrs, released in normal medium for 9 hrs and 

treated with 2 mM thymidine for additional 

16 hrs. At the end of the thymidine block, 

cells were released into normal medium and 

were collected at the indicated time point for 

western blotting or time lapse analysis.

Plasmids and transient transfection 

The vectors expressing the Flag-tagged 

RASSF1A, RASSF1C, or the truncation 

mutants of RASSF1C were generated by 

PCR using HeLa cDNA as template. The 

vectors expressing the dominant active and 

negative form of Plk1 were provided by Prof. 

Dr. E.A. Nigg, Germany. pEYFP-RASSF1C 

was generated by inserting the RASSF1C 

coding sequence into the pEYFP vector. All 

plasmids were transiently transfected into 

the HeLa cells using the Fugene 6 reagent 

(Roche, Indianapolis, IN) following the 

protocol provided by the manufacturer. U2OS 

osteosarcoma cells were transfected with 

the H2B-GFP vector by the standard calcium 

phosphate transfection protocol 24 hrs after 

the cells were seeded. For selection of cells 

with H2B-GFP or pBabePuro, transfection-

marker constructs were transfected in a 1:10 

ratio with the total DNA content. For selection, 

cells were incubated with puromycin 24 

hrs after transfection and viable cells were 

harvested 36 hrs later. For harvesting, cells 

were washed with phosphate-buffered saline 

(PBS) and incubated with trypsin for 5 min. 

before FCS-containing medium was applied to 

inactivate the trypsin.

siRNA oligos

The scrambled RNA oligo and the siRNA 

targeting Plk1 (siPlk1) and RASSF1C 

(siRASSF1C) were synthesized by Dharmacon 

(Dharmacon, Chicago, IL). The target sequence 

of siPlk1 was described previously (Guan et 

al., 2005). Hela cells were transfected with the 

scrambled siRNA, siPlk1 or siRASSF1C using 

LipofectamineTM 2000 (Invitrogen, Carlsbad, 

CA) following the manufacturer’s instruction.

Western blotting 

Experiments were carried out as described 

previously (Ling et al., 2006). Briefly, whole 

cell lysates were prepared by resuspending cell 

pellets in RIPA buffer (50 mM Tris–HCl pH 8.0, 

150 mM NaCl, 1% NP40, 0.5% deoxycholic 

acid, 0.1% SDS) including protease inhibitors 

(1 mM Na3VO4, 1 µg/ml aprotinin, 1 µg/

ml leupeptin, and 1 mM PMSF), and protein 

concentrations were measured using DC 

Protein Assay kit (Bio-Rad, Hercules, CA, 

USA). Protein extracts (15~30µg) were loaded 

onto a sodium dodecylsulfate-polyacrylamide 

gel (SDS-PAGE) for electrophoresis and then 

transferred to a PVDF membrane (Amersham, 

Piscataway, NJ, USA). The membrane was then 

incubated with primary antibodies for 1~2 h 

at room temperature against c-myc, Securin, 

Cdk4, β-actin (Santa Cruz Biotechnology, CA, 

USA), flag, (Sigma, MO, USA) Plk1 (Zymed, 

CA, USA), p-JNK (Cell Signaling Technology, 

MA, USA), respectively. After washing with 

TBS-T, the membrane was incubated with 

secondary antibody against mouse, rabbit or 

goat IgG and the signals were visualized using 

ECL plus Western blotting system (Amersham, 

Piscataway, NJ, USA).

Coimmunoprecipitation assay

Cells were lysed in RIPA buffer after transfected 

with different constructs. Cell lysate was first 

pre-cleared with normal mouse IgG and protein 

G agarose for 1 hr. Immunoprecipitation was 

then performed with agarose-conjugated 

anti-flag antibody. The mixture was incubated 
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with gentle rocking overnight at 4oC. The 

resin was then washed three times with lysis 

buffer. Immunoprecipitant pulled-down by 

anti-flag antibody was eluted with 3×flag 

peptide (150ng/ml) for 10 minutes at 4°C. 

The eluted complex was loaded onto SDS-

polyacrylamide gel for electrophoresis and 

Western blotting analysis with the procedures 

described above.

In vitro kinase assays

RASSF1C was immunoprecipitated with 

anti-flag antibody with procedure described 

above. Purified Plk1 protein was obtained 

from Invitrogen. 1 µg Plk1 was incubated 

with flag-RASSF1C in kinase buffer [50 mM 

HEPES (pH 7.5), 10 mM MgCl2, 2.5 mM DTT, 

0.01% Triton® X-100] containing [32P] γ-ATP 

(10 µCi). The kinase reaction was performed 

at 300C for 10 min. and the reactions were 

terminated by addition of SDS loading buffer. 

The samples were resolved by SDS-PAGE and 

the labeled phosphorylated proteins were 

detected by autoradiograph. 

Synchronization and Recovery from DNA 

damage

Where indicated, cells were synchronized at the 

G1/S transition by incubation with thymidine. 

Cells were maintained in thymidine for 24 hrs 

and subsequently released from the block 

either in the presence or absence of taxol 

(paclitaxel; 1 µM) or nocodazole (250 ng/ml). 

18 Hrs after release, cells were harvested and 

analyzed. Where indicated, the G2/M DNA 

damage checkpoint was activated by treating 

cells with 1 μM Methyl methane sulphonate 

(MMS) for 1 hr at 6 hrs after release from 

a thymidine block. MMS was washed away 

thoroughly. 

Time lapse analysis

U2OS cells were plated on 35-mm glass-bottom 

culture dishes (Willco-dish, Amsterdam, The 

Netherlands) or 4 chamber lab-tek chambered 

#1.0 Borosilicate coverglass wells (Nunc) 

and transfected immediately (siRNA) or after 

24 hrs (DNA). For live imaging, dishes were 

transferred to a heated stage (37°C) on a 

Zeiss Axiovert 200M microscope equipped with 

a 0.55 numerical aperture (N.A.) condenser 

and a 40x Achroplan objective (0.60 N.A.). 

Twelve bits differential interference contrast 

(DIC) and fluorescence (100-ms exposures) 

images were captured every 1 to 10 min 

by using a Photometrics CoolSNAP HQ 

charged-coupled device camera set at gain 

1.0 (Scientific, Tucson, AZ) and appropriate 

filter cubes (Chroma Technology, Brattleboro, 

VT) to select specific fluorescence. Images 

were processed using MetaMorph software 

(Universal Imaging, Downingtown, PA).
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Ubiquitination is implicated in many 

cell cycle related processes. To examine 

possible roles for deubiquitinating 

enzymes (Dubs) in G2/M progression, 

we performed a functional screen with 

a library consisting of targeting vectors 

directed against most annotated Dubs 

in the human genome. By analyzing cell 

cycle progression of cells, transfected 

with individual library pools targeting one 

protein, we identified 6 Dubs that appear 

to have a function in cell-cycle control 

either in G2 or during mitosis. Dub3 and 

Usp35 seem to be required for timely 

mitotic entry. Usp25 and Usp30 appear to 

play a role in mitotic checkpoint-activity 

or APC/C-inhibition. Usp8 and Usp39 

appear involved in the mitotic checkpoint 

as well as cytokinesis. We further focused 

on the mitotic phenotype induced by two 

independent shRNAs designed to target 

Usp30. We observed premature loss of 

APC/C-substrates in mitosis with both 

Usp30-targeting sequences. In addition, 

during a DNA damage-induced delay in 

G2, cells transfected with either of the 

two Usp30-shRNA constructs failed to 

preserve APC/C-substrates such as cyclin 

B1 to allow mitotic entry after silencing of 

the G2 checkpoint. Interestingly, loss of 

APC/C targets in these cells was reverted 

by co-depletion of the APC/C activators 

Cdh1 or Cdc20. However, the observed 

mitotic phenotypes did not correlate 

with the relative reduction of Usp30 

mRNA obtained with different targeting 

sequences, indicating that off-target 

effects are involved in the phenotype 

seen in the Usp30-depleted cells. We 

confirmed other hits of the screen with 

independent synthetic RNA oligos. Thus, 

although our data with two independent 

Usp30-targeting sequences emphasize 

the risk of off-target phenotypes, we 

confirmed the validity of our RNAi-based 

functional screen and we identified Dubs 

with a role in cell cycle progression. 

Introduction

Post-translational modification by Ubiquitin is 

a dynamic and reversible process controlled 

by the coordinate action of Ubiquitin-

conjugating and deubiquitinating enzymes. 

The conjugation of Ubiquitin to its respective 

substrates proceeds through a three-step 

cascade involving E1, E2 and E3 Ubiquitin 

ligases (Pickart, 2001). The removal of 

Ubiquitin from substrates is catalyzed by 

deubiquitinating enzymes (Dubs). Most 

Dubs are cysteine proteases, which can be 

further organized into four subclasses based 

on their Ub-protease domains: Ubiquitin-

specific proteases (Usp), Ubiquitin C-terminal 

hydrolases (UCH), Otubain proteases (OTU), 

and Machado-Joseph disease proteases (MJD). 

The USP-subfamily is the largest and most 

diverse and seems to have coevolved with the 

number of E3 ligases, suggesting an intimate 

relationship between these two antagonizing 

enzymes (Semple, 2003). Dubs can reverse 

different forms of ubiquitination. Removal 

of poly-Ubiquitin from degradation products 

is required for recycling of Ubiquitin and 

effective proteasome-dependent proteolysis 
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of the substrate (Lam et al., 1997; Amerik et 

al., 2000; Borodovsky et al., 2001; Leggett et 

al., 2002). Usps can also modify the activity 

of their substrates by mono-ubiquitination 

or prevent their proteasomal-degradation by 

counteracting poly-Ubiquitination (Verma et 

al., 2002; Henry et al., 2003; Emre et al., 

2005; Gardner et al., 2005; Kee et al., 2005; 

Li et al., 2005). 

A growing body of evidence points to an 

interesting link between cell cycle regulation 

and deubiquitination, particularly in DNA 

damage repair, G2 checkpoint signaling 

and mitotic progression. DNA lesions are 

recognized by DNA damage response proteins, 

which activate repair pathways and stall the 

cell cycle. Key factors in coupling damage 

recognition to checkpoint signaling are Ataxia-

telangiectasia mutated (ATM), ATM-Rad3-

related (ATR) and Chk1 and Chk2. These 

and other proteins form a signaling cascade 

leading to the recruitment of repair proteins 

and activation of regulators of proliferation 

and apoptosis, such as p53 and Brca1. 

Deubiquitination has been associated with 

several aspects of the cellular response to DNA 

damage. For example, loss of deubiquitination 

of FANCD2, a Fanconi Anemia repair pathway 

protein, abrogates DNA repair and cell 

cycle progression (Nijman et al., 2005; 

Oestergaard et al., 2007). Furthermore, 

Proliferating Cell Nuclear Antigen (PCNA) is 

involved in multiple DNA repair pathways 

and is subject to deubiquitination (Huang et 

al., 2006). Brca1, an E3-ubiquitin ligase for 

core histones, H2AX, p53, and FANCD2 is 

associated with Dubs (Jensen et al., 1998; 

Dong et al., 2003; Sobhian et al., 2007). 

As another example, deubiquitination of 

the Brca1-substrate H2A by Usp3 appears 

to be required for DNA damage repair and 

S-phase progression and loss of Usp3 delays 

mitotic entry and activates the DNA damage 

checkpoint (Nicassio et al., 2007). p53 is 

a global regulator of transcription in DNA 

damage signaling  and ubiquitination forms 

a major regulatory mechanism of its activity. 

Mdm2-dependent mono-ubiquitination of p53 

results in nuclear export, whereas Mdm2-

dependent poly-ubiquitination targets p53 for 

degradation (Li et al., 2003). Interestingly, 

deubiquitination plays an important part in the 

dynamic equilibrium of p53 stabilization and 

activation. p53 itself and its regulators Hdm2 

and Hdmx are all three modified and stabilized 

by the deubiquitinating enzyme USP7/ 

HAUSP, compiling a complicated network of 

stabilizing and destabilizing activities (Li et 

al., 2002; Cummins et al., 2004; Li et al., 

2004; Meulmeester et al., 2005). Altogether, 

these reports emphasize the importance of 

deubiquitination in DNA repair and the DNA 

damage checkpoint induced G2-arrest. 

The most downstream target of the DNA 

damage checkpoint to prevent mitotic entry 

is the mitotic kinase Cdk1. Cdk1 activity is 

repressed by inhibitory kinase activity of 

Wee1 and Myt1 (Atherton-Fessler et al., 1993; 

Booher et al., 1997). The Cdc25 A, B and C dual 

specificity phosphatases can dephosphorylate 

and activate Cdk1 upon mitotic entry. Cdc25A, 

and Cdc25B are essential for mitotic entry, 

whereas Cdc25C provides a positive feedback 

loop to further increase Cdk1-activity once the 

decision is made to enter mitosis (Gabrielli et 

al., 1997; Molinari et al., 2000; Mailand et al., 

2002; Lindqvist et al., 2005). All three Cdc25 

phosphatases are substrates of Chk kinases 

and subject to the DNA damage checkpoint 

either through SCF-dependent ubiquitination  

or  nuclear exclusion (Baldin et al., 1997; 

Busino et al., 2003; Jin et al., 2003; Kanemori 

et al., 2005).  Upon normal mitotic entry, 

release of the block on an amplification-loop 

involving all Cdc25 phosphatases and Plk1 

results in dephoshorylation and activation 

of Cdk1 (Smits et al., 2000; Toyoshima-

Morimoto et al., 2002; Elia et al., 2003a; 

Elia et al., 2003b). After cells have recovered 

from severe DNA damage, mitotic entry 

becomes essentially dependent on Plk1 and 

Cdc25B specifically (van Vugt et al., 2004). 

Little is known about a possible role for 

deubiquitinating activity in the mitotic entry–

pathway. However, a role for Usp7/HAUSP-

dependent deubiquitination of Chfr, an E3 

ubiquitin-ligase inactivating Plk1 in G2, has 

been suggested (Oh et al., 2007). 

In contrast to S and G2 phase, where 

ubiquitination is frequently used to modify 

protein function, ubiquitination in mitosis is 

mainly implicated in regulation of protein 
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stability. Successful cell division relies on 

accumulation and consecutive ubiquitin-

dependent degradation of a diverse group 

of mitotic regulators. A key-component in 

regulation of this timely protein degradation 

in mitosis is the Anaphase Promoting Complex 

or Cyclosome (APC/C). The APC/C is a large 

E3-ligase complex composed of at least 11 

subunits targeting cell cycle related proteins 

for proteasomal degradation. Cdc20 and 

Cdh1, two essential co-activators of the APC/C 

control sequential degradation of mitotic 

regulators. In prometaphase, APC/CCdc20 

ubiquitinates early substrates such as Cyclin 

A and Nek2 (Geley et al., 2001; Hames et 

al., 2001), whereas its activity towards Cyclin 

B1 and Securin is inhibited by the spindle 

checkpoint (Hwang et al., 1998; Kim et al., 

1998). Upon inhibition of spindle checkpoint-

activity by full chromosome alignment, 

APC/CCdc20 mediates D-box-dependent 

ubiquitination of Cyclin B1 and Securin, 

which allows Cdh1-dependent degradation of 

late mitotic substrates like Plk1, Cdc20, and 

Aurora A (Glotzer et al., 1991; Fang et al., 

1998; Pfleger and Kirschner, 2000; Lindon 

and Pines, 2004). Besides regulation of APC/C 

activity by Cdc20 and Cdh1, several APC/C-

inhibitors have been identified. For example, 

the Rae1-Nup98 complex inhibits APC/C-Cdh1 

in early mitosis (Jeganathan et al., 2005),  

the tumor suppressor RASSF1A directly binds 

and inhibits Cdc20 in prometaphase (Song et 

al., 2004) and Emi1/Rca1, can interact with 

the APC/C in a D-box-dependent  manner and 

compete with D-box-containing proteins for 

APC/C-binding (Reimann et al., 2001; Miller 

et al., 2006). 

The existence of different APC/C inhibitory 

mechanisms at distinct stages of the cell 

cycle indicates that untimely APC/C activation 

needs to be prevented in a robust and 

highly organized fashion. Deubiquitination, 

conferring additional regulation of APC/C 

activity, could be valuable at times when 

APC/C substrates are most sensitive to 

APC/C activity that escapes complete 

inhibition. In addition, yet unidentified roles 

for Dubs in DNA repair or mitotic entry may 

exist. Therefore, we performed a functional 

RNAi screen for Dubs that are required for 

progression through G2 or mitosis. We found 

that introduction of shRNA-vectors against 

Usp35 and Dub3 induced a delay in G2/M 

progression. In addition, we observed that 

introduction of shRNA-vectors targeting Usp8, 

Usp25, Usp30 and Usp39 leads to premature 

exit from mitosis in the presence of unaligned 

chromosomes. Here, we further investigated 

the effect of Usp30-depletion. We observed 

that targeting Usp30 with two different 

shRNA-vectors led to premature activation of 

the APC/C in G2 or in mitosis.  Nevertheless, 

the comparison of phenotype and depletion-

efficiency induced by four synthetic oligos, two 

of which contained the targeting sequences 

of the used shRNA-vectors, showed that the 

Usp30-targeting vectors induced similar off-

target effects. Our observations compel to 

handle RNAi-data with caution and emphasize 

the risk of off-target gene silencing. However, 

we could validate the G2 arrest of Dub3 and 

the mitotic checkpoint override of Usp8, 

Usp25, Usp39, forming an interesting starting 

point for future research. 

Results

A functional screen to identify Dubs required 

for G2/M-progression

To identify Dubs required for G2/M progression 

we performed a functional RNAi-based 

screen using a library that consists of pools 

Figure 1: Functional screen to identify Dubs with a function in G2/M progression. 

(a) Overview of the screening procedure. U2OS cells, transiently transfected with Spectrin-GFP as 

a marker of transfection and individual pools of shRNA-constructs were synchronized with thymidine for 

24 hrs. Upon release, parallel samples were treated with or without taxol for 18 hrs and fixed for FACS 

analysis. Mitotic epitopes were stained with MPM2 and DNA with propidium iodide (PI). (b) Usp25 and -30 

are required for the mitotic checkpoint. DNA- and MPM2-profiles of cells treated as described in (a). (c) 

Usp35 and Dub3 are required for mitotic entry, Usp8 and Usp39 for mitosis. DNA- and MPM2-profiles of 

asynchronous cells, 72 hrs after transfection.

►
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of 4 independent shRNA-encoding plasmids 

targeting Dubs (Brummelkamp et al., 2003). 

Following transfection, U2OS cells were 

subjected to synchronization at the G1/S 

transition by thymidine, and subsequently 

released in the presence of taxol to analyze 

their accumulation in mitosis (fig. 1a). Taxol 

interferes with proper spindle formation by 

stabilizing microtubules, thereby causing 

an arrest in mitosis which is dependent 

on the spindle checkpoint. A reduction of 

mitotic accumulation in taxol under these 

circumstances is either indicative of a defective 

spindle checkpoint response, or reflects a 

delay in G2. We observed that the targeting of 

7 Dubs with shRNA pools caused a significant 

reduction in mitotic accumulation in taxol (fig. 

1b). To isolate the Dubs that are primarily 

required for spindle checkpoint function, 

we analyzed progression to G1 in parallel 

samples that were not treated with taxol. In 

the absence of taxol, knockdown of two Dubs 

(Usp25 and Usp30) did not affect the timing 

of cell cycle progression (fig. 1b, right). This 

suggests that targeting of Usp25 and Usp30 

causes defects in spindle checkpoint function, 

but does not affect G2/M-progression or 

cytokinesis. Knockdown constructs for Dubs 

(Usp1, Usp8, Usp35, Usp39 and Dub3) induced 

an increased number of cells with 4N DNA 

content in the absence of taxol, suggestive of 

either an arrest in G2 or a complete mitotic 

failure, resulting in G1 cells with 4N DNA 

content (fig. 1b, left). 

To discriminate between a G2 arrest and 

a complete mitotic failure, we analyzed 

-
- Usp4 Usp8 Usp30 Usp39

100000

50000

150000

200000

250000

0

Fl
u

o
re

sc
en

ce

+ taxol

asynchronous thymidine release

shRNA-empty

shRNA-Usp30A

shRNA-Usp30B

+ nocodazole

a

b
c

GFP

shRNA-Usp30A

GFP-Usp30

shRNA-Usp30B

Cdk4/Actin

+ + +

+

+

+-
-

-

-

- -

+ +

+

+
- -

-

- shRNA-empty

G1
G2/M

68%
22%

G1
G2/M

57%
35%

MPM2
0.2%

MPM2
0.2%

MPM2
43%

MPM2
10%

MPM2
27%

MPM2
18%

MPM2
10%

MPM2
33%

Ub-AMC hydrolysis

Figure 2: Usp30 targeting vectors affect cell cycle progression. 

(a) shRNA-Usp30 interferes with mitotic accumulation in taxol and nocodazole. U2OS cells were transiently 

transfected with indicated targeting constructs together with Spectrin-GFP as a marker of transfection. 

Asynchronous populations were harvested 72 hrs after transfection, fixed and stained with propidium iodide 

(PI) to visualize the DNA. Thymidine-synchronized cells were grown with or without taxol or nocodazole for 18 

hrs, fixed and stained with PI and MPM2 for analysis by FACS. (b) Usp30-shRNA constructs target exogenous 

Usp30. Exponentially growing U2OS cells, co-transfected with the indicated shRNA constructs and pBabe-

Puro, were selected with puromycin and subjected to Western blot analysis. (c) Usp30 is active as a Dub. 

Ubiquitin protease-activity of recombinant Usp30 was determined by an in vitro deubiquitination reaction 

using ubiquitin-AMC. 
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asynchronous cell populations after 

transfection with the shRNA-pools. As 

observed in Mad2-depleted asynchronous 

cells, a checkpoint-override does not lead to 

visible aneuploidy within 72 hours (fig. 1c, 

left). Similar to Mad2-depleted populations, 

we observed that transfection of the pools 

designed to target Usp25 or Usp30 did not 

affect asynchronous DNA profiles either. DNA 

profiles of asynchronous cells transfected 

with Usp25 or Usp30 shRNA-pools resembled 

the profiles of control populations (fig. 1c, 

left). shRNA-pools directed against Dub3 and 

Usp35 induced a weak delay in G2, since a 

small accumulation of non-mitotic 4N cells, 

but  no polyploidy was visible in asynchronous 

populations (fig. 1c, middle). Both shRNA-

pools against Usp8 and Usp39 resulted in 

polyploidy, suggesting that these shRNAs 

affect both the mitotic spindle checkpoint 

and cytokinesis (fig. 1c, right). Asynchronous 

cells, transfected with shRNA-pool targeting 

Usp1 showed no obvious phenotype (data 

not shown). Taken together, this suggests 

that Usp25 and Usp30 could be required for 

spindle checkpoint function, Dub3 and Usp35 

for the transition from G2 to mitosis and Usp8 

and Usp39 for multiple aspects of mitosis.   

Usp30-targeting constructs induce premature 

spindle checkpoint inactivation

We decided to focus on a Dub that appeared 

to be required for spindle checkpoint-

activity. By screening the individual shRNA-

constructs of the Usp30-pool, we identified 

shRNA-Usp30A as the targeting-sequence 

responsible for inducing a premature spindle 

checkpoint inactivation (fig. 2a).  To gain 

further support for the observed phenotype 

to be indeed caused by Usp30 and not by 

and off-target of the shRNA, we searched for 

additional independent targeting sequences. 

We identified shRNA-Usp30B as a second, 

independent shRNA that impaired the spindle 

checkpoint in the presence of taxol (fig. 2a). 

To investigate whether expression of Usp30-

targeting constructs also leads to mitotic exit 

in the absence of microtubule-attachment, 

cells were subjected to the microtubule-

destabilizing agent nocodazole. Both shRNA-

Usp30A and shRNA-Usp30B caused cells to 

prematurely escape a mitotic arrest induced 

by nocodazole (fig. 2a). Although an effect on 

cell cycle progression was clear from samples 

treated with spindle poisons, expression 

of vector-driven RNAi of Usp30 had no 

discernable effect on the cell cycle distribution 

of an asynchronous cell population (fig. 2a). 

To compare the effect of shRNA-Usp30A and 

B on protein level, we expressed GFP-Usp30 

in exponentially growing U2OS cells and 

prepared cell extracts for western blot analysis 

(fig. 2b). Both shRNA-constructs efficiently 

reduced protein levels of   an exogenously 

expressed, GFP-tagged version of Usp30. 

Usp30 has most of the hallmarks of a classical 

cysteine protease and is highly conserved 

in mammals. However, its deubiquitinating 

activity has not been studied in the past. 

Therefore, we performed an Ubiquitin 

C-terminal 7-amido-4-methylcoumarin (Ub-

AMC) hydrolysis assay and showed that 

recombinant Usp30 displays Dub-activity in 

vitro (fig. 2c), indicating that Usp30 is a bona-

fide Dub.  Interestingly, comparative analysis 

suggests that Dubs with a fully intact catalytic 

triad (Usp4 and Usp8) are more active than 

Usp30, lacking the aspartate of the catalytic 

triad (fig. 2c).

Maintenance of a mitotic arrest is affected by 

Usp30-targeting vectors.

We next performed more detailed analysis 

of the spindle checkpoint response of cells 

treated with shRNA-Usp30A by time-lapse 

microscopy. Interestingly, in the absence of 

spindle disrupting agents these cells normally 

progressed through prometaphase, properly 

aligned all chromosomes, and initiated 

anaphase within a normal time window 

(approximately 60 min.), indicating that 

the mitotic checkpoint was functional in an 

unperturbed mitosis (fig. 3a). In contrast, 

cells that lacked the spindle checkpoint 

after depletion of  Mad2 or BubR1 were 

accelerated in mitosis and failed to properly 

align and separate their chromosomes (Chan 

et al., 1999; Meraldi et al., 2004). In the 

presence of taxol however, cells expressing 

shRNA targeting Usp30 initially arrested 

in mitosis, but failed to sustain this arrest 

(fig. 3b).  Between two and four hours after 
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mitotic entry, cells transfected with shRNA-

Usp30A exited mitosis, as evidenced by 

DNA decondensation and reformation of the 

nuclear membrane. This was clearly different 

from the situation in control cells, which 

maintained the mitotic arrest throughout the 

experiments (10h or more) (fig. 3b). These 

results suggest that maintenance of the 

spindle checkpoint response is impaired in 

cells in which shRNA-Usp30A is expressed. 

In contrast, the observed checkpoint defect 

in cells with Usp30-RNAi was clearly milder 

than the defect observed after depletion of 

core checkpoint components, such as Mad2 

where most cells rapidly exited from mitosis 

due to impaired establishment of the spindle 

checkpoint (data not shown). Thus, these 

data suggest that the introduction of Usp30-

shRNA leads to a weakened response to the 

spindle checkpoint. 

Usp30-RNAi causes premature loss of Cyclin 

B1 

Chromosome decondensation and nuclear 

envelope reformation are coupled to the 

degradation of Cyclin B1 (Hall et al., 1996). 

Therefore, we analyzed kinetics of Cyclin 

B1-degradation in mitotically arrested cells 

transfected with Usp30-shRNA. We observed 

that levels of fluorescent Cyclin B1 gradually 

declined in mitotic cells treated with Usp30-

RNAi and taxol (fig. 4a). In contrast, cells 

expressing a control RNAi-vector maintained 

high cyclin B1 levels throughout the arrest 

(fig. 4a). In agreement with these findings, 

expression of a non-degradable mutant of 

Cyclin B1 in shRNA-Usp30 transfected cells 

reinstalled the mitotic arrest in taxol (fig. 

4b) These data demonstrate that mitotic 

exit in taxol of shRNA-Usp30-transfected 

cells requires Cyclin B1 degradation and that 

in these cells either the maintenance of an 

active spindle checkpoint is impaired or Cyclin 

B1 turnover is directly affected, both leading 

to escape from a mitotic arrest.

To test whether the increased proteasomal 

degradation was specific to Cyclin B1, we 

analyzed expression of a number of other 

mitotic regulators, known to be targets of 

the APC/C. In unperturbed cells the bulk of 

Cyclin B1 is degraded during metaphase by 

APC/CCdc20.  In contrast, Cdc20, Aurora A, 
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Figure 3: Cells transfected with shRNA-Usp30 vectors have a functional spindle checkpoint, but 

fail to sustain a mitotic arrest in taxol. 

(a) Mitotic progression of U2OS cells, transiently transfected with an empty vector or shRNA-Usp30A 

together with H2B-GFP was analyzed by time-lapse microscopy. (b) U2OS cells were transiently transfected 

with an empty vector or shRNA-Usp30A together with H2B-GFP. Mitotic arrest in taxol was monitored by 

time-lapse microscopy. Graph depicts quantification of the duration of the arrest of 20 Usp30-shRNA cells 

and 20 control cells. 
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Aurora B, and Plk1 are degraded at the end of 

mitosis and in early G1 in a Cdh1-dependent 

fashion. We separated mitotic cells (M) from 

G2 cells by mitotic shake-off and analyzed 

protein levels of different APC/C-substrates. 

Interestingly, in mitotic cells transfected with 

shRNA-Usp30A Aurora B and Securin were 

reduced in addition to Cyclin B1 (fig. 4c).  

This suggests that the expression of Usp30-

RNAi may result in a general loss of APC/C 

substrates, rather than specifically causing 

Cyclin B1 instability.

Usp30-shRNA expressing cells fail to maintain 

high levels of mitotic regulators during a G2 

arrest.

The premature mitotic exit seen in cells 

transfected with Usp30-RNAi could either 

be a consequence of spindle checkpoint 

inactivation, or caused by a direct effect on 

the turnover of APC/C targets. Therefore, we 

searched for a way to discriminate between 

these two possibilities. Accumulation of 

mitotic regulators such as Plk1 and Cyclin B1 

is essential for mitotic entry. We hypothesized 

b
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Figure 4:  Usp30-shRNA induces loss of mitotic regulators in the presence of spindle poisons. 

(a) Cyclin B1-degradation in taxol-treated cells. U2OS cells were co-transfected with H2B-dsRed, Cyclin B1-

YFP and indicated shRNA constructs and released from synchronization with thymidine. Cyclin B1 levels in 

living cells were quantified by time lapse microscopy after treatment with taxol. Graph depicts quantification 

of the half-life of Cyclin B1 throughout a taxol-induced mitotic arrest using Metamorph imaging software. (b) 

Non-degradable Cyclin B1 is stable in taxol-treated Usp30-shRNA cells. Cells, co-transfected Usp30-shRNA and 

ND-Cyclin B1-GFP were synchronized with thymidine, arrested in taxol and analyzed by time lapse microscopy. 

Graph depicts quantification of the half-life of ND-Cyclin B1-GFP. (c) Usp30-shRNA reduces levels of mitotic 

regulators in mitosis. U2OS cells were transfected with indicated shRNA-constructs and pBabePuro. After 

selection with puromycin, cell extracts were subjected to immunoblotting with antibodies against proteins 

indicated on the right. Adherent cells (G2) were separated from mitotic cells (M) by rinsing round, non-

adherent cells off the dish 12 hours after release from thymidine.
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that if introduction of shRNA-Usp30 leads to 

reduced stability of mitotic regulators such 

as Cyclin B1, these regulators would not 

sufficiently accumulate during a prolonged 

G2 arrest to allow subsequent mitotic entry. 

In order to test this, we arrested thymidine 

synchronized cells in G2 for 15 hrs by using 

the DNA damaging agent doxorubicin and 

subsequently added caffeine to inactivate the 

G2 DNA damage checkpoint. We found that 

cells expressing shRNA targeting Usp30 failed 

to recover from the DNA damage-induced 

arrest upon inactivation of the G2 checkpoint 

using caffeine (fig. 5a). Cumulative plotting 
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Figure 5: Usp30-shRNA leads to defective recovery from DNA damage and reduced levels of 

mitotic regulators in G2-arrested cells. (a) Usp30-shRNA causes a recovery defect. U2OS cells, 

transiently transfected in 6-fold with indicated shRNA-constructs and spectrin-GFP, were synchronized with 

thymidine and released from the S-phase block for 7 hrs. Subsequently, double stranded DNA breaks were 

introduced by treatment with doxorubicin. After a doxorubicin-induced G2 arrest of 15 hrs, cells were treated 

with caffeine to silence the DNA damage checkpoint. Taxol was applied with 90 min. intervals from caffeine 

addition and each sample was harvested and fixed 90 min. after the addition of taxol. (b) Quantification of 

cumulative mitotic entry as presented in (a). (c) Comparison of the recovery-phenotype of two different 

Usp30-shRNA constructs as described in (a). (d) shRNA-Usp30 reduces the levels of mitotic regulators in 

G2-arrested cells. U2OS cells, transfected with indicated shRNA-constructs and pBabePuro were selected 

with puromycin and treated with thymidine, doxorubicin and caffeine as in (a). Cell extracts were prepared 

3 hrs after addition of caffeine and taxol. 
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of these data clearly reveals a mitotic entry 

defect after an extended G2 arrest (fig. 5b). 

We tested shRNA-Usp30B using the same 

assay and found that both shRNAs targeting 

Usp30 generated a failure to recover from a 

DNA damage-induced arrest. This strongly 

suggests that both mitotic exit in the presence 

of taxol and defective recovery are caused by 

depletion of Usp30 (fig. 5c).  

Next, we analyzed the levels APC/C substrates 

of cells stalled in G2, when the spindle 

assembly checkpoint is not responsible for 

inhibiting the APC/C. Strikingly, analysis of 

APC/C-substrate levels in cells arrested in 

G2 revealed a clear reduction of Cyclin B1 

as well as Plk1 and Cdc20, whereas the SCF-

substrate Wee1 remained unaffected (fig. 5d). 

Apparently, whereas shRNA-vectors targeting 

Usp30 do not affect the G2-to-M transition 

in normal cells, they do inhibit mitotic entry 

after a prolonged arrest in G2. Our results 

suggest that during a prolonged DNA damage 

checkpoint arrest in G2, the APC/C is at least 

partially active, and Usp30-shRNA expression 

has an effect on APC/C-dependent protein 

degradation, independent of the spindle 

checkpoint. 

Premature loss of mitotic regulators in G2 

cells, transfected with Usp30-RNAi, can be 

reverted by interference with APC/C function

The effect of expressing shRNA vectors 

targeting Usp30 is not limited to a single 

APC/C-substrate, suggesting that the loss 

of proteins could be due to an overall 

antagonistic effect towards APC/C-dependent 

degradation. APC/C-activation requires 

either one of the regulatory proteins Cdc20 

and Cdh1. In order to investigate the roles 

of APC/CCdc20 or APC/CCdh1 in the observed 

phenotype, we depleted either Cdc20 or Cdh1 

in shRNA-Usp30-transfected cells, arrested 

in G2. Cdc20 and Cdh1 could be efficiently 

depleted in cells treated with shRNA-Usp30A 

(fig. 6a). Interestingly, both the Cdc20-

dependent APC/C substrate Cyclin B1, as well 

as the Cdh1-dependent APC/C-substrates 

Plk1, Aurora A and Cdc20 were lost during a 

prolonged arrest in G2 after transfection with 

Usp30-shRNA. Remarkably, the level of Cyclin 

B1 was only partially restored by co-depletion 

of Cdh1, whereas Cdc20, Plk1 and Aurora A 

levels were fully restored (fig. 6a). Vise versa, 

co-depletion of Cdc20 and Usp30 resulted in 

full restoration of only Cyclin B1, whereas 

protein levels of the Cdh1-targets Plk1 and 

Aurora A were only minimally restored (fig. 

6a). 

To determine the effect of co-depleting APC/C-

activators on mitotic entry, G2-arrested cells 

were treated with caffeine and mitotic entry 

was analyzed cumulatively. Plk1 is essential 

in promoting recovery after DNA damage 

(van Vugt et al., 2004). In agreement with 

this, we observed only a weak reversion 

of the recovery-phenotype by depletion of 

Cdc20 in Usp30-shRNA cells. Importantly, 

Cdh1-depleted cells transfected with Usp30-

shRNA regained the capacity to re-enter 

the cell cycle after a sustained G2 arrest 

(fig. 6b). We compared the Cyclin B1 level 

of cells transfected with shRNA-Usp30A or 

shRNA-Usp30B. We found that both shRNAs 

reduced Cyclin B1 levels in G2-arrested cells 

(fig. 6c). In addition, co-depletion of Cdc20 

or Cdh1 restored Cyclin B1 levels of both 

shRNA-Usp30A- as well as shRNA-Usp30B-

transfected cells (fig. 6c). Together these data 

suggest that the transfection of both Usp30 

targeting vectors induces APC/CCdc20 and APC/

CCdh1 activity during a prolonged G2 arrest.

Because Cdh1-depletion can circumvent the 

requirement for Usp30 to sustain mitotic 

regulators in G2-arrested cells, we next 

investigated the role of Cdh1 in the observed 

spindle checkpoint override after Usp30-

depletion. First, to lend further support to 

the notion that the untimely degradation of 

APC/C-substrates in mitotic shRNA-Usp30 

transfected cells does not occur through 

premature spindle checkpoint inactivation, we 

tested whether depletion of Cdc20 or Cdh1 

would re-establish mitotic accumulation in 

case of a spindle checkpoint override. Loss 

of the spindle checkpoint by Mad2-RNAi led 

to direct activation of APC/CCdc20 and Mad2-

depleted cells rapidly exited mitosis in the 

presence of taxol (fig. 7a, b). Co-depletion 

of Mad2 and Cdh1 revealed that the escape 

from a taxol-mediated mitotic arrest after 

Mad2-depletion was not dependent on 

Cdh1 (fig. 7b). This indicates that depletion 
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of Cdh1 cannot prevent APC/C activation 

when the spindle checkpoint is impaired. In 

contrast, depletion of Cdh1 in shRNA-Usp30 

transfected cells increased the mitotic index 

in a taxol-block (fig. 7b). In agreement with 

this result, mitotic cells blocked in taxol for 2 

hours showed an almost complete restoration 

of Plk1 and Aurora A levels by depletion of 

Cdh1, while Cyclin B1 levels were partially 

restored (fig. 7c). To confirm that the increase 

in mitotic cells in taxol after depletion of 

Cdh1 is due to a prolonged mitotic arrest, we 

analyzed cells co-transfected with Usp30- and 

Cdh1-shRNA by time lapse analysis. Cdh1-

depletion significantly rescued the duration of 

the mitotic arrest of Usp30-shRNA transfected 

cells (fig. 7d). Furthermore, depletion of 

Cdc20 in Usp30-shRNA cells partially restored 

the mitotic arrest in cultures treated with 

taxol (fig. 7a). Altogether, these findings 

suggest that the premature loss of mitotic 

regulators seen in mitotically arrested cells, 

transfected with shRNA-Usp30A, is mediated 

through Cdc20- as well as Cdh1-dependent 

APC/C activity and is not the result of impaired 

checkpoint function itself. 

Figure 6: Premature protein degradation in Usp30-shRNA transfected, G2-arrested cells can be 

reversed by Cdc20- or Cdh1-depletion. 

(a) Synchronized cells, transfected with pBabePuro together with the indicated shRNA-constructs were 

treated with doxorubicin as described in figure 5a.  15 Hrs after doxorubicin-treatment, G2 cell extracts were 

prepared for immunoblot-analysis with the indicated antibodies. (b) Cells transfected with indicated shRNA-

constructs and Spectrin-GFP were treated as described in figure 5a and harvested at indicated times after 

caffeine addition. MPM2-staining was analyzed by FACS and plotted cumulatively. (c) U2OS cells transiently 

transfected with indicated shRNA-constructs together with pBabePuro were treated and analyzed as in (a).
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Both shRNA-Usp30 vectors deplete off-targets 

that induce premature APC/C-activation 

during prolonged checkpoint arrest

Over the last few years, the knowledge on the 

risk of off-target effects induced by RNAi has 

greatly increased. The chances of obtaining 

a similar and specific off-target phenotype 

with two different targeting vectors are 

minimal, particularly if the mechanism 

underlying the observed phenotype appears 

to be the same. Nonetheless, we decided 

to test additional targeting sequences for 

Usp30. We used a siRNA (validated) shown 

to reduce endogenous the Usp30-mRNA level 

in Hela cells with 93-97 percent (observed 

by manufacturer), as well as an siRNA pool 

containing four siRNAs, guaranteed to give 

a reduction on mRNA-level of at least 75 

percent. We compared the phenotype and 

mRNA-depletion of the validated siRNA 

and the siRNA pool with synthetic siRNA 

oligos of the shRNA-Usp30A and B targeting 

sequences. As expected, siRNA-Usp30A 

led to massive micronucleation in taxol, 

indicative of impaired spindle checkpoint 

maintenance (fig. 8a). However, siRNA-

Usp30B induced, in contrast to the shRNA 

with the same sequence, massive cell death 

(fig. 8a). Usp30-depletion using the validated 

siRNA or the siRNA-pool did not affect mitotic 

accumulation. We next analyzed mRNA-levels 

of all siRNAs by real time PCR. Strikingly, 

siRNA-Usp30A, consistently affecting mitotic 

accumulation in taxol, induced the weakest 
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Figure 7: APC/C-inactivation by depletion of Cdh1 or Cdc20 rescues the taxol-arrest of Usp30-

RNAi cells. 

(a, b) U2OS cells transfected with indicated shRNA-constructs and spectrin-GFP were synchronized and 

treated with taxol for 18 hrs before fixation and FACS-analysis of MPM2 and PI. (c) U2OS cells, transiently 

transfected with H2B-GFP and shRNA-Usp30A, were treated with taxol and the duration of the mitotic arrest 

was quantified by time lapse microscopy (n=15 per transfection). (d) U2OS cells were transiently transfected 

with pBabePuro and the indicated shRNA-constructs, selected for 24 hrs with puromycin, synchronized with 

thymidine and, upon release, treated with nocodazole. 12 hrs after release from S-phase, mitotic cells up 

were separated from the adherent G2 cells by shake-off and mitotic fractions were lysed for immunoblot-

analysis with indicated antibodies.
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knockdown (representative experiment out 

of three) (fig. 8a). The validated siRNA and 

siRNA-Usp30B caused similar knockdown. 

With siRNA-Usp30B, however, we were unable 

to reproduce the mitotic phenotype (fig. 8a). 

These data indicate that one or more off-

targets of Usp30-shRNAs may affect APC/C-

regulation.

Validation of the remaining hits of the screen

Since the phenotypes of the shRNA-pools 

as described in figure 1 were in most cases 

induced by only one of the targeting constructs, 

we aimed to verify the results by using 

pools of synthetic siRNA oligos containing a 

modification in the seed-region that reduces 

off-target effects. U2OS cells, transfected with 

these siRNA-pools, were treated as described 

in figure 1a. However, instead of FACS-analysis 

we used immunofluorescent analysis of Dapi-

stained cells. We quantified interphase, mitotic 

and micronucleated cells to analyze cell cycle 

progression. Micronucleated cells treated with 

taxol indicate premature mitotic exit and thus 

reflect spindle checkpoint failure or premature 

APC/C activation. An increase in the number 

of normal interphase nuclei suggests a delay 

or arrest in S or G2. An increase in disrupted 

interphase nuclei reflects possible mitotic 

failures that occurred before the application 

of taxol. 

We observed that a control siRNA pool, 

targeting Gapdh, allowed 70 percent of the 

cells to accumulate in mitosis 18 hours after 

release from S-phase (fig. 9). The siRNA pool 

targeting Usp1 reduced the number of mitotic 

cells to 47 percent and increased the number 

of normal interphase cells, suggesting that 

the reduced mitotic accumulation as also 

observed in figure 1b was the result of a 

G2 arrest (fig. 9). The siRNA pool targeting 

Dub3 reduced the number mitotic cells from 

70 to 29 percent and increased the number 

of normal interphase cells, corroborating the 

results of the shRNA-pool that suggested 

that Dub3-depletion induced a G2 arrest (fig. 

9). Transfection of the shRNA-pool targeting 

Usp8 appeared to cause a weak spindle 

checkpoint override and cytokinesis defect 

(fig. 1b). Depletion of Usp8 using a synthetic 

siRNA pool, however, led to a severe override 

of the spindle assembly checkpoint after taxol 

treatment, confirming that depletion of Usp8 

may interfere with spindle checkpoint activity 

(fig. 9). Depletion of Usp25 by vector driven 

shRNA appeared to cause a mitotic checkpoint 

override (fig. 1b, c). Indeed, siRNA-mediated 

depletion of Usp25 induced micronucleation, 

corroborating these results (fig. 9). Usp39-

depletion with siRNA pools resulted in an 

Figure 8: Off-targets of the shRNA-Usp30 may be responsible for premature APC/C-activation. 

(a) Additional Usp30-targeting sequences do not cause a spindle checkpoint override in taxol. Cells, seeded 

on coverslips were transfected with indicated siRNA-oligos, cultured asynchronously for 60 hrs, and incubated 

in taxol for 6 hrs. Spindle checkpoint override, leading to micronucleation, was quantified by immune 

fluorescence of 400 Dapi-stained cells per siRNA. (b) Additional Usp30-targeting sequences strongly reduce 

Usp30 mRNA levels. Real time PCR analysis, performed on extracts of the same transfections as analyzed 

in (a).
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increase in micronucleated cells, confirming 

the mitotic checkpoint override observed with 

the shRNA-pools.  Interestingly, depletion of 

Usp39 mediated by the siRNA pool induced 

an increased number of disrupted interphase 

nuclei. This suggests that in a fraction of the 

cells mitotic failure had already occurred 

before the application of taxol (fig. 9). 

In summary, we confirmed four hits of our 

screen and suggest that Dub3 is a regulator 

of mitotic entry, whereas Usp8, Usp25 and 

Usp39 are involved in mitotic progression. 

Discussion

Exploitation of ubiquitin in cell cycle regulation 

is extensive and varied. Whereas APC/C and 

SCF ubiquitin ligases precisely regulate the 

timely labeling of dozens of substrates with 

poly-ubiquitin tails for recognition by the 

proteasome, ubiquitin monomers can alter 

localization, complex-formation or activity 

of substrates in, for instance, DNA damage 

signaling and transcription regulation. The 

vast number of ubiquitin-dependent regulatory 

mechanisms controlling S-, G2- and M-phase 

generates an interesting but challenging field 

of research, not in the least because the 

specificity of ubiquitin modifying enzymes is 

seldom limited to a single target or process.

Here we identified proteins classified 

as ubiquitin proteases with a function 

in progression through G2 and mitosis. 

Depletion of Dub3 using two independent 

targeting strategies suggests that this Dub is 

required for mitotic entry (fig. 1 and 9) and 

we further investigated the function of this 

protein as described in chapter V. Depletion 

of Usp39 with pools of vector-driven shRNAs 

or synthetic siRNAs causes a complete mitotic 

failure as observed from a checkpoint override 

(fig. 1b), massive polyploidy (fig. 1c), and 

formation of micronuclei in the presence of 

taxol (fig. 9). The origin of this severe mitotic 

defect is further investigated in chapter VI of 

this thesis. 

We have not further addressed the depletion 

phenotypes of Usp1, Usp8, Usp25 or Usp35. 

Recently published data show that Usp1 is a 

ubiquitin protease targeting the DNA damage 

signaling proteins PCNA and FANCD2 (Nijman 

et al., 2005; Huang et al., 2006). Usp8/UBPy 

has been reported to be involved in regulation 

of cell proliferation in vivo. It exerts its function 

either through the regulation of receptor 

tyrosine kinase-stability (Wu et al., 2004; 

Mizuno et al., 2005; Alwan and van Leeuwen, 

2007; Niendorf et al., 2007) in interphase or 

through mitotic activities, induced by relieved 

inhibitory association with 14-3-3ε in mitosis 

(Mizuno et al., 2007). Although the mechanism 

of growth-stimulation by Usp8 is unclear, this 

DUB may well have a rather broad substrate-

specificity and be involved in multiple cell 

cycle related processes. Usp25 and Usp35 

are yet poorly proteins. The mitotic function 

of Usp25 and the putative role of Usp35 in 
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U2OS cells, transiently transfected with siRNA 
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18 hrs after release, cells were fixed, stained 

with Dapi and DNA-morphology of 400 cells 

was analyzed and quantified as depicted.
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mitotic entry may be interesting subjects for 

future studies.

Functional or biochemical screens identifying 

ubiquitin-associated cell cycle regulators

Biochemical screens have rapidly increased our 

knowledge of Dubs and their relevant targets. 

For example, affinity chromatography revealed 

Usp2 and Usp3 to be associated with fatty 

acid synthetase and chromatin respectively 

(Graner et al., 2004; Nicassio et al., 2007), 

and it uncovered uncovering a link between 

Usp7 and p53 (Li et al., 2002). In addition, 

immuno-affinity purification demonstrated a 

link between Usp7/HAUSP and Chfr (Oh et 

al., 2007), while yeast two-hybrid analysis 

showed association between Usp7 and FOXO4 

(van der Horst et al., 2006), and Usp11 

was identified as a Brca2-interacting DUB 

by co-purification (Schoenfeld et al., 2004). 

In addition, loss-of-function screens have 

proven to be a successful tool in the discovery 

of substrate-specific Dub-activity in various 

processes. For instance, CYLD and Usp1 were 

identified in siRNA-screens for Dubs regulating 

protein-activity of the transcription factor NF-

κB and ubiquitination of FancD2 respectively 

(Brummelkamp et al., 2003; Nijman et al., 

2005). Notably, most RNAi-based screens 

published to date were designed to identify 

a direct substrate regulated by ubiquitin 

proteases (Brummelkamp et al., 2003; 

Nijman et al., 2005). Instead, we have 

chosen an RNAi-based screen to identify Dubs 

regulating G2/M progression. Although this 

approach provides a more direct confirmation 

of biological relevance than in vitro 

assays, the Dub-substrates and molecular 

mechanisms involved are difficult to uncover, 

especially since a G2 arrest can originate from 

aberrancies in diverse processes that involve 

ubiquitin, such as replication, DNA repair 

or DNA damage checkpoint activation. Our 

identification of Usp1 as  a possible regulator 

of the G2 to M transition nicely illustrates this, 

since this protein has, during the course of our 

research, been reported to be critical for DNA 

repair by deubiquitinating PCNA  and FANCD2, 

and thus for cell cycle progression (Nijman et 

al., 2005; Huang et al., 2006; Oestergaard et 

al., 2007).

Flaws and virtues of RNAi as a tool

We observed that the introduction of two 

independent targeting sequences for Usp30 

coincided with premature proteasomal 

degradation of APC/C substrates in spindle 

checkpoint- and G2-arrested cells. This 

suggests that these targeting vectors 

directly affect APC/C-activity, and indeed, 

we found that depletion of the APC/C-

activators Cdc20 and Cdh1 rescued stability 

of APC/C-substrates both in G2 and in mitosis. 

Therefore, the reduction of protein stability 

after introduction of Usp30-shRNA constructs 

can be directly attributed to altered APC/C-

dependent protein-turnover, independent 

of checkpoint status. However, even though 

two independent Usp30 targeting strategies 

induced premature APC/C-activation, 

comparison of phenotype and knock-down 

efficiency showed that an off-target rather 

than Usp30 was responsible for the aberrant 

regulation of APC/C-activity. RNAi as a gene-

silencing mechanism, first identified in plants 

and C.elegans (Fire et al., 1998), exploits 

dsRNA to produce 21-23 nt siRNAs that are 

incorporated in the RNA-induced silencing 

complex (RISC). The RISC complex associates 

with the siRNA-strand that complements the 

target transcript (guide-strand) and harbors 

RNase H activity towards the mRNA transcript. 

RNAi is exploited in low complexity organisms 

for transcriptional gene silencing (TGS), 

antiviral responses and post-transcriptional 

regulation of endogenous gene-expression. 

Although these specific applications of RNAi 

are not common in mammalian cells, they 

contain the machinery to process siRNAs, 

including the RISC-complex. The possibility 

to use RNAi as a tool in mammalian systems 

was first demonstrated in 2001 (Elbashir et 

al., 2001), two years before the first large 

scale RNAi-screen in mammalian cells marked 

a new era, dominated by RNAi-based high 

throughput-screens in mammalian systems 

(Aza-Blanc et al., 2003). Although siRNA-

screens have brought to light novel regulators 

within various processes, the amount of 

literature dealing with off-target gene 

silencing has been growing exponentially. The 

first reported threat of off-target silencing 
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showed that mRNA-transcripts with as little 

as 15 base-pairs homologous to the siRNA 

can be silenced (Jackson et al., 2003). A more 

extreme example was presented by Lin and 

co-workers, reporting that the top three hits of 

a large-scale RNAi screen were all off-target, 

two of which were caused by 7 nucleotide 

complementation (Lin et al., 2005). 

It has become clear that near-perfect 

homology to ORF-sequences is required 

for effective gene silencing (Birmingham et 

al., 2006). However, hybridization of only a 

hexamer or heptamer seed-region (positions 

2-7 or 2-8) in the antisense strand of the 

siRNA with the 3’-untranslated (3’UTR) region 

of an mRNA suffices to generate off-target 

silencing (Birmingham et al., 2006; Jackson 

et al., 2006). The origin of this phenomenon 

is the 3’UTR of mRNAs being target of gene 

silencing through only partial complementarity 

with endogenous small RNA-species, called 

microRNAs (miRNAs) that use the innate RNAi-

machinery in mammals. In addition to RISC-

dependent degradation of target transcripts, 

the association of miRNAs with 3’UTRs can 

repress translation or localize transcripts 

to P-bodies where mRNAs are degraded by 

exonuclease-activity. 30% of all human 

transcripts are estimated to be regulated 

by miRNAs. siRNA species, introduced to 

interfere with protein expression by RNAi may 

therefore very well block translation or induce 

mRNA degradation in a miRNA-analogous 

fashion.

With this knowledge, we have tried to identify 

cell cycle-regulated mRNAs with 3’UTR-

sequences complementary to the seed-

region of shRNA-Usp30A. Among a list of 

~20 described genes, we found Fez1/Lzts1 

to be a possible seed-dependent off-target 

of shRNA-Usp30A. Fez1/Lzts1 is frequently 

down regulated in human cancers and its 

absence causes both decreased mitotic Cdk1-

activity and premature mitotic exit in taxol 

or nocodazole (Vecchione et al., 2007). It is 

reported to positively regulate Cdk1-activity 

by increasing Cdc25C-dependent Cdk1-

dephosphorylation during mitosis. Loss of 

Cdk1-activity due to re-phosphorylation of 

T14 and Y15 in Fez1/Lzts1-depleted cells 

could explain the override of the mitotic 

arrest and the concomitant APC/C-activation 

we observed. Interestingly, quantitative RT-

PCR analysis revealed that siRNA-Usp30A 

indeed efficiently targets endogenous Fez1/

Lzts1 in U2OS cells (pers. Comm. H. te Riele, 

C. Wielders). Although the function of many 

of the possible off-targets of shRNA-Usp30A 

is yet to be identified, it will be worthwile to 

determine whether the phenotype, observed 

with shRNA-Usp30A, can be explained by the 

loss of Fez1/Lzts1.

Methods

Antibodies

Antibodies against Cyclin B1 (sc-245), Actin 

(sc-1616), Wee1 (sc-325), Cdk4 (sc-260) 

and Cdc20 (sc-8358) were purchased from 

Santa Cruz. Antibodies against MPM2 (05-

368) and Plk1 (06-813) were purchased from 

UBI. Antibody against Aurora B (611083) was 

purchased from Transduction Laboratories, 

anti-Aurora A (877-616) from Cell Signaling, 

anti-Cdh1 (ms 1116-p1) from Neomarker, 

anti-Securin (PTTG1) from Zymed (34-1500), 

anti-phospho-Histone H3 (06-570) from 

Upstate and anti-alpha-tubulin (t5168) from 

Sigma. GFP-antibody was custom made by 

injecting rabbits with His-tagged recombinant 

GFP. 

Plasmids and siRNAs

Commercial 64-mer synthetic oligonucleotides 

for cloning into pSuper (pS) were annealed 

and ligated into the pSuper construct as 

described (Brummelkamp et al., 2002). The 

Dub-shRNA library was previously described 

(Brummelkamp et al., 2003). The additional  

Usp30 targeting vector and Cdc20, Cdh1 and 

Mad2 targeting vectors were based on a 19-

mer sequence present in the coding sequence 

of human Usp30 (A: GGGCTTGTGCCTGGCCTTG 

and B: GCCTTGTCCTGCCAAGAAG), Mad2 

(GGAAGAGTCGGGACCACAG), shRNA-Cdc20 

and shRNA-Cdh1 were previously described 

(Brummelkamp et al., 2002). Spectrin–GFP 

(Kalejta et al., 1997), histone H2B–GFP (Kanda 

et al., 1998), pBabe-puro (Brummelkamp et 

al., 2002) and Cyclin B1-GFP (Hagting et al., 

1998) have all been described. Non-degradable 

cyclin B1-GFP was a gift from M. Brandeis 

(Jerusalem, Israel). On-target smartpool-
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siRNAs were purchased from Dharmacon 

and the validated siRNA, targeting Usp30, 

was purchased from Ambion (105270). 

Deubiquitination assays

Ub C-terminal 7-amido-4-methylcoumarin 

(UbAMC) was purchased from Boston 

Biochem. UbAMC hydrolysis assays were 

performed in assay buffer (50 mM Tris/HCl 

pH8.0, 100 mM NaCl, 1 mM EDTA, 5 mM DTT 

& 0.05% Tween-20 supplemented with 1 mg/

ml bovine serum albumin (Sigma) at 25°C. 

Enzyme concentrations were determined 

with the Nanodrop 1000 (ThermoScientific). 

Measurements were performed in duplo 

with 10 nM (unless stated otherwise) of the 

respective enzyme in a total volume of 100 

μl/well in a 96-well plate (Packard Optiplate 

96) using a Fluostar Optima plate reader 

(BMG Labtechnologies), with a 355 nm/460 

nm filter pair. 7-amido-4-methylcoumarin 

(Biomol) was used for calibration. 

Cell culture, transfection, synchronization 

and recovery from DNA damage

U2OS osteosarcoma cells were cultured 

in DMEM supplemented with 6% fetal calf 

serum, 100 U/ml penicillin, and 100 μg/

ml streptomycin. DNA-transfections were 

performed by the standard calcium phosphate 

transfection protocol. siRNA-oligos were 

transfected with HiPerfect (Qiagen) according 

to manufacturer’s protocol. Where indicated, 

the cells were synchronized at the G1/S 

transition by addition of 2.5 mM thymidine. 

Cells were maintained in thymidine for 24 hrs 

and subsequently released from the block 

either in the presence or absence of taxol 

(paclitaxel; 1 µM) or nocodazole (250 ng/ml). 

18 Hrs after release, cells were harvested and 

analyzed by flow cytometry. Alternatively, 

transfected cells were monitored by time-

lapse analysis. Where indicated, the G2/M 

DNA damage checkpoint was activated by 

treating cells with 0.5 μM doxorubicin for 1 hr 

at 6 hr after release from a thymidine block. 

Doxorubicin was washed away thoroughly. 

At 18 hrs after washing away doxorubicin, 

all cells were arrested in G2 as judged from 

FACS analysis. In order to inactivate DNA 

damage signaling and allow mitotic entry, 

caffeine (5 mM) was added to inhibit ATR 

and ATM checkpoint kinases. The presence 

of paclitaxel prevented exit from mitosis and 

allowed accumulation of cells in mitosis. 

Time-lapse analysis

U2OS cells were plated on 35-mm 

glass-bottom culture dishes (Willco-

dish, Amsterdam, The Netherlands) and 

transfected the next day with 1 µg of the 

shRNA plasmids in combination with 0.1 µg of 

H2B-GFP or with 0.1 µg H2B-dsRed and 0.1 

µg Cyclin B1-GFP. Cells were synchronized 

with thymidine for 24 hrs and followed 

by time-lapse microscopy starting 10 hrs 

after release from the thymidine block. For 

life imaging, dishes were transferred to a 

heated stage (37°C) on a Zeiss Axiovert 

200M microscope equipped with a 0.55 

numerical aperture (N.A.) condenser and 

a 40x Achroplan objective (0.60 N.A.). 

Twelve bits differential interference contrast 

(DIC) and fluorescence (100-ms exposures) 

images were captured every 1 to 5 min by 

using a Photometrics CoolSNAP HQ charged-

coupled device camera set at gain 1.0 

(Scientific, Tucson, AZ) and appropriate filter 

cubes (Chroma Technology, Brattleboro, 

VT) to select specific fluorescence. Images 

were processed using MetaMorph software 

(Universal Imaging, Downingtown, PA).

Flow cytometry

Cells were grown in 10 cm dishes and 

transfected with GFP-spectrin (1 µg), in 

combination with an shRNA empty vector, 

shRNA-Usp30 or shRNA-Mad2 (10 µg 

each), with or without shRNA plasmids 

targeting Cdh1 or Cdc20. Sixty hours after 

transfection, cells were harvested and fixed 

in ice-cold 70% ethanol. The fixed cells 

were washed once with phosphate-buffered 

saline (PBS) containing 0.05% Tween 20 and 

then incubated with anti-MPM2 monoclonal 

antibody (mAb) diluted in PBS containing 

0.05% Tween 20 and 2% bovine serum 

albumin (BSA) to specifically stain mitotic 

cells. Finally, cells were stained with a 

secondary Cy5-conjugated goat-anti-mouse 

antibody and counterstained with propidium 

iodide. MPM-2 positivity of the GFP-positive 
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cells was analyzed using flow cytometry 

(CellQuest; BD Biosciences, San Jose, CA) as 

described previously (Smits et al., 2000).

Western blotting 

Cells were transfected with pBabe-puro in 

combination with indicated shRNA-constructs 

in a 1:10 ratio, 24 Hrs after transfection, 

puromycin was added, and the viable cells 

were harvested 36 hrs later. Cells were lysed 

in Laemmli buffer (120 mM Tris (pH 6.8), 4% 

SDS, 20% glycerol). Equal amounts of protein 

were loaded on SDS-PAGE and subsequently 

subjected to Western blotting. 

Real time PCR

RNA was isolated with RNAeasy (Qiagen). 2.5 

µg RNA was used for cDNA-synthesis with 

SuperScript II (Invitrogen #18064-022). For  

real-time PCR analysis, 25-50 ng cDNA, 5 mM 

MgCl2, 0.1 mM dNTPs, 0.2 μM primer (each) 

was used in a reaction with 0.1 μl Taq, 0.1 μl 

SybR Green and 2.5 μl 10*PCR buffer (Applied 

biosystems #4304886). For a 40-cycle PCR 

reaction (95°C for 10’, 95°C for 15’’, 60°C for 

30’’, 72°C for 30’’, 75°C for 1’’, 50-95°C read 

every 1°C hold 1’’) a DNA engine gradient 

cycler was used (MJ-research PTC-200).
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Cell cycle progression is highly 

dependent on protein ubiquitination.  

Poly-ubiquitination is required for 

rapid proteasomal degradation of cell 

cycle regulators at multiple cell cycle 

phase-transtitions. Reversible mono-

ubiquitination can affect the function of 

important components of DNA damage 

repair and checkpoint responses. We 

performed an RNAi-based functional 

screen for deubiquitinating enzymes 

(Dubs) that affect cell cycle progression 

and identified Dub3 as a protein involved 

in the G2/M transition. Our data show 

that depletion of Dub3 results in a G2 

arrest. This arrest can be overcome by 

inhibition of ATM and ATR early in G2. 

However, checkpoint inhibition after a 

prolonged G2 arrest prevents mitotic 

entry in Dub3-depleted cells. We find 

that Plk1, a downstream target of the 

G2-checkpoint, can not be re-activated 

in Dub3-depleted cells after a prolonged, 

DNA damage-induced G2 arrest. 

Altogether, our data indicate a function 

for Dub3 in mitotic entry and recovery 

after DNA damage, possibly through 

regulation of Plk1 activation.

Introduction

Mitotic entry is triggered by rapid and complete 

activation of the key mitotic regulator 

Cyclin-dependent kinase 1 (Cdk1) (also 

called Cdc2). Increased synthesis of Cyclin 

B1 results in accumulation of the cyclin B1 

protein and formation of the Cyclin B1/Cdk1-

complex during S- and G2-phase (Lukas et 

al., 1999). The binding of Cyclin B1 alters the 

conformation of Cdk1, permitting the cyclin-

dependent kinase complex CAK (also called 

Cyclin H/Cdk7) to phosphorylate Cdk1 on 

T161 and promote activation of the complex 

(Larochelle et al., 2007). However, in G2-phase 

the nuclear export factor Crm1 binds Cyclin 

B1 and shuttles it out of the nucleus (Hagting 

et al., 1998; Yang et al., 1998; Takizawa et 

al., 1999). Furthermore, activity of the Cyclin 

B1/Cdk1-complex is restrained by inhibitory 

phosphorylation on two Cdk1 sites, T14 and 

Y15. These sites are phosphorylated by the 

kinases Myt1 and Wee1 and activation of the 

Cyclin B1/Cdk1-complex in late G2 requires 

T14 and Y15 dephosphorylation by Cdc25 

dual-specificity phosphatases (Parker et al., 

1992; Mueller et al., 1995). 

Three human Cdc25 genes have been identified 

(Cdc25A, B and C) and all three can contribute 

to mitotic entry. Misregulation of Cdc25A 

protein level affects G2/M-progression and its 

depletion delays chromosome condensation 

and mitotic entry (Molinari et al., 2000; Mailand 

et al., 2002; Lindqvist et al., 2005). However, 

it is currently believed that, in response to 

phosphorylation by Aurora A, Cdc25B is the 

initial activator of centrosomal Cdk1 at the 

G2/M transition (Gabrielli et al., 1996; Lammer 

et al., 1998; Hirota et al., 2003; Dutertre et 

al., 2004; Lindqvist et al., 2005). Following 

this initial priming of Cdk1 by Cdc25B, full 

Cdk1 activation is rapidly triggered by several 

positive feedback loops. First, small amounts 

of activated Cdk1 phosphorylate Cdc25B and 

-C, initiating an irreversible auto-amplification 

loop (Hoffmann et al., 1993; Gabrielli et al., 

1997; Bulavin et al., 2003). Furthermore, 

Polo-like kinase-1 (Plk1) establishes an 

amplification loop by activating Cdc25C that 
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is primed by Cdk1 (Karaiskou et al., 1999; 

Roshak et al., 2000; Elia et al., 2003). 

Finally, to prevent rephosphorylation of T14 

and Y15 on Cdk1, the Y15-kinase Wee1 is 

phosphorylated by Cdk1 and Plk1 inducing 

its SCF-dependent degradation (Watanabe et 

al., 2004; Watanabe et al., 2005). Altogether, 

these feedback-loops induce a switch-like 

transition from G2 to mitosis. 

When a cell encounters DNA damage, a block 

on mitotic entry is vital to allow DNA repair. 

Essential DNA repair systems such as base 

excision repair (BER), nucleotide excision 

repair (NER) and mismatch repair (MMR) 

depend on a duplicate of the genome to 

provide a template for repair of damaged DNA 

(reviewed in (Spry et al., 2007)). To prevent 

mitotic entry and transmission of mutations 

to the progeny, a conserved checkpoint 

maintains a pre-mitotic arrest by inhibiting 

Cyclin B1/Cdk1 activity to allow correction 

of erroneous replication or repair of damage 

inflicted by different forms of stress. 

DNA damage is primarily sensed by two 

PIKK-like kinases; ataxia-telangiectasia 

mutated (ATM) and ATM and Rad3-related 

(ATR). ATR primarily responds to replication 

stress or photo damage, whereas ATM mainly 

mediates checkpoint signaling in response to 

double-strand breaks (ds-breaks) (Bakkenist 

and Kastan, 2004). However, ATM can be 

activated by ATR and vice versa, indicating 

that these pathways are connected  (Adams 

et al., 2006; Cuadrado et al., 2006; Jazayeri 

et al., 2006; Myers and Cortez, 2006; Stiff 

et al., 2006). ATR and ATM kinases mainly 

phosphorylate Chk1 and Chk2 respectively 

(Liu et al., 2000; Zhao and Piwnica-Worms, 

2001) but the inverse (Chk1 phosphorylation 

by ATM and Chk2 phosphorylation by ATR) has 

also been reported (Hirao et al., 2002; Gatei 

et al., 2003; Sorensen et al., 2003). Chk1 

and Chk2 are structurally unrelated serine/

threonine kinases with overlapping functions, 

but only Chk1 is essential for viability and 

development in mammalian systems (Liu 

et al., 2000). Chk kinases can induce a 

cell cycle arrest by phosphorylating Cdc25 

phosphatases and Wee1 kinases after DNA 

damage. Phosphorylation of Cdc25B by Chk1 

negatively regulates its activity (Sanchez et 

al., 1997; Kramer et al., 2004; Schmitt et al., 

2006), Cdc25C phosphorylation by Chk1 and 

Chk2 results in nuclear exclusion (Peng et al., 

1997) and phosphorylation of Cdc25A by Chk1 

and Chk2 induces SCF/β-TRCP-dependent 

degradation (Mailand et al., 2000; Mailand 

et al., 2002; Busino et al., 2003; Jin et al., 

2003). Furthermore, fission yeast Chk1 has 

been reported to phosphorylate Wee1, causing 

nuclear exclusion and increased activity of 

the protein (O’Connell et al., 1997; Lee et 

al., 2001; Rothblum-Oviatt et al., 2001). In 

addition, both Aurora A and Plk1 are inhibited 

in response to DNA damage (van Vugt et al., 

2001; Krystyniak et al., 2006). Once damaged 

DNA is repaired, the G2 checkpoint needs 

to be silenced. Both depletion of Plk1 and 

interference with Plk1 kinase activity induce a 

G2 delay, suggesting that Plk1 plays a role in 

stimulating normal mitotic entry (Hansen et 

al., 2004; Sumara et al., 2004; van de Weerdt 

et al., 2005; Lenart et al., 2007). However, 

the function of Plk1 in resumption of the cell 

cycle after a G2 arrest, induced by severe 

DNA damage is more pronounced (van Vugt 

et al., 2004a), as mitotic entry after recovery 

from DNA damage critically depends on Plk1-

dependent degradation of Claspin and Wee1 

(Kumagai and Dunphy, 2000; Kumagai et al., 

2004; Mailand et al., 2006; Mamely et al., 

2006). 

Ubiquitin is a post-translational protein 

modifier, which is covalently attached to lysine 

residues of target proteins. Any of 7 lysine 

residues of ubiquitin itself (K6; K11; K27; K29; 

K33; K48; K63) can subsequently be used 

as attachment sites to form poly-ubiquitin 

chains (Peng et al., 2003). Of the 7 lysines 

used for chain formation, poly-ubiquitination 

through K48 and K63 are best characterized 

so far. K48 ubiquitination represents a label 

for proteasomal degradation (Hershko and 

Ciechanover, 1998) and is commonly used 

by the SCF and APC/C E3-ligases throughout 

the cell cycle (Nakayama and Nakayama, 

2006). K63-linked poly-ubiquitination is 

linked to multiple processes, including DNA 

repair, autophagy, endosomal sorting and 

NF-κB signaling, but not in proteasomal 

degradation (Wang and Elledge, 2007). Mono-

ubiquitination forms an important regulatory 
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mechanism of gene expression and DNA 

damage signaling. The modification of histone 

H2A, H2B and H3 with ubiquitin-monomers 

is linked to transcriptional activity (Zhang, 

2003; Wang et al., 2004), whereas the 

mono-ubiquitination of H2A, H2AX, FANCD2 

and regulators within the p53-pathway is 

implicated in DNA damage signaling (Brooks 

and Gu, 2006; Huang and D’Andrea, 2006; 

Bennett and Harper, 2008). 

Ubiquitination can be reversed by 

deubiquitinating enzymes (Dubs). By far most 

Dub activities observed are directed towards 

mono-ubiquitinated substrates and are 

implicated in regulation of transcription and 

DNA damage signaling (reviewed in (Zhang, 

2003; Kennedy and D’Andrea, 2005)). In 

addition, some cases of deubiquitination 

affecting K63-ubiquitination are known, most 

notably K63 deubiquitination mediated by the 

Dubs CYLD and A20 are both implicated in 

NF-κB signaling (Brummelkamp et al., 2003; 

Wertz et al., 2004). Whether deubiquitination 

plays a significant role in substrate-specific 

inhibition of proteasomal degradation remains 

poorly understood. 

The deubiquitinating enzyme Dub3 was 

originally defined as a cytokine-induced 

regulator of proliferation (Burrows et al., 

2004). It is expressed in a range of human 

tissues and active as a ubiquitin protease 

(Burrows et al., 2004). Dub3 is induced upon 

IL-4 or IL-6 stimulation and over-expression 

results in loss of proliferation (Burrows et al., 

2004). Here, we identified Dub3 to be involved 

in G2-to-M progression. RNAi-mediated 

depletion of Dub3 results in a cell cycle arrest 

in G2, which can be overcome by inactivating 

the DNA damage signaling proteins ATM 

and ATR. This suggests that Dub3 promotes 

mitotic entry either directly or via silencing 

of the DNA damage checkpoint. Interestingly, 

a prolonged DNA damage-induced G2-arrest 

can no longer be rescued by inhibiting the G2 

checkpoint in Dub3-depleted cells. This Dub3-

depletion phenotype resembles the defect 

in recovery from a DNA damage-dependent 

arrest observed after loss of Plk1 (van Vugt 

et al., 2004a). Indeed, we find that in Dub3-

depleted cells re-activation of Plk1 is impaired 

after a DNA damage-induced arrest in G2. 

Altogether, our data suggest Dub3 to be 

required for resumption of the cell cycle after 

repair of DNA damage, possibly by directly 

promoting the re-activation of Plk1. 

Results 

Dub3 is required for mitotic entry

The deubiquitinating enzyme Dub3 is a 

ubiquitin protease, expressed in response to 

cytokines (Burrows et al., 2004). In a functional 

RNAi-based screen for deubiquitinating 

enzymes with a role in cell cycle progression, 

we identified Dub3 as a possible regulator of 

the G2/M-transition (see chapter IV, fig. 1). 

In order to further investigate the function of 

Dub3, we transfected the individual vectors 

of the library pool targeting Dub3 (shRNA-

Dub3) and synchronized the transfected 

populations in S-phase. 18 hours after 

release from S-phase, the populations were 

analyzed in the presence or absence of 

spindle poisons. The spindle poisons taxol 

and nocodazole activate the spindle assembly 

checkpoint and arrest cells in mitosis by 

respectively stabilizing and destabilizing 

microtubules. Indeed, we observed that in a 

control population 43 and 33 percent of the 

cells arrested in mitosis in response to taxol 

or nocodazole, respectively (fig. 1a, left and 

middle panels). Interestingly, we found that, 

out of four shRNAs of the pool, shRNA-Dub3A 

caused a reduction of mitotic accumulation 

in the presence of taxol or nocodazole (fig. 

1a, left and middle panels), suggesting a 

G2 arrest or a defective spindle assembly 

checkpoint. Taxol and nocodazole interfere 

with cytokinesis in cells that fail to maintain 

an active spindle checkpoint, preventing them 

from dividing into two daughter cells. We 

analyzed parallel populations in the absence 

of spindle poisons and observed that shRNA-

Dub3A still caused cells to accumulate with 

4N DNA content and low mitotic index (fig. 

1a, right panels). This suggests that shRNA-

Dub3A causes either a G2 arrest or a complete 

mitotic failure involving both an override of the 

spindle checkpoint and a defect in cytokinesis. 

A complete mitotic failure is expected to 

cause polyploidy in exponentially growing 

populations. We never observed polyploidy 

in asynchronous Dub3-depleted populations, 
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Figure 1: Depletion of Dub3 interferes with mitotic entry. 

(a) Dub3-RNAi interferes with mitotic accumulation in taxol or nocodazole. U2OS cells, transiently transfected 

with indicated shRNA-constructs and spectrin-GFP as a marker of transfection were synchronized at the 

G1/S-transition with thymidine. Thymidine-released cells were cultured for 18 hrs with or without taxol or 

nocodazole.  DNA-content and percentage of mitotic cells, visualized with respectively propidium iodide (PI) 

and an antibody recognizing mitotic phospho-epitopes (MPM2) were analyzed by FACS. (b) Three shRNA-

constructs (shRNA-Dub3A-C) efficiently deplete Dub3. Cells transfected with indicated shRNA-constructs, 

flag-Dub3 and pBabe-Puro as a marker of transfection were selected with puromicin and cell extracts were 

subjected to western blot analysis (WB) with indicated antibodies. (c) shRNAs A-C targeting Dub3 interfere 

with mitotic accumulation in taxol. Cells, transfected with indicated shRNA-constructs and spectrin-GFP 

were synchronized in S-phase, released, treated with taxol and subsequently analyzed as in (a). (d) An 

RNAi-resistant version of Dub3 can rescue the Dub3-depletion phenotype. Cells transfected with a control 

shRNA or shRNA-Dub3A, together with spectrin GFP and an RNAi-insensitive version of Dub3 were treated 

and analyzed by FACS as in (c). Expression of the RNAi-insensitive version of Dub3 (flag-Dub3-NT), in the 

presence of shRNA-DUB3  and pBabePuro, was analyzed by western blot of puromicin selected cells. (e) A 

siRNA-pool targeting Dub3 interferes with mitotic entry. Cells were transfected with siRNA-oligos targeting 

Gapdh or with a siRNA-pool targeting Dub3. After synchronization with thymidine and treatment with 

taxol, cells were fixed and stained with Dapi for immunofluorescence analysis. Phenotypes were scored as 

indicated (representative pictures right) and quantified (graph left).  
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indicating that Dub3-depletion arrests cells in 

G2 (data not shown).

When we tested multiple Dub3-shRNA 

targeting sequences, three out of six shRNAs, 

including shRNA-Dub3A, significantly reduced 

exogenously expressed Dub3 (fig. 1b) and 

interfered with the accumulation of mitotic 

cells in response to taxol (fig. 1c). In addition, 

a pool of siRNA oligos designed to efficiently 

target Dub3, reduced mitotic accumulation 

in taxol (fig. 1e). The sense strands of the 

siRNAs of this pool are modified to prevent 

interaction with RISC and the seed regions of 

the antisense strands are modified to minimize 

seed-related off-targeting. We quantified 

mitotic versus interphase cells in thymidine-

synchronized populations, transfected with 

the siRNA-pool targeting Dub3 and observed 

a significant reduction in mitotic cells in 

taxol. These data indicate that loss of Dub3 

was responsible for the observed G2 arrest, 

rather than loss of an off-target of the shRNA-

Dub3A. 

As a further confirmation of specificity, we 

over-expressed an RNAi-insensitive version 

of Dub3 in shRNA-Dub3A-transfected cells to 

test whether exogenous Dub3 could rescue 

the RNAi-induced phenotype. Cells expressing 

shRNA-Dub3A, together with different levels 

of the non-targetable version of Dub3, were 

thymidine-synchronized and released into 

taxol to monitor accumulation of mitotic cells. 

After careful titration of the level of exogenous 

Dub3 in the shRNA-Dub3A-background, 

we observed significant reversion of the G2 

arrest induced by Dub3-depletion (fig. 1d). 

Expression of Dub3 to higher levels than 

shown in fig. 3d caused a significant portion of 

the cells to arrest in G1 (fig. 1d and data not 

shown), which is in agreement with published 

data showing that constitutive expression of 

Dub3 causes a cell cycle arrest in G1 (Burrows 

et al., 2004).  In summary, our data show 

that Dub3 is required for mitotic entry and 

that introduction of shRNA-Dub3A specifically 

and effectively depletes Dub3, leading to an 

accumulation of cells in G2. 

Dub3-RNAi cells are deficient in recovery from 

a DNA damage-induced arrest

DNA damage stalls cells in G2 to prevent the 

transfer of mutations to daughter cells. The 

DNA damage checkpoint monitors damage 

and prevents mitotic Cyclin/Cdk activation. 

ATM and ATR function at the base of the 

DNA damage checkpoint. To check whether 

the DNA damage checkpoint is activated in 

Dub3-depleted cells, we tested the effect of 

caffeine-induced inhibition of ATM/ATR on 

mitotic entry. We observed that inhibition 

of ATM/ATR activation early in G2 rescued 

mitotic entry in Dub3-depleted cells (fig. 2a), 

suggesting that the DNA damage checkpoint 

is actively involved in the G2 arrest caused by 

depletion of Dub3. 

Our observations could suggest that depletion 

of Dub3 activates the DNA damage checkpoint 

upstream of ATM/ATR. Alternatively, Dub3 

could be an essential regulator of mitotic 

entry, specifically after the response to DNA 

damage. DNA damage can be artificially 

induced by treatment with doxorubicin, which 

induces double strand breaks and causes 

cells to arrest in G2 with an activated DNA 

damage checkpoint. In order to test whether 

Dub3 functions upstream of ATM/ATR or in 

mitotic entry, we introduced ds-breaks with 

doxorubicin and subsequently inhibited ATM/

ATR signaling with caffeine. If Dub3-depletion 

activates the DNA damage checkpoint at the 

level of ATM/ATR or upstream of ATM/ATR as 

is suggested in fig. 2a, caffeine is likely to 

allow mitotic entry at any given moment after 

damage. If Dub3 affects mitotic entry, the 

moment of caffeine-addition could affect its 

effect on mitotic entry. The latter situation is 

exemplified by depletion of Plk1. Plk1-depleted 

cells respond to caffeine early in G2, resulting 

in mitotic entry. However, late in G2  the 

addition of caffeine to Plk1-depleted cells fails 

to allow mitotic entry (van Vugt et al., 2004a). 

This suggests that checkpoint activation in 

Plk1-depleted cells occurs somewhere late in 

G2. Interestingly, we observed that caffeine 

allows mitotic entry to some extend in Dub3-

depleted cells with DNA damage early in G2 

(fig. 2c, caff/tax T=6), but failed to allow 

mitotic entry when added late in G2 (fig. 

2c, caff/tax T=15). This suggests that Dub3 
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Figure 2: The G2 arrest, induced 

by Dub3-RNAi, depends on the 

DNA damage checkpoint. 

(a) The G2 arrest induced 

by Dub3-RNAi is sensitive to 

inhibition of ATM/ATR. U2OS cells, 

transfected with indicated shRNA-

constructs and spectrin-GFP were 

synchronized with thymidine and 

treated with caffeine and taxol 6 

hrs after release from the G1/S-

block. Mitotic cells were visualized 

by FACS-analysis of MPM2 and PI 

stained cells. (b) Dub3-depleted 

cells fail to recover from a DNA 

damage checkpoint-dependent 

arrest. Cells, transfected and 

synchronized as in (a) were 

incubated with (caff/tax samples) 

or without (tax) 0.1 µM doxorubicin 

6 hrs after release from S-phase. 

After a doxorubicin-induced G2 

arrest of 6 hrs or 15 hrs, caffeine 

and taxol were added for 8 hrs and 

MPM2-positive cells were analyzed 

by FACS. Schematic representation 

of experimental setup (left). The 

number of mitotic cells in caff/tax 

T6 and T15 was normalized to the 

number of cells entering mitosis in 

synchronized control cells without 

treatment with doxorubicine or 

caffeine. (c) siRNA-pool oligos 

targeting prevent recovery from 

a DNA damage checkpoint-

dependent arrest. U2OS cells, 

transfected with siRNA oligos 

targeting Gapdh, Dub3 or Plk1 

were synchronized with thymidine 

and treated as described in (b, caff/

tax T15). Fixed cells were stained 

with Dapi and analyzed as in fig 

1e. (d) Similar recovery defect 

observed after Dub3- or Plk1- 

depletion. U2OS cells, transfected 

with indicated shRNA constructs 

together with spectrin-GFP were 

again synchronized and treated as 

described in (b, caff/tax T15). After fixation, samples were stained with MPM2 and PI. The percentage of 4N 

cells positive for MPM2, were plotted against the time after addition of caffeine and taxol.  
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functions in a fashion which is similar to Plk1 

and is required for mitotic entry specifically 

after a DNA damage checkpoint-dependent 

G2 arrest. 

To test whether the siRNA-pool caused the 

same phenotype as the shRNA targeting 

Dub3, we used a similar experimental set-up. 

We arrested cells in G2 by introducing DNA 

damage and subsequently silenced the DNA 

damage checkpoint with caffeine. Indeed, 

whereas over 30% of control cells with 

damaged DNA enter mitosis after addition 

of caffeine, cells depleted of Dub3 using the 

siRNA-pool failed to enter mitosis under these 

conditions (fig. 2d). Altogether, our data 

suggest that Dub3 is dispensable for mitotic 

entry when the DNA damage checkpoint 

is silenced early in G2. However, after a 

checkpoint-dependent arrest, Dub3 appears 

essential to allow re-activation of Cyclin B1/

Cdk1. These observations are compatible 

with a model in which Dub3 functions in 

the regulation of mitotic entry, possibly by 

directly inhibiting mitosis-promoting factors 

like Cdc25-phosphatases, Plk1 or Aurora A. 

Dub3-RNAi cells fail to activate Plk1 during 

recovery from a DNA damage induced arrest

Many of the Dub3-depletion phenotypes we 

observed have previously been described for 

Plk1-depleted cells. For example, during an 

unperturbed cell cycle, Plk1-depleted cells are 

delayed in mitotic entry in a caffeine-sensitive 

fashion ((Hansen et al., 2004; Sumara et al., 

2004) and M. van Vugt, personal comm.) In 

addition, Plk1 is essential for entry into mitosis 

during recovery from a DNA damage induced 

arrest (van Vugt et al., 2004a).  In order to 

test whether the recovery-defect in Dub3-

RNAi cells is linked to Plk1, we first carefully 

compared mitotic entry after a DNA damage-

induced G2 arrest. Indeed, we observed a 

nearly identical loss of mitotic entry after a 

DNA damage induced G2 arrest in Dub3- and 

Plk1-depleted populations, whereas mock-

transfected cells accumulated in mitosis as 

expected (fig. 2e, 3a). 

We next tested whether the impaired recovery 

in Dub3-depleted cells was caused by reduced 

stability or activity of Plk1. We analyzed 

samples of DNA damage-arrested G2 cells (T0) 

or cells that had been treated with caffeine 

and taxol after a DNA damage-induced arrest 

(caffeine+taxol T10) by western blot and 

kinase assay (fig. 3b). We observed that the 

protein level of Plk1 remained unaffected 

throughout the arrest in Dub3-depleted cells 

(fig. 3b). However, whereas kinase activity 

of Plk1 strongly increased in control cells 

that were treated with caffeine and taxol, 

the activity of Plk1 in Dub3-depleted cells 

remained low (fig. 3b). This shows that Dub3 

may play a direct role in the activation of 

Plk1.  Alternatively, Dub3 may be involved 

in recovery from DNA damage and Plk1 fails 

to be re-activated as a consequence of the 

recovery defect. To exclude that the impaired 

activation of Plk1 was a mere consequence of 

the G2 arrest, we checked the re-activation 

of Plk1 in a Cdc25B-depleted population, 

known to be recovery-defective to a similar 

extent as Plk1-depleted cells (van Vugt et al., 

2004a). We inhibited the G2 checkpoint in 

Cdc25B-depleted cells that were arrested in 

G2 with DNA damage and we observed that 

Plk1 activation was not impaired in those cell-

extracts (fig. 3b). These data suggest that the 

inability to activate Plk1 is a direct effect of 

Dub3-depletion, rather than an indirect effect 

of a failure to recover from a DNA damage-

induced arrest.

Plk1-recruitment to kinetochores is impaired 

in Dub3-depleted cells. 

The localization of Plk1 to kinetochores is Plk1 

kinase-dependent (Kang et al., 2006; Lenart 

et al., 2007). Therefore, we synchronized 

cells in S-phase and fixed them 12 hours after 

release from the S-phase arrest to analyze 

Plk1 localization. In this late G2 population, 

we observed that whereas mock-transfected 

cells had recruited Plk1 to kinetochores, 

shRNA-Dub3A-transfected cells showed 

no kinetochore localization of Plk1 (fig. 

3c). This suggests that both the impaired 

recovery from DNA damage and the loss of 

kinetochore-recruitment of Plk1 are caused 

by the inability to activate Plk1. However, it 

cannot be excluded that Dub3-depleted cells 

have arrested at a stage of G2 where Plk1 is 

not yet recruited to kinetochores. Analysis of 

Plk1 localization in synchronized cells, treated 
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Figure 3: Dub3-depleted cells fail to re-activate Plk1. 

(a,b) Dub3-depletion impairs Plk1 re-activation after a checkpoint-dependent G2 arrest. (a) Cells transfected 

with indicated shRNA-constructs and spectrin-GFP were thymidine-synchronized and incubated with 0.1 µM 

doxorubicin at 6 hrs after release from S-phase. After 15 hrs of doxorubicin-induced G2 arrest, caffeine 

and taxol were added and MPM-positive PI-stained cells were analyzed by FACS. T=0 hrs represents the 

moment of caffeine and taxol addition. (b) Parallel samples, treated as in (a), but co-transfected with 

pBabePuro and selected with puromycin were subjected to Plk1-immunoprecipitations, followed by Plk1-

kinase assays in with casein as a substrate. (c, d) Depletion of Dub3 interferes with kinetochore localization 

of Plk1. (c) Cells cultured on coverslips were transfected with indicated shRNA-constructs and H2B-GFP as a 

marker of transfection. Thymidine-synchronized populations were fixed 12 hrs after release from S-phase, 

stained with antibodies recognizing Plk1 and crest and analyzed by immune fluorescence. (d) Quantification 

of kinetochore level of Plk1 as illustrated in (c). Bars represent average of 20 cells per condition. (e) Dub3-

depleted cells are delayed in prometaphase. Time lapse analysis of living cells, transfected with indicated 

constructs and H2B-GFP. Cells were synchronized in S-phase, released and treated with caffeine early in 

G2 to allow mitotic entry. (f) Chfr-RNAi partially rescues the Dub3-RNAi phenotype. Cells transfected with 

Spectrin-GFP and targeting constructs against Dub3, Chfr, or both were thymidine-synchronized, released 

and treated with taxol for 18 hours. Fixed samples were stained with MPM2 and PI and analyzed by FACS. 

The percentage of 4N cells, positive for MPM2 was plotted.  
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with caffeine early in G2 would address 

the possibility that differences in cell cycle 

progression are responsible for the observed 

difference in kinetochore localization of Plk1. 

In addition, the analysis of Plk1 activation in 

living cells with a probe reflecting Plk1 kinase 

activity could reveal whether Plk1 activation 

is delayed or completely impaired. 

Depletion of Dub3 causes a delay in 

prometaphase 

Our observations support a possible role 

for Dub3 in regulation of Plk1 activation. In 

addition to its function in promoting mitotic 

entry, Plk1 has multiple functions that are 

required for proper mitotic progression. For 

instance, depletion of Plk1 or inhibition of its 

kinase activity has been shown to cause a 

spindle checkpoint dependent prometaphase 

arrest in which Cyclin A but not Cyclin B1 

is degraded (Sumara et al., 2004; van 

Vugt et al., 2004b; Lenart et al., 2007). To 

investigate whether the analogy between 

the phenotype of Dub3- and Plk1-depleted 

cells extends in mitosis, we followed mitotic 

progression after Dub3-depletion by time 

lapse microscopy (fig. 3e). To allow mitotic 

entry of Dub3-depleted cells, thymidine-

synchronized cells were released and treated 

with caffeine to overcome the checkpoint-

dependent G2 arrest. Indeed, we observed 

that Dub3-depletion strongly delayed cells 

in prometaphase. This suggests that Dub3-

depleted cells enter mitosis without activating 

Plk1 after silencing of the checkpoint induced 

G2-arrest, consistent with a function for 

Dub3 in Plk1 activation. However, we cannot 

exclude the possibility that DNA damage, 

induced by Dub3-depletion leads to problems 

in chromosome-condensation or -attachment 

and thereby induces a prometaphase delay.

Depletion of Dub3 does not interfere with 

DNA damage repair

Although most of our data point towards 

a function for Dub3 in the activation of 

Figure 4: Dub3-depleted cells lose γ-H2AX-foci with kinetics similar to control cells. 

(a) U2OS cells, transiently transfected with the indicated shRNA-vectors and H2B-GFP as a marker of 

transfection were synchronized at the G1/S-transition, released and incubated with 0.1 µM doxorubicin 

in G2. Dynamics of DNA repair was analyzed by immunofluorescent analysis of γ-H2AX-foci. (b) Parallel 

samples, transfected with indicated shRNA constructs together with spectrin-GFP as a marker of transfection 

were treated as in (a). Three subsequent samples, incubated with taxol for 15, 10 and 15 hr intervals, were 

stained with MPM2-antibodies to visualize mitotic cells and analyzed by FACS. Mitotic entry of the three 

consecutive samples was plotted cumulatively.
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Plk1, the inability to repair damaged DNA 

causes activation the G2 checkpoint and 

could explain several of our observations. 

We therefore tested whether depletion of 

Dub3 interferes with DNA damage repair. To 

this end, we synchronized cells in S-phase, 

subjected them to a low dose of doxorubicin 

in G2 and analyzed the loss of DNA repair foci 

over time. The loss of H2AX-phosphorylation 

(γ-H2AX) is commonly used as a marker of 

DNA damage repair, since this ATM-induced 

phosphorylation is among the first events in 

response to ds-breaks and required to recruit 

and sustain DNA repair proteins (Celeste et 

al., 2003). We harvested cells at different 

time points after doxorubicin-treatment and 

stained them for γ-H2AX. In parallel, we 

analyzed cell cycle progression by FACS.  Cell 

cycle-analysis showed that Dub3-depleted 

cells are reduced in their capacity to enter 

mitosis in the presence of small amounts 

of DNA damage as compared to control 

cells (fig. 4b). However, we did not observe 

significant differences in the disappearance of 

γ-H2AX-foci between control cells and Dub3-

depleted cells (fig. 4a). Although neither in 

control or Dub3-depleted cells obvious loss 

of γ-H2AX-staining was observed within the 

first 24 hours (data not shown), most cells 

had completely repaired the DNA 40 hours 

after damage in control as well as in Dub3-

depleted populations (fig. 4a). Altogether, our 

data suggest that Dub3-depletion interferes 

with silencing of the DNA damage checkpoint 

or with more direct activation of Cyclin B/

Cdk1, rather than with DNA damage repair.

RNAi of the E3-ubiquitin ligase Chfr partially 

rescues the G2 arrest of Dub3-depleted cells

Dub3 may promote Plk1 activation directly 

by deubiquitinating Plk1 or indirectly via 

upstream Plk1 regulators. Plk1 is proposed 

to be ubiquitinated by the E3-ubiquitin ligase 

Chfr (Kang et al., 2002; Shtivelman, 2003). 

Chfr functions to form K63-linked poly-

ubiquitin chains and its activity inhibits mitotic 

entry (Kang et al., 2002; Bothos et al., 2003; 

Shtivelman, 2003; Matsusaka and Pines, 

2004). K63-mediated poly-ubiquitination is 

implicated in cellular signaling, rather than 

proteasomal degradation (Haglund and Dikic, 

2005). Plk1 activity may thus be inhibited 

by Chfr-dependent poly-ubiquitination and 

Dub3 may function to counterbalance this 

ubiquitin-dependent inactivation. In order to 

test whether a functional link exists between 

Dub3 and Chfr we co-transfected Chfr and 

Dub3 targeting vectors into U2OS cells and 

monitored mitotic entry. Co-depletion of Chfr 

and Dub3 resulted in significant increase in 

mitotic entry as compared to Dub3-depletion 

alone (fig. 3f). We confirmed these results 

using a second, independent shRNA targeting 

Chfr (data not shown). These data suggest 

the possible existence of a balance between 

Chfr-dependent ubiquitination and Dub3-

dependent deubiquitination, possibly directly 

converging on Plk1. 

Concluding Remarks

Here we show that depletion of the 

deubiquitinating enzyme Dub3 induces a DNA 

damage checkpoint-dependent G2 arrest. We 

observed that the capacity of Dub3-depleted 

cells to enter mitosis was severely reduced 

by prolonged activity of the G2 checkpoint, 

suggestive of a failure to restart cycling after 

recovery from DNA damage. Interestingly, we 

observed that Plk1 could not be re-activated 

in Dub3-depleted cells recovering from DNA 

damage, which suggests that the G2 arrest 

of Dub3-depleted cells is dependent on Plk1. 

Plk1 is a target of the DNA damage checkpoint 

and essential for mitotic entry after recovery 

from a DNA damage-induced G2 arrest 

(van Vugt et al., 2004a). Interestingly, Plk1 

could be activated in cells that are recovery-

defective due to Cdc25B-depletion, indicating 

that the loss of Plk1 activation caused by 

Dub3-depletion is directly responsible for 

the recovery-defect. In support of this, we 

observed that Dub3-depleted cells fail to recruit 

Plk1 to kinetochores and that they are delayed 

in prometaphase, as has been described for 

Plk1 kinase-inactive and Plk1-depleted cells, 

respectively. Interestingly, co-depletion of the 

ubiquitin ligase Chfr could partially overcome 

the G2 arrest induced by depletion of Dub3, 

suggesting a possible direct link between 

Chfr-dependent Plk1-ubiquitination and 

Dub3-dependent deubiquitination. 

Potein levels are not affected by depletion 
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of Dub3, arguing against Dub3-dependent 

loss of Plk1. However, K63-mediated poly-

ubiquitination of Plk1 may be under the 

influence of Dub3. Unfortunately, we never 

detected high-molecular weight, ubiquitinated 

forms of Plk1 in extracts of Dub3-depleted 

cells, but non-specific Dub-activity in cell 

extracts may have interfered with the 

detection of poly-ubiquitinated proteins. 

Therefore, immediate inhibition of Dub-activity 

in cell-extracts might be required to visualize 

a potential increase in poly-ubiquitinated 

Plk1 caused by Dub3-depletion. It will be of 

great interest to investigate whether Dub3 

physically associates with Plk1 or Chfr and 

whether elevated levels of K63-ubiquitinated 

Plk1 can be detected in Dub3-depleted cells.

The modifications of Plk1, required for its 

activation and the responsible enzymes are 

mostly still to be discovered. However, it 

is known that Plk1 activity is enhanced by 

its phosphorylation on T210. This residue, 

localized in the T-loop of the kinase-domain, is 

highly conserved and phosphorylated in vivo. 

Phospho-mimicking mutation of T210 causes 

increased Plk1 kinase activity and accelerated 

mitotic entry (van de Weerdt et al., 2005). 

Importantly, phosphorylation of T210 is 

required for recovery after DNA damage 

(personal communication l. Macurek). The 

similarities between the requirements for Dub3 

and T210-phosphorylation could suggest a 

link between this phosphorylation and Dub3-

dependent deubiquitination.  For example, 

the reversal of K63-mediated ubiquitination 

of Plk1 could be a requirement for recovery 

in addition to T210-phosphorylation, or it 

could form a second level of Plk1 activation 

that requires priming phosphorylation on 

T210. Preliminary data suggest that T210 is 

normally phosphorylated in Dub3-depleted 

cells that are treated with caffeine after a DNA 

damage-induced G2 arrest. This is subject of 

further study.

Alternatively, Dub3 may affect upstream Plk1-

regulators such as the ubiquitin ligase Chfr. 

Indeed, depletion of Chfr together with Dub3 

could rescue the Dub3-induced G2 arrest, 

suggesting a link between Chfr-dependent 

ubiquitination and Dub3-dependent 

deubiquitination. Chfr has been reported to 

ubiquitinate Plk1 and to auto-ubiquitinate 

in order to enhance its activity (Kang et al., 

2002). Future experiments will need to clarify 

whether Dub3 modifies Plk1, Chfr, or a yet 

unknown Plk1 regulator.

Methods

Antibodies

Anti-Dub3 was kind gift from James A. 

Johnston. The antibodies against Cdk4 (sc-

260) and Cdc25B (sc-326) were purchased 

from Santa Cruz Biotechnology inc, CA. 

Antibodies against MPM2 (05-368) and Plk1 

(06-813) were purchased from UBI, long 

Island, NY. Anti-crest (cs-1058) was purchased 

from Cortex Biochem., MA and anti-γ-H2AX 

(05-636) from Upstate. 

Plasmids and siRNAs

64-mer synthetic oligonucleotides for cloning 

into pSuper were synthesized, annealed and 

ligated into the pSuper construct as described 

(Brummelkamp et al., 2002). The Dub3, Cdc25B 

and Chfr targeting vectors were based on a 19-

mer sequence present in the coding sequence 

of human Dub3 (GCAGGAAGATGCCCATGAA), 

human Cdc25B (GATGATGGATTTGTGACA) 

and human Chfr (CCTCGTGGAAGCATACCT 

and GTGGTCCCTCTGTGGCAAG). Additional 

pTer-targeting sequences, cloned as 

previously described, were kindly provided 

by Madelon Maurice (shRNA-Dub3 B: 

CCAAGACGTTAACTTTACA and shRNA-Dub3 

C: CCATCATCCTGAACAGCAA) (van de 

Wetering et al., 2003). Spectrin–GFP (Kalejta 

et al., 1997), histone H2B–GFP (Kanda et al., 

1998), and pBabe-puro (Brummelkamp et 

al., 2002) have all been described. Flag-Dub3 

was kindly provided by James Johnston.  On-

target siRNA smartpool (L-027332-00) was 

purchased from Dharmacon. 

Cell Culture and transfection, 

U2OS osteosarcoma cells were grown in 

DMEM, supplemented with 6% fetal calf 

serum, 100 U/ml penicillin, and 100 μg/

ml streptomycin. DNA-transfections were 

performed by the standard calcium phosphate 

transfection protocol. shRNA-constructs were 

transfected in 10:1 ratio with a transfection-

marker (pBabe-Puro or a fluorescently-
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tagged protein). Co-transfections of shRNA-

constructs were performed in a 1:1 ratio. 

10 μg of shRNA-construct was transfected 

per 10 cm dish and downscaled accordingly. 

siRNA-oligos were transfected with HiPerfect 

(Qiagen) in concentrations of 20 nM, according 

to manufacturer’s protocol. 

Synchronization and recovery from DNA 

damage

Where indicated, cells were synchronized at 

the G1/S transition by incubation with 2.5 mM 

thymidine for 24 hrs, after which they were 

released either in the presence or absence 

of taxol (paclitaxel; 1 µM) or nocodazole 

(250 ng/ml). 18 Hrs after release, cells were 

harvested and analyzed. Where indicated, 

the DNA damage checkpoint was activated 

by treating cells with 0.5 μM doxorubicin for 

1 hr at 6 hrs or 15 hrs after release from a 

thymidine block. Doxorubicin was washed 

away thoroughly. In order to inactivate DNA 

damage signaling and allow mitotic entry, 

caffeine (5 mM) was added to inhibit ATR 

and ATM checkpoint kinases. The presence 

of paclitaxel prevented exit from mitosis and 

allowed accumulation of cells in mitosis. 

Flow cytometry

Cells were harvested and fixed in ice-cold 70% 

ethanol. The fixed cells were washed once with 

phosphate-buffered saline (PBS) containing 

0.05% Tween-20 and then incubated with 

anti-MPM2 monoclonal antibody (mAb) diluted 

in PBS containing 0.05% Tween-20 and 3% 

bovine serum albumin (BSA) to specifically 

stain mitotic cells. Finally, cells were stained 

with a secondary Cy5-conjugated goat-anti-

mouse antibody and counterstained with 

propidium iodide. MPM2-positivity of the 

GFP-positive cells was analyzed using flow 

cytometry (CellQuest; BD Biosciences, San 

Jose, CA) as described previously (Smits et 

al., 2000).

Western blotting

Cells were transfected with pBabe-puro in 

combination with indicated shRNA-constructs. 

24 Hrs after transfection, puromycin was 

added and the viable cells were harvested 36 

h later. Cells were lysed in Laemmli buffer (120 

mM Tris (pH 6.8), 4% SDS, 20% glycerol). 

Equal amounts of protein were separated 

on polyacrylamide gels and transferred 

to nitrocellulose membranes. Membranes 

were blocked in 5% milk and subsequently 

subjected to Western blotting. 

Immunofluorescence

Cells were washed carefully with PBS, 

supplemented with CaCl2 and MgCl2 (PBS++), 

fixed in PBS++ containing 4% formaldehyde 

for 5 min., washed with PBS++ and kept at 

-20°C in 100% methanol until further use. 

For staining, fixed cells were washed with 

PBS++ and blocked in PBS++, supplemented 

with 0.1% Tween-20 and 3% BSA. Cells were 

incubated with indicated antibodies o/n at room 

temperature, washed 3 times 20 minutes with 

PBS++/0.1% tween-20, counterstained with 

secondary antibodies coupled to Alexa dyes 

(Molecular Probes) for 2 hrs and mounted 

on glass slides using Vectashield mounting 

medium (vector laboratories, inc.)

Kinase assays

Cells were harvested with trypsin and lysed 

on ice for 30 minutes in ELB (50 mM Hepes 

pH7.5, 0.1% NP-40, 150 mM NaCl, 5 mM 

EDTA pH8.0 supplemented with 25 mM NaF, 

25 mM β-Glycerol-phosphate, 1 mM PMSF, 

0.1 M orthovanadate and Complete protease 

inhibitors (Roche)). Lysates were cleared by 

spinning at 13000 rpm for 15 minutes and 

supernatants were used for Bradford analysis 

(Bio-rad companies). 150 μg proteins was 

incubated o/n at 4°C with Plk1-antibody, 

precoupled to Prot A-sepharose beads (GE 

healthcare) and washed 3 times with ELB. 

Subsequently, beads were washed 1x with 

Plk1-kinase buffer (20 mM Hepes pH7.4, 150 

mM KCl, 10 mM MgCl2, mM EGTA pH8.0, 

0.5 mM  DTT and 5 mM NaF) and subjected 

for 30 minutes to kinase reactions at 30°C 

in 30 μl kinase buffer, supplemented with 

10 μM ATP, 4 μCi 32P-γATP and 10 μg casein. 

Reactions were stopped by the addition 

of 20 μl 2x sample buffer and a 5 minute-

incubation at 95°C. Samples w/o beads were 

separated on polyacrylamide gels, transferred 

to nitrocellulose membranes and exposed. 
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Accurate chromosome segregation relies 

on the mitotic spindle checkpoint. This 

checkpoint acts to restrict ubiquitin 

ligase activity of the Anaphase-promoting 

complex (APC/C) in mitosis until all 

chromosomes are bipolarly attached 

to the mitotic spindle. We performed a 

functional RNAi-based screen to identify 

De-ubiquitinating enzymes (Dubs) 

involved in mitotic progression. We 

identified Usp39 as a new factor required 

to maintain the spindle checkpoint 

and support successful cytokinesis. 

Strikingly, although Usp39 clearly 

contains an ubiquitin-protease domain, 

we show that Usp39 is entirely deprived 

of Dub activity. However, consistent wilt 

a previously described role for Usp39 in 

mRNA processing, we observed specific 

reduction in Aurora B-mRNA levels after 

depletion of Usp39. Although we find that 

exogenously expressed Aurora B cDNA is 

not sufficient to rescue the checkpoint 

defect of Usp39-depleted cells, Aurora B 

expression is restored. Our observations 

suggest Usp39 to be involved in splicing 

of Aurora B and other mRNAs that are 

essential for proper spindle checkpoint 

function.

Introduction

Successful cell division requires the accurate 

segregation of chromosomes to create two 

daughter cells, each with a complete set of 

DNA. To this end, chromosomes need to align 

in a bipolar fashion on the mitotic spindle with 

the two sister chromatids of each chromosome 

attached to opposite poles. This alignment 

is controlled by opposing forces generated 

by microtubules emanating from the spindle 

poles (for a review see reference (Tanaka 

et al., 2005)). Microtubule-attachment 

occurs at the kinetochore, a proteinaceous 

structure at the centromeric region of the 

DNA, which is determined by a histone H3-

variant called Cenp-A (Palmer et al., 1991; 

Sullivan et al., 1994; Van Hooser et al., 2001; 

Blower et al., 2002; Collins et al., 2004). 

Besides its role in capturing microtubules, 

the kinetochore is a platform for components 

of the spindle checkpoint (for a review see 

reference (Cheeseman and Desai, 2008)). 

These components collaborate to restrict the 

activity of an E3-ligase called the anaphase 

promoting complex (APC/C) towards Cyclin 

B1 and Securin until all chromosomes have 

obtained full bipolar attachment to the mitotic 

spindle (for a review see reference (Musacchio 

and Salmon, 2007)). 

To ensure high fidelity of chromosome 

segregation, sensing bipolar attachment needs 

to be coupled to spindle checkpoint-dependent 

APC/C inhibition. The protein complex that 

connects bipolar spindle formation and 

chromosome attachment to the spindle 

checkpoint is the chromosomal passenger 

complex (CPC). The CPC is composed of at 

least 5 proteins, namely Aurora B, Incenp, 

Survivin, Borealin/Dasra B and telophase-disc-

60 (TD-60).  Aurora B kinase is the enzymatic 

component of the complex and its stability, 

activity, and localization are regulated by the 

other subunits (Adams et al., 2000; Carvalho 

et al., 2003; Honda et al., 2003; Lens et al., 
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2003; Mollinari et al., 2003; Gassmann et 

al., 2004; Rosasco-Nitcher et al., 2008). As 

the name implies, the CPC complex is highly 

motile; it is equally distributed over the 

chromatin prior to mitosis, but concentrates on 

the centromeres from prophase to anaphase. 

In anaphase, it moves to spindle midzone and 

subsequently translocates to the midbody 

during cytokinesis.  

The Aurora B Ser/Thr kinase itself is conserved 

from yeast to mammals and associates with 

the passenger complex via the C-terminal IN-

box of Incenp (Adams et al., 2000; Kaitna 

et al., 2000). First, active Aurora B supports 

the assembly of a functional bipolar spindle 

by negatively regulating the microtubule-

depolymerizing activity of MCAK and Stathmin/

Op18 (Sampath et al., 2004; Gadea and 

Ruderman, 2006; Kelly et al., 2007; Zhang 

et al., 2007).  Second, Aurora B corrects 

erroneous attachments through regulation 

of microtubule-destabilization by MCAK 

and microtubule-capturing by Hec1/Ndc80 

(Andrews et al., 2004; Lan et al., 2004; Ohi et 

al., 2004; Cheeseman et al., 2006; Cimini et 

al., 2006; DeLuca et al., 2006). Third, Aurora 

B is required for spindle checkpoint activity 

in the presence of attachments that do not 

generate tension over the sister-kinetochores, 

i.e. monothelic or synthelic attachments 

(Kallio et al., 2002; Ditchfield et al., 2003; 

Hauf et al., 2003; Gadea and Ruderman, 

2005).  The function of Aurora B in activating 

tension-specific spindle checkpoint is bipartite. 

Aurora B’s capacity to remove attachments 

forms a major contribution, but Aurora B is 

also required for spindle checkpoint-activity 

directly by recruiting the tension-sensing 

spindle checkpoint components hRod, ZW10 

and Bub1 (Famulski and Chan, 2007; Vader 

et al., 2007). After silencing of the spindle 

checkpoint, the chromosomal passenger 

complex is transferred to the midbody, where 

it fulfils an essential function in cytokinesis 

(Schumacher et al., 1998; Tatsuka et al., 

1998; Adams et al., 2001).  After completion 

of mitosis, Aurora B is degraded in an APC/

CCdh1-dependent manner (Nguyen et al., 2005; 

Stewart and Fang, 2005). 

The ubiquitination of mitotic regulators and 

their timely degradation are important to 

establish irreversible transitions from one 

mitotic phase to the next. The transition from 

meta- to anaphase in particular highly depends 

on restriction of ubiquitination and rapid relief 

of this restriction. We hypothesized that 

Dubs could play a role in this process and we 

performed a functional RNAi-screen to identify 

Dubs with an essential function in mitosis. We 

identified Usp39 to be a possible regulator 

of the spindle checkpoint, predominantly in 

the presence of tension-deficient microtubule 

attachments, and cytokinesis. We observed 

severe reduction of Aurora B protein levels in 

Usp39-depleted cells, suggesting that Usp39 

could control deubiquitination of Aurora B 

to protect it from proteasome-dependent 

degradation. However, Usp39 lacks three 

residues critical for protease-activity and we 

found Usp39 to be inactive as a Dub. Others 

have reported that Usp39 functions in splicing 

(Makarova et al., 2001). Therefore, we 

analyzed messenger-levels of Aurora B after 

depletion of Usp39 and observed a specific 

reduction in Aurora B-mRNA. We could restore 

protein levels of Aurora B, excluding off-

target silencing of Aurora B, but exogenously 

expressed Aurora B was not sufficient to 

rescue the RNAi-phenotype. Together, our 

data suggest Usp39 to be involved in splicing 

of Aurora B and possibly other genes that 

are essential for proper spindle checkpoint-

function.

Results 

Usp39-RNAi affects mitotic progression

Ubiquitination is a major regulatory mechanism 

of mitotic progression. The Anaphase 

promoting complex (APC/C) targets several 

essential mitotic proteins for destruction. 

In an RNAi-based functional screen with a 

library of RNAi-pools targeting proteins with 

a Dub-domain (Brummelkamp et al., 2003), 

we identified Usp39 as a regulator of mitosis.. 

Transfection of a vector-driven short hairpin 

RNA (shRNA), present in the library, efficiently 

targeted both exogenous and endogenous 

Usp39 (fig. 1a).  The introduction of shRNA-

Usp39A induced massive polypoidization in 

exponentially growing U2OS cells (fig. 1b), 

possibly a result of defective chromosome 

segregation and/or cytokinesis. Therefore we 
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carefully investigated the behavior of Usp39-

depleted cells during mitosis. We analyzed 

cell populations at 18 hours after release from 

synchronization in S-phase. By this time, 

control cells had entered G1 as expected with  

normal 2N DNA content (fig. 1d, left panels). 

In contrast, Usp39-depleted cells failed to 

divide and retained a 4N DNA content (fig. 1d, 

left panels). However, Usp39-depleted cells 

had not accumulated in mitosis as observed by 

staining of mitotic phospho-epitopes (MPM2).

To further investigate the mitotic defects 

of Usp39-depleted cells, we analyzed the 

response of these cells to the microtubule-

stabilizing drug taxol. Taxol interferes with 

the tension that needs to be generated by 

opposing kinetochore-microtubules attached 

to paired sister chromatids. As a result, the 

spindle checkpoint is activated and the cells 

arrest in mitosis. Treatment of control cells, 

released from a thymidine-induced S-phase 

block with the microtubule-stabilizing 

agent taxol caused over 40% of the cells to 

accumulate in mitosis (fig. 1c). Transfection of 

shRNA-Usp39A almost completely prevented 

accumulation of cells in mitosis, consistent 

with a spindle checkpoint defect in response 

to lack of tension (fig. 1c, middle panels). To 

understand if this  spindle checkpoint defect of 

Usp39-depleted cells is also seen in response 

to lack of attachment, we treated cells with 

the spindle-depolymerizing drug nocodazole. 

Interestingly, the absence of attachments did 

result in a nearly complete mitotic arrest in 

Usp39-depleted cells. Apparently, in Usp39-

depleted cells the tension-dependent spindle 

checkpoint is severely affected, whereas the 

attachment-dependent spindle checkpoint is 

functional (fig. 1d, right panels). 

To obtain further evidence for a spindle 

checkpoint defect and cytokinesis failure in 

Usp39-depleted cells, we followed mitotic 

progression by time lapse fluorescence 

microscopy. We indeed observed that Usp39-

depleted cells frequently failed to align 

their chromosomes and displayed aberrant 

chromosome segregation and cytokinesis (fig. 

1d). This demonstrates that the observed 

polyploidy in Usp39-depleted cells was the 

result of failed cytokinesis. Furthermore, 

the fact that the chromosome alignment 

defects failed to result in a mitotic arrest is 

indicative of a spindle checkpoint-defect in 

Usp39-depleted cells. To gain further support 

for the differential requirement for Usp39 in 

the attachment- versus tension-dependent 

spindle checkopint, we quantified the duration 

of the mitotic arrest in taxol or nocodazole 

by time lapse microscopy. We observed that 

the mitotic arrest in taxol was significantly 

reduced in Usp39-depleted cells as compared 

to control cells, whereas in nocodazole both 

Usp39-depleted and control cells sustained 

the mitotic arrest for more than 10 hours 

(fig. 1e). This confirms that, in the absence 

of microtubule attachment, the spindle 

checkpoint is at least partially maintained. 

Apparently, Usp39 is specifically required to 

sustain the spindle checkpoint in the absence 

of tension at the centromeres, induced by 

opposing microtubule forces. 

Figure 1: Usp39-depletion causes an override of the tension-dependent spindle 

checkpoint. 

(a) Exponentially growing U2OS cells, transiently transfected with indicated constructs and pBabePuro, 

were selected with puromicin and lysed for western blot analysis to detect exogenous vsv-tagged Usp39 

(left) or endogenous Usp39 (right). (b) Propidium iodide (PI) DNA staining of exponentially growing cells, 

72 hrs after transient transfection with indicated shRNA-constructs together with spectrin-GFP as a marker 

of transfection. (c) U2OS cells were arrested in S-phase for 24 hrs using thymidine. Thymidine-released 

cells were grown for 18 hrs without spindle poisons (left), in the presence of taxol (middle) or nocodazole 

(right), fixed and stained with PI and MPM2 to visualize DNA and mitotic phospho-epitopes, respectively. (d) 

Time lapse analysis of mitotic cells, transfected with H2B-GFP as a marker of transfection together with an 

empty shRNA-vector (left) or shRNA-Usp39A (right). (e) Quantification of mitotic arrest in the presence of 

taxol (left) or nocodazole (right). Cells were transfected with H2B-GFP and indicated shRNA constructs and 

analyzed by time lapse microscopy.

►
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Usp39 lacks ubiquitin protease activity

Deubiquitinating enzymes are classified based 

on sequence similarity in the Dub-domain. 

However, the actual protease activity has 

only been tested for a subset of the Dubs. In 

case of Usp39, protease activity has not been 

assessed thus far. Although Usp39 harbors a 

Dub-domain, the three important active-site 

residues (a cysteine, histidine and aspartic 

acid) are not conserved in Usp39, suggesting 

that this Dub-family member may not act as an 

actual Dub-enzyme (fig. 2a). Indeed, in vitro 

activity-analysis of the catalytic domain of 

Usp39 towards Ubiquitin C-terminal 7-amido-

4-methylcoumarin (Ub-AMC) confirmed the 

absence of Dub-activity (fig. 2b). Comparison 

of protease-activity of different Dub-domains 

showed that the catalytic domains of Usp4 and 

Usp8, containing all three catalytic residues, 

are active, whereas the Dub-domain of Usp39, 

as shown in fig. 2b lacks enzymatic activity. 

Altogether, these data show the absence of 

catalytic activity of Usp39 in vitro and suggest 

Usp39 to be incapable of cleaving ubiquitin in 

vivo.

Usp39-RNAi causes loss of Aurora B mRNA 

and protein

As Usp39 does not display any obvious Dub-

activity, but has been implicated in mRNA 

processing, we reasoned that the mechanism 

underlying the observed checkpoint defect in 

Usp39-depleted cells could involve aberrant 

mRNA processing of essential spindle 

checkpoint components. Our finding that a 

tension-dependent checkpoint response was 

absent in the Usp39-depleted cells, while 

the response to nocodazole remained intact, 

suggested that the defect might involve 

aberrant CPC function.  Indeed, we found that 

the protein level of Aurora B was significantly 

diminished in cells transfected with shRNA-

Usp39A. Immune fluorescence and Western 

blot analysis revealed almost complete 

absence of Aurora B in interphase cells (fig. 

3a, b). In addition, we observed a reduction in 

the protein-level of Survivin in Usp39-depleted 

cells (fig. 3b). The protein level of Aurora B 

was more significantly reduced than the level 

of Survivin in shRNA-Usp39A cells. Consistent 

with previous observations that loss of any 

Figure 2: Usp39 contains a Dub-domain, but is catalytically inactive. 

(a) Sequence alignment of the regions flanking the residues of the catalytic triad of the indicated Dubs; the 

cysteine at position 234 is replaced by an aspartic acid, histidine at position 513 by serine and the aspartic 

acid of position 530 by a glutamine.  (b) The in vitro enzymatic activity of USP4, Usp8 and Usp39 were 

assayed using Ub-AMC as a substrate. The concentration of each protein was 10 nM. 
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component of the CPC affects stability of the 

others, Survivin-stability might be affected by 

the loss of Aurora B. To investigate whether 

the down-regulation of Aurora B after Usp39-

depletion was mediated at the level of mRNA, 

we analyzed whether mRNA levels of different 

CPC-components were affected after Usp39-

depletion by northern blot. Indeed shRNA-

Usp39A reduced Aurora B mRNA levels, 

without affecting the messenger-level of 

INCENP (fig. 3c). This suggests that Usp39 

may be involved in specific splicing of Aurora 

B.

I f 

aberrant Aurora B splicing was causing a 

checkpoint override and cytokinesis defect 

in Usp39-depleted cells, a cDNA encoding 

Aurora B should rescue Aurora B protein levels 

Usp39-depleted cells. Indeed, transfection 

of an Aurora B cDNA expression vector fully 

restored Aurora B protein expression (fig 3b). 

This indicates that Usp39 indeed controls 

Aurora B splicing. If Aurora B mRNA was 

the exclusive target of Usp39-dependent 

mRNA processing playing a role in mitosis, 

expression of a fully spliced Aurora B mRNA 
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Figure 3: RNAi targeting Usp39 reduces Aurora B protein and mRNA levels. 

(a) Asynchrounous U2OS cells, transiently transfected with shRNA-Usp39A and H2B-GFP as a marker of 

transfection were fixed 72 hrs after transfection, stained with antibodies against Aurora B and analyzed 

by immunofluorescence. (b) Asynchronous cells, transiently transfected with indicated shRNA-constructs 

and pBabePuro were selected with puromycin, lysed 72 hrs after transfection and analyzed by western 

blot with indicated antibodies. (c) U2OS cells, transfected with indicated shRNA-constructs and pBabePuro 

were selected with puromycin and grown exponentially for 48 hours before RNA-isolation and northern 

blot analysis was performed (blots right). mRNA signal intensities were quantified (graph left). (d) Cells, 

transfected with indicated shRNA-constructs, vsv-Aurora B and pBabePuro were cultured asynchronously, 

selected with puromycin and subjected to western blot analysis with Aurora B antibodies. Upper and lower 

Aurora B-blots show duplicate transfections and reflect variation in over-expression in puromycin-selected 

cells.  
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was expected to rescue a mitotic arrest in 

taxol. However, this was not the case (data 

not shown). In conclusion, Usp39 is a critical 

factor in mitosis, which acts at least by 

facilitating Aurora B expression but clearly 

has additional targets required to maintain 

mitotic spindle checkpoint integrity. 

Additional Usp39-targeting sequences reduce 

mitotic checkpoint activity in taxol

To confirm that the mitotic phenotype of shRNA-

Usp39A was indeed caused by depletion of 

Usp39, we tested additional RNAi-sequences 

in the form of synthetic RNA oligos (siRNA).  

To be able to compare all RNAi-sequences, we 

used a synthetic oligo for shRNA-Usp39A as 

well. In contrast to shRNA-Usp39A, the siRNA-

Usp39A did not induce a cytokinesis defect 

in asynchronously growing populations (fig. 

Figure 4: Three independent Usp39 targeting sequences induce similar mitotic phenotypes. 

(a) U2OS cells were reverse-transfected with synthetic RNA oligos targeting Usp39, cultures asynchronously 

for 72 hrs or thymidine-synchronized in S-phase. Synchronized cells were released and cultured for 18 in 

taxol (middle) or nocodazole (right), fixed and stained with PI and MPM2 to visualize DNA and mitotic cells. 

(b) U2OS cells, reverse-transfected with indicated siRNA-oligos were cultured asynchronously for 48 hrs. 

Taxol or nocodazole was added at start of the analysis by time lapse imaging. The duration of the arrest in 

taxol or nocodazole was quantified for ~30 cells per condition.
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4a, asynchronous). However, transfection of 

cells with siRNA-Usp39A reduced the taxol-

induced mitotic arrest to a similar extent as 

shRNA-Usp39A (fig. 4a, +taxol). Moreover, in 

the presence of taxol or nocodazole, depletion 

of Usp39 with siRNA-Usp39B induced a 

phenotype comparable to depletion by siRNA-

Usp39A. Our observation that normal cell cycle 

progression is unaffected by both siRNAs, 

while we did find a clear cytokinesis defect 

after treatment with shRNA-Usp39A, could be 

explained by a difference in the efficiency of 

Usp39 depletion (fig. 4a). The third siRNA-

Usp39C affected mitotic accumulation in 

taxol to the same degree as siRNA-Usp39A. 

However, FACS-analysis of nocodazole-

arrested cells suggested some discrepancy 

between the A and C-induced phenotypes 

(fig. 1a). To more carefully compare the 

behavior of siRNA B- and C-transfected cells in 

nocodazole and taxol, we analyzed the exact 

duration of the mitotic arrest by time lapse 

imaging. In agreement with a comparable 

absence of MPM2-epitopes in taxol-blocked 

siRNA-Usp39B- or C-transfected cells (fig. 

4a), siRNA-Usp39B and C showed a similar 

decrease in the duration of the mitotic arrest 

in taxol (fig. 4b). Time lapse imaging of 

nocodazole-blocked cells however, showed 

that both siRNA-Usp39B and C only had a very 

weak effect on spindle checkpoint-stringency 

in nocodazole (fig. 4b). What caused the 

reduced accumulation of MPM2-positive cells 

in nocodazole after transfection of siRNA-

Usp39C is unclear, but the time lapse data of 

siRNA-Usp39 B and C are in full agreement 

with the defect in the tension-dependent 

spindle checkpoint we observed with shRNA-

Usp39A. 
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Figure 5: Two additional, independent Usp39 targeting sequences deplete Usp39, impair the 

tension-dependent spindle checkpoint and reduce Aurora B mRNA-levels. 

(a) U2OS cells, transfected with indicated synthetic RNA oligos were treated with taxol for 6 hrs. Cells were 

fixed, stained with Dapi and DNA morphology was analyzed by immunofluorescence. Bars indicate the 

fraction of microinucleated cells as percentage of the cells that entered mitosis (mitotic+micronucleated). 

(b, c) Whole RNA populations of asynchronous cells, transfected with the indicated siRNA oligos, were 

analyzed for levels of Usp39-mRNA (b) and Aurora B-mRNA (c) by quantitative real time PCR.
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Additional Usp39-targeting sequences reduce 

Aurora B-mRNA and protein levels

To monitor whether the mitotic phenotypes 

observed with all Usp39-targeting sequences 

correlated with reduced levels of Aurora B, 

we examined checkpoint stringency in taxol 

together with mRNA levels of Usp39 and 

Aurora B. Checkpoint function was analyzed 

by determining the nuclear morphology of 

transfected cells, treated with taxol for 6 

hours. Cells overriding a taxol-induced arrest 

will undergo aberrant mitotic exit, due to the 

perturbation of the mitotic spindle. These cells 

can be identified as G1 because they acquire 

multiple micronuclei. Treatment of cells with 

any of three independent siRNAs that target 

Usp39 caused a taxol-override as evidenced 

by a large percentage of cells containing 

micronuclei (fig. 5a).  Real time PCR analysis 

showed that all three synthetic oligos reduced 

Usp39-mRNA levels by ~70% and Aurora 

B-mRNA levels by 30-60% (fig. 5b, c). 

Aurora B was clearly affected by shRNA/

siRNA-Usp39A (fig. 3), but the reduction in 

Aurora B-mRNA varied among the different 

targeting strategies in our real-time PCR-

experiments (fig. 5). Therefore, we decided 

to more carefully check the effect of siRNA B 

and C on Aurora B protein level. We quantified 

the amount of Aurora B that localized at 

centromeres in nocodazole-blocked mitotic 

cells by immunofluorescence. In agreement 

with the results obtained by real-time PCR, 

siRNA-Usp39C reduced the centromeric 

Aurora B-level in nocodazole more severely 

than siRNA-Usp39B (fig. 6a). However, as 

exemplified, siRNA-Usp39B transfected cells 

significantly reduced Aurora B at centromeres 

(fig. 6b). Western blot analysis of independent 

transfections again revealed reduced Aurora 

B protein level in both siRNA-Usp39B and C 

transfected cells, with a somewhat stronger 

reduction after transfection with siRNA-

Usp39C (fig. 6c). Taken together, our data 

suggest that Usp39 regulates Aurora B-splicing 

and is critical for a functional mitotic spindle 

checkpoint.
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Figure 6: Two additional, independent 

Usp39-siRNA oligos cause a reduction in 

Aurora B protein levels. 

(a) U2OS cells transfected with indicated synthetic 

siRNA oligos were blocked in nocodazole for 6 hrs, 

fixed and stained Dapi together with antibodies 

against Aurora B and Crest. For quantification of 

Aurora B levels, pixel intensity of Aurora B staining 

per cell was normalized to the pixel intensity of 

Crest. >50 cells were analyzed per condition. (b) 

Representative images of the cells quantified in 

(a). (c) U2OS cells, transiently transfected with 

indicated synthetic siRNA oligos were cultured 

asynchronously for 48 hrs and subjected to western 

blot analysis with antibodies against aurora B.

►

C6-A4.indd   116 30-7-2008   14:22:05



Usp39 is essential for spindle checkpoint integrity

117

Discussion

The data presented in this study suggest 

that the spliceosome component Usp39 is 

an essential but indirect regulator of mitosis. 

RNAi-induced targeting of Usp39 caused 

defects in spindle checkpoint function and 

cytokinesis, combined with loss of Aurora 

B. Aurora B is the enzymatic component of 

the chromosomal passenger complex (CPC) 

required for both spindle checkpoint function 

and cytokinesis. Therefore, we propose that 

impaired splicing of Aurora B in Usp39-

depleted cells leads to aberrant response to 

the SAC. In some cases, when Aurora levels 

are most significantly affected, this may also 

lead to a cytokinesis defect. 

Our observations strongly argue that the 

reduced Aurora B levels are specifically caused 

by Usp39 silencing. Most importantly, multiple 

on-target siRNA oligos designed to target 

Usp39 significantly reduced Aurora B levels 

in addition to the original Usp39-targeting 

sequence. Furthermore, in Usp39-RNAi cells 

the mRNA from exogenously introduced Aurora 

B was not affected, excluding the possibility 

that the shRNA against Usp39 targets the 

coding region of Aurora B. Altogether, our 

data point to a role for Usp39 in regulating 

Aurora B mRNA splicing.

Usp39: core splicing or regulated splicing?

Splicing involves removal of introns from 

virtually all known transcripts. At least 70 

percent of all human genes express multiple 

mRNAs due to alternative splicing, suggesting 

the existence of complex regulation 

mechanisms of splicing (Johnson et al., 

2003). The loss of Aurora B transcripts in 

Usp39-depleted cells could reflect a defect 

in the core splicing machinery. Alternatively, 

splicing-related regulation of Aurora B could 

be specifically mediated by Usp39. Usp39, 

also known as 65 kDa SR-related protein of 

the U4/U6.U5 tri-snRNP, has been implicated 

in assembly of the mature spliceosome-

complex (Makarova et al., 2001). A mature 

spliceosome complex is assembled from the 

U1/U2-snRNP complex, or pre-spliceosome, 

and the independently formed U4/U6.U5 

snRNP-complex. These two sub-complexes 

are brought together by an unknown number 

of non-snRNP splicing factors (Jurica and 

Moore, 2003). A large group of these proteins 

are members of the SR protein family, 

harboring characteristic C-terminal arginine-

serine repeats and an RNA binding-domain 

(Hertel and Graveley, 2005). SR-related 

proteins contain an SR-rich domain, but are 

otherwise distinct from SR-proteins. All SR-

domains are subject to phosphorylation, 

influencing localization and activity of SR-

domain containing proteins. The mammalian 

SR-related protein Usp39 is highly conserved, 

with 65% overall homology to the yeast 

Sad1p splice factor. It is associated with the 

U4/U6.U5 complex, but very weakly, if at all 

associated with either the free U4/U6 or U5 

snRNP particles.  In vitro, Usp39 appears to 

be essential for pre-mRNA splicing, but not 

for the stability of the spliceosome complex 

once it is formed (Makarova et al., 2001). 

It is difficult to determine whether a splice-

factor is a core component or fulfils a 

regulatory role. However, a core-spliceosome 

component is expected to be present in the 

splicing machinery in stoichiometric amounts 

with other core components, regardless of the 

mRNA sequence. Furthermore, it is expected 

to be associated with the spliceosome under 

stringent purification conditions. Usp39 is 

only associated with the spliceosome complex 

in low-salt purifications, suggesting that it is 

not an integral component of the U4/U6.U5 

snRNP (Makarova et al., 2001). However, it 

is not known whether Usp39 functions in a 

sequence specific complex or whether it is 

present in stoichiometric amounts with the 

core-spliceosome components. Published 

experiments showing that immuno-depletion 

of Usp39 prevents mature spliceosome 

formation in Hela extracts are suggestive of 

a role for Usp39 in core-complex formation 

(Makarova et al., 2001). Yet, if Usp39 is a 

general component, essential for the formation 

of a mature spliceosome, its loss would affect 

most, if not all cellular processes due to 

impairment of the entire splicing machinery. 

The RNAi-phenotype we observed appeared 

to be exclusively mitotic. Although we have 

not extensively investigated other processes, 

defects in for example cellular survival or DNA-

replication would have been readily detected 
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in our FACS- or time lapse-analyses. Further 

studies involving splicing micro-arrays, used 

for the identification of exon-differences 

between two RNA populations, will need to 

reveal the complete list of transcripts that 

are targets of Usp39. 

Methods

Antibodies

The antibody against Usp39 was kindly 

provided Dr. Reinhart Luhrmann. Antibodies 

against Actin (sc-1616) and Cdk4 (sc-260)) 

were purchased from Santa Cruz. Antibodies 

against Aurora B (611083) and Survivin (24-

1500) were purchased from Transduction 

Laboratories and Zymed, respectively. 

Antibodies against MPM2 (05-368), phospho-

Histone H3 (06-570) and Crest (cs-1058) 

were purchased from UBI, Upstate and 

Cortex Biochem., respectively. Anti-alpha-

tubulin (t5168) and anti-vsv (v-5507) were 

purchased from Sigma. Anti-mouse CY5 (715 

175 150) was purchased from Jackson, anti-

mouse 568, anti-mouse (P447), anti-rabbit 

(P448), anti-goat (P160) coupled to horse-

radish peroxidase were purchased from 

DAKO and anti-mouse (Alexa-568, A11004) 

and anti-human (alexa-647, A21445) were 

purchased from Molecular probes.

Plasmids and siRNAs

64-mer synthetic oligonucleotides for cloning 

into pSuper (pS) were annealed and ligated 

into the pSuper construct as described 

(Brummelkamp et al., 2002). Usp39- and 

Survivin-targeting vectors were based on a 19-

mer sequence present in the coding sequence 

(shRNA-Usp39A: GTACTTTCAAGGCCGGGGT, 

shRNA-Survivin: GAGGCTGGCTTCATCCACT).   

Spectrin–GFP (Kalejta et al., 1997), histone 

H2B–GFP (Kanda et al., 1998), pBabe-puro 

(Brummelkamp et al., 2002) and Cyclin 

B-GFP (Hagting et al., 1998) have all been 

described. On-target siRNAs for Usp39 

were purchased from Dharmacon (siRNA-

Usp39B: GAUCAUCGAUUCCUCAUUG and 

siRNA-Usp39C: CAUAUGAUGGUACCACUUA). 

To obtain Vsv-Usp39, Usp39 was 

amplified from pBlueSK(-)65 KcDNA 

(Forward primer: TCGAGTCGAATTCTCCG 

GCCGGTCTAAGCGGGAGTCT) , Reverse 

primer: AACGTAACAGACTCGCTCG 

AGAGCCCCCTGCTGGTTTCATC), kindly 

provided by Dr. Reinhart Luhrmann. The PCR-

product was digested with EcoRI and XhoI 

and ligated into pCR3-VSV. Vsv-Aurora B 

has been described (Wheatley et al., 2007). 

Expression clones for the catalytic domain 

of Usp39 (218-565 aa), Usp4 (302-954 aa) 

and Usp8 (770-1118 aa) were obtained 

through PCR from human Usp39, Usp4 and 

Usp8 cDNA’s and using Novagen’s Ligation 

Independent Cloning system to clone into 

the pET-46 Ek/LIC vector (Novagen). cDNA’s 

of Usp4 and Usp8 were kindly provided by 

Dr. Rene Bernard and Usp39 by Dr. Carlos 

Lopez-Otín.

Cell Culture, transfection, and 

synchronization 

U2OS osteosarcoma cells were grown in DMEM 

supplemented with 6% fetal calf serum, 100 

U/ml penicillin, and 100 μg/ml streptomycin. 

DNA-transfections were performed by the 

standard calcium phosphate transfection 

protocol 24 hrs after the cells were seeded. 

siRNA-oligos were transfected with HiPerfect 

(Qiagen), according to manufacturer’s 

protocol. For selection of cells with spectrin-

GFP, H2B-GFP or pBabePuro, transfection-

marker constructs were transfected in a 1:10 

ratio with the total DNA content. For selection, 

cells were incubated with puromycin 24 

hrs after transfection and viable cells were 

harvested 36 hrs later. Where indicated, the 

cells were synchronized at the G1/S transition 

by addition of 2.5 mM thymidine. Cells were 

maintained in thymidine for 24 hrs, after 

which they were released from the block 

either in the presence or absence of taxol 

(paclitaxel; 1 µM) or nocodazole (250 ng/

ml). For harvesting, cells were washed 

with phosphate-buffered saline (PBS) and 

incubated with trypsin (Gibco) for 5 min 

before FCS-containing medium was applied 

to inactivate the trypsin.

Expression and Purification of Recombinant 

Proteins

The His-tagged catalytic domains of Usp39, 

Usp4 and Usp8 were expressed overnight 

at 15°C using IPTG-induction in the E.coli 
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strain Rosetta2(DE3) (Novagen). Purification 

included histidine affinity chromatography 

and Enterokinase cleavage of the His-tag. 

Further purification was performed on a 

POROS Q column in 20 mM Tris pH 8.0, 10 

mM NaCl, 5mM β-mercaptoethanol and eluted 

with a gradient between 0.01 to 1 M NaCl. 

The Usp catalytic domain containing fractions, 

were pooled, concentrated and further 

purified by gel filtration on a Superdex 75 

column in 20 mM Tris pH 8.0, 100 mM NaCl, 

5 mM β-mercaptoethanol, after which the Usp 

catalytic domain is concentrated to ~7.5 mg/

ml and stored at -80°C.

In vitro de-ubiquitination assays

Ub C-terminal 7-amido-4-methylcoumarin 

(UbAMC) was purchased from Boston 

Biochem. UbAMC hydrolysis assays were 

performed in assay buffer (50 mM Tris/HCl 

pH8.0, 100 mM NaCl, 1 mM EDTA, 5 mM DTT 

& 0.05% Tween-20 supplemented with 1 mg/

ml bovine serum albumin (Sigma) at 25°C. 

Enzyme concentrations were determined 

with the Nanodrop 1000 (ThermoScientific). 

Measurements were performed in duplo 

with 10 nM (unless stated otherwise) of the 

respective enzyme in a total volume of 100 

μl/well in a 96-well plate (Packard Optiplate 

96) using a Fluostar Optima plate reader 

(BMG Labtechnologies), with a 355 nm/460 

nm filter pair. 7-amido-4-methylcoumarin 

(Biomol) was used for calibration. 

Time-lapse analysis

U2OS cells were plated on 35-mm glass-bottom 

culture dishes (Willco-dish, Amsterdam, 

The Netherlands) or 4 chamber lab-tek 

chambered #1.0 Borosilicate coverglass wells 

(Nunc) and transfected immediately (siRNA) 

or after 24 hrs (DNA). For live cell imaging, 

dishes were transferred to a heated stage 

(37°C) on a Zeiss Axiovert 200M microscope 

equipped with a 0.55 numerical aperture 

(N.A.) condenser and a 40x Achroplan 

objective Twelve bits differential interference 

contrast (DIC) and fluorescence (100-ms 

exposures) images were captured every 1 to 

10 min by using a Photometrics CoolSNAP HQ 

charged-coupled device camera set at gain 

1.0 (Scientific, Tucson, AZ) and appropriate 

filter cubes (Chroma Technology, Brattleboro, 

VT) to select specific fluorescence. Images 

were processed using MetaMorph software 

(Universal Imaging, Downingtown, PA).

Flow cytometry

Cells were harvested, washed with PBS and 

fixed in ice-cold 70% ethanol. Fixed cells 

were washed with PBS containing 0.05% 

Tween-20 and incubated 1 hr with anti-MPM-2 

monoclonal antibody (mAb) diluted in PBS 

containing 0.05% Tween-20 and 3% bovine 

serum albumin (BSA) to specifically stain 

mitotic cells and stained with a secondary 

Cy5-conjugated goat-anti-mouse antibody 

and propidium iodide. MPM-2 signal of the 

GFP-positive cells was analyzed using flow 

cytometry (CellQuest; BD Biosciences, San 

Jose, CA) as described previously (Smits et 

al., 2000).

Northern blotting

Cells were lysed in GIT (4 M guanide-

isothiocyanate, 25 mM natriumcitrate, 0.1 

M β-mercaptoethanol, 0.5% sarkosyl, 0.1% 

antifoam, pH7) and sheared. 10% v/v 1 M NaAc 

pH4.0 was added and mixed with the lysate 

after which a standard phenol/chlorophorm 

precipitation was performed. 5 µg total RNA 

was loaded with RNA loading buffer (50% 

glycerol, 1 mM EDTA, 0.25% Bromophenol 

blue, 0.25% xylene cyanol in DEPC-H2O) on 

a 1% formaldehyde gel (1% agarose, 6% 

formaldehyde, EtBr (1 µl/100 ml), ran in 

1xMOPS, transferred to nylon membranes 

using a standard capillary method with SSC 

and fixed by ultraviolet crosslinking. Probes 

(Usp39: SmaI digestion of cDNA, gel-extraction 

of 500 bp fragment (bases 150-650), Aurora 

B forward: GCAGAGAGATCGAAATCCAGG, 

reverse: GCAGTTTGGAGATGAGGTCG, Incenp 

forward: GCCAGCCTTTTCCAGATTCTCC, 

reverse: GCTGAGGTAGGGGTCATGAGC) were 

obtained by PCR amplification, labelled with a 

random labelling kit (Stratagene),  purified on 

a G50 spin column and hybridized O/N with the 

membrane in hyb mix (48% formamide, 5x 

SSC, 0.5x Denharts solution, 5 mM Phosphate 

buffer pH6.8, 0.5 mM EDTA and 10% SDS). 

Hybridized membrane was washed with 1x 

SSC, 0.1% SDS at 42°C C and 0.1x SSC, 
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0.1% SDS at 65°C, wrapped in Saran and 

exposed to X-film.

Western blotting 

Cells were lysed in Laemmli buffer (120 

mM Tris (pH 6.8), 4% SDS, 20% glycerol). 

Equal amounts of protein were separated 

on polyacrylamide gels, transferred to 

nitrocellulose membranes. Membranes 

were blocked in 5% milk and subsequently 

subjected to Western blotting. 

Real time PCR

For RNA-isolation, RNAeasy-kit was purchased 

from Qiagen. 2.5 µg RNA was used for 

cDNA-synthesis with SuperScript II reverse 

transcriptase kit (Invitrogen #18064-022). 

For  real-time PCR analysis, 25-50 ng cDNA, 

5 mM MgCl2, 0.1 mM dNTPs, 0.2 μM primer 

(each) was used in a reaction with 0.1 μl 

Taq, 0.1 μl SybR Green and 2.5 μl 10*PCR 

buffer (Applied biosystems #4304886). For 

a 40-cycle PCR reaction (95°C for 10’, 95°C 

for 15’’, 60°C for 30’’, 72°C for 30’’, 75°C for 

1’’, 50-95°C read every 1°C hold 1’’) a DNA 

engine gradient cycler was used (MJ-research 

PTC-200).
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Summary

Two structurally similar E3-ligase complexes, 

the SCF and the APC/C, regulate cell 

cycle progression through timely protein 

destruction (reviewed in (Nakayama and 

Nakayama, 2006)). The SCF, exploiting 

β-TrCP for target recognition during G2, takes 

much of the responsibility for mitotic entry. 

The APC/C governs proper chromosome 

segregation and mitotic progression. In this 

thesis we have studied how ubiquitination and 

protein stability affect mitotic entry and the 

progression through mitosis. We investigated 

possible functions of Plk1 in the regulation of 

the APC/C (chapter II) and the SCF (chapter 

III). In addition, we performed an RNAi-based 

functional screen to identify deubiquitinating 

enzymes opposing SCF- or APC/C-activities 

towards specific substrates. In chapter IV we 

describe the screen in detail, the Dubs which 

we identified as putative G2/M regulators and 

we discuss the advantages and disadvantages 

of this screening approach. In the chapters 

V and VI we focus on two of the Dubs we 

identified in the screen. 

During the course of this work it has become 

further clear that Dubs do not just counteract 

ubiquitination to protect specific proteins from 

proteasomal degradation. Over the recent 

years, Dubs have been implicated in a wide 

range of processes, including transcription 

regulation, endocytocis and DNA damage 

repair (reviewed in (Carthew and Xu, 2000; 

Chen, 2005; Song and Rape, 2008)). As briefly 

described in the introduction of chapters IV 

and VI, deubiquitination is now acknowledged 

to have a major role in opposing regulatory 

mono-ubiquitination and K63-linked poly-

ubiquitination events. Although Dubs are 

known to cleave K48-linked ubiquitin chains 

in order to protect ubiquitin from degradation 

(Wilson et al., 2002; Hanna et al., 2003) and, 

in some cases, to directly protect a specific 

substrate from proteasomal degradation in 

response to K48-linked poly-ubiquitination 

(e.g.(Wu et al., 2004)), most evidence to 

date supports regulatory Dub functions.  

In the chapters V and VI we singled out two 

of the hits from our screen and analyzed the 

RNAi-phenotype in greater detail. So far, we 

have not found evidence that either of the 

two Dubs we investigated oppose protein 

degradation directly. In chapter V, where 

we more closely examined the depletion 

phenotype of Usp39, we provide evidence 

indicating that Usp39 is a possible mediator 

of cell cycle regulated splicing. In chapter VI, 

where we focused on the deubiquitinating 

enzyme Dub3, we describe a role for this 

Dub in promoting mitotic entry after recovery 

from DNA damage and we suggest regulatory 

deubiquitination of Plk1 in this process. 

The risk of RISC

RNAi is a powerful tool for studying loss-of-

function phenotypes. 21 bp oligonucleotides, 

incorporated in a large nuclease complex 

called the RNA induced silencing complex 

(RISC) recognize matching mRNAs and target 

them for destruction. Their ease of use on a 

large scale has made RNAi highly valuable 

for screening. RNAi-based loss-of-function 

screens in mammalian tissue culture systems 

have led to exciting new insights. However, 

reports emphasizing the pitfalls of RNAi are 

numerous, our manuscript describing the off-

target phenotypes of siRNAs directed against 

Usp30, being one of those. As another example, 

a remarkable paper describes a siRNA-screen 

in which three top-hits were demonstrated to 

be off-target effects, one caused by only 7-nt 

complementation between the siRNA and the 

off-target transcript (Lin et al., 2005). 

Off-target gene silencing is an acknowledged 

risk of siRNA-based loss-of-function screening. 

Standard transfection with 21 bp siRNAs in 

human cells has been shown to induce non-

specific stimulation or repression of over 

1000 genes and cell extracts transfected 

with eight different standard siRNAs against 

the same gene showed completely different 

expression profiles (Jackson et al., 2003; 

Persengiev et al., 2004). However, the initial 

idea that 21 bp would be enough for a siRNA 

to hybridize specifically with a single mRNA 

open reading frame (ORF) appears valid and 

overall identity with ORFs does not account 

for the high number of off-targets. Instead, 

hybridization of a short stretch (called seed-

region) of the siRNA’s anstisense strand 

with the 3’ untranslated region (3’UTR) of 

an mRNA is responsible for most of the off-
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target gene silencing (Birmingham et al., 

2006; Jackson et al., 2006b). The mechanism 

of this 3’UTR-mediated silencing originates 

from endogenous small, non-coding RNAs, 

discovered in C. elegans over a decade ago  

(Lee et al., 1993; Reinhart et al., 2000). We 

now know that in eukaryotes hundreds of these 

endogenous small RNAs, named microRNAs 

(miRNAs), regulate expression of a multitude 

of genes. miRNAs are produced by Dicer and 

incorporated in the RISC similarly to siRNAs 

and they are utilized as an endogenous 

mRNA-silencing mechanism by hybridizing 

with a hexamer or heptamer in the 3’UTR 

(Dalmay, 2008). The realization that miRNA-

like silencing is to blame for at least part of the 

enormous changes in gene-expression profiles 

caused by siRNAs has led to the introduction 

of modified bases at specific positions within 

the seed region of siRNAs that are proven to 

dramatically reduce off-target gene-silencing 

(Jackson et al., 2006a). 

Although off-targets were long known to 

interfere with RNAi-screening results to some 

extent, the current knowledge on miRNA-

induced gene silencing and the shortcomings 

of standard siRNAs urge the use of at least 

4, seed-region-modified siRNAs per gene 

in siRNA-based screens. Unfortunately this 

is strongly emphasized by our findings 

described in chapter IV, where our findings 

initially suggested Usp30 to be a specific 

regulator of APC/C activity based on similar 

phenotypes obtained with two independent 

RNAi-vectors. We analyzed the phenotype, 

caused by these two targeting constructs 

in detail and found that both RNAis caused 

aberrant activation of the APC/C in G2 and 

mitosis. However, we could not rescue the 

Usp30-depletion phenotype with an Usp30 

expression construct and additional synthetic 

RNAi oligos caused no mitotic phenotype. 

RNAi-rescue experiments may fail for multiple 

reasons, including aberrant expression level 

and localization of the exogenously expressed 

protein. Therefore, RNAi-phenotypes that 

cannot be rescued are not necessarily off-

target, if identical phenotypes are obtained 

with at least three siRNAs, modified in their 

seed region. Nevertheless, the succesful 

rescue of an RNAi effect with a co-expressed, 

non-targetable cDNA construct provides the 

best evidence for specificity. Rapid progress 

in the understanding of miRNA- and siRNA-

induced gene silencing now allows for renewed 

confidence in RNAi-based research.

A puzzle with big pieces: 

Connecting cell cycle and ubiquitination 

with mRNA splicing

We showed in chapter V that depletion of Usp39 

in U2OS cells caused a spindle checkpoint 

override and a potential cytokinesis defect 

without affecting other cell cycle phases. In 

addition, mRNA of the key-mitotic regulator 

Aurora B was lost after Usp39-depletion. 

Usp39 is a fascinating protein for two particular 

reasons. First, it is classified as a cysteine 

protease for its rather well conserved Dub-

domain but it lacks all three residues of the 

catalytic triad and, consequently, enzymatic 

activity (chapter V). Second, although 

Usp39 was identified as a core spliceosome 

component, our data indicate that Usp39 has 

a cell cycle-specific function ((Makarova et 

al., 2001) and chapter V). 

It is rather intriguing that not only the Dub 

domain of Usp39 is conserved from yeast 

to mammals but also the substitution of the 

catalytic cysteine (C234) with an aspartic acid. 

The catalytic histidine and aspartic acid are 

mostly absent in lower eukaryotes as well, 

but substituted with different residues than 

the respective serine and glutamine in human 

Usp39. It remains elusive whether the Dub-

domain is required for the function of Usp39, 

and whether this domain has retained affinity 

for ubiquitin or ubiquitinated proteins. It could 

be argued that the Dub domain has a role in 

binding ubiquitinated proteins either to shield 

the ubiquitin moiety (which could protect the 

ubiquitinated target against deubiquitination 

or binding of other regulatory proteins) or 

affect its function. 

Covalent interaction between a Dub and 

ubiquitin moiety is established through the 

catalytic cysteine of the Dub, but numerous 

hydrogen and van der Waals interactions are 

involved in the association (Johnston et al., 

1999). Structural analysis of a related protein 

of the Usp-family, Hausp/Usp7, identified 

multiple residues that are required for direct 
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interaction between the Dub and the Ubiquitin 

moiety (Hu et al., 2002). Within direct 

proximity of the catalytic residues of Hausp, 

seven residues have been determined that 

are involved in establishing the interaction 

between Dub and ubiquitin through hydrogen 

or van der Waals bonding. Five of those are 

conserved in Usp39, suggesting that Usp39 

-although catalytically inactive- may indeed 

be capable of interacting with ubiquitin ((Hu 

et al., 2002) and fig. 1). 

Usp39 is implicated in formation of the 

spliceosome from yeast to mammals 

(Lygerou et al., 1999; Makarova et al., 

2001). Spliceosome assembly involves five 

major snRNP particles (U1, U2, U4-U6) and 

starts with the association of U1 and U2 at 

the splice-sites of the pre-mRNA. U2 recruits 

pre-formed U4/U6.U5 tri-snRNP complexes 

to the pre-mRNA. Subsequent dissociation of 

the U1 and U4 components from the complex 

are essential steps in formation of the mature 

spliceosome, which consists of the U2, U5 

and U6 spliceosome components (Jurica 

and Moore, 2003). The spliceosome thus 

undergoes a series of major rearrangements 

in each splice-cycle of which the exclusion 

of the U4 component is the most dramatic. 

Makarova and colleagues have found a role 

for Usp39 in de novo assembly of the mature 

spliceosome, i.e. it is required for recruitment 

of the tri-snRNP to the pre-spliceosome 

(Makarova et al., 2001). However, Usp39-

depletion does not appear to interfere with 

the formation or stability of the U4/U6.U5 tri-

snRNP (Makarova et al., 2001). Ubiquitin and 

ubiquitin-like proteins have been co-purified 

with the spliceosome (Makarov et al., 2002; 

Rappsilber et al., 2002). Furthermore, a 

proteomic screen has revealed the existence 

of ubiquitinated splice factors (Peng et al., 

2003). Excitingly, ubiquitination functions in 

the maintenance of the U4/U6.U5 tri-snRNP 

complex before it is recruited to U2 (Bellare 

et al., 2008). After the U4/U6.U5 tri-snRNP 

is bound to the pre-mRNA-associated U2, 

ubiquitin, which is required to inhibit the 

ATPase-mediated U4/U6-unwinding, is lost 

from the complex and ATPase-induced removal 

of U4 generates the active spliceosome. This 

suggests that loss of ubiquitin from the U4/

U6.U5 tri-snRNP disassembles the complex, 

whereas constitutively bound ubiquitin inhibits 

the U4/U6-unwinding after U2 has bound to 

the complex and inhibits formation of the 

mature spliceosome (Bellare et al., 2008). 

Usp39 is not required for the maintenance 

of the U4/U6.U5 tri-snRNP, but it is essential 

for subsequent formation of the mature 

spliceosome (Makarova et al., 2001). It would 

be interesting to investigate a putative role 

for Usp39 in regulating the ubiquitination-

state of the only ubiquitinated tri-snRNP-

component precursor RNA processing 8 (Prp8) 

and possible consequences on spliceosome 

maturation (Bellare et al., 2008).

S. cerevisiae PRP3, PRP17 and PRP22 and 

S. pombe prp2+ were independently found 

in screens for either cell cycle regulators or 

splice factors, suggesting a link between the 

two processes (Johnston and Thomas, 1982; 

Vijayraghavan et al., 1989; Takahashi et 

al., 1994; Vaisman et al., 1995; Hwang and 

Murray, 1997). In particular, yeast Cef1p, 

a splice factor required for efficient splicing 

of α-tubulin mRNA, is required for G2/M 

progression (Burns et al., 2002). Furthermore, 

the budding prp8 and fission yeast prp8+ 

genes, homologous to the human PRP8 above 

described to be ubiquitinated within the tri-

snRNP complex (Bellare et al., 2008), were 

originally identified in a screen for mutants 

that exhibit a cell division cycle arrest (Shea et 

al., 1994; Lundgren et al., 1996). It appears 

that core splice factors that are implicated in 

cell cycle progression, affect the expression 

of a rather broad range of proteins to variable 

extents. The cell cycle specific phenotype, 

caused by loss of function of splice factors, is 

mostly due to one dominantly affected protein 

(Burns et al., 2002; Dahan and Kupiec, 2004; 

Pacheco et al., 2006).  We have described a 

mitosis-specific defect in Usp39-depleted cells 

in chapter V that may depend at least partially 

on the absence of Aurora B-mRNA. Our results 

indicate that Usp39 acts in Aurora B-splicing, 

and it will be important to further investigate 

the molecular role for the Dub-domain in this 

process. In addition, it will be important to 

investigate whether depletion of Usp39 affects 

the level of additional mRNAs and whether the 

affected mRNAs can be categorized based on 
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function of the encoded proteins. Putative cell 

cycle regulated splicing events, affecting the 

expression of a specific cluster of genes could 

provide novel and exiting insights.  

Plk1 in Recovery: a role for 

Deubiquitination.

Regulatory functions of phosphorylation 

and ubiquitination are accomplished by 

more than 500 kinases together with 140 

phosphatases and by 600 ubiquitin ligases in 

collaboration with 100 ubiquitin hydrolases, 

respectively. The determination of whether 

both post-translational modifications occur 

simultaneously on a single protein is a 

challenging assignment, as protein fragments 

analyzed by mass spectrometry (MS) are 

usually very small. However, analysis of 

large protein fragments by electron transfer 

dissociation (ETD) MS may in the near 

future allow detection of simultaneous 

modifications. 

Collaboration between kinases and ubiquitin 

ligases in the regulation of a substrates 

enzymatic activity exists for example in NF-κB 

signalling (Chen, 2005). Also Dubs have been 

implicated in regulation of enzymatic activity 

of their substrates. Deubiquitination activates 

the E3-ligase Brca1/Bard and the transcription 

factor NF-κB and deubiquitination of the 

APC/C E3-ligase and the transcription factor 

FOXO4 maintains their inactive state (Jensen 

et al., 1998; Mallery et al., 2002; Dong et 

al., 2003; Chen, 2005; van der Horst et al., 

2006; Stegmeier et al., 2007). Conceivably, 

collaborations between (de)deubiquitination 

and (de)phoshorylation will ultimately direct 

protein function.

Plk1 is essential for mitotic entry after recovery 

from a DNA damage checkpoint-dependent 

arrest (van Vugt et al., 2004). How Plk1 is 

activated at mitotic entry and during recovery 

from DNA damage is largely elusive. Several 

kinases, such as p21-activating kinase 1 

(Pak1) and Ste20-like kinase (SLK) have 

been reported as upstream activators of Plk1 

(Ellinger-Ziegelbauer et al., 2000; Johnson et 

al., 2008; Maroto et al., 2008). Furthermore, 

auto-phosphorylation plays a role in activation 

of Xenopus Plx1 and is thought to have a similar 

function in Plk1-activation in mammalian cells 

(Kelm et al., 2002). T210, located within the 

kinase domain of Plk1, is in vivo phosphorylated 

early in mitosis and is shown to be required to 

activate Plk1 (van de Weerdt et al., 2005). 

Plk1-modification by ubiquitination may play 

an additional role in regulating Plk1 activity. 

In chapter VI we speculate on collaborating 

phosphorylation and deubiquitination events 

in Plk1 kinase activation during recovery from 

DNA damage. We showed that RNAi-mediated 

depletion of the deubiquitinating enzyme 

Dub3 impaired recovery from a DNA damage 

checkpoint-dependent arrest and re-activation 

of Plk1. In contrast, we showed that Cdc25B-

depleted cells that are defective in recovery 

do re-activate Plk1. This suggests that the G2 

arrest, caused by depletion of Dub3 is directly 

linked to the inability to re-activate Plk1. 

Preliminary experiments suggest that the early 

activating phosphorylation event on T210 

of Plk1 normally occurred in Dub3-depleted 

cells, suggesting that deubiquitination may 

have an additional but essential function in 

Plk1 activation. Such a role for deubiquination 

in activating Plk1 suggests that Plk1 is subject 

to inhibitory ubiquitination. Interestingly, Plk1 

has been reported to be a direct substrate 

of the ubiquitin ligase Chfr, which mediates 

K63-linked poly-ubiquitination (Kang et 

al., 2002; Bothos et al., 2003). Regulatory 

functions for K63-linked Plk1 ubiquitination 

and deubiquitination are therefore interesting 

options to explore.

Plk1 in regulation of DNA damage 

signalling

The number of examples describing 

collaborating phosphorylation and 

ubiquitination events is accumulating. 

Interesting examples are the cell cycle 

regulators Emi1, Claspin, Bora and Wee1, which 

are all ubiquitinated by the SCF in response to 

Plk1-dependent phosphorylation (Hansen et 

al., 2004; van Vugt et al., 2004; Watanabe 

et al., 2004; Mamely et al., 2006; Seki et al., 

2008). We describe a highly preliminary model 

for Plk1-mediated RASSF1C-destabilization 

in chapter III. We show that Plk1 binds 

and phosphorylates RASSF1C and thereby 

decreases its stability. RASSF1C is known to 

be involved in JNK activation in response to 
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DNA damage (Kitagawa et al., 2006). Loss 

of RASSF1C-induced JNK activity in response 

to phosphorylation by Plk1 could be a novel 

mechanism to recover from DNA damage. 

Indeed, we show that premature Plk1 activation 

interferes with JNK signalling. As mentioned 

before, priming phosphorylations that 

promote SCFβ-TrCP-dependent ubiquitination 

are exploited to allow for degradation of 

multiple cell cycle regulators in G2. RASSF1C 

may be ubiquitinated in response to priming 

phosphorylation by Plk1 in a manner similar 

to Claspin, Bora and Wee1. Experiments 

in the near future will undoubtedly reveal 

whether RASSF1C can be added to the list 

of DNA damage response proteins that are 

targeted by SCFβ-TrCP-dependent ubiquitination 

after phosphorylation by Plk1. 

Plk1 and APC/C 

In chapter II we propose a model for Plk1-

dependent Cdh1-activation in human 

cells, possibly via Cdc14A-mediated 

dephosphorylation. APC/CCdh1 is active in late 

mitosis and G1. It accounts for degradation of 

a variety of mitotic proteins such as mitotic 

Cyclins, Plk1, Aurora kinases and the APC/

C-activator Cdc20. Activation of APC/CCdh1 

during mitosis critically depends on loss of 

Cdk1-mediated phosphorylation of Cdh1 

(Jaspersen et al., 1999; Wasch and Cross, 

2002). Part of this reversal is established by 

Cyclin B1-degradation and consequent loss of 

Cdk1 kinase activity. In budding yeast, Cdc14 

has been shown to play a role in APC/CCdh1-

activation. The phosphatase Cdc14 reverses 

Cdc28-mediated phosphorylation on Cdh1, 

allowing Cdh1-activation directly (Visintin et 

al., 1998; Zachariae et al., 1998; Jaspersen 

et al., 1999). Furthermore, Cdc14 reverses 

Cdc28-mediated phosphorylation of the Cdh1-

inhibitor Acm1, allowing Cdh1-activation 

indirectly (Hall et al., 2008). How APC/CCdh1 

activation is brought about in mammalian cells 

is less clear. As in yeast, mammalian Cdh1 is 

phosphorylated and inhibited by Cyclin B1/

Cdk1, and its activation requires reversal of 

this Cdk1-mediated phosphorylation. However, 

it is yet unclear how this dephosphorylation 

occurs and whether other Cdh1-activation 

mechanisms exist. 

Multiple APC/C-subunits, including APC1, 

APC3 and APC7, are phosphorylated during 

mitosis and are in vitro determined substrates 

of Plk1 (Kraft et al., 2003). Plk1-dependent 

APC/C-phosphorylation is dispensable for 

APC/CCdc20 activation, but may be required 

for APC/CCdh1 activity. APC/C-phosphorylation 

early in mitosis by Plk1 may be required for 

efficient APC/CCdh1 activation late in mitosis. 

It would be interesting to determine whether 

in Plk1-depleted extracts the Plk1-sites 

are indeed unphosphorylated and whether 

absence of these phosphorylations influences 

APC/C-Cdh1 activity. 

Phosphorylation of Cdh1 itself on multiple 

non-Cdk1 sites has been reported (Hall et al., 

2004). Interestingly, phosphorylation of these 

sites appears dependent on Cdk1-dependent 

phosphorylation. Multiple examples are 

known of Plk1-dependent phosphorylations 

in response to Cdk1-dependent priming 

phosphorylations (Hansen et al., 2004; 

Mamely et al., 2006; Seki et al., 2008). 

Possibly, Plk1-dependent phosphorylation of 

Cdk1-primed Cdh1 early in mitosis induces 

Cdh1-activation after reversal of Cdk1-

dependent phosphorylation. 

Human cells contain two homologs of the 

budding yeast Cdc14, namely Cdc14A 

and Cdc14B (Li et al., 1997). Cdc14A 

is, like budding yeast Cdc14, capable of 

dephosphorylating Cdh1 and INCENP, making 

it the most likely homolog to be involved in 

late mitotic events (Bembenek and Yu, 2001; 

Gruneberg et al., 2004). A recent publication 

has suggested Plk1-dependent activation 

of Cdc14A in mitosis (Yuan et al., 2007), 

supporting our observations showing that Plk1-

depletion interferes with activation of Cdh1-

dependent APC/C specifically. Interestingly, 

Cdc14A-mutants mimicking Plk1-dependent 

phosphorylation can restore Cdh1-dependent 

protein degradation after Plk1-depletion 

(chapter II). This strongly suggests that the 

mitotic exit pathway as it has been described 

in yeast is conserved in human cells to some 

extent. Budding yeast Acm1 is a pseudo-

substrate inhibitor specific for Cdh1. Acm1 

is degraded in response to Cdc14-mediated 

dephosphorylation at Cdc28-phosphorylation 

sites (Enquist-Newman et al., 2008; Hall et 
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al., 2008). No human homolog has yet been 

reported for Acm1, but possible conservation 

of this mechanism of Cdh1-regulation in 

human cells is worth investigating. 

Cdh1 is dispensable for execution or timing 

of mitotic exit in mammalian cells. However, 

it is essential during other phases of the 

cell cycle. Possibly, impaired or delayed 

activation of Cdh1 exerts its effect on cell 

cycle progression at the G1/S transition of 

the next cycle rather than in mitosis. The 

nature of this effect is, however, difficult to 

predict since Cdh1-depletion has been shown 

to stabilize and activate the replication-

inhibitor Geminin, leading to delayed ORC-

formation (McGarry and Kirschner, 1998; Li 

and Blow, 2004), but also to stabilize S-phase 

promoting proteins such as Skp2, leading to 

early S-phase entry (Bashir et al., 2004; Wei 

et al., 2004). Plk1-depletion in checkpoint 

deficient cells seems to show mild over-

replication in the next cell cycle, suggesting 

Cdh1-dependent degradation of S-phase 

promoting factors is predominantly affected 

(M. van Vugt, unpublished observations).  The 

kinetics of APC/CCdh1 activation and the role of 

Plk1 therein remain fascinating to explore. It 

is, however, of great importance to determine 

the exact moment of action of Plk1 in APC/

CCdh1 activation. Plk1-inhibitory compounds are 

now available that allow for highly controlled 

analysis of the dynamics of Plk1 activity at 

specific stages of mitosis (Lenart et al., 2007; 

Santamaria et al., 2007). Detailed insight in 

Plk1-dependent late mitotic events will almost 

surely become available in the near future.   

Perspectives

In this thesis we addressed the implications 

of ubiquitination in different cell cycle-related 

processes from different angles. In chapter IV 

we discuss an RNAi-based screen that reveals 

novel deubiquitinating enzymes implicated in 

cell cycle progression, but also underscores 

the hazard of off-target effects in RNAi-based 

loss of function screening. RNAi-screens will 

in the near future undoubtedly lead to very 

important and exciting new insights, but the 

now commonly acknowledged threat of off-

target gene silencing may increase the interest 

in other approaches, such as screens based 

on inhibitory compounds. Screening for cell 

cycle regulators in particular will benefit from 

increasing accessibility of small compound 

inhibitors, as efficient RNAi-mediated gene 

silencing requires a variable time frame that 

could interfere with the distinction between 

primary and secondary cell cycle effects.

Detailed understanding of the ubiquitin-

proteasome system has been important for 

cancer-therapeutical purposes. Proteasome 

inhibitors such as bortezomib, paralyzing the 

major cellular protein degradation machinery, 

are patented and being used in anti-cancer 

treatment (Kane et al., 2006), but prolonged 

treatment with bortezomib is associated with 

toxicity and drug resistance (Chauhan et 

al., 2005). Therapeutic strategies, targeting 

specific components of the degradation-

machinery upstream of the proteasome, such 

as ubiquitin ligases or Dubs, are probably 

better tolerated. The F-box protein Skp2, 

subunit of the SCF-E3 ligase, is directly linked 

to tumorigenesis (Bloom and Pagano, 2003; 

Guardavaccaro and Pagano, 2004). Low 

p27 correlates with elevated levels of Skp2, 

suggesting that chemically inhibition of the 

latter may be tumor-suppressive  (Hershko 

et al., 2001; Chiarle et al., 2002). Oncogenic 

upregulation of proteins that are normally 

targeted for proteasomal degradation 

indicates the interest of rapid identification 

of small inhibitor compounds targeting Dubs. 

Usp7 reduces p53 levels through stabilization 

of Mdm2, a ubiquitin ligase for p53, and is 

therefore an interesting therapeutic target in 

the treatment of cancer (Cummins et al., 2004; 

Li et al., 2004). The inhibitor HBX41,108, 

identified by high throughput compound 

screening stabilizes p53 in vitro and inhibits 

cell growth without genotoxic stress (Colland, 

2006) (hybrigenics SA , WO2007017758). 

In addition, a small molecule inhibitor 

repressing Usp8 has been shown to reduce 

cell growth and may be an interesting anti-

cancer agent  ((Guedat and Colland, 2007) 

Hybrigenics, SA WO2007017758). Dub3, 

described in chapter VI, is of particular 

interest in this respect. A Dub3-inhibitory 

compound may lead to inhibition of Plk1 

under specific circumstances. Plk1 is over-

expressed in a broad spectrum of cancer 

C7-A4.indd   131 29-7-2008   11:51:03



Chapter 7

132

types, and its expression often correlates 

with poor patient prognosis (Eckerdt et al., 

2005). Multiple independent studies have 

shown that inhibition of Plk1 leads to mitotic 

catastrophe and apoptosis in cancer cells but 

not in normal cells, making the suppression 

of Plk1 a powerful tool in cancer therapy 

((Cogswell et al., 2000; Liu et al., 2006) and 

reviewed in (Strebhardt and Ullrich, 2006)). 

Indeed, the ATP-competitive Plk1-inhibitor 

BI2536, as well as the non-ATP-competitive 

Plk1 inhibitor ON01910 have proven well 

tolerated and successful in tumor regression 

(Strebhardt and Ullrich, 2006). Suppressing 

specific functions of Plk1 by targeting Plk1-

modifiers is worth investigating. With the 

finding of novel Dubs that form attractive 

therapeutic targets still being in its infancy, 

much is still to be expected from compound- 

and RNAi-mediated loss of function screens 

for dubs and ubiquitin ligases in the light of 

drug discovery. 
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Het proces van celdeling is verdeeld over vier 

fases; G1, S, G2 en mitose en neemt voor 

een humane cel ongeveer 24 uur in beslag. 

Binnen dit tijdsbestek wordt alle genetische 

informatie exact één keer verdubbeld, 

gecontroleerd op fouten en opgevouwen om 

vervolgens verdeeld te worden over twee 

dochtercellen. 

De verdubbeling van het DNA vindt plaats in 

S-fase. Het menselijke genoom, de volledige 

set van genetische informatie, bestaat uit 

ongeveer 3 miljard basen (letters). Bij de 

duplicatie hiervan worden fouten gemaakt. 

Het is van groot belang dat deze fouten 

hersteld worden voordat de deling plaatsvindt, 

daar het oorspronkelijke DNA dan nog als 

blauwdruk kan dienen. G2, de controle- en 

herstelfase die vooraf gaat aan de deling, 

bestaat uit mechanismen die dienen om 

fouten in het gedupliceerde DNA op te sporen 

en te herstellen. Bovendien bevat deze fase 

een checkpoint, of anders gezegd een rem, 

die uitstel van mitose garandeert totdat al het 

DNA gecontroleerd is. Een defect in het DNA-

herstelmechanisme kan hierdoor leiden tot 

een vertraging in de overgang naar mitose. 

Een defect in de rem, echter, kan leiden tot 

gevaarlijke situaties waarin fouten in het DNA 

worden doorgegeven aan een dochtercel en 

niet meer hersteld kunnen worden. Dit kan 

veranderingen veroorzaken in de eiwitten die 

worden gecodeerd door het foutieve DNA, 

mogelijk met desastreuze gevolgen zoals het 

ontstaan van ongecontroleerde celdeling en 

de vorming van tumoren. 

Als de volledig verdubbelde set DNA 

gecontroleerd en goedgekeurd is, vormt 

het uitschakelen van het G2 checkpoint het 

startsein voor mitose. Een wirwar van DNA-

strengen wordt dan verpakt in chromosomen 

die komen te bestaan uit twee identieke, 

compacte DNA-chromatiden. Deze chromatiden 

worden bijeen gehouden door een vorm van 

lijm genaamd Cohesine. Er vormt zich een 

netwerk van draden, microtubuli, die aan twee 

kanten van de cel samenkomen en als taak 

hebben de chromosomen aan weerszijden 

te binden. Ook deze processen worden 

beschermd door een checkpoint. Dit mitotisch 

checkpoint voorkomt dat de chromatiden 

van een chromosoom gescheiden raken 

voordat alle chromatiden verbonden zijn met 

één van de twee polen van de cel. Zodra de 

chromatiden van een chromosoom verbonden 

zijn met microtubuli afkomstig vanaf één van 

de twee polen, genereren deze microtubuli 

krachten in tegenovergestelde richting op een 

chromosoom. Hierdoor ontstaat er spanning. 

Deze spanning vormt het signaal voor het 

uitgeschakelen van het mitotisch checkpoint 

en de Cohesine (lijm) tussen de chromatiden 

wordt verwijderd. Vervolgens trekken de 

Microtubuli de chromatiden naar de polen 

en de cel splitst zich precies tussen de twee 

nieuwgevormde populaties chromatiden.

Zoals defecten in het G2 checkpoint kunnen 

leiden tot het doorgeven van fouten in het 

DNA, zo kunnen defecten in het mitotisch 

checkpoint leiden tot het doorgeven van 

teveel of juist te weinig chromosomen. Ook 

hiervan wordt gedacht dat het kan resulteren 

in het ontstaan van kanker. DNA-duplicatie, 

mitose en checkpoints worden gereguleerd 

door geoliede machines die bestaan uit 

duizelingwekkende aantallen eiwitten. Bij 

ieder proces is een andere set eiwitten 

betrokken, enige overlap daargelaten. 

Al die eiwitten zijn echter te verdelen in 

verschillende categorieën, gebaseerd op hun 

functie. Er zijn structurele eiwitten zonder 

enzymatische activiteit, enzymen die eiwitten 

afbreken, verplaatsen of modificeren. De 

categorie modificerende eiwitten is verder 

onderverdeeld in een aantal subklassen. Zo 

zijn er enzymen die een fosfaatgroep kunnen 

bevestigen of juist verwijderen met als 

gevolg vaak verandering in activiteit van het 

gemodificeerde eiwit. 

Dit proefschrift staat voornamelijk in het 

teken van eiwitten uit de enzymklasse die 

ubiquitin van eiwitten verwijdert en mogelijke 

functies van deze eiwitten in de regulatie 

van G2 en mitose. Ubiquitine is het best 

bekend als een label dat eiwitten markeert 

voor degradatie. De bevestiging van een 

staart van meerder ubiquitines aan een eiwit 
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zorgt voor herkenning van dit eiwit door het 

eiwit-afbraak-complex dat proteasoom wordt 

genoemd. Verwijdering van deze staart kan in 

sommige gevallen afbraak voorkomen, maar 

vaker zorgt deze alleen voor recycling van de 

ubiquitine nadat het eiwit al is afgebroken. 

Naast zijn functie als afbraak-signaal wordt 

ubiquitine ook gebruikt in andere processen, 

zoals de regulatie van endocytose (een manier 

om stoffen op te nemen via de celmembraan), 

transcriptie (een stap van de eiwitproductie) 

en reparatie van DNA schade. 

In hoofdstuk 2 en 3 worden mechanismen 

besproken die met ubiquitinering te 

maken hebben. Hoofdstuk 2 beschrijft 

het onderzoek naar de regulatie het 

ubiquitinerende enzymcomplex APC/CCdh1 

door het fosforylerende enzym (kinase) Plk1 

en het defosforylerende enzym (fosfatase) 

Cdc14A. We vonden dat Plk1 nodig is voor 

de activering van APC/CCdh1 en als gevolg 

daarvan voor de afbraak van eiwitten die 

door APC/CCdh1 geübiquitineerd worden. 

Verder ontdekten we dat de activering van 

Cdh1 door Plk1 mogelijk via Cdc14A verloopt. 

Het voorlopige model dat we voorstellen 

suggereert dat Cdc14A gefosforyleerd wordt 

door Plk1. Vervolgens verwijdert Cdc14A de 

tot repressie leidende fosfaatgroepen van 

Cdh1. Cdh1 wordt daardoor in staat gesteld 

om in samenwerking met de APC/C mitotische 

eiwitten te labelen voor afbraak.

Ook in hoofdstuk 3 staat het kinase Plk1 

centraal. In dit hoofdstuk staan de resultaten 

beschreven die de basis vormen voor lopend 

onderzoek naar de regulatie van RASSF1C door 

Plk1. In in vitro (buiten de cel) experimenten 

laten we zien dat Plk1 RASSF1C kan 

fosforyleren. Door Plk1 uit cellen te verwijderen 

met behulp van de techniek RNA interference 

(RNAi) laten we zien dat dit eiwit nodig is voor 

vermindering van de hoeveelheid RASSF1C in 

cellen. Deze conclusie hebben we met een 

andere methode bevestigd. Door Plk1 juist 

in grote hoeveelheden in cellen tot expressie 

te brengen verloren cellen de expressie van 

RASSF1C. De functie van RASSF1C regulatie 

door Plk1 is nog grotendeels onduidelijk. Wel 

observeerden we dat een overactieve vorm 

van Plk1 in cellen leidt tot het vervroegd 

uitschakelen van het DNA schade checkpoint 

dat afhankelijk is van het eiwit JNK. Mogelijk 

is activiteit van Plk1 nodig voor de afbraak van 

RASSF1C en dientengevolge het uitschakelen 

van het G2 checkpoint.

De hoofdstukken 4, 5 en 6 staan in het teken 

van deübiquitinering. Aan het begin van 

hoofdstuk 4 staat de methode beschreven 

waarmee we verschillende deübiquitinerings-

enzymen (Dubs) identificeerden die een 

potentiële functie in G2 of in mitose vervullen. 

Usp30 lijkt een van de (met de hierboven 

beschreven methode) geïdentificeerde Dubs. 

In het vervolg van hoofdstuk 4 behandelen 

we cellen met RNAi om Usp30 te verwijderen 

en de gevolgen te analyseren. Interessante 

defecten in gereguleerde eiwitafbraak, 

voorafgaand aan en tijdens mitose, blijken 

helaas niet het gevolg te zijn van het verlies 

van Usp30. RNAi, een techniek waarbij 

een klein stukje van de DNA-sequentie van 

een eiwit wordt gebruikt om de vorming 

van het eiwit te voorkomen, blijkt niet 

feilloos. Behalve het beoogde eiwit, gaat de 

expressie van vele andere eiwitten verloren 

die allemaal verantwoordelijk kunnen zijn 

voor de geobserveerde defecten in cellulaire 

processen. Dit nadelige effect van RNAi wordt 

‘off-target-effect’ genoemd en vormt een 

belangrijk probleem bij de interpretatie van 

data verkregen met RNAi. 

In hoofdstuk 5 gaan we in op de functie 

van het in hoofdstuk 4 geïdentificeerde eiwit 

Dub3. Ook hier blijkt Plk1 een belangrijke 

rol te vervullen. We observeerden dat het 

verwijderen van Dub3 door middel van RNAi 

gevolgen heeft voor de activering van Plk1 

kinase na afloop van het herstel van DNA 

schade. Plk1 is nodig voor het in gang zetten 

van mitose nadat DNA schade is hersteld. 

Cellen die zijn ontdaan van Dub3 kunnen 

Plk1 niet activeren aan het einde van een 

herstelperiode. Dit heeft tot gevolg dat deze 

cellen goed voorbereid zijn op de celdeling, 

maar de procedure niet kunnen starten. 

We suggereren dan het ubiquitineren en 

deübiquitineren van Plk1 een regulatie methode 

vormt die bestaat naast fosforylering. 

Ook voor de in hoofdstuk 6 beschreven 

resultaten ligt de basis in hoofdstuk 4. Usp39 

is een eiwit met het katalytische domein van 

een Dub. Dit is echter misleidend. De cruciale 
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residuen voor daadwerkelijke Dub-activiteit 

ontbreken waardoor Usp39 een Dub lijkt, 

maar dat in werkelijkheid niet is. In plaats van 

regulatie van ubiquitinering is Usp39 betrokken 

bij een onderdeel van de eiwitproductieketen 

die ‘splicing’ wordt genoemd. Genen die de 

informatie bevatten voor de synthese van 

een eiwit bevatten ook grote hoeveelheden 

informatie die onnodig is en juist verwijderd 

moeten worden. Het wegknippen van 

deze stukken onnodige informatie en het 

vervolgens aan elkaar plakken van de delen 

die de uiteindelijke beschrijving van het eiwit 

vormen, is splicing. We ontdekten dat Usp39 

betrokken is bij splicing van Aurora B, een 

eiwit dat cruciaal is voor mitose. We vonden 

dat het verwijderen van Usp39 door middel 

van RNAi de splicing van Aurora B verstoort en 

we suggereren dat Usp39 mogelijk een factor 

is die specifiek betrokken is bij splicing van 

regulatoren van mitose. Dit is een interessant 

gegeven, aangezien het grootste deel van de 

geïdentificeerde eiwitten die betrokken zijn 

bij splicing geen voorkeur hebben voor de 

spilicing van een bepaald eiwit.

Samenvattend beschrijven we in dit proefschrift 

een aantal nieuwe regulatiemechanismen 

die betrokken zijn bij de voortgang van 

G2 en mitose, geven we interessante 

aanknopingspunten voor verder onderzoek 

naar de regulatie van het DNA schade 

checkpoint en benadrukken we de gevaren 

van de veel toegepaste techniek van RNAi. 
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