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ÁGRIP Á ÍSLENSKU 

Kímlínustökkbreytingar í BRCA1 og BRCA2 geninunum auka áhættu á brjósta-

krabbameini og öðrum krabbameinum. Faraldsfræðilegar og genamengisrannsóknir 

hafa aukið skilning á krabbameinunum sem stökkbreytingar í þessum genum valda. 

Rannsóknir á hlutverkum BRCA próteinanna hafa aukið þekkingu á þeim frumu- og 

sameindalíffræðilegu ferlum sem leitt geta til krabbameinsmyndunar og æxlisvaxtar 

í arfberum BRCA stökkbreytinga. Próteinin hafa verið tengd við mörg hlutverk innan 

fruma, til að mynda viðgerð á tvíþátta DNA brotum og tvöföldun geislaskauta. Í 

þessu doktorsverkefni hefur meðal annars verið notuð smásjártækni til að fylgjast 

með lifandi frumum og til að rannsaka hlutverk BRCA2 próteinsins og afleiðingar 

galla í því í lokaskrefi frumuskiptingahringsins, nefnt frymisskipting. Einnig voru 

kannaðar hreyfingar deilikorna í frymisskiptingu sem hugsanlegur stjórnunarþáttur í 

þessu ferli. Loks var litnun í illkynja BRCA2 stökkbreyttum brjóstaæxlum metin út 

frá flæðigreiningargögnum og borin saman við stök brjóstakrabbameinsæxli. 

Myndgreining á lifandi frumum er mjög gagnleg tækni til að rannsaka meðal annars 

frumur, frumulíffræðilega ferla, hlutverk próteina og samspil þeirra.  

Hugsanlegt hlutverk BRCA2 próteinsins við frymisskiptingar var kannað með því að 

bera saman frumuskiptingarhraða BRCA2+/+og BRCA2+/-  bandvefsfruma sem voru 

óumbreyttar og ómeðhöndlaðar. Frumuskiptingarhraðinn var áætlaður með rauntíma 

myndgreiningu á lifandi frumum með því að mynda þær með sýnilegu ljósi og 

þannig fylgst með aðskilnaði litninga í tvær dótturfrumur og frymisskiptingu. 

Niðurstöður gáfu til kynna að BRCA2 genaafurðin hefði hugsanlega hlutverki að 

gegna við frymisskiptingar þar sem  arfblendnar BRCA2 frumur voru marktækt 

lengur að skipta sér en þær sem ekki báru BRCA2 stökkbreytingu. Þegar litað var 

fyrir próteininu greindist það í þyrpingu við skiptimiðjuna sem og við geislaskautin 

og því var kannað hvort að BRCA2 próteinið stjórni eða hafi hlutverki að gegna í 

lokaskrefum frumuskiptingarferlinsins með samskiptum við geislaskautin. 

Niðurstöðurnar staðfestu ekki þá tilgátu.  

Frekari rannsóknir á lifandi frumum sem tjáðu annars vegar geislaskauts-sérhæfð og 

hins vegar örpíplu-sérhæfð gen tengd við flúrljómandi genaraðir í mismunadi 

frumulínum sýndu að hreyfingar deilikorna voru misjafnar milli fruma og frumulína 

og að þau ferðast aðallega eftir örpílum eða meðfram nýmynduðum kjarnahjúpnum. 
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Gagnstætt því sem birt hefur verið gefa niðurstöðurnar til kynna að flutningur 

deilikorna að skiptimiðju stjórni ekki aðskilnaði dótturfruma.  

Nái frumur ekki að ljúka við frymisskiptingu getur það leitt til fjórlitnunar. Litnun 

illkynja BRCA2 stökkbreyttra brjóstakrabbameinsæxla var borin saman við litnun í 

stökum brjóstakrabbameinsæxlum, en litnun æxlanna var áætluð út frá flæðigrein-

ingargögnum. Fjórlitnun greindist marktækt oftar í BRCA2 stökkbreyttum æxlum og 

styður þannig við þá hugmynd að BRCA2 taki þátt í frymisskiptingu. Tengsl voru milli 

fjórlitnunar og undirhóps BRCA2 æxla með luminal  svipgerð sem aðgreindu sig frá 

BRCA2 æxlum með þrí-neikvæða svipgerð og stökum æxlum sem oftar voru mislitna. 

Með myndgreiningu á lifandi frumum hefur ljósi verið varpað á frymisskiptinga 

ferlið. Niðurstöður gefa til kynna að BRCA2 próteinið hafi þar hlutverki að gegna 

og getur galli í þessu ferli leitt til fjórlitnunar og stuðlað að aukinni áhættu á 

krabbameinsmyndun í einstaklingum sem bera BRCA2 stökkbreytingu. Ennfremur 

kom í ljós að deilikornin hreyfðust eftir örpíplum og meðfram nýmynduðum 

kjarnahjúp og að færsla deilikorna að skiptimiðju fyrir aðskilnað dótturfruma eru 

ekki jafn mikilvægur stjórnandi í þessu ferli og talið hafði verið.  

 

Lykilorð: Frumuskipting, frymisskipting, BRCA2, geislaskaut, deilikorn, fjórlitnun, 

myndgreining á lifandi frumum. 
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ABSTRACT 

Inherited mutations in the breast cancer susceptibility genes BRCA1 and BRCA2 

increase the risk of developing breast cancer and other carcinomas. Population- and 

genome-wide studies have provided knowledge on cancers that are caused by 

mutations in these genes. Functional studies on the BRCA proteins have provided 

understanding on the molecular mechanisms that contribute to the development of 

carcinomas in BRCA mutation carriers and have shown that the proteins are involved 

in many processes within cells, such as DNA repair and centrosome duplication. The 

main aims of this project were to study the function of BRCA2 in the control of the 

last step of cell division, termed cytokinesis, using time-lapse microscopy. Also to 

investigate the effects of defects in the process. Furthermore, the movements of 

centrioles in living cells during cytokinesis were investigated as a possible 

controlling mechanism of the process. Finally, ploidy of malignant BRCA2 mutated 

breast cancers was estimated from flow cytometry histograms and compared with 

sporadic breast cancers.  

Live-cell imaging is a very useful technique to investigate various biological and 

cellular processes. The potential role of the BRCA2 protein during cytokinesis was 

studied by imaging living cells during cell division to estimate cell division time of 

BRCA2 heterozygous and BRCA2 wild type primary human fibroblasts. Cell 

division time was estimated from time-lapse images collected with bright-field light 

that allowed visualization of the separation of chromosomes into two daughter cells 

and the whole cytokinesis process. Cells that were heterozygous for a mutation in 

the BRCA2 gene had delayed cytokinesis suggesting that the BRCA2 protein 

participates in cytokinesis. The BRCA2 protein was found to accumulate at the 

intercellular bridge and to concentrate at the centrosomes. This suggested that 

BRCA2 might regulate or play a role in cytokinesis by associating with the 

centrosomes. The results do not confirm that hypothesis. Further studies by imaging 

cells from different cell lines that expressed centriole-specific and microtubule-

specific expression constructs fused with fluorescent-coding sequences, revealed 

variations in the positioning and mobility of the centrioles between cells and cell 

lines. The centrioles showed mainly microtubule dependent movements or they 

migrated along the nuclear envelope. These results indicate that the relocation of a 



vi 

centriole to the intercellular bridge is not a general mechanism controlling 

abscission, contrary to some published data.  

Failure of cytokinesis is known to result in tetraploidy. Ploidy was evaluated from 

flow cytometry histograms and ploidy aberrations in BRCA2 mutated cancers 

compared with sporadic cancers. Tetraploidy was significantly more common in 

BRCA2-mutated than sporadic breast cancers, and this is consistent with the finding 

that the BRCA2 protein functions in cytokinesis. An association between tetraploidy 

and the luminal subtype was found in the BRCA2 cancers, whereas aneuploidy was 

more prominent in triple-negative BRCA2 mutated cancers and luminal sporadic 

breast cancers.  

By investigating cell divisions with time-lapse live cell microscopy BRCA2 has 

been shown to play a role in cytokinesis. Tetraploidy was found to be more 

prominent in BRCA2 mutated tumors than sporadic. Failure in cytokinesis can give 

rise to tetraploidy. Collectively, the data indicate that defects in this process may 

contribute to the increased cancer susceptibility in BRCA2-mutation carriers. Also, 

that centrioles migrate along microtubules and the nuclear envelope and that 

repositioning of centrioles towards the midbody is not a controlling mechanism for 

cytokinesis exit. 

 

Key words: Cell division, cytokinesis, BRCA2, centrosome, centrioles, tetraploidy, 

live-cell microscopy. 
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INTRODUCTION 

All cells arise from pre-existing cells by division as proposed by Rudolf Virchow 

[1821-1902] in his epigram Omnis cellula a cellula in 1858. After fertilization cell 

divisions are the major events in the development into a multicellular organism. It is 

essential that cells divide in a controlled manner. An equilibrium between cell 

divisions, proliferation and cell death is crucial. Uncontrolled growth can result in 

tumor formation. As early as in 1890 defects in mitosis, observed as unequal 

distribution of chromosomes between daughter cells and formation of non-bipolar 

spindles, were linked to cancer cells. For all these early and later biological 

observations microscopy was an essential tool.  

Microscopy, a technique that was originally invented in The Netherlands and England by 

Antonie van Leeuwenhoek [1632-1723] and Robert Hooke [1635-1703], has been a major 

tool to help scientists to understand biology.  “There was in biology no one equivalent to 

Archimedes or Galileo; perhaps biology was just too difficult and without good 

microscopes cell theory was impossible.” (Wolpert, 1995). Amongst other research 

techniques microscopy has enabled detailed investigation of both cell divisions and the 

centrosomes and the consequences of their defects. Both the number and positioning of 

centrosomes in dividing cells can affect the cell division process, since supernumerary 

centrosomes can promote the formation of multi-polar spindles. Cells contain hereditary 

information that is passed from cell to cell during cell division. Inherited mutations in the 

BRCA2 gene are known to predispose to breast cancer and other carcinomas. This research 

project started by combining genetics and advanced microscopy, by studying cell divisions 

of BRCA2-mutated primary cells with time-lapse imaging using bright-field light, and then 

continued by investigating the biology of the cell division process and centriole mobility in 

more detail with high resolution fluorescence microscopy and time-lapse imaging of 

fluorescent protein tagged target proteins. Finally, ploidy aberrations in BRCA2 mutated 

malignant tumors were addressed, as a possible consequence of cell division failure.   

1 MITOSIS 

Walter Flemming [1843-1905] was one of the first to describe mitosis (in 1882) as 

the formation of paired threads (later identified as chromosomes) as reviewed by 

Kellogg et al. (Kellogg et al., 1994). Mitosis is a complex and highly regulated 

process in eukaryotic cells where chromosomes are separated into two identical sets 
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and two identical daughter cells are formed. In the final stages of mitosis, cytoplasm, 

cellular organelles and cell membranes are in most cases equally divided between 

the daughter cells. 

1.1 Control of mitosis – the mitotic phases and checkpoints 

The mitotic phase (M phase) of the cell cycle is a relatively short period compared 

with interphase, which consists of G1/G0, S and G2 phases. G1 is the gap period 

between the end of mitosis and the start of DNA replication. During G1 cells can 

enter G0, which is a quiescent phase. S phase is the period during which DNA is 

synthesized and G2 is the gap period following DNA replication and preceding 

mitosis (Cooper, 2000; Norbury and Nurse, 1992) (see a schematic representation in 

Figure 1). The whole cell cycle is controlled by cyclin dependent kinases (CDKs) 

that are activated by binding to cyclins that are specific for the different phases of 

the cell cycle and determine the targets of the kinases. Before entering mitosis the 

cell has to pass the G2 checkpoint. The operation of cell-cycle checkpoints is 

controlled by activation and inactivation of cell division cycle (Cdc) kinases and 

CDKs, with post-transcriptional mechanisms such as phosphorylation, de-

phosphorylation and with degradation of bound cyclins. The CDK1-Cyclin B kinase 

complex is decisive in the G2 to M transition. As cells approach mitosis the Cdc25 

phosphatase is activated which subsequently activates CDK1, establishing a positive 

feedback loop that efficiently drives the cell into mitosis (Clute and Pines, 1999; 

Norbury and Nurse, 1992). As a cell exits G2 each centrosome nucleates 

microtubules and the mitotic spindle is formed (Doxsey et al., 2005; Piehl et al., 

2004) (Figure 1, lower panel).The Aurora-A kinase is among proteins that regulate 

bipolar spindle assembly (Kufer et al., 2002; Tsai et al., 2003). Although the M 

phase is relatively short, the mitotic cell goes through several distinct phases during 

the division process. The G2 to M transition starts with prophase as chromosomes 

condensate and the nuclear envelope starts to degrade, both controlled by the active 

CDK1-Cyclin B complex (Clute and Pines, 1999).  

In prometaphase microtubules extend and attach to kinetochores or interact with 

opposing microtubules. During metaphase the chromosomes line up in an equatorial 

plane and the mitotic cell rounds up which is preceded by detachment from the 

extra-cellular matrix and neighboring cells (Thery and Bornens, 2006). The 

anaphase promoting complex (APC) is one of the primary controlling components in 

the early M phase and is activated by binding Cdc20, and this is dependent on high 

CDK1 activity. The spindle checkpoint inhibits Cdc20-mediated activation of the 

APC/cyclosome (APC/C) until all the chromosomes are correctly aligned on the 

microtubule spindle apparatus via their kinetochores (Peters, 2002) (Figure 1, top).  
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Figure 1: Schematic representation of the cell cycle with emphasis on mitosis.  After 

cells pass the G2 checkpoint they are able to enter mitosis. Each centrosome then 

nucleates microtubules, the mitotic spindle is formed and centrosomes go to the 

opposite poles of the dividing cell. In prophase CDK1-Cyclin B translocates to the 

nucleus and the complex controls the initiation steps of mitosis. In metaphase, prior to 

anaphase the spindle checkpoint inhibits Cdc20-mediated activation of APC/C until it 

has ensured that all chromosomes are correctly aligned and microtubules attached to 

kinetochores. Cyclin B is degraded in metaphase as CDK1 is phosphorylated. APC
Cdh1

 

gets activated in anaphase which mediates destruction of Cdc20 leading to inactivation 

of APC
Cdc20

. During anaphase cytokinesis starts, a phase that is characterized by 

ingression of the cleavage furrow and formation of the intercellular bridge. The last 

mitotic phase is telophase and the cell division cycle is terminated with abscission, when 

the intercellular bridge is cut.  

Binding of the mitotic checkpoint complex (MCC), which includes BubR1, Bub3, 

Mad2 and Cdc20, to the APC/C is dependent on an active checkpoint signal. Both 

Bub1 and Aurora kinase activity promote binding of the MCC to the APC/C 

(Meraldi and Sorger, 2005). Degradation of Cyclin B and Cdc20 begins in 

metaphase. Cdh1 replaces Cdc20 which keeps the APC active until the end of G1 

(Peters, 2002) (Figure 1, upper panel). Mitotic arrest ensues if the mitotic spindle 

cannot form or if kinetochores cannot interact normally with spindle microtubules. 

Daughter cells can become polyploid if the arrest is abandoned in the presence of 
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errors, such as replication and segregation errors (Rieder et al., 1994). The normally 

dividing cellprogresses into anaphase, during which the sister chromatids are equally 

pulled towards each spindle pole. During anaphase the process of cytokinesis is started. 

The microtubules promote the function and ingression of the cleavage furrow as they 

gradually concentrate at the spindle midzone and a perpendicular ring of actomyosin 

contracts to form a cleavage furrow. The cleavage furrow ingresses until it reaches the 

midzone and creates the intercellular bridge containing a midbody (Figure 2) 

(Khodjakov and Rieder, 2001; Saurin et al., 2008). It has been shown that 

microtubules and microtubule proteins in grasshopper cells are the only internal 

cellular components that are required to initiate cleavage furrowing (Alsop and 

Zhang, 2003). In mammalian cells the centrosomes have to separate for the cleavage 

furrow to be formed (Dechant and Glotzer, 2003) and interestingly, the cells that 

lack central spindle microtubules, having monopolar spindles, are both able to 

initiate and complete cytokinesis (Canman et al., 2003). Studies on other species 

indicate that it is enough to have a contact between the plus end of the microtubule 

and the cell cortex to initiate cleavage furrowing (Inoue et al., 2004). 

Figure 2: The process of cytokinesis starts during anaphase when the cleavage furrow 

ingresses (white dotted lines) and creates the intercellular bridge that contains a midbody 

(white arrow). The midbody consists of overlapping microtubules (in red are microtubules 

marked by -Tubulin-mCherry), which nucleate from the centrosomes (green, marked by 

centrin1-EGFP), and additional proteins, many of which are required for cytokinesis. 

Decondensing of chromosomes occurs in telophase, which follows anaphase, and 

the nuclear envelope is re-formed. Cytokinesis is a process necessary for completing 

cell divisions by cytoplasmic separation and marks the end of mitosis. During its 

termination step, termed abscission, the intercellular bridge is cleaved and each 

daughter cell then receives only one centrosome. 
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1.1.1 Molecular control of cytokinesis 

A number of proteins and protein kinases have been implicated in the progression 

through cytokinesis. Of those kinases the role of the serine/threonine kinases 

Aurora-A and Aurora-B is best characterized. Aurora-B is a chromosome passenger 

protein kinase and regulates chromosome segregation and is an essential protein for 

cytokinesis. During anaphase and telophase several proteins assemble at the central 

spindle, like the MKLP1/CYK4 complex, Aurora-B kinase complex as well as the 

tumor suppressor BRCA2. The actomyosin ring assembly and ingression of the 

cleavage furrow is directed by RhoA, ECT2 and CYK4. RhoA-GTP activates 

downstream pathways that lead to actin polymerization and activation of non-muscle 

myosin II (Daniels et al., 2004; Glotzer, 2005; Mishima et al., 2002; Piekny et al., 

2005; Straight et al., 2003; Yuce et al., 2005). The midbody consists of overlapping 

microtubules and proteins, many of which are required for cytokinesis, mainly 

secretory and membrane-trafficking proteins, actin and microtubule associated 

proteins and protein kinases (Glotzer, 2005; Skop et al., 2004). The Aurora-B kinase 

forms the catalytic core of the chromosome passenger complex together with 

INCENP, Survivin and Borealin. This complex remains associated with the midbody 

during cytokinesis (Carmena and Earnshaw, 2003; Earnshaw and Bernat, 1991). 

2 THE CENTROSOMES 

Centrosomes serve as scaffolds for anchoring an extensive number of regulatory proteins, 

and several of them are essential for cell-cycle control and cell division (Doxsey et al., 

2005). The centrosome in animal cells is a cytoplasmic cellular organelle, approximately 

1-2 µm in diameter, usually located close to the Golgi apparatus. A mature centrosome 

consists of two barrel-shaped centrioles, one that is from two cell cycles before or earlier 

(the mother) and another inherited from the previous cell cycle (the daughter). The 

interconnected mother and daughter centrioles are surrounded by pericentriolar material 

(PCM) containing -Tubulin ring complex, which nucleate microtubules.  

At any given time point during the cell cycle, cells have either one unduplicated or two 

duplicated centrosomes and therefore they, like DNA, must duplicate once, and only 

once, per cell cycle. CDK2-cyclin E, is a key initiator of both the centrosome and DNA 

duplication (Hanashiro et al., 2008). In G1, the centrosome begins to duplicate by 

separation of the centrioles. At early S phase procentrioles start to nucleate near the base 

of the pre-existing daughter and mother centrioles, that then elongate and mature (Alvey, 

1985; Azimzadeh and Bornens, 2007; Doxsey et al., 2005). Centrin is a small protein 

within the distal lumen of the centrioles. It appears in the centrioles as soon as they begin 

to form and remains associated with the organelles as they mature (Piel et al., 2000). 

The two centrioles have different structures and functions. The older “mother” centriole 



6 

is associated with centriolar appendages, specific proteins such as cenexin and 

centrobin; it attaches microtubules and supports ciliogenesis. The younger “daughter” 

centriole lacks these structures (Anderson and Stearns, 2009; Gromley et al., 2003; 

Lange and Gull, 1995; Vorobjev and Chentsov Yu, 1982). One of the first mitotic events 

is microtubule nucleation and formation of the mitotic spindle (Piehl et al., 2004). 

Microtubule nucleation is partly regulated by protein phosphorylation. Plk-1 and 

Aurora-A are among protein kinases that promote microtubule nucleation, Aurora-A has 

been shown to do that through phosphorylation of the TACC proteins (Bettencourt-Dias 

and Glover, 2007; Gergely et al., 2003).  

2.1 The role of the centrosomes during cell division 

Centrosomes play an important role during cell division. When cells enter mitosis 

they undergo considerable remodeling and repositioning of nuclear, cytoplasmic, 

and plasma membrane proteins. This involves the mitotic spindle, the spindle poles, 

kinetochores and the astral microtubules. The microtubules support transport of 

signaling proteins between the spindle poles and the mitotic cortex, orchestrating the 

spindle orientation and cell polarity. Accurate spindle orientation and polarity is 

necessary for efficient cell division. Notably, although cells can divide irrespective 

of a repositioning of the centrosomes and after depletion of one or both of the 

centrosomes, the presence of centrosomes ensures efficient formation of the mitotic 

spindle and facilitates cell division (Khodjakov et al., 2000; Khodjakov and Rieder, 

2001; Schaffner and Jose, 2006). In the case of absent centrosomes, their function as 

microtubule organizing centers can be replaced by chromatin and motor proteins 

(Schaffner and Jose, 2006; Vernos and Karsenti, 1995; Walczak et al., 1998).  

The centrosomes carry out many important and variable roles within tissues. They have 

been linked to the control of asymmetric division of an adult stem cell, which leads to 

the generation of one self-renewing stem cell and one differentiating cell. By studying 

spermatogenesis in Drosophila male germ line, it has been observed that cell cycle arrest 

associated with centrosome misorientation functions as a mechanism to ensure 

asymmetric stem cell division (Cheng et al., 2008). Interestingly, studies on Drosophila 

germline stem cells (GSCs)  have shown that the mother centrosome remains near the 

niche of the GSC, whereas the daughter centrosome migrates to the opposite side of the 

cell before the mitotic spindle is formed and is inherited by the cell that commits to 

differentiation (Yamashita et al., 2007). 

Many studies support the theory that centrosomes ensure cytokinesis and subsequent 

cell cycle progression. It has been postulated that the role of the centrosome during 

mitosis is to maintain and organize the astral microtubule array to facilitate 

cytokinesis. The centrosomes are thought to act as a scaffold or provide essential 
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signaling molecules required for cytokinesis progression (Doxsey et al., 2005). 

Gromley et al. studied the requirement of centrosomes for completion of cytokinesis 

for cell cycle progression (Gromley et al., 2003). Silencing of centriolin, a mother 

centriole component, in RPE-1 cells resulted in a dramatic increase in the percentage 

of late-stage mitotic cells and an increase in the percentage of binucleated cells. The 

cells with reduced centriolin appeared to be arrested or delayed in the final stages of 

cytokinesis where they remained interconnected, even though one or both of the 

future daughter cells had re-entered mitosis. The role of the centrioles in cytokinesis 

has been investigated since the 7th decade of the last century. The studies have 

focused on the migration of centrioles towards the midbody (Khodjakov and Rieder, 

2001; Rattner and Phillips, 1973). Piel et al. (Piel et al., 2001) observed that after the 

formation of the cleavage furrow a centriole migrated from the cell pole and straight 

to the intercellular bridge and when it repositioned back to the cell center, abscission 

occurred. They suggested that movement of a centriole (the mother centriole) to the 

intercellular bridge was essential for abscission to be executed (Piel et al., 2001). 

3 POLYPLOIDY AND ANEUPLOIDY 

Nearly all normal mammalian cells are diploid, meaning that they have two homologous 

copies of every autosomal chromosome. Human diploid cells have 46 chromosomes. 

Polyploid cells have chromosome numbers that are a multiple of the haploid number. 

Polyploidy does not necessarily have to be a disadvantage. Only when growth arrest, 

cell death or increased genomic instability is triggered can it be catastrophic (Weaver et 

al., 2007). Tetra- and polyploidy appears in normal hepatocytes and in megakaryocytes, 

where they are retained and the cells divide their nuclei successfully. Thus, so long as 

cells retain the cellular machinery to accurately duplicate and segregate their genome 

during subsequent cell divisions polyploidy can be tolerated (Guidotti et al., 2003; 

Rubin et al., 2003; Weaver et al., 2007; Weglarz et al., 2000). Tetraploidy is doubled 

diploidy and is thought to arise by one of three mechanisms: cell fusion, mitotic 

slippage, or a failure to undergo cytokinesis (Figure 3). During mitotic slippage the cells 

escape spindle-assembly checkpoint arrest and the subsequent cell cycle progression 

leads to endoreduplication of the genome. A failure to undergo cytokinesis may occur 

because of a failure or disturbance of cleavage furrow formation, giving rise to a new G1 

bi-nuclear cell with two centrosomes and two nuclei (Storchova and Pellman, 2004). 

Cell fusion has been shown to be proportional to malignant level of tumor cells, but cell 

fusion is not always catastrophic. It is for example known to take place during the 

formation of placenta and muscle fibers (Lu and Kang, 2009; Ogle et al., 2005). 

Tetraploid cells can arise through failure to repair DNA damage in G2, which combined 

with cell cycle progression can create chromosome bridging in anaphase resulting in 

tetraploid G1 cells (Andreassen et al., 2003). The cell cycle of tetraploid non-
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transformed mammalian cells has been shown to be blocked in G1 and the cell-cycle 

arrest to require intact p53 and pRB function (Andreassen et al., 2001). This checkpoint 

may be critical to ensure genomic integrity (Borel et al., 2002).  

Tetraploid cells do not always produce tetraploid progeny (Figure 3). Abnormal 

mitosis of tetraploid cells can give rise to aneuploid daughter cells, but tetraploidy as 

an intermediate route is only one of the possible ways to aneuploidy, when the 

number of chromosome is not a multiple of the haploid complement. The 

chromosome imbalance in aneuploid cells may be more severe than tetraploidy, as 

the transcription and translation from the additional chromosomes may create 

greater stress because of the genomic unevenness (Williams and Amon, 2009). 

Aneuploidy can also evolve directly from diploid cells, possibly as a consequence of 

abnormalities of the mitotic spindle, such as mono- or multipolar spindles, or spindle 

checkpoint failure, which can result in missegregation of chromosome (King, 2008) 

(Figure 3). Elimination of regulatory mechanisms underlying centrosome 

duplication can lead to centrosome amplification, which increases the frequency of 

mitotic defects, which can result in the formation of multipolar spindle, 

missegregation of chromosomes and lead to aneuploidy (Figure 3). Improper 

attachments of chromosomes to spindle microtubules, merotelic attachment, in 

which one kinetochore attaches microtubules emerging from both poles, can also 

give rise to aneuploidy (Cimini, 2008).  

Figure 3: Summary of the potential relationships between diploidy, tetraploidy and 

aneuploidy. Tetraploidy can arise from diploid cells through mitotic slippage, cell 

fusion or a failure to undergo cytokinesis. Aneuploidy can arise directly form diploid 

cells or from tetraploid cells. Missegregation of chromosomes during mitosis, a 

consequence of a multipolar spindle, can give rise to aneuploid cells. 
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3.1 The centrosomes and polyploidy 

Supernumerary centrosomes have been proposed to be a major source of chromosomal 

instability and aneuploidy. This was orignially discovered by Theodor Boveri [1862-

1915] when he added a large amount of sperm to the sea urchin eggs, leading e.g. to the 

formation of  tri- or quatri-polar spindles and subsequently to the generation of daugher 

cells with unequal numbers of chromosomes (Moritz and Sauer, 1996; Satzinger, 2008). 

Amplification of centrosomes can cause multipolar spindles and also increase the chance 

that three or more aneuploid daughter cells are generated during mitosis. It has been 

shown that newly formed tetraploid cells frequently contain two centrosomes (Nigg, 

2002). The following four pathways can lead to centrosome amplification: 1) 

centrosome overduplication leading to increased number of centrioles around one 

mother centriole, which leads to multiple centrosomes in the next cell cycle, 2) 

reduplication, when centrosomes are duplicated more than once per cell cycle, 3) 

fragmentation of the PCM and 4) when two centrosomes in a G1 tetraploid cell are 

duplicated in the subsequent S phase (Storchova and Kuffer, 2008). Cells that have 

entered G1 with a tetraploid genome ought to be blocked to inhibit further cell cycle 

progression. The nature of the arrest signal is an unresolved question, but the 

centrosomes could possibly transmit a signal indicating their abnormal quantity 

(Khodjakov and Rieder, 2001). By using long-term live-cell imaging it was recently 

shown that cells with multiple centrosomes rarely undergo multipolar cell divisions, and 

the progeny of these divisions are typically nonviable (Ganem et al., 2009). In the same 

study, it was demonstrated that the presence of extra centrosomes promoted 

chromosome missegregation. 

3.2 Polyploidy and cancer 

Aneuploidy is one of the most common characteristics of human carcinomas (Kops et al., 

2005). Cells which harbor chromosomal aberrations and continue cycling and dividing, or 

fail to complete cytokinesis by going through nuclear division without cytoplasmic 

separation, are potential progenitors of carcinogenesis (Storchova and Pellman, 2004).  

The hypothesis that aneuploidy is the cause of cancer is over 100 years old. After 

studying the process of cell division Theodor Boveri hypothesized that cancer cells 

originated from a single progenitor cell with aberrations in chromosome numbers 

(Hardy and Zacharias, 2005; Satzinger, 2008). Boveri’s discovery of dividing cells 

with multipolar spindles was contemporary with that of David Hansemann (later von 

Hansemann) [1858-1920]. von Hansemann found that tumors contained both 

dividing cells with multipolar spindles and bipolar cells with asymmetrical division 

of chromosomes in two daughter cells, but he remarked that this was not the cause 

of cancer (Bignold et al., 2006; Hardy and Zacharias, 2005). The hypothesis that 
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cancer was caused by aneuploidy was silenced by the time that cancers where found 

to be clonal for somatic gene mutations (Duesberg and Rasnick, 2000). However, 

according to the new chromosomal theory of cancer, proposed by Duesberg et al. 

(Duesberg et al., 2005) carcinogenesis is a result of chromosomal rather than genetic 

changes. They state that specific aneuploid karyotypes both initiate (even long 

before transformation) and are necessary for carcinogenesis, since this phenotype 

has been found prior to carcinogenesis in precancerous tissues and neoplasias of 

various organs (Duesberg et al., 2005; Li et al., 2009). 

Polyploidy as an early event in tumor formation and progression has been shown for 

various cancers, but it seems to be tumor-specific whether this occurs as an early 

event, promoting carcinogenesis, or not (Margolis et al., 2003). Well-differentiated 

infiltrating carcinomas and low-grade in situ carcinomas tend to be diploid. In 

contrast, poorly differentiated tumors display DNA aneuploidy (Yoder et al., 2007). 

Evidence indicating that tetraploidy can trigger tumor formation comes from a study 

showing that overexpression of the oncogenes Eg5 and Mad2 in mice induces 

tetraploidization and tumorigenesis. Also, overexpression of the Aurora-A kinase 

has been shown to induce chromosomal instability and formation of mammary 

tumors as a result of failure of cytokinesis (Storchova and Kuffer, 2008). 

Amplification of Aurora-A kinase has been found to associate with BRCA2 

mutations in breast carcinoma (Bodvarsdottir et al., 2007). HeLa cells treated with 

siRNA directed against the breast cancer susceptibility gene BRCA2 and MEFs 

deficient for Brca2, fail to separate at the end of mitosis, and accumulate binucleated 

cells (Daniels et al., 2004).  

4 FAMILIAL BREAST CANCER 

The two main breast cancer susceptibility genes, BRCA1 and BRCA2, were 

identified through genetic linkage analysis (Miki et al., 1994; Tavtigian et al., 1996; 

Wooster et al., 1995). Mutations in these genes have been shown to account for 15-

40% of familial risk of breast cancer (AnglianBreastCancerStudyGroup, 2000; Peto 

et al., 1999; Tulinius et al., 2002). Over 2000 different mutations have been found in 

the BRCA2 gene and thereof about half are private mutations . The BRCA2 999del5 

founder mutation is the only BRCA2 mutation that has been found in the Icelandic 

population and is present in about 6-7% of all female breast cancer cases in Iceland 

(Thorlacius et al., 1996; Thorlacius et al., 1997). The estimated prevalence of the 

BRCA2 999del5 mutation in the general Icelandic population is 0.4 - 0.6% 

(Johannesdottir et al., 1996; Thorlacius et al., 1997). The relative risk of breast 

cancer among the BRCA1 and BRCA2 mutation carriers is about 10- to 20- fold, 

which translates into 30-60% risk by age 60 (Stratton and Rahman, 2008). The risk 
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of developing breast cancer for BRCA2 999del5 mutation carriers is over 70% by the 

age of 70, which is almost a fourfold increase from 1920 (Tryggvadottir et al., 

2006). Nearly 25% of women diagnosed with breast cancer by age 40 are BRCA2 

mutation carriers (Thorlacius et al., 1997), indicating that it leads to early onset of 

the carcinoma. Inheritance of mutations in the CHEK2, ATM, BRIP1 and PALB2 

genes is associated with increased susceptibility to breast cancer, but the relative risk 

is 5-10 times lower than for BRCA1 and BRCA2. Other known genes associated with 

increased risk for breast cancer are TP53, CDH1, PTEN and STK11, each of which 

making a relatively small contribution to the overall familial risk of breast cancer 

(Johnson et al., 2007; Stratton and Rahman, 2008). 

4.1 Molecular classification of breast carcinomas 

Breast cancers are sub-classified according to their molecular phenotype. A 

selection of biomarkers, including progesterone receptor (PR), estrogen receptor 

(ER) and human epidermal growth factor receptor 2 (HER2) (also known as v-erb-

b2 erythroblastic leukemia viral oncogene homolog 2 (ERBB2) and 

neuro/glioblastoma derived oncogene homolog (NEU)) are commonly used for the 

molecular analysis (Chin et al., 2006; Perou et al., 2000). Expression profiling has 

enabled the categorization of breast cancer into five groups: luminal A and luminal 

B (both are clinically ER or PR positive, but luminal B tumors are not HER2 

positive); HER2 positive (ER and PR negative); normal-like; and basal-like (Cheang 

et al., 2008; Nielsen et al., 2004).  Basal-like tumors have a triple-negative 

phenotype (TNP) (ER, PR and HER2 negative). BRCA1 tumors categorize mainly as 

basal-like tumors and BRCA2 tumors are predominantly of luminal subtype.  

Similarities in the genomic alteration patterns of BRCA1- and BRCA2-mutated 

tumors have been found with high resolution array CGH (Sorlie et al., 2003; 

Stefansson et al., 2009; Waddell et al., 2010). Both types display gains and losses of 

chromosomes and chromosome parts, but with different regions affected (van Beers 

et al., 2005). Structural chromosomal aberrations, such as chromatid breaks and tri- 

and quadri-radial chromosomes characterize BRCA2 tumors and cell lines that are 

deficient for BRCA2 (Gretarsdottir et al., 1998; Patel et al., 1998; Tirkkonen et al., 

1997; Yu et al., 2000). The chromosomal instability may have arisen from errors in 

DNA repair or replication and incomplete cell division. Other types of mitotic 

dysfunction such as breakage-fusion-bridge (BFB) cycles can also lead to 

abnormalities in chromosome number and structure and formation of bridges at 

anaphase (Eyfjord and Bodvarsdottir, 2005; Gisselsson, 2008; Gisselsson et al., 

2000; Venkitaraman, 2002). 
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Biallelic BRCA2 mutations have been shown to be associated with a rare subgroup 

of Fanconi anemia (FA), subtype FA-D1 (Howlett et al., 2002). Fanconi anemia is a 

recessive chromosomal instability disorder with both autosomal and X-linked 

inheritance. The patients show growth retardation, skeletal abnormalities, bone 

marrow failure, their cells are hypersensitive towards DNA cross-linking agents and 

these patients are predisposed to acute myeloid leukemia (AML). The average life 

expectancy for these patients is approximately 22 years (Levitus et al., 2006; 

Niedernhofer et al., 2005). The FA-D1 patients have a clinical feature distinct from 

classical FA, including an increased risk of breast cancer and childhood 

malignancies such as medulloblastoma and Wilms’ tumor (Howlett et al., 2002; 

Offit et al., 2003). Notably, chromosomes from BRCA2-associated tumors show 

changes similar to those seen in lymphocytes from FA-D1 patients. These include 

end-to-end fusions, radial chromosomes and anaphase bridges (Eyfjord and 

Bodvarsdottir, 2005; Howlett et al., 2002; Patel et al., 1998). Biallelic mutations in 

BRIP1 and the BRCA2 binding partner PALB2 also cause rare subtypes of Fanconi 

anemia, FA-J and FA-N respectively and the FA-N patients have an identical 

phenotype to FA-D1 (Levitus et al., 2005; Patel et al., 1998; Reid et al., 2007).  

5 THE BRCA2 PROTEIN 

The biological function of the BRCA2 gene product has been extensively studied as 

well as its role in cancer predisposition. It has been shown to contain several 

functional domains (Figure 4) and to be involved in many cellular processes.  

Figure 4: Schematic representation of the BRCA2 protein showing its binding domains 

and main functions  
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5.1 The functions of the BRCA2 protein 

The best-known and most studied role of the BRCA2 protein is its involvement in DNA 

repair. The protein has been shown to be essential in error-free repair of DNA double-

strand breaks. DNA double strand breaks give rise to spontaneous chromosomal 

translocations that promote genomic instability. These breaks seem to arise from stalled 

replication forks. It has been shown that when BRCA2-deficient tissue gets exposed to 

DNA cross-linking agents or ionizing radiation this results in chromosomal aberrations, 

both numerical and structural. Breakdown of replication forks has been seen in BRCA2 

deficient cells, suggesting that BRCA2 preserves the stability of DNA structures at 

stalled replication forks (Lomonosov et al., 2003). The error-free DNA double-strand 

break repair takes place via homologous recombination (HR) mediated by the RAD51 

recombinase (Figure 5). DNA double-strand breaks are detected by MRE11, RAD50 

and NBS1 composing the MRN complex, that activates the ATM kinase resulting in 

phosphorylation of the histone H2A coding gene H2AX at Ser139 (γH2AX). DNA 

repair proteins, including RAD51, 53BP1 and BRCA1 accumulate to the breakage site 

and form a foci (Misteli and Soutoglou, 2009; Yuan and Chen, 2010). RAD51 is directly 

bound to six of the eight BRC repeat motifs of BRCA2, with BRC4 having the highest 

affinity for RAD51 binding. BRCA2 directs RAD51 to the sites of DNA damage and 

loads the active form of RAD51 nucleoprotein filaments onto single stranded DNA 

(ssDNA) where they form extended filaments. Several RAD51 molecules are bound to 

each BRCA2 molecule, and these proteins are complexed independent of DNA damage, 

but kept inactive by the ssDNA-binding protein replication protein A (RPA). The BRC 

repeats block RAD51 nucleoprotein filament formation on dsDNA and thereby 

suppresses RAD51 assembly on double stranded DNA (dsDNA) (Ayoub et al., 2009; 

Carreira et al., 2009; Davies et al., 2001; Moynahan et al., 2001; Patel et al., 1998; 

Shivji et al., 2006; Xia et al., 2001) (Figure 5). PALB2 interacts with BRCA2, and also 

binds directly to BRCA1, and serves as a molecular scaffold in formation of a BRCA2-

BRCA1 complex (Sy et al., 2009; Yang et al., 2007). Also, DSS1 is associated with 

BRCA2 and functions as a co-mediator in HR (Xia et al., 2006).  

Ring chromosomes and chromosomes with two or more centromeres, have 

difficulties with segregation of sister-chromatids during mitosis which can lead to 

BFB cycles (Gisselsson, 2008; Williams and Amon, 2009). BFB cycles are more 

common in breast tumors from BRCA2 carriers than in sporadic breast tumors 

(Eyfjord and Bodvarsdottir, 2005; Patel et al., 1998), and have been explained by 

possible errors in capping of the telomeres (Eyfjord and Bodvarsdottir, 2005; 

Gisselsson et al., 2001). To fix eroded telomeres, the highly error-prone repair 

mechanism non-homologous end joining is used.  
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Figure 5: Repair of DNA double–strand break via homologous recombination. 

Following DNA double-strand breaks DNA damage response signaling is activated. 

MRN complex rapidly accumulate and detect the lesion and activates the ATM kinase, 

leading to phosphorylation of H2AX. Downstream pathways trigger RAD51 foci 

formation at the site of DNA double-strand breaks. Figure adjusted from (Thomson 

and Guerra-Rebollo, 2010). 

BRCA2 has long been believed to participate in cell cycle control. The BRCA2 protein 

has been shown to have both a nuclear localization signal (NLS) and a centrosome 
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localization signal (CLS) at the C-terminal region (Figure 4). It localizes predominantly in 

the nucleus (Spain et al., 1999; Yano et al., 2000). It has been shown to have a nuclear 

export activity through a 1383DLSDLTFLEVA1393 nuclear export signal (NES) motif, that 

is suggested to be necessary for cytoplasmic retention, and accumulation to the centrosome 

during S phase and early M phase (Han et al., 2008; Nakanishi et al., 2007).  

Centrosome amplifications are well known in solid tumors, including breast tumors. A 

suggestion that BRCA2 participates in the regulation of centrosome duplication can be 

deduced from a study by Tutt et al. (Tutt et al., 1999). They showed that absence of Brca2 

in mouse cells resulted in centrosome amplifications. However this has not been followed 

up or studied in other cell lines and cell models. BRCA2 has been shown to bind to 

centrobin, a daughter centriole associated protein, which supports the hypothesis that 

BRCA2 participates in centrosome duplication (Zou et al., 2005). BRCA2 has also been 

shown to interact with the cytoskeletal cross-linker protein plectin and thereby controlling 

the position of the centrosome (Niwa et al., 2009).  

5.2 Cell division and BRCA2 

After cells have crossed the mitotic checkpoint, cytokinesis as well as signals 

essential for the completion of cytokinesis are intensely regulated. As addressed 

earlier, the RAD51 recombinase assembles at DNA breaks to execute DNA double-

strand break repair via homologus recombination. This is mediated by BRCA2, 

which binds RAD51 through BRC repeats and directs it to the sites of DNA damage. 

BRCA2 also has a RAD51 binding motif at the C-terminus, which has been linked 

to the disassembly of RAD51 foci and mitotic entry since the foci do not persist in 

mitotic cells, not even after G2 checkpoint suppression (Ayoub et al., 2009; Shivji et 

al., 2006). By inserting single-codon substitutions into the BRCA2 gene it has been 

shown that foci disassemble more rapidly in a point mutant that has reduced binding 

affinity of RAD51 to the C-terminus of BRCA2 and the cells enter mitosis faster. In 

contrast, a point mutant with enhanced binding displayed slower disassembly of foci 

and delayed mitosis (Ayoub et al., 2009). Inhibition of BRCA2 by antibody 

microinjection has been reported to delay the G2 to M transition (Marmorstein et al., 

2001). The activity of the mitotic kinase polo-like 1 (Plk-1) is required for the 

transition from metaphase to anaphase and for cytokinesis progression. Polo-like 

kinase 1 hyperphosphorylates BRCA2 in M phase and the protein is then 

dephosphorylated during M phase exit (Lee et al., 2004; Lin et al., 2003). The C-

terminal RAD51 interacting domain of BRCA2 is phosphorylated by cyclin-

dependent kinases. The phosphorylation is low during S-phase and increases as cells 

proceed towards mitosis (Esashi et al., 2005). Collectively, these findings link 

BRCA2 with progression through cell division. 
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A potential role for the BRCA2 protein in cytokinesis was studied in mouse embryonic 

fibroblasts (MEFs) and HeLa cells that were deficient for the protein (Daniels et al., 

2004). Cell divisions of Brca2Tr/Tr MEFs and HeLa cells treated with BRCA2 siRNA 

were delayed or not completed and the cells showed formation of binucleated cells. 

Abnormal non-muscle myosin II accumulation and furrowing was observed in HeLa 

cells treated with BRCA2 siRNA. BRCA2 was shown to co-localize with the Aurora-B 

kinase to the midbody of untreated HeLa cells (Daniels et al., 2004). These results 

indicated that the BRCA2 protein plays a role during cytokinesis. 

6 MICROSCOPY  

– To see is to believe –  

Since the pioneering work of Antonie van Leeuwenhoek and Robert Hooke in the 

seventeenth century light microscopy has undergone major improvements. Also, other 

types of microscopes based on different principles of imaging have been developed. 

Examples are electron microscopy and scanning probe microscope (scanning tunneling 

and atomic force microscopy), both aiming to unravel the structure of objects at higher 

resolution. Electron microscopy was developed by Ernst Ruska in the 1930s and has 

allowed investigators to characterize cellular structures in fixed cells. The centrosomes 

and their centrioles have been analyzed in detail with this method. For the study of 

biological objects, light microscopy is still the preferred method, particularly since 

fluorescence microscopy and adapted staining methods have become available to 

visualize molecules in cells and tissues with high specificity and resolution. These 

applications only allow investigation of fixed and stained objects with contrast agents to 

make structural details visible, but not the observation of dynamic interactions of 

molecules and other objects. If cells are to be studied in their native state (e.g. living) (ex 

vivo), standard staining procedures do not apply.  

Imaging of living cells can be very informative when studying cellular processes, 

such as mitosis, which involves many simultaneous and visible events. Early 

methods of studying living cells are phase contrast microscopy (introduced by Frits 

Zernike in the 1930s) and Nomarski contrast, also called interference contrast 

microscopy (invented by Georges Nomarski in the 1950s). Vital staining procedures 

have been developed as a consequence of the gaining interest in the study of living 

cells. An example is the  Hoechst 33342 nuclear stain. 

A real breakthrough in microscopic observation was reached with the introduction of the 

fluorescent protein labeling in living cells. Osamu Shimomura, Martin Chalfie and 

Roger Y. Tsien received the Nobel Prize in Chemistry 2008 for the discovery and 

development of the green fluorescent protein, GFP. Using gene constructs (of the protein 
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of interest and the gene of the fluorescent protein), that are transfected into living cells, 

the localization and dynamics of a protein can be followed, as it has become fluorescent.  

6.1 Microscopy of living cells 

By adapting microscopes for phase contrast, differential interference contrast (DIC) 

or by using other contrast-generating optics, structures could be imaged with 

improved contrast. A revolutionary step forward was the use of a sensitive CCD 

camera on a microscope, enabling the time-lapse images of living cells. As an 

example, it was revealed that the fibers within the spindle were real structures that 

shrunk and grew and the duration of mitosis and chromosome movements were 

investigated in much more detail than ever before. This technique allowed 

identification of dynein, kinesin and kinesin-like proteins and provided explanations 

for how microtubules were replaced during the transition from interphase to mitosis 

(Paschal and Vallee, 1987; Rieder and Khodjakov, 2003; Schnapp et al., 1986). This 

discovery was important to understand how mitosis actually takes place.  

In addition, recording of the images using video cameras has been introduced to study 

the behavior of cells for a long time (Rieder and Khodjakov, 2003). Most cells 

(erythrocytes and melanocytes excepted) do not significantly absorb visible light. Bright 

field microscopy is therefore not optimally suited to visualize intracellular structures, 

although chromosomes, nucleoli and the nuclear envelope can be visualized (Frigault et 

al., 2009; Rieder and Khodjakov, 2003). By labeling proteins of interest using the 

fluorescent protein labeling technology (e.g. using GFP) their localization and 

interaction with other proteins can be studied. Time-lapse fluorescence microscopy has 

additionally enabled highly informative studies on the centrosome and has led to several 

discoveries relating to their maturation, the nucleation of microtubules and that they 

ensure cytokinesis and subsequent cell cycle progression (Khodjakov and Rieder, 1999, 

2001). Shortly after the introduction of centrin-labeled GFP cell lines, centrins were 

found to exhibit extensive movements within the cells as they proceeded through the cell 

cycle (Piel et al., 2000).  

Time-lapse imaging of living cells expressing different DNA constructs with multi-color 

protein labels has now become a well established research method. To obtain 

meaningful results, special precautions are however needed. First, the level of 

fluorescent protein expression must be at physiological levels. For moderate to highly 

expressed proteins, this is relatively easy to achieve and sensitivity of detection is 

generally sufficient for prolonged microscopic studies. If the expression level is low, one 

should avoid the tendency to artificially create higher expression levels, as studies under 

these conditions may not reflect real behavior. Second, recording cannot be performed 

endlessly, as photobleaching and phototoxicity will occur as a consequence of the 
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excitation process. Phototoxicity is likely the effect of oxygen radicals that are generated 

when excited fluorophore molecules collide with oxygen (Hoebe et al., 2007; Song et 

al., 1996). In principle, a cell can cope with this, as super oxide dismutase (SOD) will 

neutralize these damaging radicals. At prolonged excitation, this mechanism does not 

suffice, and cells will die. Also, prolonged illumination of cells in culture may interfere 

with cell cycle checkpoints, and thereby artificially influence cell cycle characteristics. 

To ensure minimal light exposure the microscope systems should be optimized to collect 

as much light as possible and highly sensitive detectors should be used (Hoebe et al., 

2007; Song et al., 1996).  

Finally, proper recording of the images as described above is essential, but the most 

important part is their interpretation. Sometimes, although being subjective, visual 

interpretation suffices, for instance when the observations made are very obvious. 

Unfortunately, that is not always the case and unbiased analytical tools and 

subsequent statistical validation are needed for firm conclusions. Therefore, image 

processing and quantitative analysis has become a crucial component of live-cell 

imaging. One such software was written in 1999 that allows a fully automated 

analysis, enabling highly sensitive object detection of fluorescent proteins from 

living cells, object tracking as well as visualization and measurement of quantitative 

parameters in time and space (Tvarusko et al., 1999). This software has been used to 

study telomere dynamics in living cells from images obtained with time-lapse 

microscopy. The majority of the telomeres were observed to have low mobility 

while few individual telomeres showed significant degree of movement. The 

quantitative analysis and telomere tracking confirmed that the telomeres do not 

move over large distances in the cell nucleus (Molenaar et al., 2003). The dynamic 

behavior of telomeres was recently studied with controlled light exposure 

microscopy. Telomeres were observed to move in distinct territories and form 

clusters of two or three at the interface of chromatin, which is consistent with the 

observations from Molenaar et al. who showed that telomeres have the ability to 

associate with each other. To estimate the dynamics of telomere movements a 

registration procedure for nuclear motion was applied. To track telomeres over a 

period of time an iterative conditional nearest neighbor algorithm was used and 

mobility was expressed by mean square displacement (MSD) (De Vos et al., 2009). 

Another software enabling quantitative analysis of imaged objects in living cells is 

the software “Stacks” (Vrolijk et al., Manuscript in preparation). It provides 

objective measurements of localization and movement and calculates numerical 

values for further statistical analysis.  
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AIMS OF THE STUDY 

Genomic aberrations in breast tumors are complex and cancers from carriers of a 

BRCA2 germline mutation show a high degree of chromosomal instability, which 

has been linked to the essential role of the BRCA2 protein in error-free DNA double 

strand break repair. The BRCA2 protein is a multi-motif multi-functional protein 

and has been suggested to function in cytokinesis, which is a highly regulated 

process. A number of molecules and particles are required for cell divisions, 

including centrioles. Incomplete cytokinesis can have severe consequences for the 

genomic stability of cells. The overall aim of this thesis was to investigate the 

function of BRCA2 in cytokinesis by estimating cell division time, consequences of 

failure of the process by evaluating ploidy, and to study the controlling mechanism 

of cytokinesis via BRCA2 and the centrioles using time-lapse microscopy.  

The specific aims of the thesis were: 

I. To determine whether haploinsufficiency of BRCA2 protein influences the 

process of cytokinesis by using live-cell imaging to monitor cell divisions of 

unmodified BRCA2 heterozygous human cells.  

II. To determine whether BRCA2 and repositioning of a centriole towards the 

intercellular bridge was involved in controlling the separation of the 

daughter cells. The intention was to study centriole positioning and mobility 

during cytokinesis in a Brca2 mouse cell line model. This part of the study 

was modified into studying the movements of centrioles in various 

mammalian epithelial cell lines during cytokinesis. 

III. To evaluate the proportion of tetraploidy in BRCA2 mutated breast cancer 

samples and compare with sporadic tumors, given that failure of cytokinesis 

can give rise to tetraploidy.  
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MATERIALS AND METHODS 

MATERIALS: 

Primary Human Fibroblasts 

Unmodified primary human fibroblasts were cultured from skin biopsies derived from 

Icelandic and Dutch persons carrying a BRCA2 mutation and non-carriers (Table 1).  

Table 1: Unmodified Primary Human fibroblast Cells 

Sample Genotype Mutation Origin 

FIS 1 BRCA2+/- 999del5*1 Iceland 

FIS 2 BRCA2+/- wild type Iceland 

FIS 3 BRCA2
+/-

 999del5
*1

 Iceland 

FNE1 BRCA2+/- 1537del4*2 The Netherlands 

FME2 BRCA2+/- wild type The Netherlands 

The Human Genetic Variation Society (HGVS) nomendature: 

*1 c771_775del p.Asn257ÆYSfsx17; *2c1309_1312del p.Lys437ilefsx22 

Primary fibroblasts were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), 

supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml), streptomycin 

(0.1 mg/mL) and 2 mM L-glutamine. Cells were maintained at 37°C and 5% CO2. 

Epithelial cell lines 

p53 deficient mouse mammary epithelial cell lines were kindly provided by Dr. Jos 

Jonkers, The National Cancer Institute, Amsterdam, The Netherlands. A brief 

description of the generation of the cell lines: By crossing transgenic mice carrying 

the Cre-recombinase under the K14 promoter and p53F2-10/F2-10 mice expressing 

Brca2 flanked by loxP sites, an epithelial specific inactivation of Brca2 and p53 was 

achieved in K14cre;Brca2F/F;p53F/F female mice. These mice develop mammary 

carcinomas and skin tumors. For generation of cell lines mammary tumors were 

isolated from K14-Cre;Brca2wt/wt;p53F2-10/F2-10, K14-Cre;Brca2wt/F11;p53F2-10/F2-10 and 

K14-Cre;Brca2F11/F11;p53F2-10/F2-10 tumor-bearing female mice. The tumors were 

minced, digested and cultured until homogeneous cell morphology indicated pure 

epithelial cultures. The cell lines and their generation are described in more detail in 

the following references (Evers et al., 2008; Jonkers et al., 2001). 
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MCF 10A, normal human mammary epithelial cell line and HeLa, the cervical 

cancer human epithelial cell line, were obtained from the American Type Culture 

Collection. HeLa cell line stably expressing centrin1-EGFP was kindly provided by 

Dr. Fanny Gergely, Cancer Research UK Cambridge Research Institute, Cambridge, 

England, with permission from Dr. Matthiew Piel, who generated the stable cell line 

as described (Piel et al., 2000).  

Mouse mammary epithelial cell lines, KP-7.7 (Brca2+/+), BE-KB2P-4 (Brca2+/-), and 

KB2P-3.4 (Brca2-/-), were cultured in DMEM/F12 supplemented with 10% FBS, 

100 units/mL penicillin, 0.1 mg/mL streptomycin, 5 ng/mL epidermal growth factor 

(EGF), 50 g/mL insulin and 5 ng/mL cholera toxin. 

MCF 10A was cultured in DMEM/F12 complemented with 5% horse serum, 100 

units/mL penicillin, 0.1 mg/mL streptomycin, 20 ng/mL EGF, 10 g/mL insulin, 0.5 

g/mL hydrocortisone and 0.1 g/mL cholera toxin.  

HeLa cells were cultured in DMEM supplemented with 10% FBS, 100 units/mL 

penicillin and 0.1 mg/mL streptomycin. Stable centrin1-EGFP cells were cultured 

additionally with 0.4 mg/mL geneticin. 

Breast carcinomas 

Breast tumor samples from 1992-2006 that had previously been screened for the Icelandic 

BRCA2 999del5 founder mutation, were selected from an Icelandic breast cancer patient 

cohort at the Cancer Registry and the Icelandic Cancer Society. Tumors from 101 female 

BRCA2 mutation carriers were present in the cohort. Two sporadic tumor samples were 

selected as controls for each BRCA2-mutated sample, matched for year and age at 

diagnosis. Flow cytometry histograms were available for 71 malignant BRCA2-mutated 

breast cancers and 165 malignant sporadic breast tumors. 

METHODS: 

Immunofluorescence microscopy 

For protein localization studies in vitro, cells were seeded and cultured on glass slides. 

After removing the culture medium the cells were washed with phosphate buffered 

saline (PBS) and fixed with ice-cold methanol or 3.7% formaldehyde/PBS for 12 min 

at room temperature (RT). Slides were washed with PBS after fixation, which was 

followed with washing in a blocking solution (PBS/10% serum) before blocking for 

30 min at RT. Incubation with primary antibodies was performed at 37°C for 45 min. 

Specimens were washed with blocking solution before incubation with secondary 

antibodies at 37°C for 30 min. Antibody incubation was followed by washing steps 

with PBS and dehydration through an ethanol series (70%, 90% and 100%). Dry 

specimen slides were mounted in 4’,6-diamino-2-phenylindole-dihydrochloride 
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(DAPI)/citifluor (500ng/ml) for DNA staining. Image acquisition was performed 

using an epi-fluorescence microscope, equipped with a Quantix CCD camera. Gray 

scale images were collected with 63x and 100x objectives using appropriate filters to 

visualize the fluorescence of the secondary antibodies and DNA stain. 

Annexin V detection of apoptotic cells using live-cell microscopy 

To investigate the fraction of apoptotic cells in a cell culture, staining with 

propidium iodine (PI) and Annexin V conjugated to the Alexa Fluor® 488 

fluorophore (Alexa Fluor® 488 annexin V), was carried out using the Vybrant® 

Apoptosis Assay Kit #2. A novel method for utilizing Annexin V binding on 

adherent cells was applied, which was adjusted from a published method (van 

Engeland et al., 1996). Cells were plated and cultured in monolayer on MatTek glass 

bottom culture dish. When the cells reached approximately 70% confluency they 

were washed with PBS. A solution composed of Alexa Fluor® 488 annexin V, 0.2 

g/mL PI and culture medium adding up to 100 L, was added drop-by-drop onto 

the cells. Cells were incubated with 5% CO2 at RT for 10 min and followed-up 

immediately by live-cell imaging with 5% CO2 at 37°C. 

qRT-PCR 

To quantify mRNA expression levels, quantitative real-time polymerase chain 

reaction (qRT-PCR) was performed. Total RNA, isolated following standard 

procedure using TRIzol® Reagent, was treated with deoxyribonuclease 1 according 

to the manufacturer’s instructions. First-strand cDNA was synthesized using 

oligo(dT)20 and Super-script III transcriptase according to the manufacturer’s 

instructions. The PCR was carried out in an amplification mixture containing 

template cDNA, iQ SYBR Green Supermix and forward and reverse primers for the 

mRNA sequence of interest. Reactions were run on a Bio-Rad iCycler Thermal 

Cycler. geNorm (Vandesompele et al., 2002) was used to calculate the gene-stability 

for all control genes. The most stably expressed control gene was used as a reference 

to calculate the normalized expression level of the gene of interest, using the 

standard delta Ct method (Vandesompele et al., 2002). The relative values for the 

controls were set to one. 

Transfections of expression constructs 

Cells were transiently transfected at approximately 30% confluency. Transfection 

solution containing expression constructs’ DNA diluted in un-supplemented DMEM 

and Lipofectamine™ 2000 diluted in DMEM were incubated together at RT for 20 

min. The cells were rinsed with DMEM and the transfection suspension added drop-

by-drop to the culture plate and incubated for 1 hour at 37°C with 5% CO2. Later 

supplemented DMEM was added and the cells cultured for 24 - 48 hrs.  
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For generation of α-Tubulin-mCherry expression vector, YFP from YFP-α-Tubulin 

expression vector (Gerlich et al., 2003) (provided by Dr. Jan Ellenberg, EMBL, 

Heidelberg, Germany) was exchanged for mCherry by performing a polymerase 

chain reaction (PCR) on a mCherry expression construct (Shaner et al., 2004) ( kind 

gift of Dr. R. Tsien, Howard Hughes Medical Institute, Univeristy of California, San 

Diego, USA). This was followed by gel extraction and purification, digestion with 

restriction enzymes at 37°C for at least 2 hrs and subsequent purification steps. YFP-

α-Tubulin construct was digested with the same restriction enzymes and after gel 

extraction and purification the mCherry sequence was ligated to the α-Tubulin 

expression construct. 

Time-lapse live cell microscopy 

It is crucial when imaging living cells that cell viability is ensured to guarantee that the 

biological and physiological processes being investigated are not influenced or altered.  

All imaging was performed under strictly controlled conditions of temperature, CO2 

concentration and humidity, to avoid induction of stress responses, which can 

influence the studied processes. Timing and light exposure were kept minimal by 

using reduced excitation light, as the fluorescent light can cause localized heating 

and phototoxicity of the cell culture. 

Estimation of cell division time (paper I) 

We combined time-lapse microscopy and genetics when investigating the potential 

influence of BRCA2 haploinsufficiency on the process of cytokinesis, by using 

unmodified cells heterozygous for a BRCA2 mutation and compared their cell 

division time with BRCA2 wild type cells. We studied the process of cell division in 

primary human cells by using bright-field time-lapse imaging only, under strictly 

controlled conditions, since primary cells are more sensitive than cell lines. 

Cells were seeded on a MatTek glass bottom culture dish and imaged when 

approximately 70% confluent. Cell divisions were recorded with a Leica AS MDW 

microscope system (Multi-Dimensional Workstation for Live Cell Imaging) 

consisting of an inverted phase contrast Leica DM IRE2 wide-field microscope, 

equipped with climate and CO2 chambers. Transmitted light only was used when 

recording the dividing cells to avoid any photodamage. Time-lapse images were 

collected from up to 20 randomly selected positions from each culture dish, every 5 

min for up to 24 hrs, with 40x objective. The images were collected from one focal 

plane only for every position. The Leica AS MDW software was used to generate 

movies from the time-lapse images collected. The condensed chromosomes are 

clearly visible in metaphase cells with this method.  For estimation of the cell 

division time the beginning was set when the aligned chromosomes started to 
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separate (early anaphase). The division was considered to be completed when the 

new G1 daughter cells were fully attached and flat on the culture surface. 

In order to analyze distribution and localization of the BRCA2 protein in primary human 

fibroblasts with delayed cytokinesis, cells were imaged for 2 hrs prior to 

immunofluorescence staining, enabling identification of cells with prolonged cytokinesis.  

To investigate whether daughter cells showed the same phenotypes as their progenitor 

cell, cells were imaged with 20x objective, in a tiled manner for up to 48 hrs. 

Centriole motility and positioning (paper II) 

To study the movements of the centrioles during cell division, light-microscopy and 

fluorescent wide-field time-lapse microscopy were combined to follow the cells 

through cell division and the mobility of the centrioles respectively. When studying 

movements of the centrioles, cell lines were transciently co-transfected with 

centrin1-EGFP and α-Tubulin-mCherry expression constructs and additionally a 

stably expressing centrin1-EGFP cell line was imaged.  

Transiently transfected cells, cultured in MatTek glass-bottom culture dishes were 

imaged at approximately 70% confluency, (approximately 48 hrs after transfection). 

Cytokinesis and centriole positioning were recorded with a Leica AF6000 LX wide-

field microscope system, consisting of an inverted DMI 6000B microscope equipped 

with a DFC350 FX monochrome digital camera and a climate chamber. 3D time-

lapse image stacks were collected from up to 4 positions, each stack containing 

about 10 optical sections with approximately 1µm thickness, every 10 min, for up to 

6 hrs. Images were collected with 63x objective, using differential interference 

contrast (DIC) transmitted light, a B/G/R filter with separate FITC excitation and 

TexasRed filter. The LAS AF software was used to project and process the collected 

time-lapse images and to generate movies. The time intervals and the volume 

imaged were kept to a minimum, to reduce illumination of cells in culture and 

fluorescence excitation as those factors are known to induce the formation of 

radicals and photo damage (Figure 6).  

The tracking software Stacks (Vrolijk et al., Manuscript in preparation) was used to 

calculate and register the centriole mobility. This program allows the visualization 

of time-lapse 2D and 3D image data, offers movie facilities, and provides great 

flexibility to enhance, process and analyze image stacks. 
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Figure 6: Phototoxicity introduces stress that can lead to apoptosis. Stable centrin1-

EGFP  (green) HeLa cell line transfected with mCherry-α-Tubulin (red) imaged every 

10 min for 3 hrs. After 60 min the overexpressing cells show stress-induced phenotype, 

characterized as membrane blebbing (white arrow), and start dying after 120 min. 

Most cells show blebs and are dead after 180 min. 

Quantification of the centriole movements 

In order to track the centrioles they were segmented from the background. The 

software offers various methods to perform this operation. Global thresholding 

based on the image background was applied for the complete data set, and 

additionally the threshold was adjusted per individual image. Often it was easier to 

segment the centrioles from the background after applying 2D top-hat 

transformation to reduce the fluorescence fluctuations in the background. Other 

image transformations are also accessible within the software for enhancement, such 

as convolution filters, Foeriër filters, contrast enhancement and min-max filter 

operations. A more automatic segmentation method is a 2D and 3D watershed 

algorithm, which detects the centrioles as being local maxima in the 2D and 3D 

image sets and can find the borders of their domains as being the watershed lines 

between individual centrioles. Within each domain a local threshold is automatically 

determined to segment the centrioles from the background. The advantage of the 

watershed algorithm is that touching centrioles are often correctly separated. 

Following segmentation the position, size and total density of every centriole was 

measured for all time points. Every identified centriole was assigned with a unique 

pseudo-color so that the centrioles could be classified as being the same when 

scrolling between time points. The tracks were then determined by linking the 

centrioles between successive time points, which have the highest probability based 

on previous measurements. By manual interactions tracks were split and 

reconnected to correct for errors made by the automatic procedure (Figure 7).  

Figure 7: Tracking of centrioles during cytokinesis. Representative images of centriole 

tracks in living cells 30, 80 and 130 min after telophase onset. i) centiole (green), ii) 

overlay of centrin1-EGFP (green) and DIC and iii) an overlay of the centrin1-EGFP 

(green), DIC and the tracks of the centrioles for 130 min, from the onset of telophase. 

The table in the lower panel represents numerical values of the tracks, calculated by the 

software Stacks. Color of the numerical values represents the same colored track in the 

upper panel.  
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Figure 7 
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Finally kinetic parameters such as distance, the mean squared distance (MSDt) and 

the mean squared displacement (MSDp) were measured to characterize the 

movement of every individual centriole (Figure 7, lower panel). The distance is the 

Euclidian distance a centriole has moved between two adjacent time-points of a 

centriole. MSDt is calculated by averaging the squared distances calculated by 

taking the Euclidean distance between all time points = i. MSDt(1) = i+1, MSDt(2) 

= i+2, etc. MSDp(1) is calculated by averaging the squared distance a centriole has 

moved between all two successive time points, MSDp(2) by averaging the squared 

distance after summing the distances over all 3 successive time points, etc. Thus the 

MSDp function is a measure of the movement of the centriole by determining the 

length of the path that a centriole moves in time and was used to quantify the 

mobility of the centrioles during cytokinesis. 

Evaluation of ploidy from flow cytometry histograms 

DNA content of breast carcinomas were estimated from available flow cytometry 

histograms at the Department of Pathology, Landspitali University Hospital, 

Reykjavik, Iceland. The histograms were classified as diploid when showing a 

single G0/G1 peak. Cancer samples with at least two clear distinct peaks were 

classified as aneuploid. When the ratio between two distinct peaks was 1.80-2.10, 

and therefore the DNA content in the cells in the second peak about twice as much 

as in the normal peak, the cancer was classified as tetraploid. Cancers containing 

both aneuploid and tetraploid cells were classified as mixed aneu- and tetraploid. 
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RESULTS

1 CELL DIVISIONS OF PRIMARY HUMAN BRCA2 

HETEROZYGOUS CELLS (PAPER I) 

The aim of this study was to investigate the role of BRCA2 in cytokinesis by 

studying the effect of BRCA2 haploinsufficiency on the process of cytokinesis of 

primary human cells.  

In paper I (BRCA2 Heterozygosity Delays Cytokinesis in Primary Human Fibroblasts) it 

is shown that cytokinesis was prolonged in primary human fibroblasts heterozygous for 

a mutation in the BRCA2 gene. Cell divisions were monitored with bright-field time-

lapse microscopy and cell division time was estimated from the images collected. 

Localization of the BRCA2 protein during this process was subsequently investigated. 

The cell division time (Figure 8) of BRCA2 cells (BRCA2+/-), carrying either the 

Icelandic 999del5 founder mutation (FIS1) or 1537del4 mutation (FNE1), was 

compared to BRCA2 wild type cells (BRCA2+/+), FIS2 and FNE2.  

Figure 8: Cell division of primary human fibroblast cell. The cell division starts when 

the chromosomes that are lined up in an equatorial plane of the dividing cell (t=0 min, 

indicated by white arrow) start to separate (t=5 min) and continues until the two nuclei 

have formed (indicated by black arrow after 35 min) and the cytoplasm of the daughter 

cells has separated. 

The mean cell division time was significantly longer in the mutated cells (P-value < 

0.01), which showed a subset of cells with delayed cytokinesis (40 min or longer) 
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(Figure 9A). The average division time was 6 min longer, for BRCA2 heterozygous 

(BRCA2+/-) cells (33 min) than for BRCA2+/+ cells (27 min) (Figure 9B). 

Figure 9: Frequency distribution of cell division time of primary human fibroblasts. A) 

The two BRCA2
+/-

 samples, FIS1 and FNE1, show higher frequency of cells with 

delayed cytokinesis (> 40 min) than the two BRCA2
+/+

 samples, FIS2 and FNE2. B) The 

BRCA2 heterozygous cells have a significantly longer cell division time than the BRCA2 

wild type cells, 6 min on average. 

To investigate further how the BRCA2 protein was involved in cytokinesis we 

studied the localization of the protein during the process by performing 

immunofluorescent staining using an antibody directed against the BRCA2 protein. 

In interphase cells, the protein showed scattered distribution, mainly nuclear. During 

anaphase the protein both dispersed throughout the midzone and accumulated to the 

intercellular bridge, adjacent to the Aurora-B kinase, as cytokinesis proceeded 

(Figure 10). No detectable difference was seen in the distribution pattern between 

BRCA2+/+ and BRCA2+/- cells. 

Figure 10: BRCA2 protein distribution in primary human fibroblasts during the final 

stages of cell division. In early steps of cytokinesis BRCA2 (red) is distributed 

throughout the nucleus (blue) and at the spindle midzone. As the process procedes the 

accumulation of the protein to the midbody increases and it concentrates adjacent to 

the Aurora B kinase (green) in the final stage of the process. 

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed on both 

the BRCA2+/+ and BRCA2+/- samples to measure the BRCA2 mRNA expression 
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levels. The BRCA2 heterozygous mutant samples were observed to have 

significantly lower BRCA2 mRNA expression (P-value 0.03), 0.167 and 0.254 

versus 0.987 and 1.00, respectively (Figure 11). 

Figure 11: BRCA2 mRNA expression levels of BRCA2+/- and BRCA2+/+ primary 

human fibroblasts quantified with RT-PCR. The two BRCA2+/- samples, FIS1 and 

FNE1, show on average 5 times lower BRCA2 expression than the two BRCA2+/+ 

samples, FIS2 and FNE2. 

Ploidy aberrations can be caused by either defect in cytokinesis or DNA replication. 

Polyploid cells often undergo apoptosis. We therefore estimated the frequency of 

aneuploid cells by propidium iodine (PI) staining and flow cytometry. This was 

followed-up by live-cell imaging with PI and Annexin V, to investigate the levels of 

aneuploid and apoptotic cells, respectively. The BRCA2+/- samples had a non-

significant increase of cells in G2/M, 3.8 times higher than for BRCA2+/+ samples. 

Hardly any apoptotic cells were found, neither for the BRCA2 heterozygous nor the 

wild type cells. 

Collectively, these results indicate that the BRCA2 protein participates in and may 

facilitate cytokinesis in unmodified human cells. 

2 CENTRIOLE MOBILITY DURING CYTOKINESIS (PAPER 

II AND UNPUBLISHED DATA) 

BRCA2-mutated tumors and cell lines have been shown to have supernumerary 

centrosomes (Tutt et al., 1999). BRCA2 has been shown to have a centrosomal 

localization signal and to localize to the centrosome during S and early M phases of 
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the cell cycle (Nakanishi et al., 2007). Tetraploid cells frequently contain two or 

more centrosomes. Aneuploid cells can develop through the tetraploid route, or they 

evolve directly from diploid cells, possibly as a consequence of multipolar spindle 

or spindle checkpoint failure, resulting in missegregation of chromosomes. It is 

therefore of great relevance to study the centrosomes when investigating both 

cytokinesis and polyploidy. 

2.1 BRCA2 and the centrosomes (unpublished data) 

A number of centrosomal proteins exhibit cell-cycle–dependent, dynamic behavior 

in that they are sequentially present at more than one location in the mitotic 

apparatus. We found that BRCA2 undergoes a similar dynamic behavior. Previously 

we had seen the protein accumulate to the midbody of cells in cytokinesis. Our 

preliminary results from fixed material stained with antibodies directed against 

BRCA2 and γ-Tubulin as a centrosome marker, showed an accumulation of BRCA2 

at the centrosomes, both during interphase (Figure 12A) and at the cell poles in 

mitotic cells (Figure 12B-D). Also, the BRCA2 protein localized at the newly 

formed nuclear envelope (Figure 12B&C, arrows) (Stainings performed by Federica 

Alberghini (Alberghini, 2008)).  

Based on these data and given that a centriole had to reposition from the cell poles to 

the cleavage site before daughter cells separate (Piel et al., 2001), we reasoned that 

BRCA2 modulates the dynamics of the midbody and functions in cytokinesis via the 

centrioles. Therefore we performed the following experiments. 

To examine the effects of BRCA2 loss-of function on centriole movements and time 

to complete the process,  p53-deficient mouse mammary tumor cell lines, which 

were wild type, heterozygous or homozygous for Brca2 were used, but no such cell 

lines or cell models were available from human cells. Centriole movements and 

positioning during cytokinesis were monitored by time-lapse microscopy.  

The mouse epithelial cell lines were characterized to investigate if they displayed similar 

phenotypes as have been described for human cell lines and tumors deficient for BRCA2. 

By monitoring the cells with bright-field time-lapse microscopy the mouse cells deficient 

for Brca2 were found to have prolonged cell division time (Figure 13A). Immuno-

fluorescence staining directed against -Tubulin to detect the centrosome, revealed that in 

the Brca2-/- mouse epithelial cells centrosome amplification was 3 times more frequent 

than in Brca2+/+ cells and 2 times more frequent in Brca2+/- cells (Figure 13B). The nuclea-

tion of the cells was investigated by fixing cultured cells and mount with nuclear stain 

(DAPI). Bi-nucleated cells were detected 2 times more frequently in Brca2+/- cells than in  
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Figure 12: BRCA2 and the centrosome.  A) FNE2, a primary human fibroblast, in 

interphase. BRCA2 (red) localizes to the centrosome (green), seen as yellow on merged 

image. B) FNE2 and C) MCF10A, human epithelial cell, in telophase. BRCA2 localized 

to the centrosome at the cell poles and also by the newly formed nuclear envelope, 

possibly going towards or away from the intercellular bridge (arrows). D) Capan 1, an 

epithelial BRCA2 deficient cell line. No staining of BRCA2 at the cell poles during 

telophase. Aurora B localizes to the intercellular bridge is green and is used as a 

marker for cytokinesis, DNA is stained blue. (Figure adjusted from Federica 

Alberghinis’ junior research project (Alberghini, 2008)).  
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other cell lines studied and multi-nucleation was found to be 7 and 3.5 times more frequent  

in Brca2-/- than in Brca2+/+ and Brca2+/- respectively (Figure 13C). Micronuclei were 

detected 5-6 times more frequently in Brca2-/- and Brca2+/- cells than in the Brca2+/+ cells 

(Figure 13C). All these phenotypes can either be a cause or a consequence of polyploidy. 

Figure 13: Characteristics of mouse p53-deficient Brca2 mouse mammary epithelial cell 

lines.  A) Brca2 deficiency delays cytokinesis. B) The frequency of supernumerary 

centrosomes is highest in Brca2
-/-

 cells. C) Bi- and multi- nuclear cells are frequent in 

Brca2 heterozygous and homozygous mouse epithelial cells. 

2.2 BRCA2 and the centrioles during cytokinesis (paper II and 

unpublished data) 

In order to investigate if and then how Brca2 was involved in regulating and/or 

facilitating cytokinesis through the centrosome, the Brca2+/+, Brca2+/-, and Brca2-/- 

mouse epithelial cell line model was used. The cell lines were transiently co-

transfected with centrin1-EGFP and α-Tubulin-mCherry expression constructs to 

recognize the centrioles and intercellular bridge, respectively. Centriole mobility 

was analyzed from 3D image stacks collected by time-lapse live-cell microscopy 

A B 

C 
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every 10 min for 4 to 6 hrs, using both fluorescence excitation to detect centrioles 

and microtubules and DIC. DIC images allowed identification of the nuclear 

envelope, movements of cells and their progression through mitosis.  

In agreement with previously published data (Piel et al., 2001) we observed in 90% 

of dividing cells the separation of mother and daughter centrioles, which occurs after 

formation of the cleavage furrow. Despite being very mobile, migration of a 

centriole from the cell pole to the intercellular bridge, as observed by Piel et al., was 

not seen in any of the Brca2+/+ cells imaged that completed abscission (Figure 14).  

Figure 14: Centriole positioning in mammary mouse epithelial cells during cytokinesis. 

The centrioles are very mobile and are frequently associated with the nuclear envelope 

(white arrows). The images show an overlay of DIC, green, a centriole-specific centrin1-

EGFP and red, an intercellular bridge marker α-Tubulin-mCherry. 

The preliminary time-lapse imaging results of the Brca2+/+ cell line suggested that studies 

of the movements of centrioles in this cell line model would not inform us about the 

function of the Brca2 protein in mitotic exit, as expected. Therefore, centriole movements 

in the Brca2+/- or Brca2-/- mouse cell lines during cytokinesis were not investigated further. 

2.3 Centriole movements in mammalian epithelial cells during 

cytokinesis (paper II) 

Subsequently, cytokinesis and centriole mobility and positioning were studied 

further and analyzed in various human epithelial cell lines. We asked whether the 

migration of a centriole to the intercellular bridge was required for cytokinesis exit.  

In paper II (Centriole movements in mammalian epithelial cells during cytokinesis) 

we show that centrioles are very mobile during cytokinesis and that their movements 

are either along the nuclear envelope, irregular or along microtubules forming the 

spindle axis. Cell divisions and centriole mobility were monitored with time-lapse 

imaging and the centriole mobility was evaluated with the tracking software Stacks.  

The human mammary epithelial MCF 10A cells and HeLa cells, both expressing 

centrin1-EGFP and α-Tubulin-mCherry were imaged in the same manner as the 

mouse epithelial cells (Result chapter 2.2). As a control for transient transfection 
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HeLa cells stably expressing centrin1-EGFP were used. The centrin1-EGFP HeLa 

cell line is the same as was used in the original study by Piel et al. (Piel et al., 2001).  

A centriole migrated to the intercellular bridge in 3 out of 11 (27%) MCF 10A cells 

that completed abscission, the termination step of cytokinesis. This occurred 2 times 

more frequently in HeLa cells and no considerable difference was found between 

HeLa cells transiently or stably expressing centrin1-EGFP (50 versus 55% 

respectively) (Table 2). 

Our observations are not in accordance with published observations and we 

conclude that relocation of centrioles to the intercellular bridge it is not essential for 

completion of cytokinesis.  

Table 2: Frequency of centriole(s) at the intercellular bridge of various mammalian 

epithelial cell lines 

 

 

Cell line 

Mobile centriole(s) at the 

intercellular bridge  

Mobile centriole(s)  

not observed at the 

intercellular bridge 

 

Immobile 

centrioles 

 

 

Total 

from one 

daughter cell 

from both 

daughter 

cells 

KP 7.7 0 (0%) 0 (0%) 7 (58%) 5 (42%) 12 (100%) 

MCF 10A 2 (18%) 1 (9%) 7 (64%) 1 (9%) 11 (100%) 

HeLa 5 (31%) 3 (19%) 3 (19%) 5 (31%) 16 (100%) 

centrin1-

EGFP HeLa 
10 (46%) 2 (9%) 6 (27%) 4 (18%) 22 (100%) 

By analyzing the movements of centrioles in both mouse and human epithelial cells, 

three main types of movements were detected: 1) migration along the nuclear 

envelope (Figure 15A), 2) migration along microtubules forming the spindle axis 

(Figure 15B) and 3) irregular movements, where centrioles moved in the cytoplasm 

or cell center with no specific direction. 

Centrosomes that associated with and migrated along the nuclear envelope were detected 

in 58% of mouse cells, 62% of MCF10A, 75% of HeLa cells and 44% of imaged centrin1-

EGFP HeLa cells. Following abscission, the centrioles and even the whole centrosome 

became more mobile and detached frequently from the nuclear envelope. 

To circumvent subjective assessment of centriole mobility a quantitative analysis 

was performed using the tracking software Stacks (see Figure 7). Kinetic 

parameters, such as the distance a centriole moved between each time point and 

mean squared displacement (MSDp), were calculated to characterize the movement 

of every individual centriole, 4 in total for every cell. The centriolar mobility was 
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estimated for all cell lines and the tracking revealed that the mouse cells had the 

most mobile centrioles, moving 0.35 µm/min on average, which was on average 1.5-

2.7 times faster than for the human epithelial cell lines.  

Figure 15: Centriole movements in mammary epithelial cells. A) Centrioles migrating 

along the nuclear envelope (emphasized by blue dotted line) (white arrow). The images 

show an overlay of centrin1-EGFP (green) and DIC. B) Centrioles in a dividing cell 

reposition from the cell pole through the cell center towards the intercellular bridge 

along microtubules (white arrows indicate centrioles migrating along α-Tubulin). 

3 PLOIDY ABERRATIONS IN BRCA2-MUTATED BREAST 

CANCERS (PAPER III AND UNPUBLISHED DATA) 

Impaired cytokinesis is one of the main routes to tetraploidy in cells. Carcinomas 

frequently have altered ploidy. To follow-up our finding that the BRCA2 tumor 

suppressor has a role in completion of cell division, we studied ploidy in BRCA2-

mutated and sporadic female breast cancers. 

In paper III (Tetraploidy in BRCA2 breast tumours) ploidy in female breast cancers 

from carriers of a BRCA2 germline mutation was compared with sporadic breast 

cancers. Flow cytometry histograms indicating DNA content were used to estimate 

ploidy. Ploidy status was evaluated from 236 breast cancer patients, 71 of which 

were BRCA2 mutated. Also, ploidy aberrations in association with the molecular 

classification of the cancers were examined for a subset of the samples. 

For both BRCA2-mutated and sporadic cancers, less than half were diploid (42.3% (30 

of 71) and 47.9% (79 of 165) respectively). There was not an overall association with 

BRCA2 mutation status and ploidy aberrations (χ2 -test 6.18, P-value = 0.103), but the 

proportion of tetraploid cancers was significantly higher in BRCA2-mutated breast 
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cancers than sporadic, where the difference was 2.9 fold, 14.1% (10 of 71) versus 4.8% 

(8 of 165) (χ2 -test 4.77, P-value = 0.029) (Figure 16). Aneuploidy was of similar 

frequency in both groups, 33.8% (24 of 71) in BRCA2-mutated compared with 38.2% 

(63 of 165) in sporadic breast cancers, and so was the proportion of mixed aneu-and 

tetraploid cancers, 9.9% (7 of 71) versus 9.1% (15 of 165), respectively (Figure 16).  

In summary, the results indicate that BRCA2 cancers are more likely to become 

tetraploid compared with sporadic cancers. 

Molecular classification based on ER, PR and HER-2 expression was available for 

52 of the BRCA2 mutated and 43 of the sporadic cancers. Ploidy aberrations in 

relation with the molecular phenotypes and the BRCA2 status were investigated. 

Thirty-seven of the 52 BRCA2-mutated cancers were of luminal phenotype (71.1%), 

the majority (54.1%) of these tumors was diploid, 13.5 % were aneuploid or mixed 

aneu-and tetraploid. Notably, 18.9% (7 of 37) were tetraploid (Figure 17A). Of the 

15 BRCA2-mutated cancers that were classified as triple-negative (TNP), only 3 

(20%) were diploid and 11 (73.3%) were aneuploid, which is a five times higher 

proportion than among luminal BRCA2 cancers. None of the TNP cancers were 

tetraploid and only one was mixed aneu- and tetraploid (Figure 17A). Tetraploidy is 

therefore much more prominent in luminal than TNP BRCA2 cancers. 

Figure 16: Ploidy distribution of sporadic (dark grey) and BRCA2-mutated (light grey) 

breast cancers. The proportion of diploidy, aneuploidy and mixed aneu- and 

tetraploidy was similar in sporadic and BRCA2 cancers. Tetraploidy was 2.9 fold 

higher in BRCA2 cancers compared with sporadic cancers (P-value 0.029), see details 

in table in lower panel. 
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For comparison we investigated whether sporadic breast cancers showed the same 

trend as was observed in BRCA2 cancers. We studied ploidy in phenotypic-similar 

sporadic cancers, that is, those displaying either luminal or TNP phenotype. Of the 

43 sporadic cancers, 29 (67.4%) were luminal and 8 (18.6%) TNP. Similar to 

BRCA2 mutated cancers the majority (58.6%) of the luminal cancers were diploid. 

Only one sporadic cancer within the luminal subtype displayed tetraploidy. The 

sporadic luminal-type cancers were much more frequently aneuploid (Figure 17 B). 

Thus, the differences observed in sporadic cancers in terms of molecular phenotype 

and ploidy were contrary to those seen in BRCA2 cancers.  

Figure 17: Ploidy and Phenotype: Ploidy distribution of (A) BRCA2-mutated and (B) 

Sporadic breast cancers, in relation to molecular subtype. Dark grey bars represent luminal 

subtype and light grey triple-negative (TNP). A strong association was seen between 

luminal phenotype and tetraploidization. Tetraploidy or mixed aneu-and tetraploidy 

occurred only in BRCA2 mutated cancers (P-value 0.003), and TNP phenotype and 

aneuploidy (P-value <0.001). For both study groups TNP was rarely diploid. 
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Cell cycle progression of cells that carry a somatic mutation in the gene encoding 

the tumor suppressor p53, in addition to other genomic alterations, can lead to 

polyploidization (Storchova and Pellman, 2004). TP53 mutations are highly 

correlated with ploidy aberrations in solid tumors. Genomic instability, including 

aneuploidy, in breast tumors from BRCA2 mutation carries is highly associated with 

somatic TP53 mutations (Gretarsdottir et al., 1998). We investigated whether there 

was a correlation between polyploidy in BRCA2-mutated cancers with p53 

aberrations. TP53 status-information (examined with sequencing of the most 

frequent mutation sites) was only available for 59 breast cancer samples (25.0%), 40 

sporadic and 19 BRCA2-mutated. Nine of the 19 (47%) BRCA2-mutated samples 

were TP53 mutated. Of the sporadic cases, 25% were TP53 mutated. All BRCA2-

mutated breast tumors with additional TP53 mutation were polyploid and all except 

one TP53 mutated sporadic case were polyploid, with aneuploidy of highest 

frequency in both groups (Table 3). 

Table 3: TP53 status of breast carcinoma samples, related to ploidy and the presence or 

absence of BRCA2 aberrations. 
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p53 wild 

type 
14 

(45.2%) 

5 

(50.0%) 

1 

(3.2%) 

2 

(20.0%) 

14 

(45.2%) 

2 

(20.0%) 2 (6.5%) 

1 

(10.0%) 41 

p53 mut 1 

(11.1%) 0 (0.0%) 

6 

(66.7%) 

6 

(66.7%) 0 (0.0%) 

2 

(22.2%) 

2 

(22.2%) 

1 

(11.1%) 18 

Total 15 5 7 8 14 4 4 2 59 

Taken together, we have studied cytokinesis and the potential consequences of 

cytokinesis defects by examining cell division time and ploidy aberrations 

respectively. We have obtained evidence for a function of the BRCA2 protein in 

cytokinesis. Our results suggest that the high frequency of tetraploidy in BRCA2 

associated tumors may be linked with cell division errors, particularly deficient 

cytokinesis. 
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DISCUSSION AND CONCLUSIONS

In this thesis I present that a BRCA2 heterozygous mutation in unmodified human 

fibroblasts delays cytokinesis significantly. The BRCA2 protein was found to 

localize to the midbody and the centrosomes of dividing cells. I address whether 

BRCA2 functions in cytokinesis by associating with the centrosomes. BRCA2 was 

found to accumulate at the centrosomes, but a connection between a function of 

BRCA2 and the centrosomes during cytokinesis could not be confirmed. The 

centrioles, the central components of the centrosomes, were shown to be highly 

mobile during cytokinesis and were shown to migrate along microtubules and the 

nuclear envelope. BRCA2-mutated breast carcinomas of luminal subtype showed an 

increased frequency of tetraploidy, a phenotype that can be caused by cytokinesis 

defects. Collectively, the results in this thesis indicate a role for the BRCA2 protein 

in cytokinesis, observed as delayed cell division time and higher proportion of 

tetraploidy in BRCA2 mutated material. However this is not mediated by an 

association with centrosomes and repositioning of a centriole to the intercellular 

bridge. Also that relocation of a centriole to the intercellular bridge is not essential 

for controlling cytokinesis exit (abscission). 

1 BRCA2 AND CYTOKINESIS  

Carriers of germline mutations in the BRCA genes are predisposed to carcinomas. 

The increased cancer susceptibility has been attributed to functions of the BRCA 

proteins in repair of DNA double strand breaks, via homologous recombination. 

Defects in the repair mechanisms can alter recombination pathways, giving rise to 

chromosomal re-arrangements, which have been stated as the main cause for 

chromosomal instability found in BRCA2 tumors (Gretarsdottir et al., 1998; 

Venkitaraman, 2002). BRCA2 heterozygosity has been shown to account for reduced 

growth rate, increased cell death, heightened sensitivity to specific DNA damaging 

agents and reduced RAD51 foci formation after irradiation in vertebrate cells 

(Warren et al., 2003). HeLa cells with the BRCA2 gene silenced with small 

interfering RNA were found to have delayed and incomplete cytokinesis and to 

accumulate binucleated cells (Daniels et al., 2004). The same phenotype was 

observed in MEFs deficient for Brca2. Also, Brca2+/- MEFs were observed to have 

longer cell division time than Brca2+/+ MEFs (Daniels et al., 2004). We investigated 

whether heterozygous cells from BRCA2 mutation carriers displayed similar defects 
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regarding cytokinesis. We observed that unmodified primary human fibroblasts 

obtained from carriers with two different BRCA2 mutations, the Icelandic 999del5 

deletion and the 1537del4 mutation that is frequently detected in BRCA2 mutation 

carriers in The Netherlands, had significantly longer cell division time than non-

BRCA2 mutated fibroblasts. Notably, only a subset of the BRCA2 heterozygous cells 

had delayed cytokinesis, which made the average division time longer. The 

BRCA2+/- cells also had significantly lower BRCA2 mRNA expression and slightly 

higher number of cells in G2/M phase of the cell cycle than BRCA2 wild type cells. 

Cell lines, generated by genetic modifications or transformed in a preferred way, can 

be of great use when studying biological processes. However, one should always 

ensure that such cell lines reflect the in vivo situation. Our results support a previous 

notion that the BRCA2 gene product plays a role in cytokinesis, which had been 

suggested by using genetically modified cell lines (Daniels et al., 2004), by studying 

unmodified patient material from biopsy samples from individuals that carry a 

mutation in the BRCA2 gene.  

Collectively, these data suggest that BRCA2 plays a role in cytokinesis. Thus, 

defects in daughter cell separation, which can cause binucleation and tetraploidy or 

missegregation of chromosomes giving rise to aneuploidy, could contribute to the 

increased cancer susceptibility in BRCA2-mutation carriers. As only a small subset 

of the BRCA2+/- primary cells had prolonged division time the impact of it for the 

individuals carrying a mutation in the BRCA2 gene may not be severe.  

As has been introduced BRCA2 has many functional domains.  It can therefore be 

critical where a mutation in the BRCA2 gene is located. The Icelandic founder 

mutation in the BRCA2 gene, a 5 base pair deletion starting at nucleotide 999 in 

exon 9 (Thorlacius et al., 1996) leads to a stop codon and the protein product of 

BRCA2 999del5 has been shown to be highly unstable and rapidly degraded 

(Mikaelsdottir et al., 2004). It can be assumed that this applies also for other early 

truncating mutations. It is therefore to be expected that the effect of reduction of the 

BRCA2 protein increases the time to complete cytokinesis, but that the level of the 

protein is sufficient for the process. A full-length-BRCA2 expression construct with 

fluorescence tagged protein would be a useful tool to study the positioning, 

dynamics and protein-protein interactions of BRCA2 during cell division. However, 

no such studies have been published, possibly due to difficulties with cloning the 

full-length protein (390 kDa) and its low expression levels.  

2 BRCA2, THE CENTROSOMES AND CELL DIVISIONS 

The centrosomes play a crucial role in ensuring the integrity of cell division. They 

are important both for the reproduction of cells and organisms (Rieder et al., 2001). 
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Nuclear and cytoplasmic signaling proteins concentrate on centrosomes and other 

elements of the mitotic apparatus during G2 to M transition. After the onset of 

anaphase, recruitment of non-muscle myosin II drives equatorial furrowing in 

animal cells (Straight et al., 2003). Numerous proteins involved in cytokinesis, cell 

cycle regulation and signaling accumulate at the midbody (Glotzer, 2005). With 

immunofluorescence microscopy using an antibody directed against BRCA2, the 

protein was found to concentrate at the centrosome in all phases of the cell cycle. 

Also, the BRCA2 protein was detected in the intercellular bridge of mitotic cells. 

The accumulation of BRCA2 at the midbody increased as the cytokinesis process 

proceeded. Therefore, we reasoned that BRCA2 acted as a signaling mediator or 

scaffolding protein during cytokinesis and suggested that it could potentially be 

involved in centriolar positioning and movements during the process. We addressed 

whether the BRCA2 protein functioned in cytokinesis in association with the 

centrosomes. A previous publication had shown that BRCA2 accumulated at the 

centrosomes during S phase and the beginning of M phase, before the chromosomes 

align in an equatorial plane (Nakanishi et al., 2007). Reports of centrosomes that 

localize to a region adjacent to the intercellular bridge prior to abscission date back 

to 1973. At that time electron microscopy was applied to study centrosomes and 

their centrioles and it was noticed that in fixed cells in late cytokinesis the centrioles 

were seen near the midbody (Rattner and Phillips, 1973), and these observations 

were supported by later publications (Mack and Rattner, 1993; Ou and Rattner, 

2002). Studies of living cells have also shown that abscission is initiated by the 

repositioning of one of the four centrioles to the intercellular bridge, when the 

cleavage furrow has been formed, and then back to the cell center (Piel et al., 2001). 

We investigated the process of cytokinesis, with respect of centriole movements.  

Centriole movements were studied in mammary mouse epithelial cell line model, 

Brca2+/+, Brca2-/+ and Brca2-/- expressing centrin1-EGFP. Repositioning of a 

centriole towards the intercellular bridge was not seen in any of the centrin1-EGFP 

expressing Brca2+/+ cells imaged. The mouse cell line model was not investigated 

further. Thus we were not able to demonstrate that the function of BRCA2 during 

cytokinesis was linked to the centrosomes, or that the centriole movements during 

this process were facilitated by BRCA2. The study was continued by examining 

centriole movements in various epithelial cell lines, to investigate whether a 

relocation of a centriole to the intercellular bridge was a general mechanism 

controlling abscission. The centrioles were monitored in HeLa, MCF 10A, and the 

Brca2+/+ p53-deficient mouse mammary tumor cell line KP-7.7, all of epithelial 

origin. Relocation of a centriole to the intercellular bridge was not found to be 

prerequisite for completion of abscission as this was only observed in 50-55% of 
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HeLa cells, 27% of imaged MCF 10A cells and never for KP-7.7. Based on the 

observed variations in centriole mobility in different epithelial cell lines we 

conclude that the movements of centrioles are highly cell line dependent. It has been 

stated that cytokinesis rarely fails in various mammalian cell lines, in which a 

centriole does not migrate towards the intercellular bridge (Rieder et al., 2001).  

Furthermore, in another study a consistent movement of centrioles to the 

intercellular bridge was not observed (Gromley et al., 2005). These results, together 

with ours reveal an inconsistency regarding the controlling mechanism of abscission 

with respect to the centrioles. We suggest that the relocation of a centriole to the 

intercellular bridge is not essential for mitotic exit. 

Movements of centrioles to the intercellular bridge have been shown to be 

associated with microtubules, suggesting that they migrate along the microtubules as 

they relocate to the intercellular bridge (Mack and Rattner, 1993; Ou and Rattner, 

2002). In agreement with this we characterized the movements of the centrioles 

during cell division as being mainly along microtubules containing -Tubulin, and 

also along the newly formed nuclear envelope. In line with this, emerin has been 

found to associate with microtubules in human cells to link the centrosome to the 

nuclear envelope (Salpingidou et al., 2007). Whether other proteins are involved in 

the controlled movement of centrioles along the nuclear envelope in mammalian 

cells remains to be determined. 

3 BRCA2 AND POLYPLOIDY 

Increased frequency of tetraploidy was found in BRCA2-mutated cancers, when 

compared with ploidy aberrations in sporadic cancers. Tetraploidy has not been 

reported specifically for BRCA2 cancers before. Having observed delayed 

cytokinesis in primary human fibroblasts from BRCA2 mutation carriers, we suggest 

that the tetraploidy may be linked with cell division errors, particularly cytokinesis. 

Tetraploidy was almost exclusively found in BRCA2 cancers of a luminal subtype 

and differed from triple-negative BRCA2 and luminal sporadic cancers, which 

mainly displayed diploidy or aneuploidy. During tumor progression genome 

aberrations that are the most advantageous for the proliferation of the tumor cells are 

selected for. Why tetraploidy is maintained (rather than going into aneuploidy) in 

luminal BRCA2 cancers remains to be studied.  

Recent studies have shown that the second BRCA2 allele is not consistently lost in 

BRCA2 tumors (King et al., 2007; Stefansson et al., Manuscript submitted). 

Whether the second BRCA2 allele is lost may be tumor-specific (King et al., 2007), 

and also whether the loss of the second allele occurs as an early or a late event 

during cancer progression. The second event in tumorigenesis in carriers of a BRCA 
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mutation may involve the loss of checkpoint mechanisms before inactivation of the 

second BRCA allele (if it ever happens). One of the genes most commonly mutated 

in cancers is the tumor suppressor TP53. Loss or mutational inactivation of p53 

results in supernumerary centrosomes in part via allowing the activation of the 

CDK2-cyclin E, which is a key factor for the initiation of centrosome duplication 

(Borel et al., 2002; Tarapore and Fukasawa, 2002). Over half of the BRCA2 999del5 

breast tumors have been shown to be non-diploid and one third to have an additional 

TP53 mutation, nearly twice as many as in the sporadic group (Gretarsdottir et al., 

1998). Unfortunately, we could not study any associations between the p53 

aberrations, polyploidy and BRCA2 mutation status in our study, as p53 status 

information was only available for few of the samples included. Thus, whether p53 

aberrations are associated with polyploidy, centrosome amplification, or provoke the 

proliferation of the luminal BRCA2 tumors remains to be studied. 

Failure of cytokinesis can lead to tetraploidy, giving rise to bi- and multinucleated 

cells that contain increased number of centrosomes. Binucleated cells can form 

mononucleated tetraploids after successful passage through the next mitosis 

(Storchova and Kuffer, 2008).  There is limited evidence linking cancer-causing 

mutations with formation of tetraploid cells. Adenomatous polyposis coli (APC) 

mutations in mouse colorectal cancer cells have been shown to inhibit cytokinesis, 

by blocking initiation of furrowing, resulting in increased frequency of tetraploidy 

(Caldwell et al., 2007). In vitro studies of epithelial crypt cells expressing dominant-

negative APC1-1450 mutation showed increased numbers of bi- and multinucleation in 

these cells and cytokinesis failure. In vivo examination of epithelial cells within the 

intestinal crypt of APCMIN/+ mice showed that they had misoriented mitotic spindles 

making them prone to cytokinetic failure and tetraploidy (Caldwell et al., 2007). 

Based on this, it could be interesting to screen histology slides of the tetraploid 

BRCA2 tumors for the frequency of bi- and multinucleated cells, which could give 

information whether the tetraploidy is due to defects in cytokinesis. 

Cytokinesis can fail because of defects in- or deficiency of proteins mediating 

cytokinesis. Also, chromosome bridges formed during anaphase can cause furrow 

regression leading to the generation of binucleated cells. BFB cycles are more 

common in breast tumors from BRCA2 carriers than in sporadic breast tumors 

(Eyfjord and Bodvarsdottir, 2005; Patel et al., 1998; Yu et al., 2000). Fused 

chromosomes frequently contain two or more centromeres, which makes segregation 

of sister-chromatids during mitosis difficult. The high degree of chromosomal re-

arrangements and other genetic instability in BRCA2-deficient cell lines and tumors 

has been explained by repair of DNA double strand breaks via error-prone non-

homologous end joining (Storchova and Pellman, 2004; Yu et al., 2000). More 
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thorough studies on the chromosomal aberrations and the presence of anaphase-

bridges in cells heterozygous for a mutation in the BRCA2 gene might explain 

whether they induce a delay in cytokinesis. 

Collectively, the data in this study indicate that defects in cytokinesis can contribute 

to the increased cancer susceptibility in carriers of a BRCA2 mutation. 
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CONCLUSIONS 

In this research project live-cell microscopy has been used to collect information 

about cytokinesis. The main findings presented in this thesis are that the BRCA2 

promotes efficient cytokinesis and that abscission is presumably more dependent on 

other mechanisms than the positioning of centrioles.  

The live-cell imaging microscopy technique allowed us to study primary human 

cells, with a germline mutation in the BRCA2 gene and non-BRCA2-mutated cells. 

The separation of chromosomes between the two forming daughter cells could be 

investigated and the whole cytokinesis process. The results indicated that BRCA2 

haploinsufficiency influenced cytokinesis, since the BRCA2 heterozygous cells had 

longer cell division time. We conclude that the BRCA2 protein plays a role in 

cytokinesis, but the nature of its function could not be elucidated. By expressing 

centriole- and microtubule specific genes fused to fluorescence coding sequences in 

different cell lines and performing time-lapse imaging with fluorescence live-cell 

imaging microscopy the movements of centrioles were studied during cytokinesis. 

They were observed to be different between both cells and cell lines, they migrated 

mainly along microtubules and the nuclear envelope. The centrioles only 

occasionally moved to the intercellular bridge, indicating that relocation towards the 

intercellular bridge is not a controlling mechanism for the separation of daughter 

cells.  

In the last part of this research project clinical data were evaluated to link the 

experimental data obtained at the beginning to the clinical situation. By investigating 

ploidy of BRCA2-mutated tumors and comparing with sporadic ones, we conclude 

that BRCA2 protects against tetraploidy, since the familial cases had a significantly 

higher proportion of tetraploid cells. Thus, in this thesis it is described how cancer 

susceptibility in BRCA2-mutation carriers can also be caused by cell division failure. 
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Abstract. Background: Inherited mutations in the tumour suppressor gene BRCA2 greatly increase the risk of developing breast,
ovarian and other types of cancers. So far, most studies have focused on the role of BRCA-pathways in the maintenance of
genomic stability.

In this study we investigated the potential role of the BRCA2 protein in cytokinesis in unmodified primary human fibroblast
carrying a heterozygous mutation in the BRCA2 gene.

Methods: Cell divisions were monitored with time lapse live-cell imaging. BRCA2 mRNA expression levels in BRCA2+/−

and BRCA2+/+ cells were quantified with quantitative real-time polymerase chain reaction (qRT-PCR). To investigate the
localization of the BRCA2 protein during cytokinesis, immunofluorescence staining using antibody directed against BRCA2 was
carried out. Immunofluorescence staining was performed directly after live-cell imaging and cells with delayed cytokinesis, of
which the co-ordinates were saved, were automatically repositioned and visualized.

Results: We demonstrate that unmodified primary human fibroblasts derived from heterozygous BRCA2 mutation carriers show
significantly prolonged cytokinesis.

A Subset of the BRCA2+/− cells had delayed cytokinesis (40 min or longer) making the mean cell division time 6 min longer
compared with BRCA2+/+ cells, 33 min versus 27 min, respectively. Lower BRCA2 mRNA expression levels were observed in
the BRCA2 heterozygous samples compared with the BRCA2 wild type samples.

The BRCA2 protein localizes and accumulates to the midbody during cytokinesis, and no difference was detected in distribu-
tion and localization of the protein between BRCA2+/− and BRCA2+/+ samples or cells with delayed cytokinesis and normal
division time.

Conclusions: The delayed cytokinesis phenotype of the BRCA2 heterozygous cells and localization of the BRCA2 protein to
the midbody confirms that BRCA2 plays a role in cytokinesis. Our observations indicate that in a subset of cells the presence of
only one wild type BRCA2 allele is insufficient for efficient cytokinesis.

Keywords: BRCA2, cytokinesis, live-cell imaging, primary human fibroblasts, heterozygous phenotype

1. Introduction

Inherited mutations in the breast cancer susceptibil-
ity genes BRCA1 and BRCA2 greatly increase the risk

*Corresponding author: Jorunn Erla Eyfjörd, Faculty of Medicine,
University of Iceland, The University of Iceland and Icelandic Can-
cer Society Molecular and Cell Biology Research Laboratory, Vatns-
myrarvegi 16, 101 Reykjavik, Iceland. Tel.: +354 5255825; Fax:
+354 5254884; E-mail: jorunne@hi.is.

of developing breast cancer, and other cancers such as
ovarian and prostate cancers [14,23,31]. About 15% of
breast cancer cases cluster in families and among these
cases, germline mutations in BRCA1 and BRCA2 have
been shown to account for 15–40% [25,29].

Several functions have been ascribed for the BRCA
proteins, but most studies reported so far have focused
on the role of BRCA-pathways in the maintenance
of genomic stability. A well studied function of the

1570-5870/09/$17.00 © 2009 – IOS Press and the authors. All rights reserved
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BRCA2 protein is its role in homologous recombi-
nation, where RAD51, a DNA recombinase, interacts
with the BRC repeats and the C-terminus of BRCA2.
BRCA2 directs RAD51 to the sites of DNA double
strand breaks and this interaction has been shown to be
essential for error-free homologous recombination re-
pair [3,4]. Reduced amount of functional BRCA2 pro-
tein in heterozygous BRCA2 mutation carriers causes
insufficient repair of DNA double strand breaks, a con-
dition that could contribute to the impairment of ge-
nomic stability. BRCA2 heterozygosity has shown to
increase sensitivity to specific DNA damaging agents,
reduce RAD51 focus formation after irradiation, in-
crease cell death and reduce growth rate [1,30].

Complete BRCA2 inactivation in tumours gives rise
to chromosomal aberrations including both numerical
and structural alterations, such as translocations, chro-
matid breaks and tri- and quadri-radial chromosomes
[7,17,32].

Defects in cytokinesis can lead to mis-segregation of
chromosomes and aneuploidy, which are indeed also
observed in BRCA2 deficient cells [19,26].

Several studies have linked BRCA2 with progres-
sion through mitosis. BRCA2 has been found to
co-localize to the centrosome in S-phase and early
M-phase cells and to have a centrosomal localization
signal at the C-terminus, which indicates that it might
be involved in regulation of migration and duplication
of the centrosome during the cell cycle [8,15,26]. The
activity of the polo-like protein kinase 1 (Plk-1) is re-
quired for cytokinesis and proper metaphase/anaphase
transition. Hyperphosphorylation of BRCA2, by Plk-1,
in M phase and dephosphorylation of the protein
when cells exit M phase implicates a potential role of
BRCA2 in modulation M phase progression [6,11,18].

A new function for BRCA2 has been discovered.
By examining murine embryonic fibroblasts (MEFs)
it was shown that BRCA2 deficiency delays and pre-
vents cytokinesis. BRCA2 heterozygous (BRCA2Tr/+)
and homozygous (BRCA2Tr/Tr) MEFs showed longer
cytokinesis than wild type cells (BRCA2+/+) when
studied ex vivo. HeLa cells treated with BRCA2 siRNA
showed almost twice as long cell division time as HeLa
cells treated with control siRNA [2]. However, it is still
unknown how exactly BRCA2 participates in cytoki-
nesis and, importantly, the role of BRCA2 in cytoki-
nesis as observed in murine fibroblasts has never been
studied in human fibroblasts.

The aim of this study was to investigate if BRCA2
plays a role in cytokinesis in human fibroblasts and to
study the involvement of BRCA2 in these cells in the

late stages of cell division. Unmodified primary hu-
man fibroblasts, from individuals that carry the Ice-
landic 999del5 BRCA2 founder mutation, the Dutch
1537del4 BRCA2 mutation, and individuals that do not
carry a BRCA2 mutation, were studied [16,24]. Both
BRCA2 mutations cause premature stop codons down-
stream of the mutation site. In an earlier study no pro-
tein could be detected from the mutant BRCA2 999del5
allele [13]. Cell divisions were monitored and cell di-
vision time estimated from recordings obtained with
time lapse live-cell imaging. BRCA2 mRNA expres-
sion levels were quantified with qRT-PCR and local-
ization of the BRCA2 protein during cytokinesis was
investigated.

2. Materials and methods

2.1. Unmodified primary human fibroblasts

Primary human fibroblasts derived from BRCA2 mu-
tation carriers and BRCA2 wild type individuals were
cultured from skin biopsies. Samples were collected in
Iceland and The Netherlands. All samples were han-
dled in a coded fashion, according to National ethical
guidelines “Code for Proper Secondary Use of Human
Tissue”, Dutch Federation of Medical Scientific Soci-
eties. Permissions from the National Bioethics Com-
mittee in Iceland and the Icelandic Data Protection Au-
thority were obtained for the study.

Fibroblasts were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM), supplemented with 10%
fetal bovine serum, penicillin (100 U/ml), strepto-
mycin (0.1 mg/ml) and 2 mM L-glutamine (Invitro-
gen Corporation, Breda, The Netherlands). Cells were
maintained at 37◦C and 5% CO2 and all experiments
were carried out with cells in passage 8–15.

2.2. Study setup

A pilot study was set up by using 3 coded un-
modified primary human fibroblast samples from Ice-
land, which were either derived from individuals car-
rying the Icelandic 999del5 founder mutation in the
BRCA2 gene or derived from BRCA2 wild type indi-
viduals (FIS 1, FIS 2 and FIS 3) (Table 1). Cells were
analyzed by live-cell imaging and their cell division
time estimated. FIS 1 and FIS 3 had longer cell divi-
sion time than FIS 2. It was confirmed that FIS 1 and
FIS 3 carry the BRCA2 999del5 deletion and FIS 2 has
BRCA2+/+ genotype. The study was continued using
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Table 1

Unmodified primary human fibroblast cells

Sample Genotype Mutation Origin

FIS 1 BRCA2+/− 999del5∗ Iceland

FIS 2 BRCA2+/+ Wild type Iceland

FIS 3 BRCA2+/− 999del5∗ Iceland

FNE 1 BRCA2+/− 1537del4∗ ∗ The Netherlands

FNE 2 BRCA2+/+ Wild type The Netherlands

The Human Genetic Variation Society (HGVS) nomencla-
ture: ∗c.771_775del p.Asn257Lysfsx17; ∗ ∗c.1309_1312del
p.Lys437Ilefsx22.

FIS 1 and FIS 2 and subsequently, samples from The
Netherlands were added (FNE 1 and FNE 2) (Table 1)
to extend the study, and to investigate the influence of
different BRCA2 mutations. Sample FNE 1 has previ-
ously been published as family D [16]. At least two
separate live-cell imaging experiments (sets) were car-
ried out for each sample and reproducibility of the es-
timated cell division time was calculated with 2-way
ANOVA test. At least 30 cell divisions were analyzed
for each sample for every set of experiments. A non-
significant difference was observed between repeated
experiments (p = 0.655) and, therefore, data sets for
each sample were pooled together.

2.3. Live-cell imaging

Unmodified primary human fibroblasts were seeded
on MatTek glass bottom culture dish (MatTek, Ash-
land, USA) and imaged when approximately 70% con-
fluent. Cell divisions were recorded with a Leica AS
MDW microscope system (Multi-Dimensional Work-
station for Live Cell Imaging), consisting of an in-
verted phase contrast Leica DM IRE2 microscope
equipped with a climate chamber and CO2 cham-
ber (Leica Microsystems B.V. Rijswijk, The Nether-
lands). Both the temperature (T ) and CO2 concentra-
tion ([CO2]) of the medium in the culture dish were
strictly controlled at all steps of the recordings (T =
37.0◦C ± 0.5◦C, [CO2] 5.00% ± 0.05%), as it is
known that minor changes in these parameters may in-
duce stress type conditions thereby effecting cell cycle
characteristics.

Time lapse images were collected from 20 different
fields from each dish with an HCX PL FL L 40×/0.60
CORR XR (3.3–1.9 mm) objective using bright field
light every 5 min for up to 24 h. The Leica AS MDW
software was used to generate movies from the time
lapse images collected.

In order to analyze distribution and localization of
the BRCA2 protein in cells with delayed cytokine-

sis, cells were imaged for short time (2 hours) prior
to immunofluorescence staining, enabling identifica-
tion of cells with prolonged cytokinesis by using re-
localization.

A well known limitation of the microscopy tech-
nique applied in our study is that prolonged illumi-
nation of cells in culture may interfere with cell cy-
cle checkpoints, particularly when cells are fluores-
cently stained with vital dyes or expressing fluorescent
tagged proteins [21]. The use of fluorescent tagged cell
cycle related proteins, such as cyclin B1-GFP, could
have provided more options but in the process exam-
ined, i.e. cytokinesis, the cells have already passed all
checkpoints that control the cell cycle process and the
transfection per se could influence the cell characteris-
tics and, therefore, would not be informative. However,
when using unstained cells, fluorescence excitation and
formation of radicals is negligible. Furthermore, cells
hardly absorb light in the wavelength range between
400 and 700 nm (except erythrocytes with hemoglobin
and melanocytes containing melanin), which implies
that no heat is locally produced as a consequence of the
absorption process using bright-field microscopy only.
We, therefore, used transmitted light only to avoid any
photo damage.

2.4. Quantitative real-time polymerase chain reaction
(qRT-PCR)

The BRCA2 mRNA expression levels were inves-
tigated with qRT-PCR. 0.84 µg total RNA of each
sample, isolated following standard procedure using
TRIzol® Reagent (Invitrogen, Breda, The Nether-
lands), was treated with deoxyribonuclease 1 accord-
ing to the manufacturer’s instructions (Sigma-Aldrich
Chemie B.V., Zwijndrecht, The Netherlands). First-
strand cDNA was synthesized using 50 µM oligo(dT)20
and Super-script III transcriptase according to the
manufacturer’s instructions (Invitrogen, Breda, The
Netherlands). Each PCR was carried out in triplicate
in a 25 µl amplification mixture containing template
cDNA, iQ SYBR Green Supermix (12.5 µl) (Bio-
Rad Laboratories, Veenendaal, The Netherlands) and
0.4 µM BRCA2 forward and reverse primers or 0.3 µM
housekeeping gene forward and reverse primers. Reac-
tions were run on a Bio-Rad iCycler Thermal Cycler
(Bio-Rad Laboratories, Hercules, CA, USA). The cy-
cling conditions comprised 10 min polymerase activa-
tion at 95◦C and 40 cycles at 95◦C for 30 s and 60◦C
for 60 s, followed by a melting curve analysis from
58◦C–95◦C.
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geNorm [28] was used to calculate the gene-stability
for all the control genes, succinate dehydrogenase
complex, subunit A (SDHA), glyceraldehyde-3-phos-
phate dehydreogenase (GAPDH) and hypoxanthine
phosphoribosyl-transferase 1 (HPRT1). The most sta-
bly expressing control gene (SDHA) was used as a ref-
erence to calculate the normalized expression level of
BRCA2, using the standard delta Ct method [28]. The
relative values for the controls were set to one.

The sequences of the primers used for qRT-PCR
were as follows: BRCA2 forward, CCAAGTGGTC-
CACCCCAAC, reverse, CACAATTAGGAGAAGA-
CATCAGAAGC; SDHA forward, TGGGAACAAGA-
GGGCATCTG, reverse, CCACCACTGCATCAATT-
CATG; GAPDH forward, TTCCAGGAGCGAGATC-
CCT, reverse, CACCCATGACGAACATGGG and
HPRT1 forward, TGACACTGGCAAAACAATGCA,
reverse, GGTCCTTTTCACCAGCAAGCT.

2.5. Flow cytometry

DNA content for DNA ploidy and cell cycle analy-
sis was measured using flow cytometry. 1.0 × 106

cells were collected and suspended in 1×Phosphate
Buffered Saline (PBS). After centrifugation cells were
re-suspended in 0.5 ml 1×PBS. Cell suspension was
transferred into tubes containing 4.5 ml ice cold 70%
ethanol. Cells were kept cold in fixative for at least 2 h.
Ethanol-suspended cells were centrifuged and ethanol
decanted thoroughly. Pellet was suspended in 5 ml
1×PBS and waited for 1 min before centrifugation.
Pellet was then suspended in 1 ml 0.02 mg/ml Pro-
pidium Iodine (PI)/0.1% Triton X-100/1×PBS stain-
ing solution containing 2 mg RNase A. Samples were
kept at 37◦C for 15 min and PI emission detected at
Texas red wavelength using BD LSR II Flow Cytome-
ter and the BD FACSDiva Software (BD Biosciences,
Breda, The Netherlands). The ModFit LT™ flow cy-
tometry software was used for the data analysis (Verity
Software House, Topsham, ME, USA).

2.6. Annexin V detection of apoptotic cells using
live-cell imaging

To investigate the fraction of apoptotic cells staining
with PI and Annexin V conjugated to the Alexa Fluor®

488 fluorophore (Alexa Fluor® 488 annexin V) was
carried out using the Vybrant® Apoptosis Assay Kit #2
(Invitrogen, Breda, The Netherlands). The method for
utilizing Annexin V binding on adherent cells was ad-
justed from published methods [27]. Cells were plated

and cultured in monolayer on MatTek glass bottom
culture dish. 48 hours later (when approximately 70%
confluent) cells were washed twice in 1×PBS. 100 µl
containing culture medium, 10 µl of Alexa Fluor® 488
annexin V and 0.2 µg/ml PI were added drop vice to the
dish and incubated with 5% CO2 at RT for 10 min, fol-
lowed up immediately with live-cell imaging at 37◦C
and 5% CO2. Images were collected from 20 randomly
selected positions from the microscope plate with an
HPX PL APO 63× 1.3GLYC 37◦C objective using Le-
ica AF6000 LX live-cell imaging system (Leica Mi-
crosystems B.V. Rijswijk, The Netherlands).

2.7. Immunofluorescence

Unmodified primary human fibroblasts were cul-
tured on glass slides or glass bottom culture dishes
for 2 days. After removing culture medium cells were
washed with 1×Tris Buffered Saline (TBS), fixed for
3 min in 3.7% paraformaldehyde/1×TBS at RT and
washed with 1×TBS/0.1% Triton X-100. A separate
BRCA2 antibody and specimen blocking step was per-
formed by using a blocking buffer (1×TBS/0.1% Tri-
ton X-100/2% BSA) for 2 h at RT and for 30 min
at RT, respectively. Incubation with polyclonal rab-
bit anti-BRCA2 (kindly provided by Prof. Venkitara-
man, Cambridge, England) and Aurora-B (BD Bio-
sciences, Breda, The Netherlands) was performed at
37◦C for 45 min. Specimens were washed with block-
ing buffer before incubation with secondary antibodies
at 37◦C for 30 min. BRCA2 was revealed with Cy™3-
conjucated affinity-purified goat anti-rabbit antibody
(Brunschwig Chemie, Amsterdam, The Netherlands)
and Aurora-B with Alexa 488-conjucated goat anti-
mouse antibody (Invitrogen, Breda, The Netherlands).
Antibody incubation was followed by three changed
washing steps with 1×TBS/0.1% Triton X-100 before
mounted in Vectashield with 4�,6-diamino-2-phenylin-
dole-dihydrochloride (DAPI)/citifluor (500 ng/ml)
(Brunschwig Chemie, Amsterdam, The Netherlands).
Image acquisition was performed using a DM-RA
epifluorescence microscope (Leica Microsystems B.V.
Rijswijk, The Netherlands) equipped with a Quantix
camera (Roper Scientific, Fairfield, IA, USA). Gray
scale images were collected with 100× objective by
using appropriate filters to visualize Alexa 488, Cy3
and DAPI. For further image processing an in house
developed software (ColourProc) was used [22].
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Table 2

ANOVA statistical analysis of the cell division time of BRCA2+/+ and BRCA2+/−

unmodified primary human fibroblasts

BRCA2+/− BRCA2+/− BRCA2+/+

vs. vs. vs.

BRCA2+/+ BRCA2+/− BRCA2+/+

FIS 1 FIS 1 FNE 1 FNE 1 FIS 1 FIS 2

vs. vs. vs. vs. vs. vs.

FIS 2 FNE 2 FIS 2 FNE 2 FNE 1 FNE 2

p values <0.01 <0.01 <0.01 <0.01 0.21 0.49

2.8. Interphase-fluorescent in situ hybridization
(FISH)

To investigate the cell ploidy and the frequency of
bi-nuclear cells interphase-FISH was performed by us-
ing nick translation labeled D15Z1 probe to detect
centromere of chromosome 15 [9] and imaged as de-
scribed earlier [22].

2.9. Statistical analysis

To compare cell division times, estimated from im-
ages obtained with time lapse live-cell imaging, includ-
ing the outliers because of their biological origin but
not measurement errors, ANOVA’s with post hoc t-test
were applied, using lsd (Table 2). To evaluate the re-
producibility between the sets of experiments and dif-
ference between samples, a 2-way ANOVA was per-
formed.

Paired sample test was applied on data obtained
from flow cytometry analysis to compare the fraction
of cells in the G2/M phase of the cell cycle in the
BRCA2+/+ and BRCA2+/− samples.

BRCA2 mRNA expression levels between BRCA2
wild type and heterozygous mutant samples were com-
pared by calculating delta Ct values for every sam-
ple [28] and performing a t-test on the logarithm of
the normalized expression values, BRCA2+/+ versus
BRCA2+/−.

3. Results

3.1. Heterozygous mutation in the BRCA2 gene
causes delay in cytokinesis in unmodified
primary human fibroblasts

3.1.1. Cell division time of BRCA2 heterozygous
mutant and BRCA2 wild type cells

Cell divisions in unmodified primary human fibrob-
lasts were monitored by time lapse live-cell imaging to

study the phenotype of cells that carry a mutation in
the BRCA2 gene. Bright field microscopy was used to
minimize photo damage. Under strict control of tem-
perature and CO2 unmodified primary human fibrob-
lasts derived from carriers of a BRCA2 mutation (FIS 1,
BRCA2 999del5, and FNE 1, BRCA2 1537del4) and
non-mutation carriers (FIS 2 and FNE 2) were ana-
lyzed (Table 1).

The cytokinesis duration, the time from metaphase
(when the chromosomes are visible and are aligned
in an equatorial plane) until complete cell separation
(when the daughter cells and their cytoplasm have sep-
arated) was estimated (Fig. 1).

In concordance with the mutation status and in line
with previously published data on murine embryonic
fibroblasts [2] cells carrying a mutation in the BRCA2
gene had on average a longer cell division time than
BRCA2 wild type cells. The mean cell division time
for the BRCA2+/− cells FIS1 and FNE1 was 32 and
33 min, respectively, which was significant longer than
for the BRCA2+/+ cells FIS2 and FNE2 that had
mean cell division time of 27 and 26 min, respectively
(Fig. 2(A)). The increase in cell division time for the
BRCA2+/− cells was observed to be highly signifi-
cant when compared with the BRCA2+/+ unmodified
primary human fibroblasts (FIS 1 vs. FIS 2, p < 0.01;
FIS 1 vs. FNE 2, p < 0.01; FNE 1 vs. FIS 2, p < 0.01
and FNE 1 vs. FNE 2, p < 0.01) (Table 2). There
was no significant difference between the cell division
time for the two BRCA2+/+ samples (FIS 2 vs. FNE 2,
p = 0.49) nor for the two BRCA2+/− samples (FIS 1
vs. FNE 1, p = 0.21) (Table 2) manifesting that the
different heterozygous mutants show the same pheno-
type.

After pooling the cell division time for the two
BRCA2 wild type and the two BRCA2 heterozygous
mutant samples a significant increase of 6 min in
the mean cell division time was observed for the
BRCA2+/− cells, 33 min compared to 27 min for the
BRCA2+/+ cells (p < 0.01) (Fig. 3).
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Fig. 1. Cytokinesis of unmodified primary human fibroblast. Representative time lapse images showing cell division of a BRCA2+/− unmodified
primary human fibroblast. The cell division starts when chromosomes become visible and line up in an equatorial plane of the dividing cell
(t = 0 min indicated by white arrow) and continues until the cytoplasm of the daughter cells has separated (black arrows indicate the end point).
Cytokinesis is in this case completed in 35 min. Images were captured by time lapse live-cell imaging with a 40× objective and bright field light
every 5 min.

Heterogeneity in cell division time was detected
both in the BRCA2 wild type and in the BRCA2 het-
erozygous mutant samples. About 55% of the BRCA2
wild type cells completed cell division within 25 min,
for 40% the process took about 30–35 min and less
than 5% had a delayed cytokinesis of 40–45 min. Of
the BRCA2 heterozygous mutant cells only 20% fin-
ished division within 25 min but for the majority (50–
60%) cytokinesis took 30–35 min. Interestingly, about
20% of the BRCA2 heterozygous cells took 40 min or
longer to complete cell division, with maximum divi-
sion time of 65 min (Fig. 2(A), FIS 1 and FNE 1). No
cell failed to divide.

Furthermore, comparison on estimated replication
time (from end of division of progenitor cell until the
beginning of division of its daughter cell) in cells with
delayed and normal cell division time revealed that the

median replication time was approximately 20 h both
for BRCA2 wild type and heterozygous mutant sam-
ples.

3.1.2. BRCA2 mRNA expression levels
To investigate if the delay in cytokinesis in the

BRCA2 heterozygous mutant cells corresponded to
lower BRCA2 expression, a quantitative real-time poly-
merase chain reaction (qRT-PCR) was performed.
The BRCA2 mRNA expression levels of the two
BRCA2+/− samples FIS 1 and FNE 1 were 0.167 and
0.254, respectively, compared with 0.987 and 1.00 for
the BRCA2+/+ samples, FIS 2 and FNE 2, respec-
tively (Fig. 2(B)). The 5 times difference in BRCA2 ex-
pression levels between the BRCA2 heterozygous mu-
tant samples and the BRCA2 wild type samples was
shown to be significant (p = 0.03) (Fig. 2(B)).
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(A) (B)

Fig. 2. Frequency distribution of the cell division time and BRCA2 mRNA expression levlels of BRCA2+/− and BRCA2+/+ unmodified
primary human fibroblasts. (A) Cell division time was estimated from images obtained by time lapse live-cell imaging as shown in Fig. 1. The
two BRCA2+/− samples, FIS 1 and FNE 1, show the same phenotype, delayed cytokinesis, but different from the two BRCA2+/+ samples,
FIS 2 and FNE 2. 50–60% of the BRCA2+/+ cells completed cell division within 25 min and for 35–45% the process took about 30–35 min and
less than 5% had a delayed cytokinesis of 40–45 min. Up to 20% of the BRCA2 heterozygous mutant cells finished the process within 25 min but
for the majority cytokinesis took 30–35 min. For about 20% of the BRCA2+/− cells cytokinesis proceeded for 40 min or longer with maximum
cell division time of 65 min. No cell failed to divide. (B) BRCA2 mRNA expression levels were quantified with qRT-PCR. The two BRCA2+/−

samples, FIS 1 and FNE 1, show on average 5 times lower BRCA2 expression than the two BRCA2+/+ samples, FIS 2 and FNE 2, 0.167 and
0.254 versus 0.987 and 1.00, respectively. The difference between the BRCA2+/− and the BRCA2+/+ samples was shown to be significant
(p = 0.03).

Fig. 3. Frequency distribution of the cell division time of
BRCA2+/− versus BRCA2+/+ unmodified primary human fi-
broblasts. The BRCA2 heterozygous mutant cells have a significant
longer cell division time than the BRCA2 wild type cells, 6 min on
average, indicating that the delay is associated with the mutation sta-
tus in the BRCA2 gene.

3.1.3. Fluorescent in situ hybridization (FISH) to
investigate endo-reduplication

To investigate if the delayed cell division time
was due to endo-reduplication, the frequency of bi-
nuclear cells and the cell ploidy was examined with
interphase-FISH using probe against the centromere of
chromosome 15. Four signals were detected in 6 of
478 (1.26%) and three signals in 2 of 478 analyzed
BRCA2+/− cells (0.4%). This frequency was similar
to normal cells (data not shown).

3.1.4. Flow cytometry and Alexa Fluor® 488 annexin
V staining for ploidy and apoptosis estimation

Since mitotic defects can lead to increase in aneu-
ploidy [20], we performed DNA flow cytometry. Aneu-
ploid cell populations were not found. The BRCA2+/−

cells did, however, have an increased fraction of cells
in G2/M phase of the cell cycle (2.22%) or 3.8× higher
than in the BRCA2+/+ samples. Statistical analysis
showed the difference to be non-significant (p = 0.49).

To take into account the possibility that aneuploid
cells undergo apoptosis the fraction of early apoptotic
cells was measured by staining cells with Alexa Fluor®

488 annexin V and propidium iodide (PI) followed up
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by live-cell imaging. No increase in cell death was
observed in the BRCA2 heterozygous cells compared
with BRCA2 wild type cells.

3.2. BRCA2 localizes to the midbody of unmodified
primary human fibroblasts in cytokinesis

3.2.1. Localization of BRCA2 in BRCA2+/− and
BRCA2+/+ cells during cytokinesis

Numerous proteins, like Aurora B kinase in a
complex with inner centromere protein, survivin and
CSC-1, have been demonstrated to concentrate on
the central spindle during cytokinesis [5]. To inves-
tigate the role of the BRCA2 protein during cy-
tokinesis, its distribution and localization was exam-
ined in cells in cytokinesis by performing a double-
immunofluorescence staining with antibodies directed
against BRCA2 and Aurora B. The staining was both
carried out in BRCA2 wild type and BRCA2 het-
erozygous mutant unmodified primary human fibrob-
lasts.

The immunofluorescence staining revealed that
BRCA2 localizes to the midbody in cells in cytokine-
sis (Fig. 4) as previously described [2]. Accumulation
of the protein to the midbody increased as the process
proceeded (Fig. 4) and concentrated adjacent to Au-
rora B in the abscission phase (Fig. 4, inset). A simi-
lar variation of the distribution of the BRCA2 protein
along the midbody was observed both in BRCA2+/+

and BRCA2+/− cells.

3.2.2. Localization of BRCA2 in cells with delayed
cytokinesis

To investigate the localization of the BRCA2 protein
in the sub-populations of cells with division time of
40 min or longer (delayed cytokinesis) observed in the
BRCA2+/− samples (FIS 1 and FNE 1) (Fig. 2(A)),

cell division was monitored with live-cell imaging for
short time (2 hours) and followed up with immunoflu-
orescence detection with BRCA2 and Aurora B anti-
bodies. A computerized scanning stage and mapping
of the x/y coordinates was used to relocate the cells
of interest after the staining. In this way the BRCA2
staining pattern could be linked to particular cells al-
lowing investigation of the BRCA2 protein distribution
in cells with delayed cytokinesis specifically and com-
pare it to cells with normal division time. These ex-
periments showed no detectable difference of BRCA2
distribution between cells with normal or delayed cy-
tokinesis.

4. Discussion

The role of the BRCA2 protein during cytokinesis
was investigated in heterozygous BRCA2 mutated hu-
man fibroblasts using live-cell imaging. This is an ac-
curate and efficient technique to study individual cells,
the cell cycle process in addition to the location, move-
ment and interaction of cells and cell particles, cell be-
havior and phenotype ex-vivo.

Cell division time of unmodified primary human fi-
broblasts was estimated from images collected with
time lapse live-cell imaging. Samples were obtained
from individuals that carry different BRCA2 mutations
(Table 1). By comparing the cell division times of
BRCA2+/− deletion mutants with BRCA2+/+ cells,
we observed, in concordance with the mutation status,
that the BRCA2+/− cells had a significant delay. The
mean cell division time of the BRCA2+/−cells was
shown to be 6 min longer than for the BRCA2+/+

cells that completed the process in 27 min on aver-
age (Fig. 3). The cell division time was heterogeneous
within samples. Cells with delayed cytokinesis (40 min

Fig. 4. Representative images of unmodified primary human fibroblasts after immunofluorescence staining to detect BRCA2 and Aurora B.
Localization of the BRCA2 protein was investigated in cells in cytokinesis using polyclonal rabbit anti-BRCA2 (red) and monoclonal mouse
anti-Aurora B (green) antibodies and DAPI (blue). In early steps of cytokinesis (elongation) little amount of BRCA2 is present between the form-
ing daughter cells and mainly dispersed through out the nucleus. As the process proceeds, from elongation to cleavage phase, the accumulation
of BRCA2 to the midbody increases and concentrates adjacent to the Aurora B kinase in the abscission phase as indicated by inset.
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or longer) comprise a subset of the BRCA2 heterozy-
gous cell population, about 20%, as shown in Fig 2(A).
Our data are in accordance with published data on
murine cells. MEFs homozygous for a targeted BRCA2
mutation (BRCA2Tr/Tr) have severely extended cell di-
vision time compared with wild type and heterozygous
cells. Cytokinesis was prevented in more than 30%
cases in the BRCA2Tr/Tr murine fibroblasts and HeLa
cells treated with BRCA2 siRNA [2].

The qRT-PCR results denote a correlation between
lower expression levels of BRCA2 mRNA with a delay
in cytokinesis in the BRCA2+/− cells, where both of
the BRCA2+/− samples studied showed similar and a
relatively low expression levels The BRCA2 wild type
samples showed on average 5× higher BRCA2 expres-
sion than the heterozygous mutant samples (Fig. 2(B)),
suggesting that reduction of BRCA2 is a rate limiting
factor in this process.

The replication time of the cells did not vary be-
tween cells with different cell division time. These ob-
servations indicate that the delayed cytokinesis is not
caused by replication related mechanisms [3,12].

Cytokinesis defects in BRCA2 heterozygous cells
might increase the number of aneuploid cells which
then could predispose to carcinogenesis. Flow cytome-
try showed that BRCA2+/− cells accumulate in G2/M
phase of the cell cycle 3.8× more frequently than
BRCA2+/+ cells, which is in line with the 4× increase
in number of cells that showed delayed cytokinesis
compared with BRCA2+/+ samples. As aneuploidy
is defined as an additional G0/G1 peak with a small
G2/M peak and because both G2/M diploids and G0/G1
tetraploids are 4N, the groups are un-distinguishable
by flow cytometry [10,20].

Those results indicate that BRCA2 participates in
the cytokinesis process.

The distribution and localization of BRCA2 was ex-
amined to investigate further the role of BRCA2 during
cytokinesis. Immunofluorescence staining using anti-
bodies to detect BRCA2 and the Aurora B kinase,
which is known to localize and function at the mid-
body [5] revealed that BRCA2 localizes to the mid-
body in cells in cytokinesis and the accumulation in-
creases as the process proceeds. This indicates that
BRCA2 might affect or facilitate the organization of
the central spindle and/or progression through cytoki-
nesis. To investigate the molecular mechanism causing
the delay in cytokinesis, observed in the BRCA2+/−

samples, time lapse images were collected for short pe-
riod (2 hours) with live-cell imaging and followed-up
by immunofluorescence staining. We observed no dif-

ference in BRCA2 distribution between cells with pro-
longed division time (�40 min) and normal cell divi-
sion time. Therefore, we conclude that the delayed cy-
tokinesis phenotype is not directly linked to abnormal
localization of the BRCA2 protein to the midbody.

BRCA2 is known to preserve chromosome struc-
ture and abnormal cytokinesis in BRCA2 deficient cells
may be an additional cause for chromosomal instabil-
ity, a hallmark of genomic instability that contributes
to tumorigenesis [7].

5. Conclusions

Our data reveal that primary human fibroblasts de-
rived from BRCA2+/− individuals show significantly
longer cell division time compared with BRCA2+/+

cells, indicating that BRCA2 plays a role in cytokine-
sis.
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Abstract
Background: In cytokinesis, when the cleavage furrow has been formed, the two centrioles in each daughter cell 
separate. It has been suggested that the centrioles facilitate and regulate cytokinesis to some extent. It has been 
postulated that termination of cytokinesis (abscission) depends on the migration of a centriole to the intercellular 
bridge and then back to the cell center. To investigate the involvement of centrioles in cytokinesis, we monitored the 
movements of centrioles in three mammalian epithelial cell lines, HeLa, MCF 10A, and the p53-deficient mouse 
mammary tumor cell line KP-7.7, by time-lapse imaging. Centrin1-EGFP and α-Tubulin-mCherry were co-expressed in 
the cells to visualize respectively the centrioles and microtubules.

Results: Here we report that separated centrioles that migrate from the cell pole are very mobile during cytokinesis 
and their movements can be characterized as 1) along the nuclear envelope, 2) irregular, and 3) along microtubules 
forming the spindle axis. Centriole movement towards the intercellular bridge was only seen occasionally and was 
highly cell-line dependent.

Conclusions: These findings show that centrioles are highly mobile during cytokinesis and suggest that the 
repositioning of a centriole to the intercellular bridge is not essential for controlling abscission. We suggest that 
centriole movements are microtubule dependent and that abscission is more dependent on other mechanisms than 
positioning of centrioles.

Background
A centrosome consists of a pair of centrioles surrounded
by pericentriolar material, and it duplicates once during
the cell cycle. The two centrioles have different structures
and function. The older "mother" centriole is associated
with centriolar appendages, specific proteins such as cen-
exin and centrobin, it attaches microtubules and supports
ciliogenesis. The younger "daughter" centriole lacks all
these structures [1-4]. The centrosome duplication
begins in G1 by separation of the centrioles. At early S
phase procentrioles start to nucleate near the base of the
pre-existing centrioles, that then elongate and mature
[5,6]. As a cell exits G2 each centrosome nucleates micro-
tubules and the mitotic spindle is formed [7]. Although
cells with depleted centrosomes can divide, the presence
of centrosomes ensures efficient formation of the mitotic

spindle and facilitates cell division [8-10]. Cells with
supernumerous centrosomes can form multipolar spin-
dles leading to serious aberrations in chromosomal segre-
gation [11,12]. Cytokinesis starts during anaphase, when
the microtubules gradually concentrate at the spindle
midzone and a perpendicular ring of actomyosin con-
tracts to form a cleavage furrow. Subsequently, the cleav-
age furrow ingresses and an intercellular bridge is formed
containing the midbody [13,14]. The midbody consists of
overlapping microtubules and additional proteins, many
of which are required for cytokinesis. These proteins are
mainly secretory and membrane-trafficking proteins,
actin and microtubule associated proteins and protein
kinases [15,16]. Contractile ring assembly is directed by
the RhoA guanosine triphosphatase (GTPase) and the
non-muscle myosin II is among proteins required for fur-
row formation [17-19]. Cytokinesis is terminated by mid-
body cleavage (abscission) [20,21] and each daughter cell
then receives only one centrosome [22]. The process of
abscission is carefully regulated [16,23,24], but the con-
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trol mechanisms have not been fully elucidated. Many
studies support the idea that the centrosomes facilitate
the final division into two daughter cells. It has been pos-
tulated that they promote and regulate to some extent the
abscission phase of cytokinesis by acting as a scaffold or
by providing essential signaling molecules [9,22]. Also, a
role for the centrioles has been suggested in determining
abscission. Reports of possible centriole movements prior
to abscission go back to 1973 when the centrioles were
studied by using electron microscopy. It was then noticed
that in late cytokinesis centrioles were present at a region
near the midbody [25], and these observations were sup-
ported by later publications [26,27]. Studies have shown
that when the cleavage furrow has been formed one of
the two centrioles moved to the intercellular bridge, and
then back to the cell center. This type of movement was
observed in 90% of analyzed HeLa cells [28]. Centriolin, a
maternal component of centrioles, localizes also to the
intercellular bridge and it has been shown that silencing
centriolin causes cells to have severe difficulties in com-
pleting cytokinesis and that the dividing cells remain
interconnected [3,29]. Centriolar repositioning to the
midbody is therefore thought to be important for the ter-
mination of cytokinesis.

In a previous study we observed that cytokinesis was
delayed in BRCA2 heterozygous primary cells [30], which
prompted us to investigate the process of cytokinesis in
more detail. We asked whether the migration of a centri-
ole to the intracellular bridge is part of a general mecha-
nism and required for completion of cytokinesis. To this
end we analyzed the movements of fluorescently labeled
centrioles during cytokinesis by time-lapse imaging in
three different mammalian epithelial cell lines. Our
observations indicate that the suggested key function of
centrioles at the intercellular bridge in controlling the
abscission phase of cytokinesis [28] may not be univer-
sally valid and could be cell-line dependent.

Results
Characterization and quantitative analysis of centriole 
mobility during cytokinesis
To investigate whether centrioles play a key role in regu-
lating abscission and thereby in completing cytokinesis
we analyzed their positioning and movements in human
as well as in mouse epithelial cells by time-lapse fluores-
cence imaging using centrin1-EGFP as a marker.

Centrin1-EGFP and α-Tubulin-mCherry were co-
expressed in both human mammary epithelial MCF 10A
and HeLa cells by transient transfection to label respec-
tively the centrioles and microtubules. Centriole mobility
was analyzed in living cells by collecting 3D image stacks
every 10 min for 4 to 6 hrs. Both fluorescence excitation
and differential interference contrast (DIC) were used.
DIC images were taken to follow the progression through

cell division and used to identify the nuclear envelope and
visualize the movement of the cells. As a control for
potential transient transfection artifacts, HeLa cells stably
expressing centrin1-EGFP [31] were analyzed.

Centrin1-EGFP and α-Tubulin-mCherry were also co-
expressed in the p53-deficient mouse mammary tumor
cells KP-7.7. Human centrin1 shows only 90% sequence
homology to its mouse variant. Correct localization of
centrin1 was confirmed by immunostaining for γ-Tubulin
in mouse cells expressing the centrin1-EGFP (data not
shown).

By analyzing the movements of centrioles in both
human and mouse epithelial cells we noticed that centri-
oles were highly mobile in all cell lines and moved in dif-
ferent directions with varying speeds. To preclude
subjective assessment of centriole mobility, we performed
a quantitative analysis of the centriole movements using
the tracking software Stacks (Figure 1A and Additional
file 1 movie 1). The tracking showed that the mouse epi-
thelial cell line KP-7.7 had the most mobile centrioles
from anaphase onset until 60 min after abscission. Their
centrioles moved on average 3.2·103 μm2, with the average
speed of 0.35 μm/min, which is 1.5-2.7 times faster than
measured for centrioles of the human epithelial cell lines
tested (Table 1). Cells were taken as random effects when
comparing the mean square displacement (MSDp) of
centrioles between the different cell lines because of great
variations between cells within every sample (Figure 1B).
The variance of centriole mobility was calculated to be 10
times greater between cells within a sample than within a
cell, 30.3·108 versus 3.06·108 respectively.

Three main types of movements were detected: 1)
migration along the nuclear envelope, 2) irregular, where
centrioles moved in the cytoplasm or cell center with no
specific direction and 3) traveling along microtubules
forming the spindle axis.

Before abscission one of the separated centrioles or the
whole centrosome was frequently found to be associated
with and to migrate along the newly formed nuclear
envelope in G1 daughter cells. However, centriole migra-
tion was found to vary between daughter cells and
between cell lines. A centriole moving along the nuclear
envelope was detected in 58% of imaged KP-7.7 cells, 62%
of MCF 10A cells, 75% of HeLa cells and 44% of imaged
centrin1-EGFP HeLa cells (Figure 2A). Centrioles usually
migrated along the nuclear envelope in one direction
only, towards the intercellular bridge. Occasionally they
detached from the nuclear envelope before reaching the
intercellular bridge. Centrioles with a bi-directional
movement migrated to the intercellular bridge and then
back to the nuclear envelope by the same path. Tubulin
foci were detected around the centrosomes at the nuclear
envelope where the centrioles showed independent and
irregular movements (Additional file 2 Figure S1). This
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Figure 1 Tracking centrioles during cytokinesis. A) Representative images of centriole tracks in live MCF 10A cells are shown at three different time 
points as obtained with the tracking software Stacks (see Additional file 1 movie 1). i) The images show centriole (green) positioning at three different 
time points, 30 min, 80 min and 130 min after the onset of telophase. ii) The images are an overlay of centrin1-EGFP (green) and DIC. iii) The images 
are an overlay of centrin1-EGFP (green), DIC and the tracks of the centrioles for 130 min, from the onset of telophase. Every centriole track is represent-
ed by a unique pseudo-color and the tracks are determined by linking the centrioles between time-points. Analysis of the tracks revealed that these 
centrioles moved as fast as 0.35 μm/min on average (see Table 1). B) Distribution of the mean square displacement (MSDp) of movements of all 4 
centrioles in individual cells (therefore 4 values for every cell) of all cell lines. Different gray tones are used to separate individual cells within a cell line. 
Triangles represent KP-7.7, circles MCF 10A, diamonds HeLa and squares centrin1-EGFP HeLa. The tracks presented in A) is MCF 10A cell 4. Mobility 
varied greatly between cells within every cell line. KP-7.7 had the most mobile centrioles (Table 1). MSDp of centrioles was compared using linear 
mixed model, taking cells as random effects.
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was more frequently seen around immobile centrosomes
that stayed close to the cell pole during cytokinesis.
When centrioles did not move along the nuclear envelope
in the direction of the cleavage site, they migrated
through the cell center along microtubules containing α-
Tubulin (Figure 2B).

Migration of centrioles to the intercellular bridge is not 
essential for abscission in human and mouse epithelial cells
In agreement with previously published data [28] we
observed separation of mother and daughter centrioles in
90% of dividing cells after the formation of the cleavage
furrow. In 3 out of 11 (27%) MCF 10A cells that com-
pleted abscission a centriole was observed to migrate to
the intercellular bridge (Figure 3, Additional file 3-movie
2). In HeLa cells this was shown to occur 2 times more
frequently than in MCF 10A cells (Table 2). No difference
in centriole migration was observed between HeLa cells

transiently or stably expressing centrin1-EGFP (50% ver-
sus 55%). In 7 out of 12 (58%) KP-7.7 cells either a whole
centrosome or only the mother or the daughter centriole
left the cell pole. This behavior was observed in one or
both daughter cells. In mouse cells with mobile centri-
oles, centrioles showed an irregular movement along the
nuclear envelope (Figure 4). Repositioning of a centriole
to the intercellular bridge was not observed in any of the
KP-7.7 cells (Table 2). Together, these observations sug-
gest that abscission can take place without separation and
repositioning of the centrioles.

As centriole mobility might be influenced by conflu-
ency of the cell culture, the centriole mobility was investi-
gated at different cell densities. Mobile centrioles were
more frequently found to reposition to the intercellular
bridge when cells were grown at low or intermediate den-
sity (up to 70%) as compared with cells grown at high
density showing much cell-cell contact, in 35% and 50%

Table 1: Centriole mobility during cytokinesis of various mammalian epithelial cell lines

Cell line Average MSDp
(μm2)

Average speed
(μm/min)

KP 7.7 3.2·103 0.35

MCF 10A 1.5·103 0.13

HeLa 2.2·103 0.24

centrin1-EGFP HeLa 1.6·103 0.17

Figure 2 Centrioles move either along the nuclear envelope or along microtubules containing α-Tubulin. A) Centriole moving along the nu-
clear envelope in a centrin1-EGFP HeLa cell. The images shown are an overlay of centrin1-EGFP (green) and DIC. An arrow indicates mobile centrioles 
migrating along the nuclear envelope. The nuclear envelope is emphasized with a blue dotted line. B) A dividing HeLa cell showing centrioles that 
leave the cell pole and migrate through the cell center towards the intercellular bridge along microtubules. White arrows point at centrioles migrating 
along α-Tubulin towards the intercellular bridge.
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of analyzed cells versus 15%, respectively (Additional file
4 Table S1).

When centrioles migrated to the intercellular bridge,
the time they remained at or near the bridge before
abscission occurred varied between cell lines. In most
cells (84%) the centrioles stayed ≤ 30 min at the intercel-
lular bridge, which is in line with previously published
data [28]. The main difference between the cell lines was
the length of the time interval between the relocation of
the centriole from the intercellular bridge until the
abscission. MCF 10A cells completed abscission within
30 min, 10 min on average, after the centriole left the
intercellular bridge. For HeLa cells, this time period var-
ied from 0 min up to 130 min and was on average 35 min
(48 min for transiently transfected HeLa cells and 27 min
for stably expressing centrin1-EGFP HeLa cells). Follow-
ing abscission, the centrioles or even the whole cen-

trosome became more mobile and frequently detached
from the nuclear envelope.

We observed no correlation between the migration of a
centriole to the intercellular bridge and any special char-
acteristics of microtubule disassembly at the intercellular
bridge. We noticed, however, that microtubule particles
are released from the midbody and float in the extracellu-
lar space (Additional file 5 Figure S2).

Discussion
In this study we observed that centrioles are highly
mobile during cell division and that their movements are
different among the mammalian epithelial cell lines stud-
ied. During cytokinesis they move primarily along the
nuclear envelope and along microtubules containing α-
Tubulin. Importantly, repositioning of a centriole to the
intercellular bridge was not found to be prerequisite for
completion of abscission.

Figure 3 Centrioles migrate occasionally towards the intercellular bridge during cytokinesis in human epithelial cells. Representative images 
of centriole migration to the intercellular bridge prior to abscission (first 3 time points) and after abscission (t = 90 min) are shown for the human MCF 
10A epithelial cell line (see Additional file 3 movie 2). The cells were transiently co-transfected with centrin1-EGFP (green) and α-Tubulin-mCherry (red) 
expression constructs, to label centrioles and the microtubules, respectively. White arrows point at a centriole migrating to the intercellular bridge.

Table 2: Frequency of centriole(s) at the intercellular bridge of various mammalian epithelial cell lines

Cell line Mobile centriole(s) at the intercellular bridge Mobile centriole(s) 
not observed at the 
intercellular bridge

Immobile centrioles

from one daughter cell from both daughter cells

KP 7.7
(n = 12)

0 (0%) 0 (0%) 7 (58%) 5 (42%)

MCF 10A
(n = 11)

2 (18%) 1 (9%) 7 (64%) 1 (9%)

HeLa
(n = 16)

5 (31%) 3 (19%) 3 (19%) 5 (31%)

centrin1-EGFP HeLa
(n = 22)

10 (46%) 2 (9%) 6 (27%) 4 (18%)
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Consistent with previously published data showing that
centrosome movement during cytokinesis is microtu-
bule-dependent [26], we observed that in newly formed
G1 daughter cells centrioles attach to and migrate along
the nuclear envelope. In Caenorhabditis elegans, cen-
trosomes are tightly associated with the nuclear envelope
and dynein, zyg-12 and sun-1 are essential for cen-
trosome attachment to the outer nuclear membrane
[32,33]. In line with this, emerin was found to associate
with microtubules to link centrosomes to the nuclear
envelope [34]. In Saccharomyces cerevisiae the spindle
pole body (SPB) is anchored in the nuclear envelope by
hook-like appendages that originate in the central plaque
[35]. The SPB membrane proteins Mps2p and Ndc1
attach the SPB to the nuclear envelope [36,37]. Whether
other proteins are involved in the controlled movement
of centrioles along the nuclear envelope in mammalian
cells remains to be determined.

Abscission is a regulated process. Nuclear and cyto-
plasmic signaling proteins concentrate on centrosomes
and other elements of the mitotic apparatus during G2/M
transition. After the onset of anaphase, recruitment of
myosin II drives the formation of the cleavage furrow in
animal cells [17]. Assembly of the contractile ring and
ingression of the cleavage furrow to form the intercellular
bridge, are key events before abscission. Abnormal fur-
rowing and deficiency of or defects in proteins mediating
cytokinesis, as BRCA2, can lead to a delay in the process
and more severely, to incomplete cytokinesis [38].

A current model, supported by earlier findings [26],
describes that the mother centriole has to reposition
from the cell pole to the intercellular bridge and that
abscission can take place only when the centriole moves
back to the cell center [28]. We observed that centrioles
migrate to the intercellular bridge in only about one third
of human mammary epithelial MCF 10A cells analyzed
and in half of all HeLa cells. In the p53-deficient mouse
mammary tumor cells KP-7.7 centrioles were never

observed to migrate to the intercellular bridge. It has
been stated that cytokinesis rarely fails in various cell
lines, including PtK1, CV-1, BHK and LLC-PK, in which a
centriole does not migrate towards the intercellular
bridge [39]. These and our own observations are incon-
sistent with those published by Piel et.al [28]. They stud-
ied centriole motility in stable centrin1-EGFP expressing
HeLa cells and in two mouse fibroblast cell lines, L929
and 3T3. A centriole was seen to migrate to the intercel-
lular bridge in 90% of the analyzed centrin1-EGFP HeLa
cells but in none of the 3T3 cells. We observed centrioles
migrating towards the intercellular bridge in 55% of the
centrin1-EGFP HeLa cells. The observed differences
between those two studies may be the cause of sub-popu-
lations within the cell line, which have evolved during
sub-culturing and transfers between institutes. Only epi-
thelial cell lines were included in our study, eliminating
cell type specific differences. Furthermore, the conditions
under which the cells were imaged were kept constant as
well as cell density. Notably, in relatively cell dense areas
we observed little centriole mobility and at lower cell
density we observed centrioles at least twice as frequently
by the intercellular bridge.

It is known that cell-cell contact, cell density and cell
adhesion can influence centrosome behavior, mitotic pro-
gression and ultimately the phenotype of cells. Recent
studies demonstrate that the adhesion pattern of cells is
conserved. Daughter cells spread precisely as their
mother cell and the mitotic spindle is aligned along the
traction field which is preserved from progenitor cell to
daughter cells. The daughter cells transmit the tension to
each other via the intercellular bridge [40]. This suggests
that cell adhesion and traction forces are among the key
regulators of abscission [28,41,42]. Dubreuil et.al.
observed that particles were formed at the midbody and
released into the extracellular space. They suggested that
this might play a role in changing the tension in the inter-
cellular bridge and thereby facilitate abscission [43]. We
observed an increase in centriole mobility when daughter
cells were beginning to attach to the culture dish (see Fig-
ure 2A, 20-30 min). At that time we also noticed that
microtubule particles were released from the midbody,
which were not necessarily adopted by either of the
daughter cells (see Additional file Figure S2).

Conclusions
In this study we provide evidence that migration of the
centriole towards the intercellular bridge is not a key
event in regulating abscission. Centrioles are temporarily
very mobile during mitosis and show three different types
of movements: 1) along the nuclear envelope, 2) irregular,
and 3) along microtubules containing α-Tubulin. Based
on the observed variation in centriole mobility in differ-
ent epithelial cell lines we conclude that the movements

Figure 4 Centriole movement in mouse mammary epithelial cells 
during cytokinesis. During cytokinesis, centrioles show increased 
mobility and either one centriole or the complete centrosome is fre-
quently associated with the nuclear envelope. After abscission centri-
oles increase their mobility and frequently detach from the nuclear 
envelope. The images show an overlay of DIC, green and red record-
ings to show centriole-specific centrin1-EGFP localization together 
with the intercellular bridge marker α-Tubulin-mCherry. White arrows 
indicate centrioles by the nuclear envelope.
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and positioning of centrioles in late telophase cells, until
abscission occurs, is highly cell line dependent.

Materials and methods
Cell lines
HeLa cells were cultured in Dulbecco's Modified Eagle's
Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 units/ml penicillin and 0.1 mg/ml strep-
tomycin (all from Invitrogen Corporation, Breda, The
Netherlands). HeLa cells stably expressing centrin1-
EGFP (kindly provided by Dr. Fanni Gergely, Cancer
Research UK Cambridge Research Institute, Cambridge,
England, with permission from Dr. Matthieu Piel [31])
were cultured using the same culture medium supple-
mented with 0.4 mg/ml Geneticin (Invitrogen Corpora-
tion). MCF 10A (American Type Culture Collection) cells
were cultured in DMEM/F12 supplemented with 5%
horse serum, 100 units/ml penicillin, 0.1 mg/ml strepto-
mycin, 20 ng/ml epidermal growth factor (EGF) (from
Invitrogen Corporation), 10 μg/ml insulin, and 0.5 μg/ml
hydrocortisone (both from Sigma-Aldrich Chemie B.V.,
Zwijndrecht, The Netherlands) and 0.1 μg/ml cholera
toxin (Gentaur, Kampenhout, Belgium). The KP-7.7 cell
line (kindly provided by Dr. Jos Jonkers, The Netherlands
Cancer Institute, Amsterdam, The Netherlands) was
derived from a p53-deficient mouse mammary tumor as
described [44] and cultured in DMEM/F12 (Invitrogen
Corporation) supplemented with 10% FBS, 100 units/ml
penicillin, 0.1 mg/ml streptomycin, 5 ng/ml EGF, 50 μg/
ml insulin and 5 ng/ml cholera toxin. All cells were cul-
tured in a 5% CO2 humidified incubator at 37°C.

Transfection
Cells were transiently transfected at approximately 30%
confluency with centrin1-EGFP and α-Tubulin-mCherry
expression constructs by using Lipofectamine™ 2000
according to manufacturer's instructions (Invitrogen
Corporation). Centrin1-EGFP [31] was kindly provided
by Dr. Michel Bornens, Institute Curie, Paris, France and
YFP-α Tubulin [45] by Dr. Jan Ellenberg, EMBL, Heidel-
berg, Germany. YFP was exchanged for mCherry by per-
forming a polymerase chain reaction (PCR) on a
mCherry expression construct [46] (kind gift of Dr. R.
Tsien, Howard Hughes Medical Institute, University of
California, San Diego, USA), with the following forward
and reverse primers; 5' ATATAGCTAGCGCTACCG-
GTCGCCACCATGGTGAGCAAGGGCGAGGAG 3', 5'
TATATCTCGAGATCTGAGTCCGGACTTGTACTTG-
TACAGCTCGTCCATGCC 3', respectively. After gel
extraction, purification of the PCR products and diges-
tion with XhoI and NheI restriction enzymes (New Eng-
land BioLabs, Westburg B.V., Leusden, The Netherlands)
at 37°C for 2 hrs subsequent purification steps were per-
formed according to protocol. YFP-α-Tubulin construct

was digested with the same restriction enzymes and after
gel extraction and purification the mCherry sequence
was ligated to the α-Tubulin expression construct.

Time-lapse live-cell imaging
Transiently transfected cells cultured in glass-bottom cul-
ture dishes (MatTek) were imaged at approximately 70%
confluency 48 hrs after transfection. Cytokinesis and cen-
triole movements were recorded with a Leica AF6000 LX
microscope system equipped with an inverted DMI
6000B microscope, a DFC350 FX monochrome digital
camera (1.4 Megapixel, 12 bit) and a climate chamber
(Leica Microsystems). 3D image stacks were collected,
each stack containing about 10 optical sections with 1 μm
thickness, every 10 min for up to 6 hrs using a HCX PL
APO 63×/1.30 GLYC [ne = 1.460 CORR 37°C] objective
embedded in glycerin solution (Leica Microsystems).
Cells were exposed to both differential interference con-
trast (DIC, also known as Nomarski microscopy) trans-
mitted light as well as fluorescence light. A TexasRed
filter was used to visualize mCherry and a B/G/R filter
with separate FITC excitation to visualize green fluores-
cence emission. The LAS AF software (Leica Microsys-
tems) was used to process the collected time-lapse
images and to generate movies. Temperature, CO2 con-
centration and humidity were strictly controlled and kept
constant to avoid induction of stress responses, which
could influence the processes under study [47]. In addi-
tion, the size of image stacks, exposure times and the
number of exposures were kept to minimum in all experi-
ments as those factors are known to induce free radical
formation and photo damage [48,49].

Tracking of centriole movements
An in-house developed tracking software, Stacks, was
used to quantitatively analyze centriole kinetics. This
program allows visualization of time-lapse 2D and 3D
image data, offers movie facilities, and provides great
flexibility to enhance, process and analyze image stacks.
To track the centrioles, image segmentation was per-
formed using global thresholding and additionally the
threshold was adjusted for each slice in a time series or in
case of one slice at a specific time-point. Following seg-
mentation, the position, size and total density of each
centriole particle was measured for all time-points. Then
tracks were determined by linking the centrioles between
successive time-points, which had the highest calculated
probability based on these features. Every identified cen-
triole was assigned with a unique pseudo-color, so that
we could identify which centriole was classified as being
the same when scrolling between time-points. By manual,
interaction tracks were split and reconnected to correct
for errors made by the automatic procedure. Finally
kinetic parameters such as mean squared displacement
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(MSDp) were calculated to characterize the mobility of
individual centrioles.

Statistical analysis
The null hypothesis stating that all cells tested would
reveal an equal mean value of the mean square displace-
ment was tested by using linear mixed model calcula-
tions. Cells were taken as random effects as there were
great variations of centriole mobility between cells within
every cell line.
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Abstract 

Tetraploidy and aneuploidy can be caused by cell division errors and are frequently observed 

in many human carcinomas. We have recently reported delayed cytokinesis in primary human 

fibroblasts from BRCA2 mutation carriers, implying a function for the BRCA2 tumour 

suppressor in completion of cell division. Here, we address ploidy aberrations in breast 

tumours derived from BRCA2 germline mutation carriers. Ploidy aberrations were evaluated 

from flow cytometry histograms on selected breast tumour samples (n=236), previously 

screened for local BRCA mutations. The ploidy between BRCA2-mutated (n=71) and matched 

sporadic (n=165) cancers was compared. Differences in ploidy distribution were examined 

with respect to molecular tumour subtypes, previously defined by immunohistochemistry on 

tissue microarray sections. Tetraploidy was significantly 3 times more common in BRCA2 

breast cancers than sporadic. However, no differences were found in the overall ploidy 

distribution between BRCA2-mutation carriers and non-carriers. In BRCA2 cancers, 

tetraploidy was associated with luminal characteristics. The increased frequency of tetraploidy 

in BRCA2 associated cancers may be linked to cell division errors, particularly cytokinesis. 

Additionally, tetraploidy emerges predominantly in BRCA2 breast cancers displaying luminal 

rather than triple-negative phenotypes.  

 

Key words: Breast Cancer, BRCA2, tetraploidy, aneuploidy, diploidy, luminal, triple-

negative phenotype, cytokinesis. 
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Introduction 

Inherited mutations in the breast cancer susceptibility genes BRCA1 and BRCA2 

increase the risk of breast cancer as well as ovarian, prostate and other types of cancers [1].  

For carriers of the Icelandic founder mutation BRCA2 999del5, the risk translates into over 

70% by the age of 70 [2].  The increased susceptibility has been attributed to functions of the 

BRCA proteins in repair of DNA double strand breaks, via homologous recombination. 

Defects in the repair mechanisms can alter recombination pathways, giving rise to 

chromosomal re-arrangements, which have been implicated as the main cause for 

chromosomal instability found in the tumours of BRCA2 mutation carriers [3, 4]. More 

recently, it has been suggested that the BRCA2 protein functions in cytokinesis [5, 6]. Defects 

in daughter cell separation can cause mis-segregation of chromosomes, giving rise to 

polyploidy [7] and could therefore contribute to the increased cancer susceptibility in BRCA2-

mutation carriers. 

 Genomic alterations are common in breast tumours. Variations in gene expression 

patterns can be accompanied by corresponding phenotypic diversity of breast tumours. Breast 

tumours can arise from at least two distinct cell types: basal-like and luminal epithelial cells, 

and can be categorized into five subtypes based on expression of three biomarkers, oestrogen 

receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 

(HER2). Better definition can be achieved by adding epidermal growth factor receptor (EGFR) 

and cytokeratin 5/6 (CY5/6) expression analysis [8, 9]. The five subtypes of breast tumours 

are luminal A and luminal B (positive for either ER or PR), HER2 overexpressing (ER and 

PR negative), normal-like and basal-like, including triple-negative phenotype (TNP) for ER, 

PR and HER2. The basal-like subtype can further be subdivided into five-marker negative 

phenotype (5NP) or Core Basal [10]. BRCA2 tumours are predominantly luminal A or luminal 
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B [11, 12]. They show frequent and complex genomic alterations [13, 14] and have relatively 

large deletions and few high-level amplifications [14].  

A potential function for the BRCA2 protein in cytokinesis has been shown in modified 

mouse embryonic fibroblasts and HeLa cells [5]. We have recently reported that BRCA2 

plays a role in the process in primary human fibroblast cells [6]. It is well known that 

unsuccessful cell division can cause incomplete chromosomal segregation, give rise to altered 

ploidy and supernumerary centrosomes [7, 15]. Tetraploidy can emerge through various 

mechanisms, such as cell fusion, mitotic slippage, and failure to undergo cytokinesis. A 

failure to undergo cytokinesis may occur because of a failure or disturbance of cleavage 

furrow formation, giving rise to a new G1 bi-nucleated cell with two centrosomes [16, 17].  It 

has been proposed that tetraploid cells represent an important intermediate on the route to 

aneuploidy [7]. Active checkpoints prevent tetra- and aneuploidization. They act to ensure 

accurate cell division and inhibit cycling of cells that have not exited mitosis efficiently [18, 

19].  

There is an indication that BRCA2-mutation status is associated with bi-nucleation and 

amplification of centrosomes [20]. Mouse cells deficient for Brca2 produce polyploid cells 

[21]. The majority of the Icelandic BRCA2 999del5 breast cancer cases have been shown to be 

non-diploid [3]. A study presenting an association between BRCA2 mutation and high grade 

tumour progression additionally to increased proliferation rate, also found that non-diploidy 

was of higher frequency in BRCA2-mutated tumours than sporadic [22].  

The aim of this study was to investigate the proportion of tetraploidy and aneuploidy 

in BRCA2-mutated breast tumours, as a potential consequence of cytokinesis defects. We 

compared the DNA content in BRCA2-mutated and sporadic breast tumours, measured with 

flow cytometry. Ploidy aberrations were then linked to molecular classification of the tumours.  
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Material and Methods 

Patient samples 

Malignant breast tumour samples were selected from a patient cohort that had 

previously been screened for local BRCA germline mutations and had been diagnosed from 

1990-2006. Fulfilling these criteria were 101 BRCA2-mutation carriers. Two hundred and two 

sporadic cases that matched for year and age at diagnosis were selected as controls. Flow 

cytometry data for ploidy evaluation were available for 71 tumours from selected BRCA2-

mutation carriers and 165 from sporadic controls. 

All BRCA2-mutated samples carry an Icelandic founder mutation, BRCA2 999del5 

[23]. Exon 9 of the BRCA2 gene was PCR-amplified from peripheral blood DNA and run on 

7.5% polyacrylamide gels for detection of the 999del5 mutation [23, 24]. 

This work was carried out according to permissions from the Icelandic Data Protection 

Commission (2006050307) and National Bioethics Committee (VSNb2006050001/03-16). 

Informed consent was obtained from all patients. 

 

Ploidy data 

Flow cytometry analysis has been performed routinely on invasive breast tumour 

samples at the Department of Pathology, Landspitali University Hospital, Reykjavik, Iceland, 

since 1990. Flow cytometry histograms, indicating DNA content, were classified as diploid 

when they showed a single G0/G1 peak. Samples with at least two clear distinct peaks were 

classified as aneuploid. When the ratio was 1.80-2.10, and therefore the DNA content in the 
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cells in the second peak was about twice as much as in the normal peak, the sample was 

classified as tetraploid. Tumours containing both aneuploid and tetraploid cells were 

classified as mixed aneu- and tetraploid. DNA ploidy index and S-phase assessment were 

performed and classified as described [25]. Only one DNA content measurement from each 

tumour was included.  

The S-phase value of <7% was defined as low S-phase, and ≥ 7% was defined as high 

S-phase.  

 

Immunohistochemistry and Tissue microarray 

 For molecular characterization of the breast tumour samples immunohistochemistry 

was performed on tissue microarray sections. Expression analysis was carried out for ER, PR, 

HER-2, EGFR, CK5/6, CK8, CK18 and BRCA1, as described earlier [14, 26].   

 

Statistical analysis 

Statistical analysis was carried out using SPSS 17.0 and R 2.10.1. Associations 

between the BRCA2 mutation status of the breast tumours and ploidy, as well as between the 

phenotype of tumours and ploidy in BRCA2-mutated and sporadic samples were calculated 

using χ2-tests.  
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Results 

Ploidy aberrations of BRCA2 and sporadic breast tumours 

Ploidy was examined in a selected set of 236 breast tumours derived both from 

BRCA2-mutation carriers and sporadic breast cancer cases. The frequency of diploidy, 

aneuploidy, tetraploidy and mixed aneu- and tetraploidy was compared between BRCA2 and 

sporadic tumours. 

Table 1 summarizes the ploidy distribution of sporadic and BRCA2-mutated tumours 

showing no differences in the overall distribution between the two groups (χ2 test statistic 6.18, 

P-value 0.103).  Nearly half of both sporadic and BRCA2 tumours were diploid (47.9% and 

42.3% respectively).  

Although the overall distribution was the same, tetraploidy was significantly more 

common in BRCA2 breast tumours than sporadic. The difference was almost 3 fold, 14.1% 

(10 of 71) as compared with 4.8% (8 of 165) (χ2 test statistic 4.77, P-value 0.029) (Figure 1).   

 The percentage of cells in S-phase of the cell cycle is an indicator of the proliferation 

rate of a tumour. The S-phase in BRCA2 tumours was higher than in sporadic tumours (χ2 test 

statistic 3.71, P-value 0.054). High S-phase was associated with polyploidy both in BRCA2- 

(χ2 test statistic 47.03, P-value <0.001) and sporadic tumours (χ2 test statistic 47.03, P-value 

<0.001) (Additional file Table 1).  

 

Molecular classification of BRCA2 and sporadic breast tumours in relation to ploidy 

Breast cancers are classified into subtypes based on their molecular profiles. 

Expression data for ER, PR and HER2, analysed by immunohistochemistry (IHC) on tissue 



Page 9 of 20 
 

microarrays, was available from another study [26] for a subset of the study group (52 BRCA2 

and 43 sporadic cancers). This allowed us to examine ploidy aberrations in relation to 

molecular phenotypes established through a validated classification scheme [10].  

All of the BRCA2 cancers sub-categorised as either luminal (37 of 52, 71.1%) or TNP 

(15 of 52, 28.9%) as none displayed HER2 overexpression. From Table 2 and Figure 2 it is 

clear that within the group of BRCA2 cancers the differences between luminal and TNP 

subtypes are reflected in the type of ploidy abnormalities, and the association between ploidy 

aberrations and molecular subtype was highly significant (χ2 test statistic 18.48, P-value < 

0.001). All of the 7 tetraploid BRCA2 cancers and 5 out of the 6 mixed aneu- and tetraploid 

belonged to the luminal phenotype (χ2 test statistic 8.65, P-value 0.003) (Figure 2).  

In contrast, all except one of the TNP BRCA2 tumours displaying ploidy aberrations 

were aneuploid only (11 of 12, 91.7%) (Table 2). 

The group of sporadic cancers also showed a statistically significant association 

between subtype and ploidy (χ2 test statistic 20.47, P-value 0.015) (Table 2), as those of the 

luminal phenotype were mostly diploid or aneuploid, with only one out of 29 being tetraploid 

(Table 2). Although the numbers are very low they do not suggest the association between 

luminal phenotype and tetraploidy that was seen in the BRCA2 group.  

 

Discussion  

The results presented here describe an analysis of ploidy in cancers derived from 

BRCA2 germline mutation carriers and sporadic cancers. The study was carried out to follow 

up on our previous report describing a function for BRCA2 in the completion of cell division 

of primary human cells [6]. We observed that tetraploidy was significantly more frequent in 
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BRCA2-mutated than sporadic breast carcinomas. Furthermore, our results showed that 

tetraploidy in BRCA2 cancers was almost confined to tumours of a luminal subtype.  

When studying tetraploidy specifically, a 3 fold difference between BRCA2-mutated 

and sporadic cancers was detected, but tetraploidy for BRCA2 cancers has not been described 

previously. There was no overall association between BRCA2 status and ploidy, and this is in 

line with previously published data [3, 22]. Molecular classification was available for a subset 

of the studied tumour samples [26]. Tetraploid BRCA2-mutated cancers displayed luminal- 

rather than triple-negative phenotype. This is in contrast with that observed in sporadic 

cancers of luminal phenotype, not HER-2 related, which were mostly diploid or aneuploid and 

rarely showed tetraploid features.  

Recently, it has been proposed that the wild-type BRCA2 allele is not consistently lost 

in breast tumours from BRCA2 mutation carriers [26, 27]. Ongoing studies indicate that 

deletion of the wild-type BRCA2 allele may be more frequent in BRCA2 cancers displaying 

luminal rather than triple-negative phenotype [28]. Given a role for BRCA2 in cytokinesis, 

this might explain why tetraploidy emerges in luminal- rather than triple-negative BRCA2 

cancers.  

Tetraploidy is known to arise through incomplete cytokinesis. By using time-lapse live 

cell imaging to estimate cell division time we found that BRCA2-heterozygous primary 

human fibroblasts showed delayed cytokinesis [6, 28], supporting a role for BRCA2 in this 

process [5]. The BRCA2 heterozygous primary fibroblasts had a slightly increased number of 

cells in G2/M phase [6]. Spontaneous tetraploidy has been observed in cultured primary 

human skin fibroblasts derived from BRCA2-mutation carriers (Ogmundsdottir, H.M. 

unpublished data).  
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Previously established functions of the BRCA2 protein include an essential role in 

error-free repair of DNA double strand breaks via homologous recombination [29]. It is also 

needed at stalled replication forks [30], and it may regulate mitotic entry to some extent [31]. 

Cytokinesis can fail because of defects in or deficiency of proteins mediating cytokinesis. 

Also, chromosome bridges formed during anaphase can cause furrow regression leading to 

generation of bi-nucleated cells [32-34]. End-to-end fusions of chromosomes are more 

common in breast tumours from BRCA2 carriers than in sporadic breast tumours [29, 35, 36]. 

These chromosomes frequently contain two or more centromeres, which makes segregation of 

sister-chromatids during mitosis difficult. The high degree of chromosomal re-arrangements 

and other genetic instability in BRCA2-deficient cell lines and tumours has been explained by 

inefficient repair of DNA double strand breaks, via error-prone non-homologous end joining, 

which can result in G1 arrest. BRCA2 mutations could therefore facilitate polyploidization 

through cytokinesis failure as well as creation of chromosome bridges. 

Polyploidy is not necessarily a disadvantage [37]. Only when growth arrest, cell death 

or increased genomic instability is triggered can it be catastrophic [38]. Thus, polyploidy can 

be tolerated so long as cells retain the cellular machinery to duplicate and segregate their 

genome and centrosomes accurately during subsequent divisions. Tetraploid cells do not 

always produce tetraploid progeny. Aneuploidy can evolve either through tetraploidy or 

directly from diploidy [39]. Tetraploid cells frequently contain two extra centrosomes. Only 

when polarity is maintained, by forming a bipolar spindle, can a normal cell division be 

executed. Amplification of centrosomes can cause multipolar spindles, resulting in unequal 

distribution of chromatids between the daughter cells, giving rise to aneuploid progenies [15, 

40]. The aneuploid and the mixed aneu- and tetraploid cell populations may have been 

promoted through the tetraploid rout, or they may have evolved directly from diploid cells, 
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possibly as a consequence of multipolar spindle or spindle checkpoint failure, resulting in 

mis-segregation of chromosomes.  

In conclusion, tetraploidy was more frequent in BRCA2-mutated tumours than 

sporadic. We have previously reported that BRCA2 heterozygous cells have delayed 

cytokinesis. We suggest that the increased tetraploidy in the BRCA2 tumours may be related 

to defects in cytokinesis. Tetraploidy was found to be associated with luminal phenotype in 

the BRCA2 samples. Thus, it may be speculated that loss of the BRCA2 function is more 

prominent in BRCA2 cancers displaying luminal characteristics rather than triple-negative.  
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Tables 

 

Table 1: Comparison of ploidy between BRCA2 and sporadic cancers. 

 Diploid (%) Aneuploid (%) Tetraploid (%) Mixed Aneu- and 
Tetraploid (%) Total 

Sporadic 79  (47.9) 63 (38.2) 8 (4.8) 15 (9.1) 165 (100%) 

BRCA2-mutated 30  (42.3) 24  (33.8) 10 (14.1) 7 (9.9) 71 (100%) 

Total 109     87   18 22  236 

χ2 test statistic 6.18, P-value   0.103     

 

Table 2: Ploidy of BRCA2 and sporadic cancers in relation to molecular subtypes. 

 Diploid (%) Aneuploid (%) Tetraploid (%) Mixed Aneu- and 
Tetraploid (%) Total 

BRCA2-mutated           

Luminal 20  (54.1) 5 (13.5) 7 (18.9) 5 (13.5) 37 (100%) 

TNP 3  (20.0) 11 (73.3) 0 (0.0) 1 (6.7) 15 (100%) 

Total 23  16  7  6   52 

  χ2 test statistic 18.48, P-value < 0.001        

Sporadic           

Luminal 17  (58.6) 11 (37.9) 1 (3.4) 0 (0.0) 29 (100%) 

TNP 1 (12.5) 4 (50.0) 1 (12.5) 2 (25.0) 8 (100%) 

Luminal-HER 0 (0.0) 1 (25.0) 1 (25.0) 2 (50.0) 4 (100%) 

Non-Luminal-
HER2 

 1 (50.0) 1 (50.0) 0 (0.0) 0 (0.0) 2 (100%) 

Total 19  17  3  4  43 

  χ2 test statistic 20.47, P-value 0.015       
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Figure legends 

Figure 1: Ploidy distribution of sporadic (dark grey) and BRCA2 (light grey) breast cancers. 
The proportion of diploidy, aneuploidy and mixed aneu- and tetraploidy was similar in 
sporadic and BRCA2 cancers. Tetraploidy was 2.9 fold higher in BRCA2 cancers compared 
with sporadic cancers (P-value 0.029), see details in Table 1. 

 

Figure 2: Ploidy distribution of BRCA2 breast cancers, in relation to molecular subtype. Dark 
grey bars represent luminal subtype and light grey triple-negative phenotype (TNP). A strong 
association was seen between luminal phenotype and tetraploidization (only tetraploidy or 
mixed aneu-and tetraploidy) (P-value 0.003), and TNP and aneuploidy (P-value <0.001) in 
BRCA2 cancers. TNP was rarely diploid. 
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Jonsdottir AB et al. 

Figure 1 
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Jonsdottir AB et al. 

Figure 2 
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