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Abstract       

PLK1 belongs to the extended family of serine/threonine kinases controlling the cell cycle. It is 

well known for its role in the control of mitosis and contributes also to the regulation of meiotic 

division.  

On a basis of Live Cell Imaging (LCI) experiments we can describe the phenotype of the oocytes 

with PLK1 inhibited by small molecular inhibitor BI2536. PLK1 inhibition leads to delayed nuclear 

envelope breakdown (NEBD) and chromatin condensation (CC) and also causes desynchronization of 

NEBD and CC; in contrast to control oocytes, PLK1 inhibited oocytes break down their nuclear 

envelope with chromatin almost fully condensed. Also duration of these two early nuclear events is 

prolonged in oocytes with inhibited PLK1. In contrast to somatic cells, PLK1 inhibition in mouse 

oocytes does not prevent assembly of spindle with two distinct poles but affects the final spindle 

volume. Similar to somatic cells, mouse oocytes with PLK1 inhibited from the beginning of the 

meiotic maturation stay arrested in metaphase I but in the case of mouse oocytes, this block is not 

dependent on Spindle Assembly Checkpoint (SAC) persisting activity. When mouse oocytes are 

synchronized on metaphase I/anaphase I transition by proteasome inhibition and then PLK1 kinase 

activity is inhibited, about 2/3 of the oocytes stay arrested with chromatin in metaphase figure and 

the rest undergo anaphase accompanied by many missegregations. In both these groups of PLK1 

inhibited oocytes, an inhibitor of separase - securin is degraded to the level similar like in the control 

oocytes though the securin destruction is significantly slower after PLK1 inhibition. Moreover, an 

attempt for the first polar body extrusion follows the error-prone anaphase in PLK1 inhibited mouse 

oocytes. But cytokinesis is impaired after PLK1 inhibition; the first polar body is never fully separated 

and finally it is absorbed back to the oocyte.  

All these results show that PLK1 controls multiple aspects of meiosis I in mouse oocytes.  

  



 

 

iv 

 

Table of contents 

Acknowledgements .................................................................................................................................. ii 

Abstract ................................................................................................................................................... iii 

Abbreviations ........................................................................................................................................... v 

Introduction ............................................................................................................................................. 1 

1. Mouse germ cell development .............................................................................................. 1 

2. Meiosis ................................................................................................................................... 2 

3. Folliculogenesis and further oocyte development ................................................................ 3 

4. Polo-like kinases ..................................................................................................................... 4 

5. MPF and regulation of entry into M-phase ............................................................................ 7 

6. Chromatin condensation ...................................................................................................... 11 

7. Nuclear envelope and nuclear envelope breakdown .......................................................... 12 

8. Centrosome .......................................................................................................................... 14 

9. Spindle assembly .................................................................................................................. 16 

10. Spindle Assembly Checkpoint and APC/C regulation ........................................................... 19 

11. Chromosome segregation .................................................................................................... 22 

12. Cytokinesis ........................................................................................................................... 25 

Methods ................................................................................................................................................. 28 

Results .................................................................................................................................................... 32 

1. PLK1 plays a part in the timing of meiotic resumption ........................................................ 32 

2. PLK1 participates in spindle assembly ................................................................................. 35 

3. Metaphase I arrest after PLK1 inhibition is not dependent on SAC in mouse oocytes ....... 36 

4. PLK1 participates in correct chromosome segregation ....................................................... 36 

5. Cytokinesis is never completed in oocytes treated with BI2536 ......................................... 39 

Discussion ............................................................................................................................................... 40 

Summary ................................................................................................................................................ 47 

References.............................................................................................................................................. 48 

  
 

 

 

 

 

 

 



 

 

v 

 

Abbreviations 



 

 

1 

 

Introduction 

1. Mouse germ cell development  

It applies to many species including mice that their germ cells are separated early in 

development. When the mouse is not more than a pre-gastrulation embryo (6.5 days post coitum 

(dpc)) the primordial germ cells (PGCs) form from the cells of the posterior epiblast neighbouring the 

extraembryonic ectoderm. Later (7.5 dpc), PGCs migrate through the primitive streak to the 

prospective hindgut that invaginates into the embryo (7.5-8.5 dpc) and from the hindgut they go on 

through the dorsal mesentery to the forming genital ridges in 10.5 - 12.5 dpc. (Fig. I1)(Reviewed in 

(Ewen and Koopman 2010)) 

 

Figure I1 primordial germ cells migration to genital ridges (Ewen and Koopman 2010) 

In this stage of development it is indistinguishable whether the male or the female germinal cells 

will develop. The first difference appears when the male PGCs arrest in mitosis (they re-enter the cell 

cycle only after birth) and oogonia enter meiosis. It seems that the mitotic/meiotic transition does 

not take place synchronously in the whole gonad; meiotic program is executed from the anterior to 

the posterior end of the gonads by some meiosis-activating substance spreading, this activating wave 

proceeds from 13.5 to 15.5 dpc, when all the prospective oocytes have already initiated meiosis. 

(Reviewed in (Pawlowski, Sheehan et al. 2007; Ewen and Koopman 2010))  

It has long been believed that oogenesis is restricted to this part of the embryonic development of 

female. But in recent years a new type of cells called oogonial stem cells (OSCs) have been identified 

in ovaries of adult females of many species (including mice and human). These cells can be isolated 

and propagated in vitro and implanted into the ovaries of recipient mouse where they are able to 

produce an oocyte. But although the mere existence of OSCs has been proven their role in oogenesis 
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producing oocytes that are actually ovulated in physiological conditions remains elusive. (Reviewed 

in (Tilly, Niikura et al. 2009; Woods, Telfer et al. 2012)) 

2. Meiosis  

Meiosis is a type of cell division producing haploid cells serving for sexual reproduction of 

eukaryotes. It consists of two subsequent chromosome segregations following meiotic S-phase.  

The S-phase preceding meiosis itself is specific for meiotic cell cycle, the decision of PGCs to enter 

meiosis is made before S-phase and without this special way of DNA replication meiosis can not take 

place. The substance initiating meiotic cell cycle entry has been characterized only recently as 

retinoic acid (RA). RA stimulates expression of meiosis-specific factors like Stra8 or meiotic 

recombinase Dmc1 important for the meiotic double-strand break (DSB) repair. (Reviewed in 

(Pawlowski, Sheehan et al. 2007))  

The first meiotic division is called reductive because homologous chromosomes (homologs) 

segregate there. This leads to the formation of two haploid cells with still joint sister chromatids. 

Sister chromatids are split in the second division to give rise to four haploid cells each having only 

one chromatid of every chromosome. (Fig. I2)  

Figure I2 schema of meiotic division (Marston and Amon 2004) 

The first meiotic division differs from mitosis already in prophase which is divided into several 

stages. In the first, leptotene, homologs consisting of two chromatids each start to condense and 

become visible as long and thin strands. In zygotene, homologs link when a synaptonemal complex 

forms between each of a pair and homologs create so called bivalents or tetrads. In subsequent 

pachytene, homologs undergo homologous recombination. Homologous recombination serves for 

the exchange of genetic information between homologs and through the chiasmata formation it also 

locks homologs together so they can position in the metaphase plate properly to segregate from 

each other in the first meiotic anaphase. The phase when synaptonemal complex starts to 
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disassemble is called diplotene and it is followed by the last stage of prophase I; by diakinesis. (Fig. I3)  

After prophase, prometaphase I follows when a nuclear envelope breaks down and a spindle starts to 

form. In metaphase I, a metaphase plate is formed with sister chromatids in side-by-side orientation 

and homologs facing opposite poles. Then in anaphase I, homologs segregate and create two haploid 

cells with each chromosome represented by two sister chromatids; sister chromatids segregate in 

the second meiotic division that passes in a manner very similar to the mitotic division. (Alberts 

2008)   

Meiosis of sperm and oocytes differs essentially in one particular thing: meiosis in oocytes is 

interrupted quite in the begging: in diplotene of prophase of the first meiotic division. This happens 

early in development (in mouse it is 17.5 dpc (Reviewed in (Ewen and Koopman 2010)) and oocytes 

are then locked in prophase I arrest until meiotic resumption which could (in the case of humans) 

come even decades after the first meiotic arrest establishment. 

3. Folliculogenesis and further oocyte development 

At the time when the oocyte becomes arrested in prophase I, it is surrounded by a single layer of 

flat pregranulosa cells and basal lamina forming a so called primordial follicle. The oocyte in such 

follicle can grow and at the same time also follicular cells change and differentiate. The primordial 

follicle transforms into a primary one when pregranulosa cells change their shape and form cuboidal 

granulosa cells (GC) and the oocytes becomes surrounded by a glycoprotein membrane zona 

pellucida. When more than one granulosa cells layer is created around the the oocyte, the follicle is 

called secondary. This is also the first time when the follicle starts to express FSH (follicular 

stimulating hormone) receptors and since this stage, its further development is FSH - dependent. FSH 

promotes more cell proliferation and differentiation and also the formation of a fluid-filled cavity 

(antrum); the whole structure is then called a tertiary (Graafian) follicle. Cells in the Graafian follicle 

Figure I3 Prophase of the first meiotic division (Alberts 2008) 
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differentiate into two populations; the cells closely surrounding the oocyte are called cumular cells 

(cumulus) and the cells that form the wall of the follicle are called mural granulosa cells. The Graafian 

follicle is the mature one, it is able to response to the luteinizing hormone (LH) signal and finally to 

rupture and release the oocyte ready for fertilization. (Fig. I4)  

The oocyte stays arrested in prophase I till the meiotic resumption which occurs only in the stage 

of tertiary follicle in response to the LH signal. Then the oocyte finishes the first meiotic division by 

extruding the first polar body 

and enters meiosis II where it is 

arrested in metaphase.  In the 

stage of the metaphase II arrest 

the ovulation takes place and 

meiosis can be finally finished 

after the second meiotic 

resumption stimulated by a 

sperm entry (sharp Ca2+ level 

increase) into the oocyte. 

(Reviewed in (Eppig 2001; Fair 

2003))  

4. Polo-like kinases  

Polo-gene was identified in Drosophila in 1988; mutations in the Polo-locus caused abnormal 

spindle formation and cell division troubles (Sunkel and Glover 1988). Later, the Polo-gene protein 

product was characterized as a serine/threonine kinase (Llamazares, Moreira et al. 1991). In early 

nineties, a gene homologous to Polo of Drosophila was found in mouse genome in a screen for 

murine protein kinases, so the protein product of that Polo-gene was called Polo-like kinase (Clay, 

McEwen et al. 1993). So far, five Polo-like kinases have been identified in mammalian genome 

termed simply PLK1 – PLK5 (Reviewed in (de Carcer, Manning et al. 2011)).  

Polo-like kinases are characterized by a presence of a so called Polo-box domain (PBD); PBD is a 

non-catalytic domain on the C-terminus of the protein consisting of two Polo boxes creating a cleft 

for binding pSer or pThr in a substrate core sequence S-[pS/pT]-P/X. PBD ensures substrate specificity 

of Polo-like kinases and also enhances PLK kinase activity by eliminating inhibitive intramolecular 

interactions. (Elia, Cantley et al. 2003; Elia, Rellos et al. 2003) 

 

Figure I4 Folliculogenesis (Matzuk and Lamb 2002) 
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4.1. Polo-like kinase 1 (PLK1)  

PLK1 (Fig. I5) is a kinase with multiple 

functions in the regulation of the cell 

cycle. It is indispensible for the 

progression through M-phase where, 

rapidly changing its localization, fulfils its 

many tasks (discussed in the following 

text).  

PLK1 appears first on centrosomes in 

prophase, in prometaphase and 

metaphase it binds to kinetochores, in 

anaphase it could be found at spindle and 

in telophase it is enriched on midbody 

(Petronczki, Lenart et al. 2008).  

PLK1 is first activated on unseparated centrosomes in late G2. Probably the first step taken to the 

PLK1 activation is the binding of cofactor Bora which changes the conformation of PLK1. Thanks to 

the conformational change, the PLK1 kinase activation-loop becomes exposed and can be 

phosphorylated by Aurora A (AURKA) on Thr210 which triggers PLK1 activation. (Macurek, Lindqvist 

et al. 2008; Seki, Coppinger et al. 2008; Macurek, Lindqvist et al. 2009) Subsequently, in the 

beginning of M-phase, PLK1 phosphorylates Bora (through SCF-βTrCP – proteasome pathway) 

mediating its degradation. (Chan, Santamaria et al. 2008) But even later in mitosis, PLK1 still has to 

be active and fully functional (as it is needed for K-MT attachment or cytokinesis) and without Bora, 

AURKA doesn´t seem to be able to activate PLK1 anymore. This task is taken over by another Aurora 

kinase - Aurora B (AURKB, a part of Chromosome Passenger Complex CPC) and is responsible for 

PLK1 activation on kinetochores. (Carmena, Pinson et al. 2012)  

4.1.1. PLK1 in cancer 

PLK1 inhibition causes mitotic arrest and subsequent cell death (see the following text), it is 

overexpressed in many human cancer tissues and is not expressed in non-dividing cells. All these 

characteristics make PLK1 a promising target of the anti-cancer therapy and as so, PLK1 is widely 

studied. (Steegmaier, Hoffmann et al. 2007; Degenhardt and Lampkin 2010; Lens, Voest et al. 2010) 

But although PLK1 inhibitors are currently used in various clinical studies, the impacts of PLK1 

inhibition on healthy somatic cells are not very well characterized. A recent paper explores the effect 

Figure I5 the co-crystal structure of Polo-like kinase 1 with ATP 
competitive inhibiter BI2536 (Kothe, Kohls et al. 2007) and the 
structure of BI2536 
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of reduced PLK1 activity on a model of mice expressing PLK1-specific shRNA placed under 

doxycycline-inducible promoter. These mice (when adult) were treated with doxycycline to achieve 

PLK1 protein synthesis to a level of approximately 10% of the level in wt cells which well corresponds 

with PLK1 protein level in cells treated by PLK1 inhibitors in cancer therapy. These mice were 

subjected to a detailed phenotypic analyses and it was found out that they do not exhibit any serious 

troubles; proliferation in their tissues was not significantly decreased (with exception of colonic 

mucosa and ovary), the incidence of apopotosis was not higher and the effect of a long-term PLK1 

depletion had only moderate effect on the mice surveillance. (Raab, Kappel et al. 2011)  

4.2. PLK2 

PLK2 functions in G1 and early S-phase when it participates in centrosome duplication. It is also 

believed that PLK2 belongs to the family of a so called stress-response genes; it is activated in 

response to DNA-damage or spindle poisons treatment. It seems that PLK2 activation is p53-

dependent, its depletion has the same impact on cells exposed to spindle poisons as the loss of p53 

gene – these cells have significantly higher incidence of apoptosis. PLK2 may also act as a tumour 

suppressor, as PLK2 is underexpressed in various tumour cells. (Reviewed in (Strebhardt 2010)) 

4.3. PLK3 

PLK3 gene is a result of original PLK2 gene duplication, so PLK2 and PLK3 (together with recently 

discovered Plk5) make up a PLK2 gene family (Reviewed in (de Carcer, Manning et al. 2011)). The 

question of PLK3 expression in the cell-cycle remains controversial; it has been reported to be 

expressed during the whole cell-cycle but also only in M-phase, or only in G1 (Reviewed in 

(Strebhardt 2010)). Recently, it has been found that PLK3 might play a part in microtubule 

organization, centrosome separation and also in cytokinesis; cells overexpressing calcium- and 

integrin-binding protein 1 (CIB1) which is able to inhibit PLK3, do not separate centrosomes and are 

not able to finish cytokinesis; although the cells create a cleavage furrow, they do not separate and 

fuse again, this leads to formation of multinucleated cells. And the multinucleated phenotype of CIB1 

overexpressing cells can be completely rescued by simultaneous PLK3 overexpression. (Naik and Naik 

2011) PLK3 also belongs to the stress-response gene family; it is expressed in response to DNA-

damage, it phosphorylates and participates in activation of p53. In spite of that, PLK3 –null mice are 

viable although they suffer from higher incidence of tumour development (Fig. I6). (Reviewed in 

(Strebhardt 2010))  
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Figure I6 PLK1 KO mouse embryos never reach beyond 4/8 cell stage of development; on the 
contrary PLK2 KO mice are viable although they do not develop normally; PLK3 KO mice are viable 
but develop tumours with age; PLK4 KO mice are not viable, as Plk4 plays an indispensible role in 
centriole duplication (adapted from (Strebhardt 2010)) 

4.4. PLK4 and PLK5 

PLK4 is expressed from G1/S transition to early G1-phase of the next cycle. It is necessary for 

centriole duplication, it localizes to centrosomes in early M-phase and to cleavage furrow in 

telophase. PLK5 gene has been identified only recently and not much is known about any its 

functions. (Reviewed in (Strebhardt 2010))  

5. MPF and regulation of entry into M-phase  

5.1. Mitotic entry 

Every each phase of the cell cycle is primarily regulated by cyclin-dependent kinases (CDK) and 

their activating cyclins; the main kinase driving the course of M-phase (meaning mitosis or meiosis) is 

CDK1.  

CDK1 activity is regulated by binding of cyclin B and by various phosphorylating and dephosphory-

lating events. Cyclin B starts to accumulate in the cell already in S phase and its concentration grows 

until it achieves a threshold level needed for CDK1 activation in late G2. Cyclin B first binds CDK1 (and 

CDK1/cyclin B is first activated) at centrosomes and after following phosphorylation, the active 

complex translocates to the nucleus. But mere cyclin B 

binding is not sufficient for CDK1 activation, CDK1 needs to 

be phosphorylated on its activating T-loop (T161), this event 

is mediated by Cdk-activating kinase (CAK); a complex of 

Cdk7, cyclin H and an assembly factor Mat1. Other amino-

acid residues (T14 and Y15) are phosphorylated on CDK1 and 

also their modifications determines CDK1 activity; these residues are phosphorylated by inhibitory 

Figure I7 a simplified schema of CDK1 
activation in the mitotic entry 
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MYT1 and WEE1 kinases and there dephosphorylation by CDC25 phosphatases is needed for 

activation of CDK1. Activity of CAK remains constant during the whole cell cycle and although its 

activity is needed for CDK1 activation, it does not have a regulatory function. In contrast, activities of 

MYT1/WEE1 kinases and CDC25 phosphatases are cell-cycle dependent and they are directly 

responsible for the CDK1 activity regulation. MYT1 and WEE1 kinases phosphorylate CDK1 in G2, 

remaining CDK1 inactive and CDK1 itself, with the mitotic onset, becomes able to phosphorylate 

WEE1 and MYT1 and inactivate them. (Fig. I7) (Reviewed in (Lindqvist, Rodriguez-Bravo et al. 2009))  

5.1.1. PLK1 in mitotic entry 

PLK1 participates in primary CDK1 activation as it phosphorylates many of its early regulators. It 

had been proposed that PLK1-dependent phosphorylation of cyclin B is important for cyclin B/CDK1 

translocation to the nucleus (Toyoshima-Morimoto, Taniguchi et al. 2001) (an event important for 

mitotic entry (Lindqvist, Rodriguez-Bravo et al. 2009) but these finding were doubt by later studies 

showing that although PLK1 phosphorylates cyclin B, this phosphorylation does not affect cyclin B 

localization (Jackman, Lindon et al. 2003), also inhibiting PLK1 by BI2536 does not prevent the 

translocation of cyclin B to the nucleus (Lenart, Petronczki et al. 2007). But it seems that the 

phosphorylation of cyclin B by PLK1 after all contributes to the mitotic entry, but not by regulating 

CDK1/cyclin B nuclear translocation but by activating CDK1 on centrosomes (Jackman, Lindon et al. 

2003). PLK1 also contributes to the WEE1 degradation; it phosphorylates WEE1 and so creates a 

phosphodegron that binds βTrCP F-box protein, a part of SCF (Skp, Cullin, F-box containing complex) 

ubiquitin ligase (Watanabe, Arai et al. 2004) which directs WEE1 to the degradation in proteasome. 

Also MYT1 kinase can be phosphorylated by PLK1 although the physiological role of such 

phosphorylation is unknown (Nakajima, Toyoshima-Morimoto et al. 2003). CDC25B and CDC25C 

phosphatases are subjects of PLK1-dependent phosphorylation too; they both are kept (in the case of 

CDC25B translocated in the nucleus when phosphorylated by PLK1. (Fig. I8) (Toyoshima-Morimoto, 

Taniguchi et al. 2002; Lobjois, Jullien et al. 2009)  

Despite all these regulatory roles of PLK1 on CDK1 

activation, in an unperturbed cell cycle, PLK1 inhibition 

does not prevent mitotic entry (Lenart, Petronczki et 

al. 2007; Santamaria, Neef et al. 2007; Steegmaier, 

Hoffmann et al. 2007; Van Horn, Chu et al. 2010). But 

contradicting results about the effect of PLK1 

inhibition on the kinetics of CDK1 activation have been Figure I8 PLK1 role in CDK1 activation in mitotic 
entry 
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reported; in HeLa cells extracts, it has been shown that PLK1 inhibition by BI2536 delays CDK1 

activation by about 4 hours compared to controls (Lenart, Petronczki et al. 2007), on the other hand, 

PLK1 inhibition by the same inhibitor in HeLa cells did not show any significant effect on the CDK1 

activation (Van Horn, Chu et al. 2010).  

Here it is good to remark that although PLK1 is not needed for mitotic entry in the unperturbed 

cell cycle, it is indispensible for the G2-checkpoint recovery. Cells without functional PLK1 are unable 

to enter mitosis after DNA damage. (Macurek, Lindqvist et al. 2008; van Vugt, Gardino et al. 2010) 

5.2. Meiotic arrest and resumption 

The control circuit briefly described above is as valid for mitosis as for meiosis. But in contrast to 

mitosis, meiosis in mammalian oocytes is stopped in prophase I and can stay so even for decades. In 

meiotically incompetent oocytes, levels of CDK1 and cyclin B are so low, that meiosis can not go on 

but in the moment when the oocyte reaches the meiotic competence (the stage of the tertiary 

follicle), the low CDK1 activity or the first meiotic arrest respectively, has to be maintained by other 

means until ovulation.  

One of that means is dependent on an establishment of a high level of cyclic adenosine-

monophosphate (cAMP) produced in oocyte by adenylate cyclase (ADCY). ADCY is stimulated by G-

protein-coupled signalling pathway, ligands of these GPCRs are not known yet and it is possible that 

GPCRs are active constitutively. One way or another, cAMP activates PKA that subsequently inhibits 

CDC25B and activates WEE1B leading to CDK1 inhibition and meiotic arrest promotion. (Vaccari, 

Horner et al. 2008; Pirino, Wescott et al. 2009) Besides cAMP, another small molecule is important 

for the maintenance of the first meiotic arrest; cGMP produced by granulosa cells works as a 

competitive inhibitor of cAMP hydrolysis mediated by phosphodyesterase 3A (PDE3A) which keeps 

PDE3A activity low enough to prevent cAMP degradation. The production of cGMP is regulated 

through a pathway starting in mural granulosa cells expressing NPPC (natriuretic peptide precursor 

type C), NPPC binds to NPR (NPPC receptor) on cumulus cells which activates a production of cGMP 

in cumulus and cGMP diffuses to oocyte, where it competitively inhibits PDE3A activity towards 

cAMP. (Vaccari, Weeks et al. 2009; Zhang, Su et al. 2010) Another mechanism participating on the 

meiotic block establishment lies in targeting cyclin B for degradation by an action of an ubiquitin 

ligase APC/CCDH1 (anaphase promoting complex/cyclosome) , interestingly, the level of CDH1 in 

prophase arrested oocytes is held by BUBR1, a kinase later participating in SAC. But against APC/CCDH1 

acts CDK1 itself; CDK1 phosphorylates APC/CCDH1, inhibiting its activity. This inhibitory 

phosphorylation is counteracted by CDC14B phosphatase preventing premature CDK1 activation. 

(Homer, Gui et al. 2009; Schindler and Schultz 2009) (Reviewed in (Solc, Schultz et al. 2010)) (Fig. I9) 
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When the LH level in a body increases, ovulation and meiotic resumption take place. LH binds to 

the LH receptors on granulosa and theca cells and mediates expression of EGF-like growth factors - 

amphiregulin (AREG) and epiregulin (EREG), induces activation of MAPK pathway (ERK1/2) and also 

activates RAS or PI3K/PKB pathway (for explanation of the abbreviations see Abbreviations). How 

exactly these pathways are interconnected to facilitate meiotic resumption is still a matter of study. 

But their activation definitely leads to cAMP degradation in oocytes which inhibits PKA and stops the 

pathway leading to CDK1 activity inhibition. ERK signalling causes a closure of gap-junctions through 

which cGMP gets into the oocyte to compete with cAMP on PDE3A active site. PKB phosphorylates 

PDE3A, promoting its activation, again, cAMP is degraded more effectively. It has been found that 

APC/C inhibitor EMI1 (Early mitotic inhibitor 1) and securin (APC/C substrate competing with cyclin B) 

are expressed in oocytes during prophase I arrest too, which could represent another ways 

participating in CDK1 activation. (reviewed in (Conti, Hsieh et al. 2012)) Anyway, active CDK1 

promotes meiotic resumption characterized by chromatin condensation and nuclear envelope 

breakdown (NEBD).    

Figure I9 schema of the pathways controlling the first meiotic arrest (red) and meiotic resumption (blue) 
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6. Chromatin condensation  

6.1. Chromatin condensation in somatic cells 

Chromatin condensation is a key step enabling cells to divide their genetic information faithfully 

into daughter cells. Chromatin starts to condense before the nuclear envelope breakdown and 

continues so during prophase of mitosis until it achieves sufficient degree of condensation so the cell 

can undergo chromosome segregation. Metaphase chromosomes occupy about 2 to 3 fold smaller 

volume than the interphase chromatin with a chromosome diameter about 500 nm. Chromatin 

condensation is probably mediated by cooperation between histones and a large group of non-

histone proteins from which many has not been specified yet. Although the exact mechanism of 

chromatin condensation is still not known, there has been identified some proteins or protein 

complexes that participate on chromatin condensation and also on following chromosome 

segregation. Besides histones, so called scaffold proteins participate on chromosome compaction, 

the most well known are topoisomerase II, chromokinesins, condensins and cohesins. (Reviewed in 

(Woodcock and Ghosh 2010; Vagnarelli 2012))  

6.1.1. PLK1 in chromatin condensation 

PLK1 interacts with all of these chromosome condensation regulators named above, but only in 

the case of its interaction with condensin, a direct prove of PLK1 affecting chromosome condensation 

has been brought. A study on HeLa cells revealed a role of PLK1 in chromosome condensation in 

prophase. CDK1 phosphorylates a condensin II subunit (CAP-D3 on T1415)) and this phosphorylation 

serves as a binding mark for PLK1 which than phosphorylates other sites on condensin complex, even 

on other subunits than that originally phosphorylated by CDK1 leading to condensin II 

hyperphosphorylation and full activation. CAP-D3 (subunit primarily phosphorylated by CDK1) 

depletion that corresponds to condensin II depletion leads to chromatin condensation delay, the 

same effect has a mutation in the priming phosphorylation site in CAP-D3. Also mutations in sites of 

phosphorylation of CDK1 and PLK1 result in increased segregation errors like chromosome bridging 

and lagging chromosomes. (Abe, Nagasaka et al. 2011) So it seems that phosphorylation of condensin 

II by CDK1 and PLK1 is a key step to the full activation of condensin II and this activated complex is 

able to  initiate chromatin condensation in prophase (condensin I gets to chromatin only after NEBD).  
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7. Nuclear envelope and nuclear envelope breakdown  

7.1. NEBD in somatic cells 

The nuclear envelope (NE) encloses genetic information of eukaryotes. It consists of two 

phospholipid bilayers – the inner nuclear membrane (INM) and the outer nuclear membrane (ONM) 

which is continuous with the endoplasmic reticulum (ER) membrane. The two membranes of the 

nuclear envelope are connected by pores formed by nucleoporines (Nups) which form nuclear pore 

complexes (NPCs). Just under the inner nuclear membrane is a net of intermediate lamina filaments 

(types A and B) supporting and stabilizing the nuclear envelope. (Reviewed in (Hetzer 2010)) 

Nuclear envelope breaks down in a step-wise fashion manner. First nuclear pores disassemble; 

Nup98 seems to be the first Nup leaving the NPC, than other Nups follow, released from NE 

synchronously. Microtubules participate in the process of NEBD too, they generate mechanical forces 

pulling the nuclear envelope apart and making holes in lamina network. These events are followed by 

lamina depolymerisation leading finally to nuclear envelope breakdown. (Lenart, Rabut et al. 2003), 

(Reviewed in (Guttinger, Laurell et al. 2009; Hetzer 2010))  

One of the first signs of oncoming NEBD is a formation of kind of 

wrinkles in the nuclear envelope near centrosomes. These 

wrinkles/folds are a presage of NEBD, because their formation is 

followed by a formation of a hole in INM and lamina. The hole does 

not appear in the place of folds; on the contrary it forms distal to the 

folds and centrosomes. The hole spreads rapidly across the NE and 

facilitates NE breakdown. (Beaudouin, Gerlich et al. 2002) It has been 

shown that the folds on NE are made by microtubule-dependent 

forces as after nocodazol treatment, the already folded NE becomes 

smooth again and later instead of one big hole distal to centrosomes, 

small holes that do not spread appear on the NE and as a consequence 

NEBD is delayed. So the hole formation is MT-dependent; spindle 

microtubules attached to NE are responsible for the pulling forces 

deforming the NE and at the site of the maximal deformation, the hole 

is formed. (Beaudouin, Gerlich et al. 2002) (Fig. I10) For the MT-

dependent forces, a molecular motor called dynein is responsible. 

Cytoplasmic dynein is a MT-dependent molecular motor moving along MTs to their minus end, 

delivering cargos. (Reviewed in (Kardon and Vale 2009)) Dynein associates with the NE in late G2 or 

Figure I10 the role of MTs 
(red) in NEBD (Beaudouin, 
Gerlich et al. 2002) 



 

 

13 

 

in early prophase and in prometaphase it can be found in the folds. Disruption of dynein natural 

localization (overexpression of adaptor protein subunit) causes elimination of the folds in the NE and 

NEBD delay (Salina, Bodoor et al. 2002). But dynein itself is not target specific – its activities in space 

and time are controlled by various adaptor proteins among which dynactin is the most prominent. 

Dynactin determines dynein localization and also enhances its activity. It is composed of 11 subunits; 

the largest and most important are p150 and ARP1. Subunit p150 ensures a plus-end localization of 

dynein so it can effectively move to the minus end and also links dynein to its cargos. (Reviewed in 

(Kardon and Vale 2009))  

7.1.1. PLK1 in NEBD 

The cells treated by the Plk1 kinase activity inhibitor BI2536 exhibit a delayed entry into 

prometaphase, as they undergo nuclear envelope breakdown several hours after initiation of 

chromosome condensation which is in contrast with control cells that break down nuclear envelope 

only 15-30 minutes after chromatin condensation has been initiated. (Lenart, Petronczki et al. 2007) 

A paper from 2010 (Li, Liu et al. 2010) investigates the role of PLK1 in NEBD and characterizes the 

dynactin subunit p150 as the PLK1 target. As shown previously, PLK1 inhibition causes NEBD delay in 

somatic cells (Lenart, Petronczki et al. 2007), also RNAi approach used in this study led to delayed NE 

breakdown. According to the authors, this delay is a result of impaired microtubule action on NE or 

impaired action of p150 subunit of dynactin respectively. They show that p150 is phosphorylated 

(mainly on Ser179) by PLK1 in mitosis and that this phosphorylation enables p150 accumulation on 

the NE. When p150 is mutated so it can not be phosphorylated by PLK1 (Ser179-Ala), the NE folding 

decreases and subsequently NEBD delay occurs. (Li, Liu et al. 2010)(Fig I11)  

So the delay in NEBD seen after PLK1 inhibition could be 

caused by the absence of molecular motor dynein on the NE. 

Without dynein bound to the NE, the microtubule-dependent 

NE tearing can not occur and as has been shown before, 

without the NE tearing, NEBD is delayed. This connection 

between PLK1 and dynactin subunit offers one molecular-

based explanation of NEBD delay after PLK1 inhibition in 

somatic cells. (Fig. I11) 

7.2. NEBD in oocytes  

In oocytes, microtubule forces probably do not participate in NEBD as nocodazol treatment does 

not lead to NEBD delay in oocytes. The difference could be simply a question of size: oocytes are 

Figure I11 PLK1 phosphorylates dynactin 
and allows for the dynein loading to the 
NE and so the MT-dependent tearing of 
the NE  
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exceptional cells not only in their fate and function but also in their size and in the size of their 

nucleus too. The oocyte nucleus in many species including mice (as a main model organism 

representing mammals) is much bigger than nuclei of somatic cells, so microtubules may simply not 

be able to generate enough force to tear such a big structure. Starfish oocytes break down the 

nuclear envelope in a mechanism similar to that in somatic cells treated with nocodazol; not a big 

hole opposing centrosomes, but only small holes appear in the NE. These holes are probably formed 

in places of full NPC disassembly in a so called fenestration wave. (Lenart and Ellenberg 2003)  

8. Centrosome  

8.1. Centrosome cycle  

Centrosome is a structure consisting of two 

centrioles surrounded by a pericentriolar material 

(PCM). The main function of centrosome lies in the 

nucleating and organizing microtubule network of a 

cell. During the cell cycle, centrosome passes 

through its own round of duplication and separation. 

In G1 phase, it contains two centrioles connected by 

a so called G1-G2 tether (GGT), in S-phase, each of 

the original centriole pair (mother centrioles) 

duplicates itself and creates daughter centrioles 

attached tightly to the mother ones by S-M linker 

(SML). During G2 phase, the daughter centrioles grow till they reach the size of the mother ones. In 

early M-phase, G1-G2 tether between centrosomes (mother centrioles) is abolished by a NIMA-

family protein kinase NEK2 and centrosomes are separated by a kinesin-like molecular motor EG5. In 

the end of M-phase, a cell has two distinct centrosomes each serving as one spindle pole and 

containing two centrioles connected by SML. SML is disrupted in late M-phase, subsequently it is 

replaced by GGT and centrosome can undergo another cycle. (Reviewed in (Meraldi and Nigg 2002; 

Nigg and Stearns 2011)) (Fig. I11) So two important divisions appear in the cycle of centrosome; first, 

centrosomes need to be disconnected in early M-phase to be able to serve as spindle poles and 

second, the tight attachment between the mother and daughter centrioles has to be abolished (and 

replaced) in late M-phase so centriole can duplicate again in the next S-phase.  

 

Figure I11 the centrosome cycle (adapter from 

(Nigg and Stearns 2011)) 
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8.1.1. PLK1 in centrosome cycle 

The very first phenotype described in the context of PLK1 depletion was a mitotic arrest 

characterized by a presence of abnormal, mainly monopolar, spindles (Sunkel and Glover 1988). It 

seemed therefore that PLK1 must play some part in the centrosome cycle or in the process of spindle 

assembly. Later, many examples of PLK1 interfering in both have been brought; here, I would like to 

mention the roles of PLK1 in the cycle of centrosomes. After PLK1 inhibition, GGT is not removed 

from centrioles and also molecular motor EG5 responsible for centrosome separation does not 

accumulate on centrosomes. It is because PLK1 acts as a regulator of GGT-component 

phosphorylation; it controls the activity of NEK2 kinase and its counteracting protein phosphatase 1 

(PP1). This happens indirectly by PLK1-dependent phosphorylation of a kinase acting upstream to 

NEK2; MST2. (Mardin, Agircan et al. 2011) PLK1 together with separase also participates in centriole 

disengagement; PLK1 binds to centrosomes in late G2 and early M-phase and here it potentiates the 

centriole disengagement (which takes place in late M-phase) and so the centriole duplication in the 

next cycle (in S-phase). (Tsou, Wang et al. 2009) 

So one of the possible explanations of the failure 

of bipolar spindle assembly after PLK1 inhibition 

could be provided by the finding that PLK1 has a 

role in both the centrosome detachment and 

separation and even in the mother-daughter 

centriole disengagement and as a consequence 

also in the centriole duplication. (Fig I12) 

8.2. Centrosome maturation 

Besides duplication and separation, centrosomes undergo another important procedure during 

their cycle; in late G2 and early M-phase, a process called centrosome maturation takes place. When 

centrosomes mature, various proteins of PCM, among them γ-tubulin ring complex (γ-TuRC) as the 

most important, are recruited to the centrosome. This enrichment of PCM enhances centrosome 

ability to nucleate and organize MTs and to serve its function properly.  

8.2.1. PLK1 in centrosome maturation 

Many proteins involved in centrosome maturation have been identified, some of them interact 

with PLK1; these are NLP (Ninein-like protein), Pericentrin or NEDD1 (Neural precursor cell 

expressed, developmentally down-regulated 1). NLP participates in the MT-organization during 

Figure I12 PLK1 in centrosome cycle; PLK1 is needed 
for GGT and even for SML disruption   
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interphase, in late G2 it associates with centrosome and then it is phosphorylated by PLK1. This 

phosphorylation leads to the NLP dissociation from centrosomes and enables subsequent γ-TuRC 

recruitment (Casenghi, Meraldi et al. 2003). Periventrin is also phosphorylated by PLK1 and this 

modification is also important for recruitment of certain 

proteins of PCM to centrosome; γ-TuRC , Aurora A or PLK1 

itself (Lee and Rhee 2011). NEDD1 is phosphorylated by 

CDK1 and then by PLK1, which promotes interaction of 

NEDD1 with γ-tubulin targeting the whole γ-TuRC to 

centrosome (Zhang, Chen et al. 2009). (Fig. I13)  

So centrosome maturation is indeed controlled by PLK1 

which is confirmed by a PLK1 inhibition by small molecular 

inhibitor ZK-thiazolidinone (TAL), when γ-tubulin Ring 

complex is not recruited to centrosomes, the same applies 

to AURKA and also to PLK1 itself (Santamaria, Neef et al. 

2007). 

8.3. MTOCs in oocytes 

Oocytes of many mammalian species do not contain true centrosomes; they have them replaced 

by acentriolar microtubule-organizing centres (MTOC). The exact composition or structure of these 

acentriolar MTOCs is not precisely characterized (Dumont and Desai 2012). Centrioles in mouse 

oocytes are lost after pachytene stage of the first meiotic prophase (Reviewed in (Manandhar, 

Schatten et al. 2005)) and before NEBD, the acentrosomal MTOCs are generated from the 

microtubule network. MTOCs are to be found in cytoplasm or on nuclear membrane and 

subsequently promote the microtubule nucleation and serve as poles of bipolar spindles. (Schuh and 

Ellenberg 2007) 

9. Spindle assembly 

9.1. Spindle assembly in somatic cells 

In the beginning of mitosis, centrosomes are already duplicated and separate during mitotic 

progression. Microtubules attached to a γ-tubulin ring complex in the pericentriolar material grow 

and shrink; their plus ends forward, searching the cytoplasm for a kinetochore where they attach. 

The current view presumes that this so called search-and-capture model is responsible for the 

attachments between kinetochores and MTs, the bipolarity is provided mainly by microtubules-

Figure I13 PLK1 in centrosome maturation; 
PLK1 phosphorylates Pericentrin, NLP or 
NEDD1 and so enables γ-TuRC, AURKA (or 
PLK1 itself) loading to centrosome 
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associated minus- and plus-end directed molecular motors, so the cooperation between centrosome-

directed and self-organization mechanisms is needed for spindle assembly. (Reviewed in (Gadde and 

Heald 2004))  

But it has been shown that a fully functional bipolar spindle can be assembled even in the absence 

of centrosomes; this is natural in oocytes of many species and confirmed experimentally in somatic 

cells deprived of centrosomes. (Reviewed in (Gadde and Heald 2004; Hinchcliffe 2011)) So, a 

question can arise; what are centrosomes for, if their depletion in cells normally using them as 

spindle poles has no damaging effect? It seems that centrosomes can serve as a kind of guards of 

proper spindle formation; as acentrosomal cell division is possible but error-prone, centrosomes 

ensure MTOCs separation and decrease the probability of a monopolar spindle formation. (Reviewed 

in (Hinchcliffe 2011))  

9.1.1. PLK1 in spindle assembly  

The PLK1 inhibition (by ATP- competitive small molecular inhibitors BI2536 or TAL) causes many 

defects in the spindle architecture, among them the most prominent is the assembly of a so called 

“Polo” (monopolar) spindle (Lenart, Petronczki et al. 2007; Santamaria, Neef et al. 2007). The main 

cause of this spindle monopolarity probably lies in the inability of centrosomes in cells with inhibited 

PLK1 to separate in early M-phase (discussed above). Another difference between cells with 

functional PLK1 and cell with inhibited PLK1 is in the timing of the beginning of spindle assembly; 

control cells form astral MTs about 10 min before NEBD and then rapidly form bipolar spindles, in 

contrast, in BI2536 treated cells mitotic MTs are formed only after NEBD (and bipolar spindle never 

forms). (Lenart, Petronczki et al. 2007)  

Asp phosphorylation by PLK1 is probably important for astral MTs formation. (do Carmo Avides, 

Tavares et al. 2001) Moreover, only few real K-fibers (microtubules in contact with kinetochores) are 

established in monopolar spindles assembled after PLK1 inhibitor treatment; these spindles are 

mainly created by many long and thin microtubules that do not attach to kinetochores. (Lenart, 

Petronczki et al. 2007) PLK1 has a role also in later events of bipolar spindle assembly and in the 

maintenance of already established bipolarity too; proteasome inhibitor MG-132 arrests cells on the 

metaphase/anaphase transition with bipolar spindles formed, in that case, BI2536 or TAL treatment 

causes astral microtubules lost and defocusing of spindle poles, most of the contact between 

microtubules and kinetochores are lost as well. Finally the spindles collapse into the monopolar 

“Polo” spindles and centrosomes detach from the spindles and lost gamma-tubulin. (Lenart, 

Petronczki et al. 2007; Santamaria, Neef et al. 2007) PLK1 is also responsible for spindle pole stability; 

PLK1 phosphorylates PCM proteins ASAP and Kizuna on centrosomes (spindle poles) and secures 
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their localization there which prevents centrosome fragmentation; these proteins are namely 

responsible for holding centrosomes with expanded PCM intact and they help to withstand the 

forces acting on spindle poles. So their PLK1-dependent localization on spindle poles is important for 

the whole spindle stability. (Oshimori, Ohsugi et al. 2006; Eot-Houllier, Venoux et al. 2010)  

As has been suggested above, PLK1 is important for 

the stable kinetochore-microtubule (K-MT) attachments. 

PLK1 could be found on kinetochores from the beginning 

of mitosis; this localization depends on the PLK1 

interaction with its binding partner on centromeres 

(where kinetochores form) called polo-box interacting 

protein 1 (PBIP1). In the begging of mitosis, PLK1 targets 

PBIP1 for degradation, but PLK1 itself stays on 

kinetochores until telophase and so probably uses other 

binding partners like BUB1, BUBR1, INCENP, MCAK or 

NUDC to remain on there and to keep the K-MT 

attachments stable. (Reviewed in (Petronczki, Lenart et al. 

2008; Bruinsma, Raaijmakers et al. 2012)) (abbreviations 

can be found in Abbreviations)(Fig. I14) 

PLK1 also plays part in spindle elongation, but so far the 

mechanism has not been revealed. (Brennan, Peters et al. 

2007). 

9.2. Spindle in oocytes 

A proposed model of the spindle assembly in mouse oocytes presumes that it is a stepwise 

process of MTOCs self-assembly. First, MTOCs move to the centre of the oocyte using interactions 

with each other and with the NE, the movement is driven by molecular motors. After NEBD, a mass 

of microtubules is nucleated on the MTOCs in a RanGTP-dependent manner. (Schuh and Ellenberg 

2007) Small GTPase Ran (in its active, GTP-bound form) forms a gradient rising from chromosomes 

after NEBD. Ran-GTP is able to activate so called spindle assembly factors (SAFs) that promote 

nucleation of MTs or activation of molecular motors. Another regulator participating in the spindle 

assembly in mouse oocytes is Chromosomal passenger complex (CPC consisting of Aurora B kinase, 

INCENP, Survivin and Borealin) that is in charge of inhibiting negative regulators of microtubule 

nucleation and polymerization. (Reviewed in (Dumont and Desai 2012)) Microtubules then form a 

ball with single bivalents on its surface in a process of so called chromosome individualization. 

Figure I14 PLK1 in K-MT attachments; 
PLK1 dependent phophorylation of 
various kinetochore binding proteins 
facilitate stable K-MT attachments 
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Multiple spindle poles form in the microtubule ball and are ejected from the ball by another 

molecular motor; plus-end directed KIF11 (mouse ortholog of EG5). These poles fuse to give rise to 

the bipolar spindle that elongates and only then stable kinetochore-MTs interactions and so 

chromosome biorientation are established. (Schuh and Ellenberg 2007) 

10. Spindle Assembly Checkpoint and APC/C regulation 

10.1. Spindle Assembly checkpoint in mitosis  

Spindle Assembly Checkpoint (SAC) is a molecular pathway preventing a cell from entering 

anaphase and segregating chromosomes prematurely. It is activated in every unperturbed M-phase 

in every cell until all its chromosomes are aligned on the metaphase plate, attached to microtubules. 

There are many proteins involved in SAC in metazoan cells, but genes of two families are traditionally 

referred to as the SAC genes: genes of MAD ((Mitotic arrest deficient) MAD1, MAD2, MAD3=BUBR1 

in human cells) and BUB (BUB1, BUB3) families. Three of these SAC proteins (MAD2, BUBR1 and 

BUB3) bind to CDC20 and create a so called Mitotic checkpoint complex (MCC) and thus mediate 

APC/C inhibition. When APC/CCDC20 activity is inhibited, cyclin B and securin cannot be degraded and 

so MPF activity remains high and sister chromatids remain linked; as a result, the cell cannot enter 

anaphase. MCC and other SAC proteins localize to kinetochores from prophase and the whole bulk of 

SAC proteins takes care about sensing the kinetochore-microtubule attachment and the biorientation 

of sister chromatids kinetochores. Only when microtubules are attached to kinetochores and sister 

chromatids are oriented the right way so they can segregate to opposing poles, a tension can be 

created between sister kinetochores and only enough tension can switch off the SAC so APC/CCDC20 

can be activated and cyclin B and securin degraded. Securin degradation releases the protease 

separase. Separase cleaves centromeric cohesin and enables chromosome segregation. (Reviewed in 

(Musacchio and Salmon 2007)) Besides the protease activity, separase also participates in the CDK1 

inhibition and CDK1 is in turn able to inhibit separase. CDK1 phosphorylates separase when it is in a 

complex with securin and then (mostly after securin degradation) CDK1 binds to separase and 

inhibits it. Simultaneously, separase can work as an inhibitor of CDK1; in the CDK1/cyclin B – separase 

complex, these two important regulatory molecules inhibit each other. (Stemmann, Gorr et al. 2006) 

Another important molecule participating in SAC execution is Aurora B. AURKB is probably the kinase 

responsible for the sensing of the tension on kinetochores; when insufficient degree of the tension is 

created, AURKB phosphorylates proteins on kinetochore which destabilizes the K-MT attachment and 

so keeps SAC active. (reviewed in (Musacchio and Salmon 2007)) 
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The SAC shutdown is executed by the release of SAC proteins from kinetochores, which depends 

on participation of molecular motors like dynein or CENP-E (Centromere-associated protein E) 

responsible for the removing of the SAC components from kinetochores. (reviewed in (Musacchio 

and Salmon 2007)) Small molecular inhibitor TAME binds to APC/C and thus perturbs the binding of 

its activator proteins CDC20/CDH1. This APC/C inhibition causes metaphase arrest; TAME treated 

cells are not able to enter anaphase. In these cells, normal spindles are assembled and normal K-MT 

attachments are formed, so SAC should be silenced and the cells should be kept in metaphase only 

because of the APC/C is stopped from ubiquitinating its targets (cyclin B and securin) which prevents 

anaphase onset. But when SAC is silenced (MAD2 depletion or AURKB inhibition by Hesperadine) 

together with APC/C inhibition, the prolonged arrest mediated by TAME is significantly shortened. 

Also low doses of TAME that do not inhibit APC/C completely are able to rescue phenotypes of cells 

with depleted MAD2 – metaphase in these cells is prolonged by TAME treatment which provides 

enough time for the proper chromosome alignment and prevents missegregations. These data 

indicate that SAC could be dependent on APC/C activity; probably APC/C is needed to take the final 

step of inactivating SAC when all the chromosomes are safely aligned on the metaphase plate. (Zeng, 

Sigoillot et al. 2010) Another way of SAC regulation is dependent on deubiquitinating enzymes; 

namely USP44 participates in stabilizing SAC when it deubiquitinates APC/C inhibitory complex 

MAD2-CDC20 and so prevents premature anaphase onset (Stegmeier, Rape et al. 2007). 

10.2. APC/C regulation in mitosis 

APC/C together with SCF represent the two most important E3 ubiquitin ligases in a cell, they 

ensure spatially and temporally precise degradation of various substrates which enables error-free 

cell-cycle progression. SCF is quite flexible and its activities are not restricted to any specific cell-cycle 

stage, it also fulfils tasks that have no connection to cell-cycle progression. On the other hand APC/C 

is more strictly regulated and operates only in M- and G1-phases. APC/C  has many substrates, 

among them the most important are securin and cyclin B. (Vodermaier 2004)  

One of the several levels of the APC/C regulation is the binding to its two coactivators – CDC20 

and CDH1. CDC20 recognizes substrates with a sequence called Degradation box (D box) and is in 

charge primarily during anaphase ensuring proper cyclin B and securin destruction which enables 

error-free chromosome segregation. CDH1 takes over during mitotic exit ensuring transition to G1 by 

degrading wider spectrum of substrates (these having D box and KEN box too). CDC20, PLK1 or 

AURKA belong among these substrates (reviewed in (Pines 2006)). APC/C and its coactivators are also 

the subjects of phosphorylation; CDK1 phosphorylates APC/C on multiple sites in (and from) 

prophase which enables APC/C to bind CDC20. Decrease of the CDK1 activity and the action of 
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phosphatase CDC14 results in the release of CDH1 from inhibition and leads to the exchange of 

APC/C binding partners (CDC20 is replaced by CDH1). APC/C is also regulated by binding of inhibitory 

proteins; these are Early mitotic inhibitor 1 (EMI1) and proteins of Spindle assembly checkpoint. 

EMI1 binds APC/CCDC20 during S and G2 phases and is degraded in prometaphase when SAC proteins 

take over and keep APC/CCDC20 inactive until all chromosomes are aligned on metaphase plate (see 

SAC). (Pesin and Orr-Weaver 2008) But is seems that although EMI1 is indeed a subject of 

degradation during prometaphase, its degradation is not needed for the APC/CCDC20 activation in 

mitosis, as EMI1 nondegradable version does not prevent cyclin B nor securin destruction (Di Fiore 

and Pines 2007).  

10.2.1. PLK1 in SAC and APC/C regulation 

The prometaphase arrest caused by PLK1 inhibition in somatic cells is dependent on the 

persistent SAC activity. It has been shown that cyclin B is not degraded in BI2536 treated cells and 

Hesperadine (AURKB hence SAC inhibitor) treatment in the combination with BI2536 enables mitotic 

exit (although not cytokinesis). (Lenart, Petronczki et al. 2007) Similar effect has been achieved by 

RNAi approach or TAL treatment; on kinetochores of monopolar spindles in PLK1-inhibited cells, a 

SAC protein MAD2 still persists. Depletion of SAC proteins in these cells or the SAC inhibition by 

Hesperadine abolishes the mitotic arrest and enables anaphase onset. (Sumara, Gimenez-Abian et al. 

2004; Santamaria, Neef et al. 2007) These data suggest that PLK1 does not participate in SAC 

execution despite the fact that it interacts with the SAC proteins (BUBR1, BUB1). It seems that these 

interactions are not needed, or essentially needed, for SAC functioning and may be “only” a mean of 

establishing and keeping stable K-MT attachments (see PLK1 in spindle assembly).  

PLK1 also plays a part in regulating the APC/C activity; it phosphorylates APC/C and contributes so 

to the full APC/C activation (Golan, Yudkovsky et al. 2002). Besides this APC/C phosphorylation, PLK1 

is essential for the phosphorylation of EMI1 in prometaphase, targeting the APC/C inhibitor to 

degradation through SCF-ubiquitination pathway (Hansen, Loktev et al. 2004; Lenart, Petronczki et al. 

2007) but the EMI1 degradation is probably not needed for the APC/C activation in mitosis (Di Fiore 

and Pines 2007). The PLK1-dependent APC/C phosphorylation is also not essential for the APC/CCDC20 

activation as when SAC and PLK1 are depleted in HeLa cells, cyclin B and securin are degraded to the 

same level as in control cell (van Vugt, van de Weerdt et al. 2004). Moreover, in BI2536 treated HeLa 

cells, EMI1 and cyclin B are not degraded but cyclin A is and with similar kinetics like in control cells 

(Kraft, Herzog et al. 2003; Lenart, Petronczki et al. 2007).  

So the metaphase block induced by PLK1 inhibition in somatic cells is SAC dependent and PLK1 is 

not essentially needed for the activation of APC/C.  
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An interesting question arises with the fact that in spite of the persisting SAC, cyclin A can be 

degraded. The answer provides a recent study (Di Fiore and Pines 2010) which says that cyclin A is 

able to compete with SAC proteins for the binding site on CDC20 and so can be ubiquitinated and 

subsequently degraded in proteasome independently on SAC. 

10.3. APC/C and SAC in oocytes 

In mammalian oocytes, very similar means of the control of chromosome segregation are at play; 

SAC and APC/C play the major roles. But in the contrast to mitosis, meiosis in oocytes is stopped in 

prophase and this prophase arrest is among others maintained by APC/CCDH1 (see Meiotic 

resumption). After meiotic resumption, APC/CCDH1 targets CDC20 for destruction and so helps to 

prevent the premature anaphase onset. Like in mitosis, the other mechanism preventing early 

chromosome segregation is Spindle assembly checkpoint. It has long been believed that SAC does not 

work in mammalian oocytes at all; only quite recently data proving SAC existence in oocytes have 

been gained. When SAC is satisfied in oocytes, the same molecules as in mitotic cells are targeted for 

destruction; most importantly securin and cyclin B. (Reviewed in (Homer 2011)) But in (mouse) 

oocytes, although cyclin B is degraded with the anaphase onset, some of it still remains in the oocyte 

in the time of the first polar body extrusion (PBE) (Hampl and Eppig 1995). In spite of it, MPF activity 

drops to the level like before meiotic resumption, so another mechanism for the CDK1 inhibition 

must be at play. It is separase that fulfils this task; separase binds and inhibits the remaining complex 

of CDK1/cyclin B and allows the first polar body extrusion. (Gorr, Reis et al. 2006) 

11. Chromosome segregation 

11.1. Chromosome segregation in somatic cells 

Successful chromosome segregation needs to be preceded by proper chromatin condensation 

which is interconnected with a process called sister chromatids resolution. The resolution of 

chromatids means that sister chromatids become discernible by light microscopy. In fact this change 

from the interphase state (chromosomes entangled up in each other) to the state in the end of 

condensation in metaphase (bivalents and their chromatids can be clearly made out) is caused by 

multiple series of molecular events. Some of them have already been discussed above (see 

Chromosome condensation) and the main molecules participating in have been mentioned too. 

These are cohesins, condensins or topoisomerase II. In the process of chromatid resolution, most of 

the cohesin is released from chromosome arms, on the contrary condensin binds to the chromatids 

helping to form stable chromosomal axis, simultaneously links between sister chromatids created 
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during replication are untangled by topoisomerase II. (reviewed in (Shintomi and Hirano 2010)) These 

events take place to the end of metaphase and only at the onset of anaphase the remaining cohesin 

at centromeric regions can be cleaved by the protease separase. (Hauf, Waizenegger et al. 2001) The 

activity of separase is postponed by Spindle assembly checkpoint till chromosomes are aligned on the 

metaphase plate, then, APC/CCDC20 is activated and ubiquitinates the separase inhibitor securin and 

so in the onset of anaphase, securin starts to be degraded. This finally allows sister chromatids 

segregation. (reviewed in (Uhlmann 2001))  

11.1.1. PLK1 in chromosome segregation 

Cohesin from chromosome arms that holds sister chromatids together is removed by a so called 

prophase pathway. This cohesin dissociation is not dependent on separase activity, rather it is 

mediated by the phosphorylation of cohesin subunits by PLK1 which reduces the cohesin ability of 

binding to chromatin. (Sumara, Vorlaufer et al. 2002; Shintomi and Hirano 2010) It is also possible 

that PLK1 phosphorylates substrates other then cohesin complex itself to mediate cohesin 

dissociation. (Shintomi and Hirano 2010) Only a small part of cohesin is protected from the prophase 

pathway, it is the cohesin holding sister chromatids together at centromeres. The local cohesin is 

protected by protein Shugosin 1 (SGO1). It is widely believed that SGO1 binds protein phosphatase 

2A (PP2A) which counteracts phosphorylation mediated by PLK1 and keeps cohesin in centromeric 

regions hypophosphorylated and so able to bind chromatin. (reviewed in (Shintomi and Hirano 

2010)) 

The role of condensin in the chromosome compaction remains controversial; as has been also 

mentioned above (see Chromosome condensation), the depletion of condensin in various cell types 

of higher eukaryotes results only in a relatively slight decrease of chromatin compaction although the 

condensation could be delayed and/or slower (Bazile, St-Pierre et al. 2010; Abe, Nagasaka et al. 

2011). On the other hand, the condensin depletion is accompanied by the chromosome structure 

abnormalities, chromosome fragility or aberrant non-histone protein localization and activity which 

causes troubles severe enough to end up with fatal defects in chromosome segregation (Baxter and 

Aragon 2012; Vagnarelli 2012). PLK1 phosphorylates the condensin complex on multiple sites and 

affects its role in the condensation of chromatin (if there are any besides timing) (see PLK1 in 

chromatin condensation). This PLK1 dependent phosphorylation of condensin impacts also proper 

chromosome segregation; mutant cells with condensin unphosphorylable by PLK1 (and CDK1) display 

severe segregation defects (Abe, Nagasaka et al. 2011). PLK1 also phosphorylates DNA 

Topoisomerase IIα (TOPOIIα) whose depletion causes defects in the sister chromatids separation 

(bridges between sister chromatids). PLK1 phosphorylates TOPOIIα on Ser1337 and Ser1524 which 
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works as a positive regulation of the TOPOIIα activity peaking in M-phase. Expression of a mutant 

form of TOPOIIα (TOPOIIα-2A mutated in S1337A/S1524A) after the endogenous TOPOIIα depletion, 

does not rescue the phenotype of the multiple chromosome bridging. So PLK1 is needed for TOPOIIα 

functioning in the chromatid segregation. (Li, Wang et al. 2008) Plk1 interacts also with another 

chromatin-related enzyme; PICH (Plk1-interacting checkpoint helicase)(Baumann, Korner et al. 2007) 

which is important for chromosome segregation as its depletion (by antibody microinjection and 

siRNA KO) leads to the chromosome bridging during anaphase as well (Kaulich, Cubizolles et al. 

2012). Another factor important for chromosome 

segregation is a DNA-replication factor CDC6; CDC6 is 

phosphorylated by PLK1 and this phosphorylation 

promotes the CDC6 binding to CDK1 leading to the 

CDK1 activity attenuation. Probably due to the CDK1 

role in the separase inhibition, with CDC6-promoted 

CDK1 activity reduction, separase proteolytic activity 

increases. CDC6 depletion or mutation of its PLK1-

phosphorylated sites leads to highly increased 

incidence of chromosome segregation failure. So PLK1 

is important for chromosome segregation also due to 

its role in CDC6 (the inhibitor of CDK1) activation. (Yim 

and Erikson 2010) (Fig. I15) 

11.2. Chromosome segregation in oocytes  

In the first meiotic division, homologous chromosomes segregate to give rise to two haploid cells 

while sister chromatids remain linked and undergo separation only in meiosis II. Sister chromatids 

are held together by centromeric cohesin (in meiosis, mitotic cohesin RAD21/SCC1 is replaced by 

meiosis-specific cohesin Rec8) which survives the cohesin removal in meiosis I and persists till 

anaphase II. (reviewed in (Yin, Sun et al. 2008)) Still the cohesin along sister chromatids arms has to 

be removed because after recombination, the cohesin linking sister chromatids interconnects 

homologues too. Besides cohesin removal, chiasmata also have to be resolved to enable homologues 

segregation and both these tasks are executed by separase. Separase becomes active with the onset 

of anaphase, so in the contrast with somatic cells, no prophase pathway figures in the removing of 

cohesins from chromosomes in mouse oocytes meiosis. (Kudo, Wassmann et al. 2006) But it has 

been shown in vitro, that PLK1 is able to phosphorylate meiotic cohesin Rec8 and after such 

phosphorylation, when active separase is added, Rec8 is cleaved. So maybe PLK1 enables Rec8 

Figure I15 PLK1 in chromosome segregation; 
PLK1 phosphorylates and activates the 
molecules responsible for preventing the 
chromosome bridging in anaphase 
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cleavage by phosphorylation of the cohesin subunit and this phosphorylation then serves as the 

recognition site for separase, or PLK1 may phosphorylate (and so activate) separase itself, or both; 

one of these mechanisms works in vitro and so may work in vivo too. (Kudo, Anger et al. 2009) The 

cohesin of centromeric regions of sister chromatids is like in mitosis protected by Shugosin, other 

mechanisms controlling separase/securin activities are also similar to those working in mitosis. (Yin, 

Sun et al. 2008) 

12. Cytokinesis 

12.1. Cytokinesis in somatic cells 

Cytokinesis is the last step of mitosis; mother cell is finally divided into two and its genetic 

material is equally distributed between daughter cells. The process of cytokinesis is progressive; it 

begins with cleavage furrow formation, continues with the cleavage furrow ingression and midbody 

formation and ends with abscission.  

The position of the cleavage furrow is determined by the spindle position, or the position of 

spindle midzone, respectively. Midzone forms between the separating chromosomes in anaphase, it 

is composed of microtubules and associated proteins and holds separated chromosomes apart until 

cytokinesis is completed. For midzone formation, many proteins and protein complexes are 

important; among them the most important are: kinesin KIF4, microtubule-associated protein PRC1 

(Protein regulator of cytokinesis 1), centralspindlin complex (kinesin-like protein MKLP1 (Mitotic 

kinesin-like protein 2) and Rho GTPase activating protein CYK4) or chromosome passenger complex 

(CPC is formed by surviving, Borealin, INCENP and a catalytic subunit AURKB). A motor protein KIF4 

recruits PRC1 to the midzone and PRC1 is then responsible for the recruitment of centralspindlin or 

CPC; without these factors, midzone fails to form and/or cytokinesis can not take place. The midzone 

in fact determines the position of the activated small GTPase RhoA to the cortex, where it forms a 

narrow streak encompassing the whole cell and marks the cleavage furrow formation position. RhoA 

is activated by GEF ECT2 (Epithelial cell-transforming sequence 2 oncogene) which colocalizes with 

the centralspindlin complex. RhoA then activates several other factors important for the cleavage 

furrow formation and ingression: for example actin polymerization is stimulated and myosin is 

activated through the activation of Rho kinase (ROCK). When the furrow ingresses, it constricts the 

mother cell until only a narrow cytoplasmic bridge connecting the daughter cells remains. This 

cytoplasmic bridge is called midbody and it is formed from midzone microtubules and proteins that 

only slightly relocalize. Only when the midbody is formed, the abscission can take place and the cell 

can divide. During abscission, membrane vesicles are transported to the still thinner midbody, 
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microtubules disappear from this last daughter cells connection and membrane fuses to separate 

them. (Reviewed in (Normand and King 2010; Sagona and Stenmark 2010)) 

12.1.1. PLK1 in cytokinesis of somatic cells 

Cytokinesis, that when disturbed may end up with unequal chromosome distribution and 

subsequently by cancer development, needs to be tightly regulated. It has been shown that PLK1 is 

one of the main regulators of the cell division as its inhibition leads to the cytokinesis failure. 

(Petronczki, Glotzer et al. 2007; Santamaria, Neef et al. 2007; Petronczki, Lenart et al. 2008) PLK1 

binds to spindle midzone during anaphase and later in telophase it relocalizes to midbody; when 

PLK1 is inhibited by BI2536 (or  other inhibitor) it wears off these structures (meaning that PLK1 

kinase activity is needed for its own localization). Also other important cytokinetic regulators are 

displaced after PLK1 inhibition, these are:  PRC1 in late anaphase/telophase, MKLP1, AURKB, ECT2 or 

RhoA. On the contrary, localization of centralspindlin subunits MKLP1 and CYK4 is not disturbed. 

(Petronczki, Glotzer et al. 2007; Santamaria, Neef et al. 2007) Still, delocalization of so many proteins 

participating in cytokinesis causes a failure of cleavage furrow ingression.(Brennan, Peters et al. 

2007; Petronczki, Glotzer et al. 2007; Santamaria, Neef et al. 2007)  

The direct mechanism of the PLK1 action in cytokinesis lies in the determining of the localization 

of ECT2. PLK1 promotes the association of ECT2 with centralspindlin complex and so ensures proper 

RhoA activation, localization and functioning in the cleavage furrow ingression. One of the 

centralspindlin subunits (CYK4) is phosphorylated by PLK1 which enhances formation of 

centralspindlin-ECT2 complex. When this complex is not formed, subsequent events cannot take 

place and cleavage furrow formation is abolished. The ability of PLK1 to phosphorylate CYK4 is 

enhanced by presence of microtubule bundles and/or by PRC1 

protein. (Burkard, Maciejowski et al. 2009; Wolfe, Takaki et al. 

2009) Moreover, it seems that PLK1 works also as a negative 

regulator of cytokinesis as its inhibition causes transient 

occurrence of a structure resembling a midzone; just before an 

already assembled bipolar spindle collapse into known 

monopolar Polo spindle in BI2536 treated cells, microtubules 

bundle in the equatorial region like in the beginning of 

cytokinesis and some of the proteins participating in cell 

division (PRC1, MKLP1 and others) are recruited to the 

collapsing spindle. It seems that the responsible protein 

Figure I16 PLK1 in cytokinesis; RhoA 
localization and activation on spindle 
midzone depends on the PLK1 
dependent phosphorylation of CYK4 
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negatively regulated by PLK1 to prevent premature midzone formation is PRC1, the protein with 

ability to bundle MTs taking the first step to midzone formation. PLK1 phosphorylates PRC1 (on 

Thr602) during metaphase keeping it inactive, this phosphorylation is stimulated by microtubules in 

spindle formation. It also seems that CDK1 is not responsible for keeping PRC1 inactive during 

metaphase. (Hu, Ozlu et al. 2012)  

12.2. Cytokinesis in oocytes 

Oocytes that store resources for hopefully oncoming embryonic development can not effort to 

loose them by cell division and so oocytes “get rid of surplus” genetic material by extruding a small 

polar body. The place of cytokinesis in oocytes is, like in somatic cells, determined by the localization 

of spindle midzone. In mouse oocytes, a spindle is assembled in the centre of the cell and then it is 

pushed towards the cortex by actin microfilaments. (reviewed in (Fabritius, Ellefson et al. 2011)) The 

spindle positioning is regulated by various means; inhibition of ARP2/3 complex or elevated cAMP 

level (which decreases myosin II activity) perturb the spindle migration and cause undesirable 

symmetric oocyte division. (Sun, Wang et al. 2011; Chen, Zhang et al. 2012) Also depletions in MAPK 

pathway prevents spindle migration. (Verlhac, Lefebvre et al. 2000) Plk1 also plays a part in oocyte 

cytokinesis; in proteasome inhibited oocytes, CDK1 inactivation was sufficient for triggering the polar 

body extrusion, but simultaneous PLK1 inhibition prevented the pb extrusion and also the 

accumulation of RhoA on midzone. (Pomerantz, Elbaz et al. 2012) 
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Methods 

1. Oocyte collection and culture 

Ovaries were obtained from 6-12 weeks old mice that were stimulated by PMSG (5IU of PMSG for 

a mouse) 46 hours before the collection. After isolation, ovaries were transferred to the 

manipulation medium (Tab M1) supplemented with 2,5 µM Milrinone (PDE inhibitor). Meiotically 

competent oocytes (these surrounded by cumulus) were isolated from ovaries and subsequently 

cumular cells were mechanically removed; only cumulus free and NE-intact oocytes were used 

further. These oocytes were cultured in the cultivation medium (Tab M1). Before the start of any 

experiment, free oocytes were kept at least for one hour (for two hours before microinjection) in the 

cultivation medium supplemented with 2,5 µM Milrinone to recover after isolation.  

Transgenic CAG::H2B-GFP mice (Hadjantonakis and Papaioannou 2004) were used for 

experiments exploring the role of PLK1 in meiotic resumption, metaphase I arrest and late meiotic 

events using MG-132. CD1 mice were used for experiments were microinjections were needed; 

spindle assembly and securin degradation.   

In all experiments exploring the role of PLK1 in events taking place after metaphase, following 

experimental schema was used: oocytes were isolated from ovaries, subsequently they were kept in 

cultivation medium supplemented with 2,5 µM Milrinone for half an hour, then Milrinone was 

washed out by cultivation medium and oocytes were let to mature for 6 hours, after that, 

proteasome inhibitor (MG-132) was added for 4 hour and after MG-132 washout by cultivation 

medium, PLK1 was immediately inhibited by BI2536. 

 

Table M1 

2. Kinase inhibitors 

 

 

 

Table M2 

All the inhibitors were dissolved in DMSO, so cultivation medium for oocytes in control groups 

was supplemented with correspondingly diluted DMSO. 
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3. RNA  

Vectors for RNA synthesis were linearized by appropriate nucleases (New England BioLabs). 

Linearized vectors were purified by QIAquick Gel Extraction Kit (Qiagen); in vitro transcription was 

performed by mMESSAGE mMACHINE Kit (Invitrogen). Poly A tail was linked to the RNA (Poly(A) 

Tailing Kit, Ambion) when it was not stabile enough to produce sufficient amounts of protein. RNA 

was purified by RNeasy Mini Kit (Qiagen). RNA was stored in -30°C in concentrations of 250 - 1000 

ng/µl and diluted in RNAse free water (Ambion) to concentrations required for microinjections (Tab 

M3).  

Table M3 the sources of the used vectors for RNA synthesis: 1 (McGuinness, Anger et al. 2009), 2 (Schuh and 
Ellenberg 2007), 3 (McGuinness, Anger et al. 2009), 4 (Chang, Levasseur et al. 2004) 

4. Microinjections 

For microinjection, oocytes were transferred to the manipulation medium supplemented with 

2,5µM Milrinone. 2-5 pl of RNA was microinjected into oocytes using MIS-5000 micromanipulator 

(Burleigh, Exfo Life Sciences,USA) and PM 2000B4 microinjector (MicroData Instrument, USA). 

Microipettes for microinjection were prepared on p97 Pipette Puller (Sutter Instrument Company, 

USA).  

5. Live Cell Imaging 

Oocytes were imaged by laser scanning confocal microscope Leica SP5 using 40x oil immersion 

objective in 1024x1024 bit format, 600 Hz speed, confocal section 7,5µm. GFP signal (H2B-GFP, 

MAP4-GFP, securin-GFP, cyclin B-GFP) was excited with the 488 nm argon laser and detected in the 

wavelength range of 500 – 560 nm. The signal of the autofluorescence (AF) of cytoplasm was too 

excited by 488 nm laser and detected in the range of 490-499 nm. The signal of mCherry was excited 

by DPSS 561 nm laser and detected in wavelength range of 580 – 650 nm. In experiments where 

mCherry with GFP labelling was applied we used a sequentional scanning to avoid spectral overlap. 

Oocytes were imaged in 8-well or 4-well chambers (Lab-Tek) in both 500µl or in a 10µl droplet of the 

cultivation medium covered by mineral oil (Sigma). 
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6. Data editing 

Data from the confocal microscope were processed by image analysing program Fiji (Schindelin, 

Arganda-Carreras et al. 2012). All the results from measuring done by Fiji were then transferred to 

Excel for further processing. These results were finally subjected to the statistical analysis in 

statistical program R (R Development Core Team 2012). 

NEBD: The process of NEBD was measured as Mean Gray Value of signal of natural 

autofluorescence of cytoplasm in a restricted area in the nucleus in one chosen slice; the nuclear 

movements had to be eliminated for the measurement by “Correct 3D drift” plug-in used on each 

oocyte separately. Then results were processed in Excel: first, moving average of every three time 

points was used on the data (for smoothing the future curves), then data for each oocyte were 

normalized to the maximum value and plotted to graphs; breaking points on curves representing the 

starts and the ends of NEBD process were manually determined. (Fig M1) 

Chromatin condensation: CC was measured on 8-bit pictures where chromatin signal (H2B-EGFP) 

was given the value 255 and the background was given the value 0. Through the Integrated Density 

(ID) parameter, we measured the approximate volume of chromatin. The ID gave us the sum of the 

value of all pixels in all slices; so when only pixels with H2B-EGFP signal were given a value (255), the 

ID expressed only the sum of the values of the chromatin signal. Then values for each time frame 

were summed. Further processing in Excel was the same as in the case of NEBD. 

 

Spindle assembly: Data for the spindle volume estimation were measured the same way as CC but 

on the MAP4-EGFP channel. The values of pixel width, height and voxel depth were automatically 

calibrated by the Fiji program according to the experimental settings. ID values were then divided by 

255 (the value of one pixel with signal in 8 bit picture). This gave as the area of all the sections in the 

Figure M1 NEBD is represents by the 
growing curve, CC is represented by the 
declining curve; the start and the end of 
NEBD and CC was determined manually as 
the the breaking points of the curves: the 
red double arrow marks the points of the 
start and the finish of NEBD, the black 
double arrow marks the points of the start 
and the finish of CC 
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time point in question. For volume estimation, the Cavalieri´s principle1 was used; the area was 

multiplied by the thickness of confocal sections (7,5 µm). Data were plotted to graph. 

Degradation of securin-EGFP: The degradation was measured in a restricted area in one chosen 

slice of securin-EGFP channel. The absolute mean gray values were then normalized to the first time 

point. The first and last time points of degradation were determined manually. (Fig M2) 

Degradation rate: D(rate) = d(i)/d(t)  

d(i) = the difference between the level of securin-EGFP in the beginning (i1) and in the end (i2) of 

securin destruction (d(i) = i2 – i1) 

d(t) = the time interval of securin degradation (d(t) = t2 – t1) 

7. Statistical analyses  

Data were statistically analyzed in R program (R Development Core Team 2012) by nonparametric 

two-sample Wilcoxon or Kruskal-Wallis test. Differences between groups were considered 

statistically significant when p-value was below 0,05.  

                                                           

1 according to the Cavalieri´s principle, the volume of an object can be estimated when areas of 

regularly distributed cuts are summarized and then multiplied by thickness of the cut  

Firure M2 D(rate) 
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Results 

For the study of PLK1 function in the meiosis I of mouse oocytes we used an approach of acute 

kinase inactivation by specific small molecular inhibitor BI2536 (Lenart, Petronczki et al. 2007) in 

concentration of 500 nM.  

1. PLK1 plays a part in the timing of meiotic resumption  

PLK1 inhibition in the beginning of meiotic maturation leads to significant delay in nuclear 

envelope breakdown (NEBD) and chromosome condensation (CC) and it also affects duration and 

synchronization of these two early meiotic events.  

Figure R1 pictures obtained from LCI of control oocytes and oocytes treated with PLK1 inhibitor BI2536 (500 

nM); green is autofluorescence (AF) of cytoplasm and red is chromatin label by H2B-GFP (pseudocoloring); the 

process NEBD is represented by the green AF signal expansion into the black area of the nucleus, chromatin 

condensation is represented by shrinking of the red mass of chromatin; in the time of 60 min after start of 

maturation (washout of PDE inhibitor Milrinone) control oocyte has finished NEBD and CC; on the contrary, BI 

2536 treated oocyte has the same done only after 110 min 
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After PLK1 inhibition by BI2536, NEBD is delayed by about 36 minutes in PLK1 inhibited oocytes 

and chromatin condensation starts about 20 minutes later then in the control oocytes (Tab C1). Also 

both nuclear envelope breakdown and chromatin condensation lasts significantly longer in PLK1 

inhibited oocytes then in control oocytes; it takes about 6 minutes to break down the nuclear 

envelope and to condense the chromatin in a control oocyte; on the contrary, PLK1-inhibited oocytes 

break down their nuclear envelope about 12 minutes and it takes even 24 minutes to condense the 

chromatin after PLK1 inhibition (Tab C1).  

Another effect of PLK1 inhibition lies in desynchronization of chromosome condensation and 

nuclear envelope breakdown; control oocytes initiate NEBD only 1 minute after chromatin 

condensation beginning which sharply contrasts with the behaviour of oocytes with inhibited PLK1 

that start to break down the nuclear envelope only after 17 minutes of ongoing chromatin 

condensation (Fig C1, Fig C2). 

So, PLK1 inhibition from the beginning of meiotic maturation causes delayed chromosome 

condensation and nuclear envelope breakdown, it also leads to prolonged duration and 

desynchronization of these two nuclear events – in control oocytes chromatin begins to condense 

closely before nuclear envelope starts to break down but in PLK1 inhibited oocytes NEBD occurs only 

when the chromatin is almost fully condensed. (Fig C2, summary in Tab C1) 

Table R1 table summarizes the experiments focused on PLK1 role in the meiotic resumption; it shows the total 

numbers of oocytes in two groups compared (control and PLK1-inhibited), times of NEBD and CC (start and 

duration); the times are the median values of the whole groups, p-values reflect probability that the difference 

between control and PLK1-inhibited groups were due to a chance (counted in R program); *desynchronization 

is counted as a difference between the starts of NEBD and CC 

As PLK1 participates in the primary CDK1 activation (see Plk1 in mitotic entry), we hypothesized 

that the observed impact of PLK1 inhibition on NEBD and CC may be a result of delayed or slower 

CDK1 activation. In CDC25B +/- oocytes, CDK1 is activated with slower kinetics than in wt oocytes 

(Lincoln, Wickramasinghe et al. 2002), so we decided to take a look on the progress of NEBD and CC 

in these oocytes and to compare them with our results from PLK1-inhibited ones. CDC25B HZ oocytes 

start to break down their nuclear envelope and to condense their chromatin more then 20 min later 
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then wt oocytes. But in spite of the significant delay these two events are not desynchronized in 

CDC25B HZ oocytes in contrast with the situation after PLK1 inhibition. Also duration of NEBD and CC 

processes do not take significantly longer then they last in wt oocytes. 

Tab R2 table shows the total numbers of oocytes in two groups compared (CDC25 WT and CDC25B HZ), times 

of NEBD and CC (start and duration); the times are the median values of the whole groups, p-values reflect 

probability that the difference between control and PLK1-inhibited groups were due to a chance (counted in R 

program); *desynchronization is counted as a difference between the starts of NEBD and CC 

Figure R2 Time intervals of the processes of NEBD and CC in control, PLK1-inhibited, CDC25 wt and CDC25 HZ 

oocytes; the upper line for each group represents NEBD, the lower stands for CC; data were obtained from 

statistical analysis of manually determined breaking points (initiation and finish of NEBD and CC) on curves 

representing processes of NEBD and CC of single oocytes  

In conclusion, we can say that Plk1 participates in timely beginning of nuclear envelope 

breakdown and chromosome condensation, possibly through contributing to primary Cdk1 

activation. But independently of Cdk1, Plk1 impacts the duration of NEBD and CC and is important for 

the synchronization of these two nuclear events. (video 1) 
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2. PLK1 participates in spindle assembly  

PLK1 inhibition in mouse oocytes does not prevent the formation of bipolar (Fig C4) spindle but it 

affects the final volume of the spindle an oocyte is able to achieve (Graph C1); PLK1-inhibited oocytes 

assemble spindles significantly smaller then the control oocytes (p-value = 0.01357). The oocytes 

after BI2536 then stay arrested in metaphase with bipolar spindles assembled though chromosomes 

do not stay perfectly aligned and leak from the metaphase plate.  

 

 

 

 

So Plk1 is not needed for the bipolar spindle formation but contributes to the spindle growth in 

mouse oocytes. (video 2) 

Graph R1 Spindle 
assembly in control 
and PLK1-inhibited 
oocytes; graph shows 
growing volume of 
spindle measured on 
MAP4 signal; curves 
represent mean 
values, standard 
deviations are shown 

Fig R3 spindle assembly in 

control oocytes and oocytes 

after PLK1 inhibition; oocytes 

were microinjected with H2B-

mCherry (red, chromatin) and 

MAP4-GFP (green, spindle) to 

visualize the process of spindle 

assembly and elongation; NEBD 

is taken as a time 0               
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3. Metaphase I arrest after PLK1 inhibition is not dependent on SAC in mouse oocytes 

PLK1 inhibition from the beginning of the maturation leads to metaphase I arrest; PLK1-inhibited 

oocytes never undergo anaphase. The very same effect brings PLK1 inhibition even after 1, 2, 3 or 5 

hours of maturation. When oocytes were allowed to mature for 5 hours, then BI2536 was added and 

subsequently (after another 1 hour) SAC was inhibited by reversine (Santaguida, Tighe et al. 2010), 

metaphase I block still persisted. (Tab C3) 

Tab R3 first row of the table shows times of BI 2536 addition after start of oocyte maturation, reversine was 

added one hour after BI2536; second row shows the number of oocytes (n) that arrested in metaphase-I after 

the relevant treatment from the total number (N) (n/N) 

In conclusion, the Plk1-inhibition induced metaphase I arrest is not due to persisting SAC in mouse 

oocytes.   

4. PLK1 participates in correct chromosome segregation  

To take a look on possible functions of PLK1 in meiotic events following metaphase I in mouse 

oocytes, we used the oocytes synchronized on metaphase I/anaphase I transition by proteasome 

inhibitor MG-132 (see Methods) (Lee and Goldberg 1998); the synchronization was necessary as 

oocytes do not mature with exactly the same kinetics, so addition of PLK1 inhibitor to a group of 

oocytes without synchronization would lead to very inconsistent results.  After the synchronization 

(and MG-132 washout), PLK1 inhibitor was immediately added.  

Following such procedure, about 73% (45 of 62) of the Plk1 inhibited oocytes stayed arrested on 

metaphase I/anaphase I transition but 27% (17 of 62) of the oocytes were able to trigger anaphase, 

though in all cases the anaphase was accompanied by severe segregation troubles. (Tab C4, Fig C5) 

 

Figure R4 Pictures 
obtained from LCI 
of mouse oocytes 
synchronized on 
metaphase 
I/anaphase I 
transition; first line 
– control, second 
line – Plk1 inhibited 
oocytes 
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 As securin is one of the molecules undergoing destruction to allow error-free anaphase 

progression, we wanted to see if its degradation is, or is not affected by PLK1 kinase activity 

inhibition. After microinjection of securin-EGFP and H2B-mCherry RNA, similar experimental schema 

like in previous experiments with proteasome inhibition was used. In oocytes with exogenous 

securin, PLK1 inhibition in metaphase I/anaphase I transition had comparable effect on portion of 

oocytes able to undergo anaphase like in previous experiments; 40 % (15 of 37) of the oocytes that 

had PLK1 inhibited underwent anaphase. The anaphase in PLK1-inhibited oocytes was in all cases 

accompanied by severe segregation troubles. The rest of the BI2536 treated oocytes (22) stayed 

arrested in metaphase I. Control oocytes (22) all underwent anaphase and subsequent cytokinesis; 

we saw one with segregation troubles. All oocytes observed; control, these undergoing anaphase 

after PLK1 inhibition and these arrested in metaphase I, were able to degrade securin. (Graph C2) 

(video 3) 

Fig R5 securin degradation in three groups of oocytes (control, after PLK1 inhibition undergoing anaphase and 

after PLK1 inhibition that do not initiate anaphase); red is chromatin (H2B-mCherry), green is securin-EGFP  

Securin degradation in control oocytes and oocytes with inhibited PLK1 undergoing anaphase 

starts at the same time (60 min after MG-132 washout) and proceeds in quite a similar way. The 

main difference between these two groups lays in the speed of securin destruction; after PLK1 

inhibition, securin degradation is slower than that in control oocytes and so it reaches the securin 

level enabling anaphase about 40 min later than control cells. 

Securin destruction continues in both cases even after anaphase; in control oocytes securin is 

degraded to the minimum level about 10 min after anaphase, on the contrary, PLK1 inhibition  
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prolongs the securin degradation to about 50 min after anaphase. Still, control and PLK1 inhibited 

oocytes reach finally more or less equal securin levels. (Graph C2, Tab C4)  

Graph R2 Mean curves of securin degradation after synchronization of oocytes on metaphase I/anaphase I 
transition, time of anaphase of control and PLK1-inhibited oocytes is shown, the first time point represents 
start of imaging (50 min after MG-132 washout) 

In oocytes with inhibited PLK1 that did not undergo anaphase, securin was also a subject of 

degradation. But this degradation began later (70 min after MG-132 washout) and was even slower 

than of oocytes treated with BI2536 undergoing anaphase. So although even oocytes with inhibited 

PLK1 that stayed arrested in metaphase reached comparable securin levels it was with even bigger 

delay then PLK1-inhibited oocytes undergoing anaphase. (Tab C4)  

The speed of degradation can be expressed by a parameter called Degradation rate (Drate). Drate is 

the ratio between the change of securin level (caused by securin degradation) and the time this 

change took (Drate = d(i)/d(t)). As securin was in all 

groups degraded to comparable level, the 

differences in Drate in fact correspond with the 

differences of durations of the securin destruction. 

Graph R3 Drate of securin degradation of control 
oocytes and PLK1-inhibited oocytes undergoing 
anaphase and arrested in metaphase;  
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Table R4 table summarizes results of the experiment dealing with PLK1 role in the securin destruction (APC/C 
activity); it shows differences between three groups of oocytes – control, PLK1-inhibited undergoing anaphase 
and PLK1-inhibited arrested in metaphase I in six parameters: time of anaphase, i(a) = securin-EGFP level in the 
time of anaphase, t1 = time of start of securin degradation, d(t) = duration of securin degradation, i2 = securin-
EGFP level in the end of securin degradation, D(rate)  

In conclusion, PLK1 is needed for successful execution of chromosome segregation even after SAC 

satisfaction possibly because of its role in securin degradation. 

5. Cytokinesis is never completed in oocytes treated with BI2536 

We have seen that after synchronization on metaphase I/anaphase I transition, some oocytes 

with inhibited PLK1 were able to undergo anaphase though with severe segregation troubles. 

Unsuccessful attempts for chromosome segregation in these oocytes were subsequently followed by 

similar efforts to extrude the 1st polar body; in spite of the fact that the oocytes were able to extrude 

chromatin to the forming cytolasmic protrusion and then proceeded even to the cleavage furrow 

ingression, final step of cytokines was blocked and polar bodies were never extruded completely and 

finally were absorbed back. (Fig R4) 

So Plk1 is important for cytokinesis completion in mouse oocytes. 
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Discussion 

1. PLK1 participates in the timing of meiotic resumption  

There has been reported in the previous study of PLK1 function in the maturation of mouse 

oocytes, that PLK1 inhibition by specific antibodies leads to decreased rate of meiotic resumption 

(Tong, Fan et al. 2002). These results are not consistent with ours, as after BI2536 treatment, all the 

oocytes were able to resume meiosis. Although after PLK1 inhibition by BI2536 mouse oocytes do 

resume meiosis, they break down nuclear envelope and condense chromatin with significant delay. 

On somatic cells, it has been shown that PLK1 is important for the establishment of MT-dependent 

forces participating in NE breakdown and that without these MT forces, NEBD is delayed (see PLK1 in 

NEBD). But in oocytes (starfish), microtubules do not contribute to the nuclear envelope breakdown 

(Lenart and Ellenberg 2003), so the NEBD delay we see after PLK1 inhibition is probably not caused 

by impaired MTs action. On the other hand, there is no evidence that chromatin condensation 

progress differently in oocytes than in somatic cells, so we can assume that the molecules 

participating in CC in mitosis play a part also in chromatin condensation in oocytes. Besides other 

molecules and molecular complexes, condensin plays a part in chromatin condensation; it is 

important for CC timely initiation. PLK1 is needed for the full activation of condensin II in HeLa cells 

(see PLK1 in CC) so the delayed chromatin condensation we see when we inhibit PLK1 in mouse 

oocytes might be caused by the absence of PLK1-dependent condensin phosphorylation. 

Besides the fact that NEBD and CC are delayed in mouse oocytes after BI2536 treatment, PLK1 

inhibition causes that the oocytes break down nuclear envelope only with chromatin almost fully 

condensed. This consequence of PLK1 inhibition has already been described on HeLa cells; these too 

undergo NEBD only even hours after chromosome condensation (Lenart, Petronczki et al. 2007).  

As PLK1 is known for its role in primary CDK1 activation in mitotic entry (see PLK1 in mitotic entry) 

we hypothesised, that the impacts of PLK1 inhibition on meiotic resumption we described on oocytes 

might be caused by slower or delayed CDK1 activation. To test this idea we used a model that 

actually exhibits slower CDK1 activation; CDC25B HZ (Lincoln, Wickramasinghe et al. 2002). CDC25B 

HZ oocytes underwent NEBD and CC with significant delay, so we may deduce that the delayed NEBD 

and CC after PLK1 inhibition might result from the missing PLK1-dependent CDK1 activation. On the 

other hand, the desynchronization of NEBD and CC and their prolonged durations can not be 

ascribed at the expanse of impaired CDK1 activation because CDC25B HZ oocytes initiated both these 

processes in approximately the same time and did not exhibit prolonged duration of neither NEBD 

nor CC.  
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So it seems that PLK1 contributes to the timely initiation of meiotic resumption through activation 

of CDK1, but in addition, PLK1 also control synchronization of nuclear envelope breakdown and 

chromatin condensation and participates in the duration of these processes independently of CDK1.  

2. PLK1 contributes to spindle assembly 

The most striking effect of PLK1 inhibition to be seen in somatic cells is the assembly of 

monopolar - so called Polo spindles (see PLK1 in spindle assembly). After inhibiting PLK1 in mouse 

oocytes, we did not see any such spindle; all the oocytes treated with BI2536 were able to form 

spindles with two distinct poles. This difference is probably caused by the fact that oocytes do not 

use centrosomes as spindle poles and so are not exposed to all the troubles with spindle assembly 

caused by fault centrosome maturation, detachment and separation that appear after PLK1 

inhibition in somatic cells. (see PLK1 in centrosome maturation and cycle)  

But in spite of the fact that the spindle formation in mouse oocytes is not limited by any of these 

centrosome-related troubles, we still observed one noteworthy change in the process of spindle 

assembly after treating oocytes with BI2536; after PLK1 inhibition, spindle volume was significantly 

smaller then in the control oocytes. In somatic cells, it has been shown that PLK1 is important for the 

microtubule nucleation through targeting γ-TuRC to centrosomes (see PLK1 in centrosome 

maturation) (and also to already nucleated MTs ((Johmura, Soung et al. 2011))). Although mouse 

oocytes dispose only with acentrosomal MTOCs, some similar mechanism for γ-TuRC recruitment can 

be at play even in them. So PLK1 inhibition in mouse oocytes may decrease the ability of MTOCs to 

recruit γ-TuRC and so to nucleate microtubules and this could be the cause of the reduced spindle 

volume in the oocytes treated with BI2536. We have also seen that after PLK1 inhibition, 

chromosomes do not stay aligned on the metaphase plate but are misaligned and their position in 

the spindle varies. It has been shown on somatic cells that PLK1 is needed for the establishment of 

stable K-MT attachments (see PLK1 in spindle assembly). Similar mechanism may be at play also in 

the oocytes, so the leakage of some chromosomes from the metaphase plate after PLK1 inhibition 

may be caused by the loss of K-MT attachment between the misaligned chromosome and a spindle 

microtubule.  

In conclusion, PLK1 is not important for the establishment of bipolar spindle in mouse oocytes as 

centrosomes do not participate in oocyte spindle poles formation. But still, even in mouse oocytes, 

PLK1 affects the spindle assembly process, possibly through regulating the MT nucleation abilities of 

the acentrosomal MTOCs and the stability of the K-MT attachments. 
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3. Metaphase I arrest after PLK1 inhibition is not dependent on SAC in mouse oocytes 

When mouse oocytes were treated with BI2536 in any time before anaphase onset, the only 

result of such an action was always a strong metaphase I arrest; just like somatic cells, oocytes with 

inhibited PLK1 are not able to initiate anaphase. In somatic cells, the arrest induced by PLK1 can be 

override by SAC inhibition (see PLK1 in SAC and APC/C regulation) but we have proven that in mouse 

oocytes, it is not the case; the SAC inhibitor (reversine) added to oocytes after 5 hours of maturation 

and 1 hour of PLK1 inhibitor treatment does not allow the anaphase onset. 

 So the metaphase I arrest in mouse oocytes after PLK1 inhibition is not (or at least not 

completely) dependent on persisting SAC. 

4. PLK1 participates in correct chromosome segregation 

By inhibiting the proteasome after 6 hours of maturation, we synchronized the oocytes on the 

metaphase I/anaphase I transition. When we then washed out the proteasome inhibitor and instead 

inhibited PLK1 (by BI2536), about 2/3 of such treated oocytes stayed arrested without any signs of 

attempt for chromosome segregation and the rest (about 1/3) initiated anaphase accompanied by 

many missegregations.  

The fact that the PLK1 inhibited oocytes separated to two groups with completely different 

behaviour was probably caused by a different potential of each and every single oocyte to initiate 

anaphase. In our experimental schema with MG-132, there was always a moment in which all the 

oocytes were without any inhibitor; it was when the proteasome inhibitor was being washed out. 

During this time period (few minutes), some of the oocytes might had already initiated the entry into 

anaphase. So in the time of PLK1 inhibitor addition, these oocytes might not had been exactly on the 

metaphase I/anaphase I transition but a little bit further and so were able to undergo anaphase. 

Although we cannot be sure if this is true, it explains quite well why we saw two completely different 

phenotypes after one treatment.  

One way or another, these data indicate that PLK1 is not only needed for the anaphase trigger but 

also for anaphase correct progression.  

4.1. PLK1 impacts securin degradation  

To explore the nature of the impacts of PLK1 inhibition on anaphase, we decided to measure the 

degradation of securin after BI2536 treatment and to compare it with the securin destruction in the 

control oocytes. Both the PLK1 inhibited oocytes undergoing anaphase and the PLK1 inhibited 

oocytes that stayed arrested with chromatin in metaphase figure were able to degrade securin to a 
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level comparable with securin destruction in control oocytes. This is consistent with the findings on 

HeLa cells where after simultaneous PLK1 and SAC depletion, securin was degraded to the similar 

levels like in cells with only SAC proteins depleted (van Vugt, van de Weerdt et al. 2004). But in 

mouse oocytes, PLK1 inhibition significantly affected the securin degradation speed, or the Drate 

respectively; PLK1 inhibited oocytes had significantly smaller Drate than the control oocytes. Such 

impact of PLK1 inhibition might appear even in HeLa cells but could not be revealed as the securin 

level was only determined by immunoblotting (van Vugt, van de Weerdt et al. 2004).  

The process of securin destruction differed not only betwen the PLK1 inhibited oocytes and 

control but also between the two groups of the PLK1 inhibited oocytes; these that stayed arrested in 

metaphase I after MG-132 washout initiated securin degradation significantly later and had 

significantly lower securin Drate then the the PLK1 inhibited oocytes that underwent anaphase.  

So, from the point of view of the securin degradation, we basically have three groups of oocytes: 

the oocytes that undergo error-free anaphase and rapidly degrade securin to the minimun level 

(control), the oocytes that undergo anaphase accompanied by many missegregations and degrade 

securin to the minimum level with slower kinetics (PLK1 inhibited) and oocytes that do not trigger 

chromosome segregation and have the slowest securin degradation which is initiated later then in 

both previous groups although even these oocytes finally reach a comparable minimum securin level 

(PLK1 inhibited).  

From these data, we can presume that the sole ability of the oocyte to degrade securin to a 

certain level is not sufficient neither for anaphase error-free progression nor for anaphase initiation; 

the oocyte probably needs securin degraded in the right time and with the right kinetics to be able to 

trigger and successfully finish the chromosome segregation.   

4.2. PLK1 contributes to the APC/CCDC20 full activity 

So one of the possible reasons for the segregation troubles in one part of the PLK1 inhibited 

oocytes and the persisting metaphase I/anaphase I arrest in the second part of the PLK1 inhibited 

oocytes might be the slower degradation of securin. Securin is degraded through the APC/C-

dependent degradation pathway only when SAC is satisfied; the fact that securin is indeed degraded 

even after PLK1 inhibition in the oocytes indicates that SAC is switched off and thus the phenotype 

we see after PLK1 inhibition is probably not connected with SAC reactivation. So perhaps PLK1 

participates in the securin degradation as such; there is no reason to suppose that PLK1 anyhow 

influences the proteasome complex, but it has been shown that PLK1 phosphorylates APC/C and 

suggested that this phosphorylation contributes to the APC/CCDC20 full activation although the 

physiological role of such phosphorylation has been questioned (see PLK1 in SAC and APC/C 
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regulation). Still, the explanation that the slower securin degradation is caused by impaired APC/C 

activity induced by PLK1 inhibition seems to be the most probable. But by our experimental 

procedure, the oocytes should be kept on the metaphase I/anaphase I transition only by the inability 

of proteasome to degrade the proteins that were already targeted for proteasome destruction, in 

other words, the proteins that were already ubiquitinated by APC/CCDC20. So when we accept our 

hypothesis about PLK1-dependent APC/C activation after metaphase I/anaphase I transition, we 

must take into account that this indicates, that APC/C full activity is essential even after SAC 

satisfaction; the already ubiquitinated proteins (or at least the already ubiquitinated securin) are (is) 

subjected to the process of deubiquitination in anaphase.  

So we can conclude that PLK1 probably participates in the full activation of APC/C in anaphase. 

Our data also indicate that APC/C-dependent ubiquitination is needed even after SAC satisfaction. 

4.3. PLK1, separase and others 

Nevertheless, regardless of the mechanism, the slower securin destruction after the PLK1 

inhibition remains a fact and and as such it perhaps has its consequences.  

Securin works as a separase inhibitor, so in the case of securin impaired degradation, separase 

may be affected; the slower securin destruction may cause slower separase activation. In both 

somatic cells and oocytes, one of the two main tasks of separase is to cleave cohesin which enables 

chromosome separation (see Chromosome segregation). And so through the slow securin 

destruction, PLK1 inhibition can lead to the segregation troubles. Moreover, it has been shown that 

the meiotic cohesin Rec8 can be phosphorylated by PLK1 and that this phosphorylation increases 

Rec8 susceptibility to the separase-dependent cleavage in vitro. It is also possible that PLK1 activates 

even separase itself (Kudo, Anger et al. 2009). And it has been found out recently on HeLa cells that 

PLK1 also plays a part in activating Cdc6 that ensures separase activity increase (see PLK1 in 

chromosome segregation).  

So, if PLK1 is inhibited in mouse oocytes after SAC satisfaction, Rec8 timely and effective cleavage 

can be in danger basically from two directions:  

1) separase may not be activated enough and in time - because of lately degraded securin or 

insufficient PLK1-dependent direct activation or missing Cdc6-dependent activation or all 

the possibilities  

2) Rec8 itself may not be so vulnerable to the cleavage by separase - because without PLK1 

activity present, it misses some important phosphorylations. 
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To even more complicate the situation we can remind that it is known from somatic cells that 

PLK1 has some control over molecules participating in chromatin condensation and resolution. It has 

been shown that PLK1 contributes to the activation of condensin II, topoisomerase II or PICH whose 

proper functioning is crucial for the successful chromosome segregation (see PLK1 in CC and PLK1 in 

chromosome segragation).  

It is also known that PLK1 is needed for the establishment and keeping of the stable kinetochore-

MTs attachments. So the missegregations we see in one group of the PLK1 inhibited oocytes might 

be caused by the loss of the K-MT attachments.  

Also on somatic cells, it has been shown that the lowered PLK1 activity may lead to anaphase 

accompanied by missegregations (Lera and Burkard 2012). The authors of the study concluded that 

the phenotype is probably caused by merotelic attachments of kinetochores, which means that a 

single kinetochore is attached to the MTs from both spindle poles and so is pulled to both directions. 

AURKB is responsible for the merotelic attachments resolution (Gregan, Polakova et al. 2011) and it is 

known that AURKB activates PLK1 on kinetochores (see PLK1). So it is possible that AURKB dependent 

merotelic attachments resolution is in fact/also dependent on the PLK1 kinase activity. It has also 

been shown in the paper that the missegregations are caused neither by the impaired DNA 

decatenation nor the insufficient cohesin removal from chromosomes as we hypothesize might be a 

cause of the missegragations we see after PLK1 inhibition. But the phenotype of the intact cohesin 

removal and DNA decatenation has been shown on the cells with only lower (4,5 nM  BI2536) not 

fully inhibited PLK1 (we use 500 nM BI2536). So the effect of the PLK1 inhibition on the metaphase 

I/anaphase I transition we see in mouse oocytes still can be the result of all the disturbances 

discussed above plus the merotelic chromosome attachments may be at play too.   

In conclusion, through the timing of securin degradation, PLK1 probably contributes to separase 

activation which is important for the proper cohesin cleavage. Moreover, from somatic cells we know 

that PLK1 participates in activation of other molecules needed for chromosome separation, so it 

seems that PLK1 inactivation in mouse oocytes may have multiple effects on proper chromosome 

segregation.  

5. Cytokinesis is never completed in oocytes treated with BI2536 

The PLK1 inhibited oocytes that were able to undergo anaphase after synchronization on 

metaphase I/anaphase I transition concordantly proceeded to cytokinesis. But they never really 

succeeded in extruding the first polar body as they always finally swallowed the cytoplasmic 

protrusion including some separated chromosomes back.  
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Besides protease-dependent cleavage of cohesin, separase has even another important role in 

anaphase and cytokinesis of mitotic and meiotic cell cycle; it is able to inhibit CDK1 kinase activity 

(see SAC in mitosis, APC/C and SAC in oocytes). In mouse oocytes, such separase ability is crucial for 

the first polar body extrusion because cyclin B is not fully degraded in anaphase I which is important 

for preventing DNA replication between meiosis I and meiosis II and for rapid initiation of the second 

meiotic division. But the separase-dependent CDK1 inhibition works through CDK1/cycklin B-

separase complex formation only when separase is free from securin. (Hampl and Eppig 1995; Gorr, 

Reis et al. 2006) We know that after PLK1 inhibition, securin degradation is slowed down in 

comparison to controls in mouse oocytes. And if we still believe that this fact negatively influences 

separase activity we can assume that besides above described effects on Rec8 cleavage, the impaired 

separase activation may have a role even in CDK1 kinase activity inhibition. So the PLK1 inhibition 

induced securin impaired destruction may also lead to insufficient CDK1 inhibition which could 

contribute to the inability of BI2536 treated oocytes to extrude the first polar body.  

Moreover, from somatic cells, it is known that PLK1 participates in cytokinesis initiation through 

Ect2 loading to the midzone and that PLK1 inhibition prevents cleavage furrow formation and 

ingression. (see PLK1 in cytokinesis) Moreover, it has been shown that even in oocytes that PLK1 is 

needed for RhoA enrichment on the cleavage furrow (Pomerantz, Elbaz et al. 2012). Therefore, from 

this point of view, it is not surprising that PLK1 inhibition blocks cytokinesis in mouse oocytes 

(regardless of any consequences of securin impaired degradation that may be influencing CDK1 

inhibition). But on the other hand we have shown that in oocytes, in contrast to somatic cells, the 

first steps of cytokinesis are not prevented by PLK1 inhibition (at least on the phenotypic level not); 

mouse oocytes treated with BI2536 visibly ingressed the cleavage furrow but the oocyte and the first 

polar body were never fully separated. So probably, in cytokinesis of mouse oocytes, PLK1 plays a bit 

different role then in the cytokinesis of somatic cells. Or, in addition to that, by using BI2536 in our 

experiments we might have inhibited even another Polo-like kinase; PLK3. It is known that besides 

PLK1, BI2536, the inhibitor we use for PLK1 inhibition also inhibits PLK1 closely related Polo-like 

kinases; PLK2 (IC50 = 3,5 nM) and PLK3 (IC50 = 9 nM). PLK2 is probably not involved in the 

progression of mitosis or meiosis (see PLK2), but PLK3 has some roles in mitosis; HeLa cells with 

inhibited PLK3 initiate cytokinesis without complications, they ingress the cleavage furrow, but they 

are not able to take the last step and the daughter cells fuse again (see PLK3).  

So, PLK1 inhibition may have several consequences perturbing the successful process of 

cytokinesis. First, through impaired securin destruction, PLK1 may contribute to insufficient separase 

activation and thus disturb CDK1 inactivation. Second, PLK1 may participate in some later cytokinesis 
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Figure S1 PLK1 roles in meiosis I of mouse oocytes 

steps in mouse oocytes or by using BI2536 we might have inhibited PLK3 whose roles in late events 

of cytokinesis has been shown on somatic cells.   

Summary 

By the method of LCI and acute kinase inactivation by small molecular inhibitor BI2536, we have 

shown here that PLK1 is indeed important for the mouse oocyte maturation and progression 

through meiosis I; PLK1 inhibition in the beginning of meiotic maturation delays the initiation of 

NEBD and CC, uncouples these two nuclear events and also prolongs their durations. PLK1 inhibited 

mouse oocytes form smaller spindles then control and stay arrested in metaphase I despite SAC 

inhibition. PLK1 inhibition on the metaphase I/anaphase I transition in mouse oocytes either arrest 

the oocytes with chromosomes in metaphase figure or release them to the error-prone anaphase. In 

both the PLK1 inhibited groups securin destruction is impaired. The PLK1 inhibited oocytes 

undergoing anaphase fail to complete cytokinesis and absorb the first polar body back.  

From these result, we conclude that in mouse oocytes, PLK1 contributes to the timely initiation of 

chromosome condensation and nuclear envelope breakdown, possibly by activating CDK1. PLK1 also 

plays a part in the synchronization of CC and NEBD and controls as well their durations. In contrast 

to somatic cells, PLK1 does not participate in the bipolarization of spindle in mouse oocytes, on the 

other hand PLK1 probably contributes to the establishment of full microtubule-nucleation activity of 

MTOCs. The metaphase I arrest induced by PLK1 inhibition in mouse oocytes is not, like in somatic 

cells, dependent on Spindle Assemble Checkpoint activation. PLK1 plays a part in chromosome 

segregation onset and progression in mouse oocytes; even after SAC satisfaction, it participates in 

securin destruction or the APC/C activation respectively. PLK1 is also needed for cytokinesis 

completion and first polar body extrusion. (Fig. S1) 
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