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Chromosomal instability 
Cell division, the process by which two daughter cells are generated from a single 
mother cell, is essential for development of a zygote into a multicellular organism 
(Kumar et al., 2015), as well as for the maintenance of tissue homeostasis and the 
regeneration of tissues after damage (Pellettieri & Sánchez Alvarado, 2007). With 
each round of cell division, cells are faced with the challenge to equally distribute the 
duplicated chromosomes between the newly formed daughter cells. A high frequency 
of errors in chromosome segregation during cell division, or chromosomal instability 
(CIN), leads to the formation of aneuploid cells, i.e. cells in which the chromosome 
number differs from the multiple of the haploid state (Orr et al., 2015). Aneuploidy 
is found in approximately 70% of solid tumors (Duijf et al., 2013), and CIN is indeed 
observed in cancer cell lines (Lengauer et al., 1997; Thompson & Compton, 2008) and 
in intestinal organoids harboring mutations that are commonly observed in colorectal 
cancer (Drost et al., 2015). Despite the presence of chromosome segregation errors 
in cancer, the role of CIN in cancer initiation and progression has long been subject 
of controversy. The most compelling evidence of the potential of CIN to promote 
tumorigenesis comes from several genetically engineered mouse models in which 
genes that regulate chromosome segregation have been perturbed to induce CIN. 
However, whether CIN indeed promotes tumor development seems dependent on 
the specific genetic alteration that is causing CIN in the mouse model as well as the 
type of tissue in which CIN is induced (Ricke et al., 2008; Schvartzman et al., 2010). 
The level of CIN is an important factor, as low rates of chromosome mis-segregation 
can be oncogenic whereas high chromosome mis-segregation rates have a tumor 
suppressive function by inducing cell death or senescence (Santaguida et al., 2017; 
Silk et al., 2013; Weaver et al., 2007). Besides implications of chromosome mis-
segregations in cancer onset, a transcriptional profile of aneuploid tumors has been 
linked to high proliferation indices and poor patient survival rates (Carter et al., 2006). 
Strikingly, this ‘CIN70 signature’ reflects clonal aneuploidy, rather than ongoing CIN, 
and is likely determined by a karyotype that confers a selective advantage to the 
tumor (Sheltzer, 2013). Still, CIN is also related to tumor aggressiveness, even 
though chromosomally unstable tumors are not highly proliferative (Sheltzer, 2013). 
High CIN in cancer cells is thought to give rise to heterogeneity within the tumor, 
and can thereby contribute to the ability of tumors to adapt, which is especially 
important in the light of cancer treatment. Indeed, CIN in cancer cells can confer 
resistance to a variety of drugs (Duesberg et al., 2001; Lee et al., 2011; Swanton et 
al., 2009). Notably, CIN not only contributes to cellular heterogeneity via gains and 
losses of whole chromosomes, but also induces structural genetic changes, such as 
translocations (transfer of part of a chromosome to a nonhomologous chromosome 
or to a different site on the same chromosome) and chromothripsis (fragmentation 
and rearrangement of one or a few chromosomes) (Burrell et al., 2013; Crasta et 
al., 2012). Since aneuploidy and CIN play an important role in multiple aspects of 
cancer biology, it is important to understand the defects leading to chromosome 
segregation errors. This requires comprehension of the molecular mechanisms that 
ensure chromosome stability in healthy cells.

Mitosis
Equal distribution of the DNA during cell division is essential for maintenance of a 
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stable genome. Cells duplicate their genomic content in S phase of the cell cycle. 
The duplicated chromosomes (now called sister chromatids) are held together 
by the protein complex cohesin until anaphase, when the sister chromatids are 
separated and subsequently segregated into two newly formed daughter cells. 
The first phase of mitosis is prophase, which is characterized by breakdown of the 
nuclear envelope, chromosome condensation, formation of the mitotic spindle and 
removal of the bulk of cohesin from chromosome arms (Fig. 1). In prometaphase, 
the condensed chromosomes will start forming interactions with microtubules of 
the mitotic spindle via a large protein complex termed the kinetochore, which is 
assembled on centromeric DNA (Fig. 1). For correct distribution of chromosomes 
in mitosis, the sister chromatids should become connected to microtubules from 
opposing poles of the mitotic spindle (bi-orientation) (Fig. 2A). During this process, the 
chromosomes congress towards the cell equator and form the so-called metaphase 
plate (Fig. 1). Anaphase starts when the remaining cohesin that keeps the sister 
chromatids together is cleaved, and the sisters are pulled apart by the microtubules 
of the mitotic spindle (Fig. 1). Importantly, during anaphase the cell membrane 
between the separating chromosomes ingresses, marking the onset of cytokinesis 
or cytoplasmic division. Lastly, in telophase, chromosomes decondense, the nuclear 
envelope reassembles around the two packs of DNA, the spindle disassembles and 
cytokinesis is completed (Fig. 1).

Chromosome segregation errors
In CIN-positive cancer cell lines different types of chromosome segregation errors 
occur (Burrell et al., 2013). Anaphase bridges, for example, can be observed as a 
stretch of DNA that connects the two separated sets of chromosomes in anaphase. 
Anaphase bridges can arise as a result of incomplete DNA replication (Chan et al., 
2009), unrepaired DNA damage (Acilan et al., 2007), telomere fusions (Stewénius et 
al., 2005), incomplete cohesin removal (Chestukhin et al., 2003) or DNA decatenation 
(Chan et al., 2007; Charbin et al., 2014). These inter-sister DNA linkages that persist 
in anaphase can result in DNA breakage, and initiate a vicious circle of chromosome 
fusion and subsequent formation of anaphase bridges in the following cell division 
(known as the breakage-fusion-bridge cycle) (Gisselsson et al., 2000; McClintock, 
1938). Alternatively, they can cause cytokinesis failure, leading to the formation of 
cells that contain two copies of the genome (tetraploid) (Mullins & Biesele, 1977; 
Pampalona et al., 2012). Another type of chromosome segregation error is caused 
by anaphase lagging chromosomes, meaning that an entire sister chromatid lags 
behind in the cell equator while all other sisters are separated during anaphase. 
Anaphase lagging chromosomes occur as the result of persistent erroneous 

prophase prometaphase metaphase anaphase telophase

Figure 1. Phases of mitosis. DNA is shown in blue, kinetochores are shown in red and tubulin is shown 
in green.
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attachments between chromosomes and microtubules of the mitotic spindle. If a 
single sister chromatid is connected to microtubules coming from opposing sides 
of the mitotic spindle (merotelic attachment) at anaphase onset, this will result in a 
tug-of-war between microtubules coming from both spindle poles, and depending 
on the number of microtubules coming from each side the lagging chromatid may 
end up in the wrong daughter cell (Fig. 2B) (Cimini et al., 2004). Other forms of 
mal-attachments include monotelic attachments (only a single sister chromatid is 
attached to the mitotic spindle) and syntelic attachments (both sister chromatids are 
connected to the same mitotic spindle pole) (Fig. 2B), however due to activities of the 
mitotic checkpoint and error correction machinery (further discussed below) these 
are generally resolved before anaphase onset, and will therefore rarely result in 
chromosome mis-segregations. Indeed, the most frequently observed chromosome 
mis-segregations are anaphase lagging chromosomes, which are indicative of 
persistent merotelic attachments (Cimini et al., 2002; Cimini et al., 2001; Ganem 
et al., 2009; Thompson & Compton, 2008). Anaphase lagging chromosomes may 
subsequently become damaged by the cleavage furrow during cytokinesis, which 
can give rise to double stranded DNA breaks and translocations (Janssen et al., 
2011). In addition, a lagging chromosome may end up in a micronucleus (Crasta 
et al., 2012). Chromosomes in micronuclei are prone to chromothripsis as a result 
of defective DNA replication leading to chromosome fragmentation (Crasta et al., 
2012; Zhang et al., 2015), and nuclear envelope collapse leading to extensive DNA 
damage (Hatch et al., 2013; Terradas et al., 2016).

Molecular mechanisms that regulate faithful chromosome segregation
The mitotic checkpoint
During prophase and prometaphase many chromosomes are not yet attached to 
the mitotic spindle, so the cell is not ready to enter anaphase. In order to prevent 
anaphase onset in the presence of unattached chromosomes a diffusible protein 
complex, which is termed the mitotic checkpoint complex (MCC) and consists of 
Mad2, BubR1, Bub3 and CDC20, is assembled when unattached kinetochores are 
present in the cell (Rieder et al., 1995; Sudakin et al., 2001) (Fig. 3). MCC formation 
is for an important part regulated by the mitotic kinase Mps1. Mps1 is recruited 
to unattached kinetochores early in mitosis and phosphorylates the kinetochore 
protein Knl1 at its MELT/SHT motifs, which subsequently acts as a docking site for 
Bub3, resulting in co-recruitment of Bub1 and BubR1 (collectively referred to as 
the Bubs) (London et al., 2012; Shepperd et al., 2012; Taylor et al., 1998; Vleugel 
et al., 2015; Vleugel et al., 2013; Yamagishi et al., 2012). The recruitment of the 
Bubs is further enhanced through a direct interaction between the TPR domains of 
Bub1 and BubR1 and two “KI” motifs in Knl1 (Bolanos-Garcia et al., 2011; Kiyomitsu 
et al., 2011; Krenn et al., 2012). Inclusion of Mad2 in the MCC is dependent on a 
conformational change from open (o-Mad2) to closed (c-Mad2), which is catalyzed 
by a Mad1/c-Mad2 complex present at kinetochores (De Antoni et al., 2005; Faesen 
et al., 2017). Binding of c-Mad2 and BubR1 to CDC20 allows CDC20 incorporation 
in the MCC (Di Fiore et al., 2015; Sewart & Hauf, 2017). The MCC binds to the 
anaphase-promoting complex/cyclosome (APC/C), an E3 ubiquitin ligase, thereby 
preventing the ubiquitination of APC/C substrates and mitotic exit (Chao et al., 2012; 
Izawa & Pines, 2015; Sudakin et al., 2001).
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Attachment of microtubules to the kinetochore displaces Mps1 from the kinetochore 
(Hiruma et al., 2015; Ji et al., 2015), causes Mad1/Mad2 removal along the 
microtubules by the minus-end directed motor protein Dynein (Howell et al., 2001; 
Mische et al., 2008) and induces Knl1 dephosphorylation and Mps1 inactivation by 
Protein Phosphatase 1γ (PP1γ) (Moura et al., 2017; Nijenhuis et al., 2014; Rosenberg 
et al., 2011), thereby abolishing the formation of new MCC. In addition, existing MCC 
needs to be disassembled to allow APC/C activation. MCC disassembly is facilitated 
by p31comet and TRIP13, which together convert c-Mad2 to o-Mad2 (Eytan et al., 
2014; Wang et al., 2014; Westhorpe et al., 2011; Ye et al., 2015). Moreover, p31comet 
competes with BubR1 for Mad2 binding (Chao et al., 2012) and cooperates with the 
APC/C subunit APC15 to mediate ubiquitination of CDC20 to disassemble the MCC 
(Foster & Morgan, 2012; Reddy et al., 2007; Uzunova et al., 2012; Xia et al., 2004). 
The resulting activation of the APC/C leads to the ubiquitination and subsequent 
proteasomal degradation of numerous proteins. Importantly, the APC/C promotes 
degradation of Cyclin B, which leads to inactivation of Cdk1 and thus mitotic exit, 

amphitelic monotelic

syntelic merotelic

sister chromatids

cohesin kinetochore

microtubules

A B

sister chromatids with kinetochores

microtubule bundle

spindle pole

bi-orientation

Figure 2. Sister chromatid attachment to the 
mitotic spindle. A) Schematic depiction of bi-
orientation. Bi-orientation is reached when all sister 
chromatids have become attached to microtubules 
emanating from opposing sides of the mitotic 
spindle. B) Sister chromatid attachment statuses. 
Before anaphase onset, each sister kinetochore 
needs to be attached to microtubules emanating 
from opposing sides of the mitotic spindle, known as amphitelic attachment. A state where only a single 
kinetochore is attached to microtubules is termed a monotelic state. Syntelic attachment means that both 
kinetochores are attached to microtubules emanating from the same side of the mitotic spindle. Merotelic 
attachment describes a state where one kinetochore is attached to microtubules emanating from both 
sides of the mitotic spindle.
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and of Securin, thereby activating Separase, which cleaves cohesin leading to sister 
chromatid separation (Clute & Pines, 1999; Funabiki et al., 1996; Glotzer et al., 
1991; Hagting et al., 2002).

Sister chromatid cohesion
During DNA replication in S phase, both copies of the DNA become entrapped by the 
ring-shaped protein complex cohesin, which keeps the sister chromatids together 
until anaphase (Chan et al., 2012b) (Fig. 4). The core cohesin complex is composed 
of Smc1, Smc3 and Scc1/Rad21 (Haering et al., 2002; Nasmyth & Haering, 2009). 
Smc1 and Smc3 are long rod-shaped proteins that form a heterodimer. A direct 
interaction is formed between the globular ‘hinge’ domains on one end of these 
proteins. The other ends of Smc1 and Smc3 consist of ATPase heads, which interact 
with each other by sandwiching ATP in between them (Nasmyth & Haering, 2009). 
In addition, the ATPase heads are bridged by Scc1/Rad21 (Haering et al., 2002). 
Besides the core subunits, cohesin has several accessory subunits, namely Stag1/
SA1 and Stag2/SA2, which interact with Scc1/Rad21 (Haering et al., 2002; Losada 
et al., 2000), and Pds5A and -B, which bind Scc1/Rad21 and Stag1/SA1 or Stag2/
SA2 (Losada et al., 2005; Nasmyth & Haering, 2009; Panizza et al., 2000). 

Figure 3. The mitotic checkpoint. Mitotic checkpoint complex, consisting of BubR1, Bub3, c-Mad2 and 
Cdc20, is generated at unattached kinetochores by recruitment of the Bubs to Knl1 after phosphorylation 
by Mps1. The CPC contributes to adequate recruitment of Mps1 and phosphorylates Knl1 to evict PP1Υ, 
which would otherwise counteract Knl1 phosphorylation by Mps1. A complex of Mad1 and c-Mad2 at the 
kinetochore mediates conversion of o-Mad2 to c-Mad2, which is incorporated in the mitotic checkpoint 
complex. The mitotic checkpoint complex inhibits the APC/C to prevent ubiquitination of (a.o.) Cyclin B 
and Securin, thereby keeping Cdk1 active and preventing sister chromatid separation. The black lines 
indicate phosphorylation, dephosphorylation, ubiquitin ligase activity, an alteration in protein structure, 
protein inhibition or cleaving activity. The grey lines indicate an effect on localization.
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Figure 4. The cohesin complex. The ring-
shaped cohesin complex is composed of the core 
components Smc1 and Smc3, which entrap the DNA 
(depicted in light blue), and Scc1/Rad21. SA1/2 and 
Pds5A/B are accessory components of cohesin.

Cohesin is loaded onto the DNA in 
G1 phase, but before DNA replication 
has occurred, cohesin continuously 
entraps and releases the DNA, by 
the activities of Scc2/Scc4 and Wapl, 
respectively (Bernard et al., 2008; 
Ciosk et al., 2000; Kueng et al., 2006; 
Seitan et al., 2006; Watrin et al., 
2006). From S phase onward, cohesin 
removal is counteracted by the acetyl 
transferases Esco1 and Esco2 (Hou & 
Zou, 2005; Lafont et al., 2010). These 
proteins acetylate Smc3, resulting in 
the recruitment of Sororin, which in turn 
counteracts Wapl binding to Pds5A/B 
(Nishiyama et al., 2010; Ouyang et al., 
2016; Rankin et al., 2005). Upon entry 
into mitosis Sororin is phosphorylated 
by Cdk1 and Aurora B, which releases 
Sororin from cohesin, thereby allowing recruitment of Wapl and subsequent removal 
of cohesin (termed the prophase pathway) (Dreier et al., 2011; Gandhi et al., 2006; 
Nishiyama et al., 2013) (Fig. 7A). In addition, Plk1 mediated phosphorylation of 
Stag2/SA2 is required for cohesin removal (Hauf et al., 2005; Nishiyama et al., 2013; 
Sumara et al., 2002). At the centromere, however, cohesin is maintained due to the 
presence of Shugoshin 1-PP2A, which counteracts phosphorylation of Sororin and 
Stag2/SA2 and competes with Wapl for binding to Scc1/Rad21-Stag2/SA2 (Hara 
et al., 2014; Kitajima et al., 2006; Liu et al., 2013b; Salic et al., 2004). Finally, at 
anaphase, Separase becomes active, which removes all residual cohesin from the 
chromatin by cleaving Scc1/Rad21 to initiate chromosomes segregation (Uhlmann 
et al., 1999; Uhlmann et al., 2000; Waizenegger et al., 2000).

Kinetochore-microtubule attachment and error correction
The establishment of attachments between kinetochores and the plus-ends of 
microtubules (end-on attachment) is a multi-step process. Initially, the kinetochore-
microtubule (KT-MT) interactions are lateral, meaning that kinetochores interact 
with the walls of microtubules (Kapoor et al., 2006; Tanaka et al., 2005). Formation 
of these interactions is aided by expansion of the outer layer of the kinetochore, 
which almost completely encircles the sister chromatids (Magidson et al., 2015; 
Sacristan et al., 2018; Wynne & Funabiki, 2015). Following this initial interaction, 
chromosomes are moved towards the spindle equator by the plus-end directed 
motor protein CENP-E (Kapoor et al., 2006; Tanaka et al., 2005). Here the lateral KT-
MT interactions are converted to end-on attachments (Shrestha & Draviam, 2013). 
The conversion from lateral to end-on attachment is followed by a compaction of the 
kinetochores, resulting in two distinct kinetochores on opposite sides of the paired 
sister chromatids (Magidson et al., 2015; Sacristan et al., 2018). This kinetochore 
collapse decreases the probability of forming erroneous KT-MT attachments 
(Magidson et al., 2015; Sacristan et al., 2018; Wynne & Funabiki, 2015). In addition, 

Smc1 Smc3
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as sister kinetochores bind microtubules from opposite poles, the chromosome 
orients each kinetochore toward the attached pole greatly favoring appropriate bi-
oriented attachments (Indjeian & Murray, 2007; Loncarek et al., 2007). 

Despite these mechanisms that favor the acquisition of amphitelic attachments, 
erroneous attachments such as syntelic and merotelic attachments can occur in 
early mitosis. These incorrect attachments need to be efficiently resolved to prevent 
chromosome mis-segregations. Destabilization of incorrect KT-MT interactions, 
allows for a new opportunity to form correct, amphitelic attachments (a process 
termed error correction) and simultaneously activates the mitotic checkpoint to 
prevent anaphase onset. Resolution of erroneous attachments is achieved by 
phosphorylation of kinetochore proteins by Aurora B, specifically subunits of the 
KMN network (consisting of Knl1, Mis12 complex and Ndc80 complex) which form 
the microtubule binding interface of the kinetochore (Cheeseman et al., 2002; Cimini 
et al., 2006; DeLuca et al., 2006; Hauf et al., 2003; Pinsky et al., 2006; Tanaka 
et al., 2002; Welburn et al., 2010). Phosphorylation of these kinetochore proteins 
reduces their microtubule-binding affinity (Cheeseman et al., 2002; Welburn et al., 
2010). In addition, phosphorylation of the Ska complex, a protein complex that binds 
microtubules and interacts with KMN-network to form stable KT-MT attachments, 
promotes kinetochore-microtubule turnover (Gaitanos et al., 2009; Theis et al., 2009; 
Welburn et al., 2009). To this end, the Ska complex is phosphorylated by Mps1, 
which reduces its affinity for microtubules and impedes end-on conversion, thereby 
interfering with the capacity of the Ska complex to track depolymerizing microtubules 
(Maciejowski et al., 2017).

Thus, achievement of full bi-orientation requires a mechanism that destabilizes 
incorrect (merotelic and syntelic) attachments, but stabilizes correct attachments 
(Fig. 2B). One aspect that contributes to the stabilization of amphitelic attachments 
is the presence of tension across sister kinetochores. The microtubule pulling forces, 
that pull on kinetochores in opposite directions and are resisted by cohesion of the 
two sister chromatids, generate tension. Experiments on grasshopper spermatocytes 
using a microneedle to create artificial tension initially demonstrated the contribution 
of tension to stabilization of KT-MT interactions (Nicklas & Koch, 1969). This finding 
was further supported by in vitro experiments where a laser trap was used to apply 
tension on purified kinetochore particles that were bound by microtubules. Using this 
in vitro system, it was shown that tension increases the halftime of KT-MT attachments 
through a catch bond-like mechanism (Akiyoshi et al., 2010). Moreover, laser cutting 
of microtubules in a bi-oriented spindle, leading to loss of inter-kinetochore tension, 
results in disruption of KT-MT attachments (Dick & Gerlich, 2013). These data support 
the idea that tension contributes to the stabilization of correct KT-MT attachments. 

Tension also affects the phosphoregulation of kinetochore substrates by Aurora B 
but ‘how’ remains incompletely understood. The prevailing model suggests that the 
generation of tension pulls outer kinetochore substrates away from Aurora B, which is 
localized at the inner centromere (Andrews et al., 2004; Liu et al., 2009; Tanaka et al., 
2002; Wang et al., 2011a; Welburn et al., 2010). According to this “spatial separation” 
model, the pulling forces acting on kinetochores create a physical distance between 
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Aurora B at the inner centromere and its substrates at the outer kinetochore, thereby 
preventing phosphorylation of these substrates. However, several recent pieces of 
evidence suggest this elegant model maybe too simplistic and needs some revision 
(Campbell & Desai, 2013; Hengeveld et al., 2017), as will be discussed later in this 
chapter and more extensively in chapter 6.

The chromosomal passenger complex
Aurora B is the enzymatic component of a larger protein assembly, termed the 
chromosomal passenger complex (CPC). In addition to Aurora B, the CPC consists 
of the accessory subunits Borealin, Survivin, and INCENP. The complex can be 
divided into two functional modules that are bridged by INCENP. The first module 
consists of Borealin and Survivin, which bind to the N-terminal region of INCENP 
(referred to as the CEN module) and together control the localization of the CPC 
(Carmena et al., 2012; Jeyaprakash et al., 2007; Klein et al., 2006; Vader et al., 
2006). The second module harbors the activity of the CPC and consists of Aurora B 
associated with a region at the C-terminus of INCENP (known as the IN-box). The 
interaction between Aurora B and the IN-box not only links Aurora B to the CPC but 
is also required for its full kinase activity (Bishop & Schumacher, 2002; Honda et al., 
2003b; Sessa et al., 2005). 

The CPC feeds into multiple mechanisms that promote faithful chromosome 
segregation. As mentioned above, Aurora B phosphorylates components of the KMN 
network at the outer kinetochore to disrupt KT-MT interactions, thereby promoting 
error correction and indirectly activating the mitotic checkpoint (Cheeseman et al., 
2002; Cimini et al., 2006; DeLuca et al., 2006; Hauf et al., 2003; Pinsky et al., 2006; 
Tanaka et al., 2002; Welburn et al., 2010). Second, Aurora B regulates the mitotic 
checkpoint in a more direct manner, by promoting rapid recruitment of Mps1 to 
unattached kinetochores when cells enter mitosis (Saurin et al., 2011). In addition, 
phosphorylation of Knl1 by Aurora B evicts PP1γ, the phosphatase that counteracts 
Mps1 dependent phosphorylation of Knl1 needed for recruitment of the Bub proteins 
(Nijenhuis et al., 2014). Moreover, Aurora B activity supports removal of majority of 
cohesin from the chromosome arms by Wapl in prophase, whilst the CEN-module 
appears to be involved in protection of cohesin at the centromere (Dai et al., 2006; 
Hengeveld et al., 2017; Nishiyama et al., 2013). As such, the CPC is crucial for error-
free chromosome segregation. We will therefore discuss below in more detail how 
the CPC is regulated. We thereby focus on its localization in (pro)metaphase, since 
this is considered important for CPC function.

Defining different centromere regions of the chromosome
Upon entry into mitosis all CPC subunits can be observed along the length of 
the chromosome arms although their localization quickly becomes restricted to 
centromeres, specifically at the inter-sister chromatid region referred to as the inner 
centromere (Fig. 5). Concentrating the CPC at the centromere region is considered 
crucial for its function as it promotes CPC clustering which was shown to contribute to 
Aurora B activation (Kelly et al., 2010; Kelly et al., 2007). Moreover, it places Aurora 
B in close proximity of its substrates at kinetochores, while at the same allowing it to 
discriminate between spatially separated substrates (Liu et al., 2009; Welburn et al., 
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2010). We propose the use of consistent terminology when describing the various 
pools of proteins at the centromere region. First, we defi ne the inner centromere 
as the intersection of the inter-sister chromatid axis and the inter-kinetochore axis 
(Fig. 5). Proteins found at the inner centromere include the cohesin complex, the 
CPC, Shugoshin 1/2 (Sgo1/2), Haspin and histone H3 which is phosphorylated on 
threonine 3 (H3T3ph), which are typically observed as a single focus in between the 
kinetochores (Fig. 5). Second, we defi ne the region located more outward along the 
inter-kinetochore axis as the kinetochore-proximal centromere. Proteins found at the 
kinetochore-proximal centromere include CENP-A, CENP-B, Sgo1/2 and histone 
H2A which is phosphorylated at threonine 120 (H2AT120ph), which are observed as 
two foci adjacent to kinetochores (Fig. 5). The fi nal region along the inter-kinetochore 
axis consists of the kinetochores. The kinetochore can further be divided into the 
inner kinetochore, consisting of the CCAN (Constitutively Centromere Associated 
Network) proteins and the outer kinetochore, which includes the KMN network, Bub1 
and Mps1. These proteins are also observed as two foci located further apart along 
the inter-kinetochore axis (Fig. 5). Confusion arises as proteins are often labeled as 
belonging to “a kinetochore pool” based solely on the observation of two distinct foci. 
While it may be diffi  cult to discriminate between the kinetochore-proximal centromere 
and the kinetochores experimentally we believe the distinction is important when 
discussing the spatial regulation of CPC function.

The two recruitment arms that control inner centromere localization of the CPC
Inner centromere localization of the CPC depends on the activity of two histone 
kinases, Haspin and Bub1, which phosphorylate histone H3 on threonine 3 and 
histone H2A on threonine 120, respectively. These phospho-marks are believed to 

Figure 5. Schematic depiction of the chromosome regions described in this thesis. The boundaries 
of various chromosome regions are shown. Examples of (phospho)proteins and protein complexes that 
localize to each of the regions are indicated. For sake of clarity we have limited the number of proteins 
depicted and by no means is the list intended to be comprehensive.
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function as the centromeric receptors for the CPC (Fig. 6). The CPC can indeed bind 
directly to H3T3ph via Survivin and depletion of Haspin or inhibition of Haspin kinase 
activity results in dispersion of the CPC over the chromosome arms (De Antoni et 
al., 2012; Kelly et al., 2010; Wang et al., 2010; Wang et al., 2012; Yamagishi et al., 
2010). Moreover, mutations in the BIR domain of Survivin that abrogate H3T3ph 
binding result in a similar phenotype (Kelly et al., 2010; Lens et al., 2006; Wang et 
al., 2010; Yamagishi et al., 2010; Yue et al., 2008). However, while the CPC becomes 
largely dispersed over the chromatin in the absence of Haspin activity, a residual 
centromeric pool of the CPC adjacent to kinetochores has been observed (Bekier et 
al., 2015). It had remained unclear what controls the localization of the CPC in the 
absence of Haspin activity. The two foci may represent a kinetochore pool of the CPC, 
as previously suggested by DeLuca et al. based on their observation of an active 
pool of Aurora B at the kinetochores, using phospho-specifi c antibodies (Caldas et 
al., 2013; DeLuca et al., 2011). However, in chapter 3 we provide evidence that this 

Figure 6. Regulation of centromere/kinetochore proteins in (pro)metaphase. Cartoon depicting 
the localization and interactions of centromere- and kinetochore proteins. Phosphorylation events are 
indicated. The activity of RNA polymerase II (RNA pol II) contributes to the translocation of Sgo1/2 from 
the kinetochore-proximal centromere to the inner centromere. Besides the well-established pool of CPC 
at the inner centromere, putative pools of CPC at the kinetochore and kinetochore-proximal centromere 
are shown (opaque). The CPC pool that mediates phosphorylation of outer kinetochore substrates such 
as Hec1/Ndc80 remains unclear, and is indicated by question marks. Finally, although the CPC has been 
shown to interact with Sgo1/2, it is uncertain how and where this interaction takes place and how this 
interaction contributes to inner centromere localization of the CPC, also depicted by a question mark.
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kinetochore-proximal pool is recruited by Bub1 and H2AT120ph. 

The interaction between H2AT120ph and the CPC requires Sgo1 and Sgo2. Sgo1 
and Sgo2 localize to centromeres in a Bub1 dependent fashion, where they play 
a crucial role in protecting centromeric cohesin from Wapl- and Plk1-dependent 
removal during prophase (Fig. 7A) (Gandhi et al., 2006; Haarhuis et al., 2013; 
Kitajima et al., 2005; Kitajima et al., 2006; Kueng et al., 2006; McGuinness et al., 
2005; Salic et al., 2004; Tang et al., 2004; Tanno et al., 2010; Tedeschi et al., 2013). 
Sgo1 and Sgo2 directly interact with both H2AT120ph and the CPC, suggesting they 
may serve as adaptors that control centromere localization of the CPC (Baron et al., 
2016; Kawashima et al., 2007; Kawashima et al., 2010; Liu et al., 2015; Tsukahara 
et al., 2010; Yamagishi et al., 2010). Indeed, depletion of Sgo1 and Sgo2 results in 
a marked decrease in centromere levels of the CPC, similar to what is observed 
for the depletion or inhibition of Bub1 (Baron et al., 2016; Yamagishi et al., 2010). 
It is clear that Haspin and Bub1, in conjunction with Sgo1 and Sgo2, cooperate to 
define a unique chromatin environment that supports recruitment of the CPC toward 
the inner centromere. Major advances in the past decade have resulted in a picture 
that suggests that Haspin and Bub1 exert their control over the CPC by regulating 
two distinct axes along mitotic chromosomes: while Haspin-H3T3ph facilitates 
recruitment of the CPC toward the inter-sister chromatid axis the Bub1-H2AT120ph-
Sgo1/2 pathway restricts the inter-sister chromatid pool of the CPC to centromeres. 
Together, these pathways form an evolutionarily conserved mechanism that defines 
the inner centromere (Table 1) (Yamagishi et al., 2010).

Haspin, H3T3ph and the inter-sister chromatid axis
Clearly, the mitotic kinase Haspin plays a crucial role in regulating CPC localization 
(Kelly et al., 2010; Wang et al., 2010). By phosphorylating H3T3 it generates a 
receptor that directly recruits the CPC via Survivin. This raises the question how H3T3 
phosphorylation becomes enriched at the inner centromere. The data so far point to 
a complex regulatory network that involves the regulation of Haspin localization and 
kinase activity, the spatial control of the H3T3ph counteracting phosphatase PP1γ, 
and perhaps the presence of other epigenetic marks within the H3 tail that changes 
its ability to serve as a substrate for Haspin.

Regulation of Haspin localization
Defining the native localization of Haspin has been hampered by technical 
challenges. Available antibodies do not allow detection of endogenous Haspin by 
immunofluorescence, suggesting that the protein is likely expressed at very low levels 
(Higgins, 2001b). Indeed, endogenous Haspin tagged with YFP is observed at very 
low levels on mitotic chromatin (chapter 2). This localization pattern appears similar 
to what has been observed for overexpressed GFP-Haspin (Dai et al., 2005). More 
detailed analysis of chromosome spreads has revealed that ectopically expressed 
GFP-Haspin is concentrated at the inner centromere, coinciding with H3T3ph and 
the CPC (Dai et al., 2005; Goto et al., 2017; Yamagishi et al., 2010; Yoshida et al., 
2016). Multiple factors contribute to the defined localization of Haspin at the inner 
centromere. First, Haspin directly interacts with the cohesin-associated proteins 
Pds5A/B (Carretero et al., 2013; Goto et al., 2017; Yamagishi et al., 2010; Zhou et 
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H. sapiens M. musculus X. laevis D. melanogaster C. elegans S. cerevisae S. pombe

Aurora B/AIM1
(Bischoff et al., 
1998; Kimura et 
al., 1998; Shindo 
et al., 1998; 
Tatsuka et al., 
1998)

Aurora B/AIM1
(Niwa et al., 1996; 
Shindo et al., 
1998)

xAurora B/AIRK2
(Adams et al., 
2000)

Ial
(Giet & Glover, 
2001; Reich et al., 
1999)

AIR-2
(Schumacher et 
al., 1998)

Ipl1
(Chan & Botstein, 
1993; Francisco 
et al., 1994)

Ark1
(Petersen et al., 
2001)

INCENP
(Adams et al., 
2001a; Eckley et 
al., 1997; Mackay 
et al., 1993)

INCENP
(Fowler et al., 
1998; Saffery et 
al., 1999)

xINCENP 
(Adams et al., 
2000; Stukenberg 
et al., 1997)

Incenp
(Adams et al., 
2001b; Adams et 
al., 2000)

ICP-1
(Adams et al., 
2000; Kaitna et 
al., 2000)

Sli15
(Adams et al., 
2000; Kang et al., 
2001; Kim et al., 
1999)

Pic1
(Adams et al., 
2000; Leverson et 
al., 2002)

Survivin
(Ambrosini et al., 
1997; Li et al., 
1998; Skoufias et 
al., 2000; Uren et 
al., 2000)

Survivin
(Li & Altieri, 1999; 
Uren et al., 2000)

xSurvivin
(Bolton et al., 
2002; Murphy et 
al., 2002)

Deterin/dSur-
vivin
(Jones et al., 
2000; Sza-
fer-Glusman et 
al., 2011)

BIR-1
(Fraser et al., 
1999; Speliotes et 
al., 2000; Uren et 
al., 1998)

Bir1
(Li et al., 2000; 
Uren et al., 1999; 
Uren et al., 1998; 
Yoon & Carbon, 
1999)

Bir1/Cut17/Pbh1
(Morishita 
et al., 2001; 
Rajagopalan & 
Balasubramanian, 
1999; Uren et al., 
1999; Uren et al., 
1998)

Bub1
(Boyarchuk et al., 
2007; Cahill et al., 
1998; Kawashima 
et al., 2010; 
Ouyang et al., 
1998; Pangilinan 
et al., 1997; 
Yamagishi et al., 
2010)

Bub1
(Pangilinan et al., 
1997; Ricke et al., 
2012; Taylor et 
al., 1998)

xBub1
(Boyarchuk et al., 
2007; Schwab 
et al., 2001; 
Sharp-Baker 
& Chen, 2001; 
Williams et al., 
2017)

Bub1
(Basu et al., 
1999)

BUB-1
(Moyle et al., 
2014; Oegema 
et al., 2001; 
Pangilinan et al., 
1997)

Bub1
(Fernius & 
Hardwick, 2007; 
Hoyt et al., 1991; 
Roberts et al., 
1994)

Bub1
(Bernard et al., 
1998; Kawashima 
et al., 2010)

Sgo1
(Kawashima et 
al., 2007; Kitajima 
et al., 2005; Mc-
Guinness et al., 
2005; Salic et al., 
2004; Tsukahara 
et al., 2010)

Sgo1
(Lee et al., 2008; 
McGuinness et 
al., 2005; Salic et 
al., 2004)

xSgo1
(Rivera & Losada, 
2009; Salic et al., 
2004)

MEI-S332
(Goldstein, 1980; 
Kerrebrock et al., 
1992; Moore et 
al., 1998; Resnick 
et al., 2006)

SGO-1 
(may not be 
required for 
AIR-2 regulation)
(de Carvalho et 
al., 2008; Rabit-
sch et al., 2004)

Sgo1
(Edgerton et al., 
2016; Fernius & 
Hardwick, 2007; 
Indjeian et al., 
2005; Kiburz et 
al., 2008; Kitajima 
et al., 2004; 
Peplowska et al., 
2014; Riedel et 
al., 2006)

Sgo1 
(important for 
cohesion 
maintenance in 
meiosis)
(Kawashima et 
al., 2010; Kitajima 
et al., 2004; 
Rabitsch et al., 
2004; Riedel et 
al., 2006)

Sgo2
(Huang et al., 
2007; Kitajima 
et al., 2006; 
Tsukahara et al., 
2010)

Sgo2
(Lee et al., 2008; 
Llano et al., 2008)

xSgo2
(Rivera et al., 
2012)

(only one Sgo 
identified)

(only one Sgo 
identified)

(only one Sgo 
identified)

Sgo2 
(important for 
CPC 
recruitment, 
interacts with 
Bir1)
(Kawashima 
et al., 2007; 
Kawashima et al., 
2010; Kitajima 
et al., 2004; 
Rabitsch et al., 
2004; Tsukahara 
et al., 2010; 
Vanoosthuyse et 
al., 2007)

Haspin
(Dai & Higgins, 
2005; Higgins, 
2001b; Tanaka et 
al., 2001; Wang 
et al., 2010; 
Yamagishi et al., 
2010)

Haspin
(Nguyen et al., 
2014; Shimada et 
al., 2016; Tanaka 
et al., 1999)

xHaspin
(Ghenoiu et al., 
2013; Kelly et al., 
2010; Yoshida et 
al., 2016)

Haspin
(Higgins, 2001a; 
Xie et al., 2015)

C01H6.9 (hasp-
1); Y18H1A.10 
(hasp-2); 
F22H10.5; 
W02H3.2; 
Y40A1A.1 (there 
may be up to 15 
Haspin paralo-
gues)
(Cuppen et al., 
2003; Higgins, 
2001a; 2003)

Alk1/Alk2
(Edgerton et al., 
2016; Higgins, 
2001a; Nespoli et 
al., 2006)

Hrk1
(Higgins, 2001a; 
Yamagishi et al., 
2010)

Table 1. Conservation of Aurora B, INCENP, Borealin, Survivin, Bub1, Sgo1, Sgo2, and Haspin 
among species. The references were selected based on their description of identification of the gene that 
encodes the indicated protein, characterization of the protein, or insight into the regulation of the protein.
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al., 2017). The cohesin complex is established along the entire length of the inter-
sister chromatid axis during S phase (Fig. 5). However, the majority is removed early 
in mitosis. This process is termed the prophase pathway and depends on the activity 
of Wapl and Plk1 (Fig. 7A) (Haarhuis et al., 2014; Hauf et al., 2005). Centromeres 
are resistant to the cohesin removing activity of Wapl and Plk1 due to the presence 
of Sgo1 that is bound to the phosphatase PP2A, thereby keeping sister chromatids 
together until anaphase onset (Haarhuis et al., 2014). Thus, through the progressive 
removal of cohesin complexes from the chromosome arms, the prophase pathway 
is thought to contribute to the concentration of the cohesin complex, including 
Pds5A/B and Haspin, at the inner centromere (Watanabe, 2010). In line with this 
model, interfering with the prophase pathway, through depletion of Wapl, results in 
a more dispersed localization of the CPC along the chromosome arms (Haarhuis et 
al., 2013; Tedeschi et al., 2013). Interestingly, recent work has demonstrated that 
Haspin and Wapl compete for the same binding site on Pds5B, and that Haspin 
phosphorylates Wapl to prevent its interaction with Pds5B. Therefore, Haspin also 
directly contributes to centromeric cohesion protection (Goto et al., 2017; Liang et 
al., 2018; Zhou et al., 2017).

In addition, recent work has highlighted a role for Topoisomerase II (TopoII) in Haspin 
recruitment. TopoII plays a central role in the architecture of mitotic chromatin but also 
resolves topological problems, for example those that arise during DNA replication 
(Nitiss, 2009). TopoII displays a distinct axial localization along the chromosomes, 
and also accumulates at centromeres where its activity resolves topologically linked 
sister chromatids, or catenanes, prior to and during early anaphase (Christensen 
et al., 2002; Earnshaw & Heck, 1985; Hengeveld et al., 2015; Hengeveld et al., 
2017; Hudson et al., 2003; Kireeva et al., 2004; Lee & Bachant, 2009; Rattner et 
al., 1996; Samejima et al., 2012; Tavormina et al., 2002). Depletion of TopoII in 
Drosophila melanogaster S2 cells was shown to result in delocalization of the CPC 
to kinetochore-proximal centromeres, reminiscent of the residual pool of the CPC 
observed upon Haspin inhibition in human cells (Bekier et al., 2015; Coelho et al., 
2008). In line with this, recent work in yeast and frogs has demonstrated that the 
altered localization of the CPC upon TopoII depletion is likely due to disruption of 
Haspin recruitment to chromatin. Recruitment of Haspin does not require TopoII 
catalytic activity but instead depends on the modification of the TopoII C-terminal 
domain (CTD) with a Small Ubiquitin-like MOdifier (SUMO) (Edgerton et al., 2016; 
Goto et al., 2017; Yoshida et al., 2016). SUMOylation of TopoII is required for 
TopoII enrichment at centromeres during mitosis (Azuma et al., 2005; Azuma et al., 
2003; Dawlaty et al., 2008; Díaz-Martínez et al., 2006). Haspin contains a SUMO 
interacting motif (SIM) that binds to SUMOylated TopoII. Additionally, this interaction 
strongly depends on phosphorylation of Haspin by Cdk1. It is unclear if TopoII also 
contributes to Haspin recruitment in human cells. However, the presence of a SIM is 
conserved in human Haspin and SUMOylation is high at centromeres during mitosis 
(Zhang et al., 2008).

So far, the data indicate that cohesin-Pds5A/B and TopoII-SUMO collaborate 
to control the localization of Haspin to the inner centromere. This suggests that 
coincidence detection, the requirement for simultaneous binding of Haspin to 
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Pds5A/B and SUMO-conjugated TopoII, may serve to restrict Haspin localization to 
the inner centromere. At the same time the prophase pathway likely contributes to 
this process through the removal of cohesin from the chromosome arms.

While these data provide an explanation for the observed enrichment of Haspin 
around the centromeres during mitosis, it should be noted that both in and out of 
mitosis most of Haspin is associated with chromatin along the entire chromosomal 
arms, where the levels of cohesin and SUMO conjugated TopoII are low. This argues 
that alternative factors may further contribute to chromatin association of Haspin. 
Alternatively, chromatin association of Pds5A/B may be differentially regulated from 
cohesin. Pds5A/B do not belong to the core components of the cohesin complex 
and several studies indeed indicate that Pds5A/B behavior on chromatin differs 
from that of the cohesin core. Analysis of conditional Scc1/Rad21 knockout (KO) 
cells revealed a strong concomitant decrease in chromatin associated Smc1, Smc3, 
Stag1/SA1 and Stag2/SA2, the other core components of the cohesin complex (Ohta 
et al., 2016). However, chromatin levels of the cohesin associated regulatory factors 
Pds5A and Wapl did not decrease to similar extents and Pds5B levels remained 
unchanged. In line with these results, depletion of Scc1/Rad21 results in dispersion, 
but not loss, of H3T3ph over the length of the chromosome arms (Yamagishi et al., 
2010). Taken together, the data suggest that while Pds5B may bind to the cohesin 
complex to concentrate Pds5B at centromeres, its association with chromatin does 
not depend on this interaction per se. Intriguingly, Pds5B has been shown to directly 
bind to DNA via two C-terminal AT hook domains (absent in Pds5A) (Couturier et al., 
2016). How these domains contribute to localization of Pds5B and Haspin during 
interphase and mitosis will require further investigation.

Regulation of Haspin activity
Apart from its localization, Haspin activity itself is subject to further regulation, 
adding an extra layer of complexity. Haspin is an atypical kinase and its activity is 
not controlled by phosphorylation of the activation loop (Eswaran et al., 2009; Villa et 
al., 2009). Instead, the unstructured N-terminal part of the protein harbors a unique 
autoinhibitory motif termed the Haspin Basic Inhibitory Segment or HBIS (Ghenoiu et 
al., 2013; Zhou et al., 2014). During mitosis, Cdk1, Plk1, and Aurora B phosphorylate 
multiple residues in the N-terminal region of Haspin, thereby releasing the HBIS and 
thus resulting in full Haspin activity (Ghenoiu et al., 2013; Wang et al., 2011b; Zhou 
et al., 2014). This highlights a key positive feedback loop through which Aurora B 
activity contributes to its own localization.

Despite the presence of the HBIS sequence, recombinant Haspin isolated from E. coli 
or from interphase cell extracts displayed robust activity toward H3 in vitro (Dai et al., 
2005; Ghenoiu et al., 2013). Furthermore, a Haspin mutant isolated from mitotic cells, 
but lacking 11 putative Aurora B consensus sites, was still able to phosphorylate H3 
in vitro, despite displaying a strong decrease in H3T3 phosphorylation in cells (Wang 
et al., 2011b). While a more detailed analysis has shown that phosphorylation by 
Plk1 modestly stimulates the kinetics of H3T3 phosphorylation by Haspin (Ghenoiu 
et al., 2013), the discrepancy between in vitro and in vivo kinase activity of Haspin 
mutants suggest that in cells the substrate H3T3 is regulated by additional factors.
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Regulation of H3T3 phosphorylation
H3T3 phosphorylation is reversed by PP1γ. The activity of PP1 typically relies on 
the association with a regulatory factor that controls its targeting to its substrates. 
Activity toward H3T3ph requires the PP1γ-interacting protein Repo-Man, which 
recruits PP1γ to chromatin. Together they control H3T3ph levels through an intricate 
circuit that further depends on the activity of Cdk1 and Aurora B (Qian et al., 2011; 
Trinkle-Mulcahy et al., 2006; Vagnarelli et al., 2011). During mitosis, Cdk1-mediated 
phosphorylation of Repo-Man largely represses its interaction with PP1γ and 
chromatin (Fig. 7B, C). However, low levels of chromatin bound PP1γ-Repo-Man 
appear suffi  cient for removal of H3T3ph on the chromosome arms, while other mitotic 
substrates remain below the threshold for dephosphorylation. Centromeric H3T3ph 
is protected from PP1γ-Repo-Man activity by Aurora B, which phosphorylates Repo-
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Figure 7. (previous page) Regulation of histone H3T3 phosphorylation by Haspin and PP1Y-Repo-
Man. A) The prophase pathway removes cohesin from the chromosome arms. Sororin binds to the 
cohesin complex and this interaction is required for maintaining stable cohesion. During mitosis, Plk1 
phosphorylates the cohesin subunit Stag2/SA2 while Cdk1 and Aurora B phosphorylate Sororin. This 
results in the release of Sororin from cohesin, leading to the Wapl dependent removal of cohesin from 
chromatin. Centromeres are protected against the prophase pathway through recruitment of Sgo1/2-
PP2A. The recruitment of Sgo1-PP2A results in de-phosphorylation of Stag2/SA2 and Sororin, rendering 
the centromeric cohesin complexes resistant to Wapl activity. Effectively, this results in the concentration 
of cohesin/Pds5A/B and thus Haspin at centromeres, thereby contributing to the defined localization 
of the CPC at the inner centromere. B) The cohesin-associated protein Pds5A/B, in conjunction with 
SUMOylated Topoisomerase II (TopoII), recruits Haspin to the inner centromere. Haspin phosphorylation 
by Aurora B (CPC), Cdk1, and Plk1 releases HBIS dependent Haspin auto-inhibition. Phosphatase 
activity toward H3T3ph by PP1Y-Repo-Man is inhibited through phosphorylation of Repo-Man by the 
CPC, which prevents Repo-Man recruitment to chromatin. C) At the chromosome arms, Haspin levels 
are lower, most likely due to reduced levels of cohesin and SUMOylated TopoII. Low levels of chromatin 
targeted PP1Y-Repo-Man are sufficient to maintain H3T3 in a dephosphorylated state. D) Upon anaphase 
onset, loss of Cdk1 activity promotes the PP1Y-Repo-Man interaction, resulting in high levels of the active 
complex associated with chromatin.

Man on serine 893 (S893). This results in a strong decrease in affinity for histones, 
thus effectively reducing PP1γ activity at centromeres (Qian et al., 2013). On the 
other hand, Cdk1 activity promotes the interaction between Repo-Man and PP2A, 
which can dephosphorylate Repo-Man S893, thereby controlling basal chromatin 
levels of PP1γ-Repo-Man during mitosis (Qian et al., 2015). This feedback between 
PP1γ/PP2A/Repo-Man and Cdk1 and Aurora B contributes to restricting H3T3ph, 
and thus the CPC, to centromeres. Furthermore, it facilitates the switch-like behavior 
observed at mitotic exit: the drop in Cdk1 activity upon anaphase onset results in 
full activity of PP1γ-Repo-Man on chromatin, thereby allowing rapid and complete 
dephosphorylation of mitotic substrates (Fig. 7D).

Regulation of Haspin at the substrate level: Epigenetic context
Survivin is a “reader” of H3T3ph (Kelly et al., 2010; Wang et al., 2010). However, 
histone H3 tails are subject to many more posttranslational modifications and 
their juxtaposition to H3T3 makes it tempting to speculate they could contribute to 
regulation of H3T3 accessibility to Haspin or to Survivin binding. In fact, crosstalk 
between multiple histone marks is commonly observed as a means for reversibly 
controlling chromatin association of proteins. For example, heterochromatin protein 
1 (HP1) specifically interacts with H3 when lysine 9 is trimethylated. However, 
phosphorylation of H3S10 by Aurora B results in eviction of HP1, thereby creating a 
so-called “methyl/phosphor” switch (Fischle et al., 2005; Hirota et al., 2005). In case 
of H3T3, methylation of the adjacent residues H3R2 and H3K4 has been shown to 
negatively influence Haspin activity toward H3T3 in vitro (Fig. 8A, D) (Eswaran et al., 
2009; Han et al., 2011; Karimi-Ashtiyani & Houben, 2013; Villa et al., 2009).

This raises several questions: Do these marks occur during mitosis and if so, where? 
Several observations suggest this could be the case. First, despite the fact that 
H3K4Me3 suppresses H3T3 phosphorylation by Haspin in vitro, it has been observed 
in mitotic cells in a combinatorial mark together with H3T3ph and H3R8Me2 (Markaki 
et al., 2009). Moreover, this mark was highly enriched at centromeres. Unfortunately, 
the functional significance of this modification remains unresolved. Intriguingly, 
H3T3ph has been shown to decrease the binding of the transcription factor complex 
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TFIID to H3K4Me3, suggesting the presence of a “methyl/phosphor” switch that 
represses transcription during mitosis (Varier et al., 2010). At the same time, 
H3K4Me2 dependent transcription at centromeres does occur and has been shown 
to play an important role in regulating centromere function, including the regulation 
of Aurora B activity (Fig. 8C) (Blower, 2016; Jambhekar et al., 2014; McNulty et al., 
2017; Molina et al., 2016; Sullivan & Karpen, 2004). This in turn raises the question 
if Haspin contributes to the regulation of centromeric transcription. Perhaps the 
confinement of Haspin and H3T3ph to the inner centromere restricts transcriptional 
start sites to kinetochore-proximal centromeres, suggesting the presence of multiple 
functional domains within centromeres (Sullivan & Karpen, 2004). If and how Haspin 
controls centromeric transcription will require further analysis.

Of note, while modification of residues adjacent to H3T3 clearly influences H3T3 
phosphorylation, it remains unclear how modifications in the vicinity of H3T3ph 
would influence binding to Survivin. Analysis of the structure of a complex between 
Survivin and a H3 peptide reveals extensive interactions between H3R2 and H3K4 
with the BIR domain of Survivin (Fig. 8B, E) (Jeyaprakash et al., 2007; Kelly et al., 
2010; Niedzialkowska et al., 2012). However, while both H3R2 and H3K4 make 
multiple electrostatic interactions with Survivin these side chains adopt an extended 
conformation over the surface of Survivin, suggesting ample space to accommodate 
additional modifications (Fig. 8B, E). Ultimately, if and how H3 modification beyond 
H3T3 phosphorylation affect Survivin binding beyond H3T3 phosphorylation will 
need to be addressed experimentally.

Interestingly, H3S10 phosphorylation by Aurora B was shown to significantly impede 
H3T3 phosphorylation in vitro and vice versa, suggesting that these “common” 
mitotic histone marks may not coexist on the same histone tail (Han et al., 2011). 
This type of crosstalk again suggests the possible presence of multiple domains, 
each carrying unique combinatorial marks within the 3D organization of centromeres. 
The presence of such domains and how they may contribute to CPC localization 
and chromosome segregation during mitosis remain unclear and will require further 
analysis.

Bub1, H2AT120ph and the inter-kinetochore axis
Haspin activity controls CPC localization to the inter-sister chromatid region by virtue 
of its association with cohesin (Fig. 5, 6, 7B). On the other hand, Bub1 kinase activity 
concentrates the inter-sister pool of the CPC at centromeres. Bub1 is thought to 
exert its control over CPC localization through recruitment of Sgo1 and Sgo2 but how 
Bub1 and Sgo1/2 collaborate to control CPC localization remains poorly understood 
at the molecular level.

Bub1 is recruited to chromatin via its association with the kinetochore protein Knl1 
(Fig. 3). Importantly, this restricts Bub1 activity to the centromere region (Fig. 5, 6) 
(Kiyomitsu et al., 2011; Kiyomitsu et al., 2007). The level of Bub1 at kinetochores is 
tightly controlled through an intricate regulatory circuit that couples the microtubule 
attachment status of the kinetochore to Bub1 levels. Bub1 levels are higher at 
unattached vs. microtubule attached kinetochores (Ditchfield et al., 2003; Hoffman 
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Figure 8. Model of how the epigenetic context of H3T3 might infl uence its phosphorylation by 
Haspin and its capacity to recruit the CPC. A) Methylation and phosphorylation of the histone tail 
of H3 impede H3T3 phosphorylation. H3T3ph impedes phosphorylation of H3S10. B) Methylation of 
residues adjacent to H3T3ph could hinder the interaction of H3T3ph with Survivin, thereby impeding 
CPC recruitment. C) H3K4 di/trimethylation is associated with centromere transcription, which is required 
for full Aurora B activity and CPC localization to the inner centromere. Centromeric transcription and/or 
the resulting transcript also regulate(s) Sgo1/2 translocation from the kinetochore-proximal centromere 
to the inner centromere, however it is unclear if this is related to the eff ect of transcription on the CPC. 
D) Close-up of the active site of Haspin (gray) bound to its substrate, histone H3 (yellow) (PDB ID: 
2WB8). The AMP moiety is modeled based on PDB ID 3DLZ. The structure reveals extensive interaction 
between H3R2 and the Gly-rich loop, depicted in green, and H3K4 and the activation loop, depicted in 
red. As such, modifi cations of residues adjacent to H3T3 could infl uence substrate binding. E) Close-up 
of Survivin (light green), bound to a histone H3 peptide (yellow) (PDB ID: 3UIG). The structure depicts the 
interactions between H3 and the BIR domain of Survivin.

et al., 2001; Jablonski et al., 1998; Skoufi as et al., 2001; Taylor et al., 2001), but also 
appears higher at attached kinetochores with reduced tension across centromeres 
(Skoufi as et al., 2001; Taylor et al., 2001). PP1γ activity antagonizes Mps1 dependent 
recruitment of the Bubs (Fig. 3). Knl1 directly recruits PP1γ to kinetochores where 
it binds to a conserved SSILK/RVSF motif. PP1γ levels are in turn controlled by 
the activities of Aurora B and PP2A. Aurora B directly phosphorylates the Knl1 
SSILK/RVSF motif, which inhibits PP1γ binding while PP2A antagonizes Aurora B 
phosphorylation, thereby promoting PP1γ binding to Knl1 (Fig. 3) (Liu et al., 2010; 
Nijenhuis et al., 2014). Interestingly, it is BubR1 that recruits PP2A to kinetochores 
(Kruse et al., 2013; Suijkerbuijk et al., 2012; Xu et al., 2013). As such, the association 
of the Bubs with Knl1 at the same time primes their removal. This negative feedback 
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ensures a responsive mitotic checkpoint signal but likely also contributes to controlling 
CPC levels at centromeres (Nijenhuis et al., 2014). Indeed, both Sgo1 and Aurora 
B levels are higher at unattached kinetochores (Liu et al., 2013a; Meppelink et al., 
2015; Salimian et al., 2011). This is in line with the role of Aurora B in establishing bi-
orientation. Early in mitosis high Aurora B activity is required to destabilize potential 
erroneous KT-MT interactions, while Aurora B activity must later be down-regulated 
to support formation of stable amphitelic KT-MT interactions (Krenn & Musacchio, 
2015; Salimian et al., 2011).

The role of Sgo1 in CPC localization
Bub1-mediated phosphorylation of H2AT120 directly recruits Sgo1 and Sgo2 to 
centromeres (Gómez et al., 2007; Kawashima et al., 2010; Kitajima et al., 2005; Liu 
et al., 2013b; Tang et al., 2004; Tanno et al., 2010). How then does this contribute 
to the (inner) centromere localization of the CPC? First, by recruiting Sgo1/2 to 
centromeres Bub1 ensures centromeres are protected from the cohesin removing 
activity of the prophase pathway (Kawashima et al., 2010; Kitajima et al., 2006; 
McGuinness et al., 2005; Tanno et al., 2010), which likely contributes to restricting 
cohesin associated Haspin to centromeres (see above). Depletion or inhibition of 
Bub1 results in so-called closed arm chromosomes, as the prophase pathway no 
longer removes cohesin from the chromosome arms. This effect depends on Sgo1 
(Kitajima et al., 2005), which, along with Haspin and the CPC, is redistributed along 
the inter-sister chromatid axis (Baron et al., 2016; Liu et al., 2013a; Ricke et al., 
2012).

The data so far suggest that the Bub1>H2AT120ph>Sgo1/2 pathway might simply 
act as a roadblock against cohesin removal, and thereby Haspin removal, from 
centromeres. As such this pathway would indirectly contribute to the enrichment 
of H3T3ph at the inner centromere. Yet, yeast-2-hybrid experiments suggest that 
Sgo1/2 directly interact with Borealin (Lee et al., 2014; Tsukahara et al., 2010). This 
implies that Sgo1/2 also play a direct role in CPC centromere localization, but the 
exact mechanism remains poorly understood. In fission yeast, Sgo2 is the main 
contributor to CPC localization during mitosis, and while Sgo2 has been shown to 
contribute to CPC localization in human cells its role remains understudied (Table 1) 
(Yamagishi et al., 2010). We will therefore limit our discussion to the role of Sgo1.

Recruitment of Sgo1 to the inner centromere is a two-step process. First, Sgo1 is 
recruited to H2AT120ph, located at two centromeric foci, proximal to the kinetochores 
(Fig. 5) (Lee et al., 2008; Liu et al., 2013a; Liu et al., 2015). Then, in a second step, 
Sgo1 moves to the inner centromere by binding to the cohesin complex (Liu et al., 
2013a). Sgo1 binds cohesin at the interface between the Stag2/SA2 and Scc1 subunits 
and this interaction further requires phosphorylation of Sgo1T346 by Cdk1 (Hara et 
al., 2014; Liu et al., 2013b). Sgo1 mutants that are unable to bind to H2AT120ph no 
longer accumulate at the (inner) centromere, while mutations that prevent binding 
to cohesin result in accumulation of Sgo1 at the centromere pools of H2AT120ph, 
proximal to the kinetochores (Kawashima et al., 2010; Liu et al., 2013a; Liu et al., 
2015; Liu et al., 2013b; McGuinness et al., 2005). This suggests that the association 
of Sgo1 with H2AT120ph forms a crucial intermediate step prior to translocating to 
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the inner centromere (Liu et al., 2015). Interestingly, Bub1 activity at kinetochores 
also contributes to the localization of actively transcribing RNA polymerase II (Pol 
II) (Chan et al., 2012a; Liu et al., 2015). Moreover, Bub1-dependent transcription at 
centromeres is required for translocation of Sgo1 to the inner centromere. Sgo1 was 
shown to bind to RNA and Pol II, but how centromeric transcription results in inner 
centromere localization remains unclear (Liu et al., 2015). Centromeric transcription 
has been shown to generate multiple species of lncRNAs that play important roles 
in kinetochore assembly and regulation of CPC activity (Blower, 2016; Jambhekar et 
al., 2014; McNulty et al., 2017; Sullivan & Karpen, 2004). Importantly, since Aurora 
B activity also contributes to Sgo1 localization these studies should be interpreted 
cautiously as indirect effects of centromeric RNA on Sgo1 localization via Aurora B 
cannot be excluded (Lee et al., 2014; van der Waal et al., 2012b).

How then does Sgo1 contribute to CPC localization? Sgo1 has been shown 
to interact with the CPC, specifically with Borealin in a Cdk1 dependent fashion 
(Jeyaprakash et al., 2011; Kawashima et al., 2007; Liu et al., 2015; Tsukahara et al., 
2010). This makes it tempting to speculate that the CPC tags along with Sgo1 toward 
the inner centromere. First, Sgo1 would recruit the CPC toward H2AT120ph at the 
kinetochore-proximal centromere. The subsequent association of Sgo1 with cohesin 
may drag the CPC toward the inner centromere, aided by the interaction between 
Survivin and H3T3ph (Fig. 6). However, this model raises several questions: if the 
CPC and Sgo1 translocate to the inner centromere as a single unit then H3T3ph 
would also be expected to contribute to inner centromere localization of Sgo1. Indeed, 
Haspin KO in human cells was shown to result in redistribution of Sgo1 from the 
inner centromere toward the two kinetochore-proximal pools of H2AT120ph (Zhou 
et al., 2017). However, these results must be interpreted cautiously since Haspin 
was also shown to directly contribute to protection of centromeric cohesion (Dai et 
al., 2006; Zhou et al., 2017). In fact, depletion of Wapl from Haspin KO cells was 
sufficient to restore inner centromere localization of Sgo1, suggesting that H3T3ph 
is not required for inner centromere localization of Sgo1. Since the localization of the 
CPC was not addressed in these studies (Zhou et al., 2017), it remains to be seen if 
depletion of Wapl in Haspin KO cells is able to rescue inner centromere localization 
of the CPC.

Other observations argue against the “tag along” model. First, mouse embryonic 
fibroblasts engineered to express kinase dead Bub1 where shown to have closed 
arms with Aurora B localized along the inter-sister chromatid axis (Ricke et al., 2012). 
This may imply that delocalized Sgo1, caused by the lack of Bub1 activity, results in 
redistribution of the CPC, along the lines of the “tag along” model. However, specific 
targeting of Sgo1 to centromeres, through ectopic expression of Sgo1 fused to the 
centromere-targeting domain of CENP-B, was unable to rescue (inner) centromere 
enrichment of the CPC (Ricke et al., 2012). Furthermore, while depletion of Sgo1 
reduces centromere levels of the CPC, overexpression of Sgo1 does not result in 
a concomitant increase of the CPC (Meppelink et al., 2015). This is in contrast to 
PP2A, which binds directly to an N-terminal coiled coil in Sgo1, and whose levels 
at the inner centromere strongly correlate with Sgo1 (Meppelink et al., 2015). This 
suggests that while Sgo1 contributes to CPC localization at centromeres, the inner 
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centromere pool of Sgo1 may not be associated with the CPC. Of note, mapping 
of the Borealin binding site in Sgo1 has pinpointed the N-terminal coiled coil that 
also binds PP2A, raising the question if the interaction between Sgo1–PP2A and 
Sgo1–CPC are perhaps mutually exclusive (Tsukahara et al., 2010; Xu et al., 2009). 
For now, the interaction between the CPC and Sgo1 remains poorly characterized. 
Future analysis should allow for the identification of Sgo1 mutants that specifically 
disrupt its interaction with the CPC, to shed light on the molecular basis of how Sgo1 
contributes to the localization of the CPC.

Aurora B-mediated control of CPC localization
It is clear that complex signaling underlies the defined localization of the CPC at 
the inner centromere. It is intriguing that almost every pathway that contributes 
to confining the CPC to the inner centromere is under control of Aurora B activity 
itself. This includes the important roles of Aurora B in the prophase pathway, in the 
maintenance of centromeric cohesion, in Haspin activation, in the control of H3T3ph 
levels and in the regulation of Bub1 and Sgo1 levels at the kinetochore and (inner) 
centromere, respectively. Furthermore, Aurora B phosphorylation of H2AXS121 at 
centromeres has been shown to contribute to (inner) centromere localization of the 
CPC (Shimada et al., 2016). As these various pathways converge to concentrate the 
CPC at the inner centromere they further contribute to the positive feedback cycle 
as clustering has been shown to contribute to full activation of Aurora B by facilitating 
the auto-phosphorylation, in trans, of its activation loop (Bishop & Schumacher, 
2002; Kelly et al., 2007).

Thesis outline 
As discussed above, inner centromere localization of the CPC is tightly controlled 
by two evolutionary conserved kinases, Haspin and Bub1. However, the importance 
of CPC inner centromere localization for chromosome bi-orientation and error-free 
segregation has become subject to debate. Disruption of CPC centromere localization 
does not severely compromise chromosome segregation fidelity in budding yeast 
(Campbell & Desai, 2013). In addition, artificially re-locating Aurora B away from the 
inner centromere and in closer proximity of the kinetochore in human cells, does 
not preclude the stabilization of bi-oriented KT-MT interactions (Hengeveld et al., 
2017). In Xenopus laevis egg extracts, however, cytosolic CPC activity is sufficient to 
phosphorylate Hec1/Ndc80 at kinetochores but does not fully support chromosome 
bi-orientation (Haase et al., 2017), suggesting that in this model system proper 
CPC function does require its chromosomal localization (Haase et al., 2017). This 
means that the relationship between CPC localization and function has remained 
incompletely understood and it was therefore studied in this thesis.

To investigate the consequences of altered CPC localization for Aurora B function, 
we first focused on setting up a system for efficient generation of knockout and 
knockin cell lines. Genome editing by CRISPR/Cas9 is a powerful method to study 
protein behavior, however its ease of use is limited by difficulties in delivery of the 
system due to its large size. In chapter 2 we describe the use of baculovirus for the 
delivery of CRISPR/Cas9 machinery, resulting in the knockout of target genes, in 
a range of human cell lines. Baculoviral delivery of CRISPR/Cas9 components in 
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combination with an HDR template can also be utilized to introduce point mutations 
or tag endogenous proteins. Tagging of Haspin allowed us the study the localization 
of this protein during mitosis and cytokinesis. In chapter 3 we subsequently explored 
the contribution of Haspin and Bub1 to CPC function. We found that Haspin and 
Bub1 appeared to be redundant for CPC function during normal mitotic progression. 
Compared to Aurora B kinase inhibition, loss of both Haspin and Bub1 activity 
induced only mild segregation errors, despite dramatic mis-localization of Aurora B. 
This indicates that without centromeric concentration of the CPC residual Aurora B 
activity is present which limits the severity of chromosome segregation errors.

Chromosome mis-segregation during mitosis leads to aneuploidy, a hallmark of 
cancer cells. In chapter 4, we discuss the possibility that dysfunctionality of the 
CPC could be related to chromosome segregation errors in tumors, and in chapter 
5 we investigate if mutations in the CPC could underlie CIN in tumors. We took the 
CPC subunit Borealin as an example and characterized the consequences of tumor-
derived somatic mutations in the CDCA8 gene (encoding Borealin) on Borealin 
protein function and chromosome segregation fidelity. In chapter 6, we discuss 
the importance of CPC localization for error-free chromosome segregation, based 
on our findings and the current literature. Finally, we discuss whether mutations in 
proteins that regulate chromosome segregation may contribute to CIN in cancer.
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Abstract
The CRISPR/Cas9 system is a highly effective tool for genome editing. Key to robust 
genome editing is the efficient delivery of the CRISPR/Cas9 machinery. Viral delivery 
systems are efficient vehicles for the transduction of foreign genes but commonly 
used viral vectors suffer from a limited capacity in the genetic information they can 
carry. Baculovirus however is capable of carrying large exogenous DNA fragments. 
Here we investigate the use of baculoviral vectors as a delivery vehicle for CRISPR/
Cas9 based genome-editing tools. We demonstrate transduction of a panel of cell 
lines with Cas9 and an sgRNA sequence, which results in efficient knockout of all four 
targeted subunits of the chromosomal passenger complex (CPC). We further show 
that introduction of a homology directed repair template into the same CRISPR/Cas9 
baculovirus facilitates introduction of specific point mutations and endogenous gene 
tags. Tagging of the CPC recruitment factor Haspin with the fluorescent reporter 
YFP allowed us to study its native localization as well as recruitment to the cohesin 
subunit Pds5B.
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Introduction
Recent advances in targeted genome engineering are revolutionizing biological 
research. Site specific targeting of nucleases such as zinc finger nucleases, 
transcription activator-like effector nucleases (TALENS) and the clustered regularly 
interspaced short palindromic repeats (CRISPR)/Cas9 system now allow genome 
editing in a wide variety of cultured cells as well as whole organisms. Of particular 
interest is the CRISPR/Cas9 system, due to its simplicity and ease of use (Cong et 
al., 2013; Jinek et al., 2012; Mali et al., 2013; Ran et al., 2015). The CRISPR/Cas9 
system is based on the combination of a DNA endonuclease and a single guide RNA 
molecule (sgRNA) that directs the nuclease to a complementary target on the DNA 
where it induces double stranded breaks. In the majority of cases these lesions are 
repaired via non-homologous end joining (NHEJ) (Mao et al., 2008a; b). This repair 
pathway is error-prone and as such can lead to indels that can cause frameshifts in 
the reading frame. When the size of the indel differs from a multiple of 3 nucleotides, 
transcription will result in nonsense mRNA and the use of an alternative stop codon. 
In this way, targeting Cas9 to coding regions gives rise to functional gene knockouts 
(Ran et al., 2013). Alternatively, homology directed repair (HDR) can take place, in 
which case a homologous DNA template guides repair. The latter mechanism can be 
exploited to facilitate for example gene tagging or introduction of point mutations at 
endogenous loci by co-delivery of a repair template that harbors this specific feature 
(Ran et al., 2013). 

Viral transduction serves as an efficient method for gene delivery, and can be 
employed for delivery of Cas9 or an sgRNA. Several common viral vectors have 
been used to deliver Cas9 and sgRNA expression cassettes into cells, including 
lentivirus, adenovirus and adeno-associated virus (Ding et al., 2014; Maggio et al., 
2014; Ran et al., 2015; Shalem et al., 2014; Swiech et al., 2015). However, all these 
systems suffer from a limited DNA carrying capacity due to constraints imposed 
by the size of the viral capsid. This poses a problem in the case of the relatively 
large gene encoding the commonly used Streptococcus pyogenes Cas9 (SpCas9), 
especially when used in combination with additional components such as the sgRNA 
expression cassette, selection markers or HDR templates. In such cases it is crucial 
that all components are delivered to the same target cells for maximal functionality. 

Baculovirus is a well-established vector for gene delivery into a wide range of human 
cells with minimal cytotoxicity (Airenne et al., 2011; Boyce & Bucher, 1996; Condreay 
et al., 1999; Hofmann et al., 1995; Kost & Condreay, 2002; Shoji et al., 1997). The 
commonly used baculovirus Autographa californica multiple nuclear polyhedrosis 
virus (AcMNPV) has a circular double stranded DNA genome of ± 134 kb. The 
virus can be manipulated in the form of a bacterial artificial chromosome (BAC). 
This allows easy insertion of foreign genes, under the control of mammalian control 
elements, into the baculovirus genome. Baculoviral transgene delivery is inherently 
transient in mammalian cells as baculovirus replication is restricted to insect cells 
and baculoviral DNA has a low integration frequency (Kost & Condreay, 2002; Tjia 
et al., 1983). Finally, baculoviral vectors have the capacity to harbor large segments 
of foreign DNA. Previous work has shown that baculoviral vectors can mediate 
expression of large genes including zinc finger nucleases, TALENS and Cas9 (Lei 



CHAPTER 2

34

et al., 2011; Mansouri et al., 2016; Zhu et al., 2013). In fact, integration of fragments 
of up to 38 kb were stable and did not hamper the production of high titer virus 
(Cheshenko et al., 2001). We sought to harness the advantages described above 
and explore the use of baculovirus as a delivery system for Cas9 based genome-
editing tools in human cells. As a proof of principle, we used the baculovirus system 
to genetically modify components of the chromosomal passenger complex (CPC) 
and one of its regulators, Haspin kinase. The CPC is a mitotic complex that consists 
of four proteins, named Borealin, INCENP, Survivin and Aurora B kinase (Carmena 
et al., 2012). During prometaphase and metaphase the CPC is enriched at inner 
centromeres. Concentration at the inner centromere is dependent on phosphorylation 
of histone H2A at threonine 120 by Bub1, and histone H3 phosphorylation at 
threonine 3 by Haspin (Kelly et al., 2010; Wang et al., 2010; Yamagishi et al., 
2010). During these stages of mitosis the CPC destabilizes erroneous kinetochore-
microtubule attachments to promote chromosome bi-orientation, and it acts on the 
mitotic checkpoint, a surveillance mechanism that prevents anaphase onset until all 
chromosomes have been attached to the mitotic spindle. As such the CPC ensures 
faithful chromosome segregation (Carmena et al., 2012). Furthermore, in anaphase, 
the CPC translocates to the microtubules of the central spindle and promotes 
cytoplasmic division (cytokinesis) (Carmena et al., 2012). To disrupt the genes 
encoding the subunits of the CPC we developed a baculoviral transfer vector that 
combines SpCas9 and the sgRNA into a single vector. The resulting viruses had high 
transduction efficiencies in various human cell lines and resulted in a considerable 
proportion of cells with effective gene knockout. Furthermore, the incorporation of 
an HDR template into the same vector made it feasible to effectively introduce point 
mutations. Finally, we used baculoviral mediated delivery of Cas9 in combination 
with an HDR template to tag the CPC regulator Haspin, allowing us to study its 
native localization and recruitment by the cohesin component Pds5B.

Results
Generation of CRISPR/Cas9 baculoviruses 
We set out to test the applicability of baculovirus as a delivery system for Cas9 
based genome editing tools in a variety of commonly used cell lines. To this end we 
constructed a baculovirus transfer vector encoding 3xFLAG tagged SpCas9 fused 
to green fluorescent protein (GFP) with a 2A self-cleaving sequence (Cas9-GFP) or 
3xFLAG tagged SpCas9 fused to puromycin N-acetyl-transferase, again linked by a 
2A self-cleaving sequence (Cas9-puro), both under control of a CBh promoter. The 
transfer vector also contained a sgRNA expression module under control of the U6 
promoter (Fig. 1A). These vectors were used to produce baculoviruses that target 
the genes encoding the four members of the chromosomal passenger complex 
(CPC): AURKB (Aurora B sgRNA), CDCA8 (Borealin sgRNA), INCENP (INCENP 
sgRNA) and BIRC5 (Survivin sgRNA) with the goal of obtaining functional gene 
knockouts. We also created a virus that targeted the Photynus pyralis LUCIFERASE 
gene (Luciferase sgRNA) and a virus that did not contain a sgRNA sequence (no 
sgRNA), neither of which should cleave the specified target genes.

We first evaluated the performance of the Cas9 expressing baculoviruses in U-2 
OS cells, a human osteosarcoma cell line that is highly susceptible to baculoviral 
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transduction (Song et al., 2003). To ensure optimal infection, cells were transduced 
in RPMI-1640 medium, directly upon seeding (Mähönen et al., 2010; O’Flynn et al., 
2012). We examined GFP levels in transduced cells using flow cytometry since the 
amount of GFP should reflect Cas9 expression (Fig. 1B, C). As a negative control, 
cells were transduced with Cas9-puro virus. Transduction of U-2 OS cells with 
various Cas9-GFP viruses resulted in close to 100 percent GFP positive cells and a 
high mean fluorescence intensity (Fig. 1B and Suppl. Fig. 1A). Cas9 expression was 
further confirmed by Western blot analysis (Fig. 1C). 

Baculovirus mediated delivery of CRISPR/Cas9 leads to efficient gene 
knockout in U-2 OS cells
We next tested whether transduction of U-2 OS cells with CRISPR/Cas9 
baculoviruses resulted in the disruption of the AURKB, CDCA8, INCENP and BIRC5 
loci. Cells were transduced with CRISPR/Cas9 baculoviruses and harvested after 48 
hours, followed by isolation of genomic DNA. Genomic target sites were amplified 
by PCR and subjected to Sanger sequencing. The appearance of composite 
sequence traces after the predicted break sites confirmed effective cleavage and 
error-prone repair (Suppl. Fig. 1B). To obtain a more quantitative measure for the 
genome editing efficacy we analyzed the sequence data by Tracking of Indels by 
Decomposition (TIDE) analysis, which estimates the frequency of genome editing 
based on decomposition of the sequence trace (Brinkman et al., 2014). This method 
revealed that the percentage of indels ranged between 60.1 and 89.3 for the different 
target loci (Suppl. Fig. 1B). We continued by testing whether the CRISPR/Cas9 
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Figure 1. CRISPR/Cas9 baculovirus mediated Cas9 expression in U-2 OS cells. A) Schematic 
representation of the recombination of a pAceBac-Cas9 plasmid with a bacmid in EmBacY cells. The 
resulting bacmids were used for CRISPR/Cas9 baculovirus production in Sf9 cells. B) Representative 
FACS-profile showing GFP expression in U-2 OS cells treated with CRISPR/Cas9 baculovirus (MOI: 25). 
C) Western blot showing expression of Cas9 in U-2 OS cells treated with CRISPR/Cas9 baculoviruses 
(MOI: 25). α-tubulin was used as a loading control.
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baculovirus induced indels resulted in reduced levels of the corresponding protein. 
The protein levels of the CPC subunits are cell cycle regulated and peak in G2/
mitosis (Bischoff et al., 1998; Gassmann et al., 2004; Honda et al., 2003b; Stewart 
& Fang, 2005; Vader et al., 2006). Cells were therefore blocked in mitosis, 40 hours 
after transduction. The mitotic cell population was then harvested by shake-off and 
subjected to Western blot analysis. Viral transduction resulted in a reduction of target 
protein levels between 52 and 75 percent (Fig. 2A, B). Notably, Aurora B kinase 
knockout hardly affected protein levels of the non-enzymatic CPC subunits Borealin, 
INCENP, and Survivin (Fig. 2A, B). This is in contrast with previous studies that 
reported a reduction of Survivin, INCENP, and to a lesser extent Borealin, upon 
knockdown of Aurora B using RNAi (Honda et al., 2003b; Klein et al., 2006). Moreover, 
we observed that gene disruption and subsequent protein loss of either Borealin, 
INCENP or Survivin caused destabilization of all other CPC subunits (Fig. 2A, B). 
The protein destabilizing effect of INCENP and Survivin knockout on Borealin and 
Aurora B was consistent with previous data obtained by siRNA or shRNA mediated 
knockdown of INCENP and Survivin (Honda et al., 2003b; Klein et al., 2006; Vader et 
al., 2006), yet the effect of Borealin knockout seems to be different. Borealin siRNA 
mediated knockdown was shown to reduce Survivin protein levels, but Aurora B 
levels appeared unaffected in these studies. In addition, Borealin siRNA mediated 
knockdown reduced INCENP levels in one study but not in another one (Gassmann 
et al., 2004; Klein et al., 2006). 

To assess in more detail the proportion of cells in which treatment with Cas9 
expressing baculovirus resulted in loss of protein, prometaphase cells were analyzed 
by immunofluorescence microscopy. Survivin and Borealin directly interact with the 
N-terminus of INCENP. This complex forms the centromere targeting module of the 
CPC and hence the presence of these subunits are not only required for Aurora 
B protein stability (Fig. 2A) but also for inner centromere localization of Aurora 
B during (pro)metaphase (Adams et al., 2000; Carvalho et al., 2003; Gassmann 
et al., 2004; Jeyaprakash et al., 2007; Lens et al., 2003). We therefore used the 
presence or absence of centromeric Aurora B as a read-out for the presence or 
absence of the CRISPR/Cas9 targeted chromosomal passenger proteins. We found 

Figure 2. (next page) CRISPR/Cas9 baculovirus mediated knockout of CPC subunits in U-2 
OS cells. A) Western blot of CPC members from mitotic U-2 OS cells treated with CRISPR/Cas9 
baculoviruses (MOI: 25). α-tubulin was used as a loading control. B) Quantification of the Western blot 
shown in A. Protein levels were normalized over α-tubulin. C) Immunofluorescence images of mitotic 
U-2 OS cells treated with CRISPR/Cas9 baculoviruses (MOI: 25) were scored for loss of centromeric 
Aurora B. Bars represent the mean ± the standard deviation (SD) of 3 independent experiments. 100 cells 
were analyzed per experiment. D) Quantification of centromeric Aurora B levels in immunofluorescence 
images of mitotic U-2 OS cells treated with CRISPR/Cas9 baculoviruses (MOI: 25). Aurora B levels were 
normalized over CENP-C. Thirty cells were analyzed per condition. Immunofluorescence images of the 
indicated cells are shown. E) Mitotic progression of H2B-mCherry U-2 OS cells that were transduced with 
the indicated CRISPR/Cas9 baculovirus (MOI: 25) and control cells. The timing of each frame is indicated 
in minutes, with the first frame in prometaphase set to t=0. The average percentage of cells displaying the 
depicted phenotype and the standard deviation are indicated. The numbers represent the average of 2 
experiments and at least 10 cells were analyzed per condition for each experiment. F) Time in mitosis for 
U-2 OS cells that were transduced with the indicated CRISPR/Cas9 baculovirus (MOI: 25) in the presence 
of 1 μM paclitaxel. Cells treated with 2 μM ZM447439 were used as a positive control for the override of 
a paclitaxel-induced mitotic delay. Each bar represents a single cell. At least 48 cells were analyzed for 
each condition. The color of the bar indicates cell fate as depicted in the figure legend.
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that Aurora B was undetectable by eye in approximately 75% of mitotic U-2 OS 
cells, two days after transduction with Aurora B sgRNA, Borealin sgRNA, INCENP 
sgRNA or Survivin sgRNA expressing Cas9 baculoviruses (Fig. 2C). Quantifi cation 
of centromeric Aurora B levels revealed distinct cell populations with varying levels of 
Aurora B (Fig. 2D). These included cells with Aurora B levels similar to the Luciferase 
control, and cells in which Aurora B was undetectable, indicating that no functional 
CPC gene was present. However, we also found cells in which Aurora B centromere 
levels were still detectable, but clearly reduced compared to control cells (Fig. 2D). 
This intermediate pool most likely represents the cells with heterozygous disruption 
of the targeted gene.
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Having established high knockout efficiency for all four CPC sgRNA expressing Cas9 
baculoviruses, we continued with one of the CPC sgRNA (i.e. Borealin) expressing 
Cas9 baculoviruses to test whether knockout of this CPC target gene also resulted 
in loss of CPC function. The CPC is essential for proper chromosome alignment, 
mitotic checkpoint function and cytokinesis (Carmena et al., 2012). To analyze these 
processes we followed mitotic progression of U-2 OS cells, stably expressing H2B-
mCherry, using live cell fluorescence microscopy. We started imaging cells two 
days after transduction and found that 72% ±17 of the cells treated with a Borealin 
sgRNA virus exited mitosis before proper chromosome alignment, and they failed 
cytokinesis (Fig. 2E). Moreover, treatment with Borealin sgRNA virus resulted in 
an override of a mitotic checkpoint-dependent arrest induced by the microtubule 
stabilizing agent paclitaxel, similar to treatment with the Aurora B inhibitor ZM447439 
(Fig. 2F). These observations are in line with previously established effects of Aurora 
B inhibition or knockdown of CPC subunits (Carvalho et al., 2003; Ditchfield et al., 
2003; Gassmann et al., 2004; Hauf et al., 2003; Kallio et al., 2002; Klein et al., 2006; 
Lens et al., 2003; Vader et al., 2006), confirming that the observed phenotypes can 
indeed be attributed to CPC disruption. Together, these experiments demonstrate 
that baculoviral transduction with Cas9/sgRNA expressing viruses leads to efficient 
functional gene knockout in U-2 OS cells. Moreover, since we already observed 
profound effects two days after virus transduction, the CRISPR/Cas9 baculoviruses 
could serve as a useful alternative for RNAi-mediated knockdown of at least short 
lived (cell cycle) proteins.

Gene knockout by baculovirus mediated CRISPR/Cas9 delivery in a panel of 
cell lines
U-2 OS cells are known to be highly susceptible to transduction with baculovirus 
(Song et al., 2003). However, we were also interested in the applicability of Cas9 
expressing baculoviruses in a broader range of cell lines. We selected a panel of 7 
frequently used cell lines, including two colon cancer cell lines (DLD-1 and HCT116), 
one cervical cancer cell line (HeLa), two breast cancer cell lines (MCF7 and MDA-
MB-231) and two non-transformed cell lines (MCF10A and RPE-1). To assess the 
efficiency of viral transduction we determined Cas9 linked GFP expression using 
flow cytometry following treatment with Borealin sgRNA virus and Cas9-puro virus 
expressing no sgRNA as a control (Fig. 3A). The percentages of GFP positive cells 
ranged between 18 and 61, with the order of the GFP positive fraction being MCF10A 
> DLD-1 > HeLa > MCF7 > HCT116 > MDA-MB-231 > RPE-1  (Fig. 3A). FACS 
analysis further showed that the levels of GFP expression varied between different 
cell lines as measured by the mean fluorescence intensity. For example, while the 
percentage of GFP positive cells is similar between MCF10A, DLD-1, and HeLa 
cells, MCF10A cells display the highest fluorescent signal per cell (Fig. 3A). The 
variation in the percentage of GFP positive cells and mean fluorescence intensity 
between cell lines likely reflect cell type specific differences in the susceptibility to 
baculoviral transduction.

For each cell line, we again looked in more detail in what fraction of cells treatment 
with Cas9-GFP baculovirus resulted in loss of the targeted protein. Cells were treated 
for two days with baculovirus expressing Cas9-GFP Borealin sgRNA or Cas9-GFP 
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Figure 3. Effect of CRISPR/Cas9 
baculoviral transduction in a panel 
of cell lines. A) Representative FACS-
profiles showing GFP expression in 
cells treated with Cas9-GFP baculovirus 
(MOI: 75). The markers are set such 
that 2% of the cells treated with Cas9-
puro baculovirus are included in 
this region. The percentage of cells 
treated with Cas9-GFP baculovirus 
within the marker region is indicated. 
B) Immunofluorescence images of 
mitotic cells treated with the indicated 
Cas9-GFP baculoviruses (MOI: 75) 
were scored by eye for the presence 
or absence of centromeric Aurora B. 
The bars represent the mean ± SD of 
2 experiments. At least 24 cells were 
analyzed per experiment per condition.

Luciferase sgRNA and then blocked in prometaphase. We again analyzed centromeric 
localization of Aurora B as a read-out for Borealin expression by immunofluorescence 
microscopy. The observed knockout scores ranged from 4 to 60 percent (Fig. 3B). 
Since we assessed the absence or presence of centromeric Aurora B in the total 
cell population and did not select for GFP positive (i.e. Cas9 expressing) cells, we 
expected that the fraction of Aurora B negative (Borealin knockout) cells would be 
equal to or smaller than the percentage of GFP positive cells. For DLD1, HeLa, MCF7, 
and MDA-MB-231 cells the knockout percentage was indeed within the range of the 
GFP+ fraction. However, the fraction of knockout cells did not always correlate with 
the percentage of transduced cells. In HCT116 cells the proportion of knockout cells 
exceeded the percentage of GFP positive cells as determined by flow cytometry (Fig. 
3A, B). Cells expressing very low amounts of Cas9-GFP overlap with the Cas9-puro 
control population and were hence not marked as GFP positive. As a consequence, 
the measured percentage of Cas9-GFP positive cells is likely an underestimation 
of the total number of cells infected and further suggests that very low levels of 
Cas9 expression are likely sufficient to generate knockouts. Conversely, in MCF10A 
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cells and RPE-1 cells the percentage of knockout cells was relatively low compared 
to the fraction of GFP positive cells. Both cell lines are non-transformed and have 
functional p53. We hypothesized that CRISPR/Cas9 mediated introduction of double 
strand breaks would activate a p53-dependent DNA damage response in these cells 
and induce a G1 or G2 cell cycle arrest. This would then prevent the detection of 
knockout cells in the mitotic population. To test this possibility, we transduced RPE-1 
cells that stably expressed a short hairpin RNA against p53 (RPE-1 eco p53kd). As a 
control we used the parental, p53 positive cell line (RPE-1 eco). While both cell lines 
were transduced with similar efficiency as RPE-1 cells (Fig. 3A), the percentage of 
observed knockout cells increased approximately 4 fold in the RPE-1 eco p53kd 
cell line as compared to RPE-1 or RPE-1 eco cells, in line with the amount of cells 
transduced (Fig. 3B). In conclusion, CRISPR/Cas9 baculoviruses can be used to 
generate knockouts with relatively high efficiency in multiple cell lines, although the 
number of affected cells varies due to differences in virus transduction efficiency and 
specific cell line characteristics, such as p53 status.

Introduction of point mutations using CRISPR/Cas9 baculovirus
To investigate the usability of baculovirus as a vector for generating specific genome 
alterations we added a ~300 base pair HDR template to the Cas9-puro plasmid 
(Fig. 4A). We selected Aurora B as our target, specifically the H250Y mutation. This 
amino acid change was previously shown to confer resistance against the Aurora 
B inhibitor ZM447439 in HCT116 cells (Girdler et al., 2008). We chose an sgRNA 
sequence that targets Cas9 to a locus in exon 7 that is in close proximity to the DNA 
site encoding Aurora B amino acid 250 (Aurora B 250 sgRNA) and designed the 
HDR template to introduce the Aurora B H250Y mutation together with two additional 
silent mutations to prevent cleavage by Cas9 once the mutation has been introduced 
(H250Y template). HCT116 cells were transduced with viruses containing Cas9-puro 
plus the Aurora B 250 sgRNA and H250Y template, the Aurora B 250 sgRNA alone, 
or no sgRNA. We then selected with puromycin for 16 hours to enrich for transduced 
cells, followed by the addition of ZM447439 to select for cells that had successfully 
acquired the Aurora B H250Y mutation. From the cell population treated with Aurora 

Figure 4. (next page) Introduction of the H250Y mutation in Aurora B. A) Schematic representation 
of the introduction of an HDR template carrying point mutations in the pAceBac-Cas9 plasmid. B) Colony 
formation of HCT116 cells in ZM447439 with cells carrying either wildtype Aurora B alleles, or alleles 
with homozygous H250Y mutations, or with a heterozygous mutation for H250Y combined with an indel 
in the other allele. The numbers indicate colony outgrowth in the ZM447439 treated conditions relative 
to the untreated conditions. Clones were also tested for their capacity to form colonies in the presence 
of puromycin. C) Sequence chromatograms of the Aurora B locus in the vicinity of H250. Depicted is the 
Aurora B sequence trace of wildtype HCT116 cells or clones carrying either the homozygous Aurora B 
H250Y mutation or the heterozygous Aurora B H250Y mutation combined with an indel. The PAM site 
is indicated and the arrows point out the base substitutions that were introduced. The corresponding 
amino acid sequence is shown in the top graph. D) Representative immunofluorescence images of 
prometaphase cells that have either retained or lost histone H3 serine 10 (H3S10) phosphorylation after 
treatment with ZM447439 (0.5 μM). E) Quantification of immunofluorescence images of prometaphase 
cells depicted in (D). Cells were scored for H3S10ph loss following treatment with ZM447439 (0.5 μM). 
F) Immunofluorescence images of wildtype HCT116 cells and clones harboring homozygous Aurora B 
H250Y mutations treated with the indicated CRISPR/Cas9 baculoviruses (MOI: 75) were arrested in 
mitosis and scored for loss of centromeric Aurora B. G) Representative FACS-profiles showing the DNA 
content of wildtype HCT116 cells and clones harboring homozygous Aurora B H250Y mutations that were 
treated with the indicated CRISPR/Cas9 baculoviruses (MOI: 75). Puromycin treatment was used to 
select for transduced cells and samples were harvested 4 days after transduction.
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B 250 sgRNA + H250Y template, 8 clones grew out, whereas 1 clone survived in the 
Aurora B 250 sgRNA treated control population. No clones grew out after treatment 
with a virus expressing Cas9-puro but lacking an sgRNA. Of the 8 selected clones, 
3 were homozygous for the H250Y mutation, whereas the other 5 had a monoallelic 
introduction of the desired point mutation in combination with an indel in the second 
allele (Fig. 4B, C). No additional mutations were found in the AURKB coding region 
in any of the obtained clones, including the single clone expanded from the Aurora B 
250 sgRNA treated control cells, which did however have a heterozygous indel at the 
sgRNA target site. Resistance of the clones to Aurora B inhibition was confi rmed by 
their colony forming capacity in the presence of ZM447439 (Fig. 4B). Furthermore, 
analysis of histone H3 serine 10 phosphorylation, a known substrate of Aurora B 
(Hauf et al., 2003; Hsu et al., 2000), confi rmed that the Aurora B H250Y mutant was 
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active even in the presence of ZM447439 (Fig. 4D, E). At the same time, all clones 
had regained sensitivity to puromycin (Fig. 4B), demonstrating that Cas9-puro had 
not integrated into the genome. 

The introduction of three mutations in the HDR template should prevent Cas9-
mediated cleavage of both the transduced template and of the genomic target 
locus after successful introduction of these mutations. Cell lines resistant to Cas9-
mediated editing of a particular target gene could serve as a control in verifying the 
specificity of an observed phenotype upon Cas9 mediated knockout. This strategy 
of introducing endogenous (silent) mutations has recently been used to verify siRNA 
specificity (Cuylen et al., 2016). To validate this approach for Cas9-mediated knockout 
we investigated whether the three nucleotide substitutions were indeed sufficient 
to prevent further CRISPR/Cas9 activity towards this site. Treatment of wildtype 
HCT116 cells with the Aurora B 250 sgRNA virus resulted in Aurora B knockout 
in 42 percent of the cells in mitosis based on immunofluorescence staining (Fig. 
4F). This is similar to the knockout efficiency of Borealin in this cell line (Fig. 3B). In 
contrast, Aurora B centromere localization remained unaffected by the Aurora B 250 
sgRNA virus in the 3 homozygous Aurora B H250Y clones (Fig. 4F). Furthermore, 
the homozygous Aurora B H250Y clones were resistant to polyploidization resulting 
from treatment with Aurora B 250 sgRNA virus and concomitant Aurora B knockout 
(Fig. 4G). These data demonstrate that introduction of mutations at the Cas9/sgRNA 
target site is a feasible approach to create cell lines that can be used to validate 
Cas9-mediated knockout phenotypes.

Endogenous tagging of Haspin using CRISPR/Cas9 baculovirus
The kinase Haspin contributes to inner centromere localization of the CPC via 
phosphorylation of histone H3 at threonine 3 (H3T3ph), which forms a docking site 
for the CPC subunit Survivin (Kelly et al., 2010; Wang et al., 2010; Yamagishi et al., 
2010). While CPC localization has been extensively studied, relatively little is known 
about how Haspin is recruited to chromatin and how its localization is regulated, in 
part due to a lack of tools that allow visualization of the endogenous protein (Dai 
et al., 2009; Dai et al., 2006). We therefore chose to tag endogenous Haspin with 
the fluorescent reporter yellow fluorescent protein (YFP). Since baculovirus can 
accommodate large fragments of foreign DNA we set out to design a single virus format 
for the tagging of endogenous genes. To this end we constructed a HDR plasmid that 
contains the coding sequence of YFP and a puromycin resistance cassette flanked 
by restriction sites that can be used to introduce homology arms (Fig. 5A). The HDR 
template was subsequently introduced into the Cas9-GFP baculovirus donor plasmid 
for the construction of a single virus containing all elements required for genome 
editing (Fig. 5A). For tagging of the Haspin encoding gene GSG2 we selected a 
sgRNA sequence targeting the 3’ end of the gene and cloned homology arms of 
approximately 1 kb in length corresponding to the sequence adjacent to the stop 
codon (Fig. 5A). We used the resulting virus to transduce U-2 OS cells containing an 
integrated LacO array (U-2 OS-LacO) (Janicki et al., 2004) and RPE-1 cells, followed, 
after 48 hours, by puromycin selection. Despite the relatively low transduction and 
knockout efficiency in RPE-1 cells (see Fig. 3A, B), we were able to obtain several 
puromycin resistant RPE-1 clones after transduction with the baculovirus for GSG2 
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Figure 5. Endogenous tagging of Haspin using CRISPR/Cas9 baculovirus. A) Schematic 
representation of the introduction of an HDR template for endogenous tagging of GSG2 in the pAceBac-
Cas9 plasmid. B) Integration of the YFP-tag at the C-terminus of the gene encoding Haspin was confi rmed 
by PCR using the indicated primer pairs, schematically depicted in Fig. 5A. The PCR product obtained 
using primers 1 and 2 is of the untagged allele, based on its size. C) Representative live cell images of U-2 
OS-LacO Haspin-YFP cells and RPE-1 Haspin-YFP cells in prometaphase and interphase. D) Schematic 
overview depicting the binding of LacI-tagRFP-Pds5B to the LacO repeats. Upon interaction between 
Pds5B and Haspin an YFP signal can be detected at this ectopic locus. E) Immunofl uorescence images 
of metaphase spreads of U-2 OS-LacO Haspin-YFP cells expressing LacI-tagRFP or LacI-tagRFP-Pds5B 
and stained for DAPI, YFP and RFP. F) Quantifi cation of Haspin-YFP at the LacO locus. Depicted is 
the mean of Haspin-YFP normalized over RFP ± SD. Each dot represents a single cell. The data was 
analyzed using an un-paired Student’s t-test. G) Immunofl uorescence images of metaphase spreads 
of U-2 OS-LacO Haspin-YFP cells expressing LacI-tagRFP or LacI-tagRFP-Pds5B stained for DAPI, 
H3T3ph and RFP. H) Quantifi cations of H3T3ph at the LacO locus. Depicted is the mean of H3T3ph levels 
normalized over RFP ± the SD. Each dot represents a single cell. The data was analyzed using an un-
paired Student’s t-test. A minimum of 23 cells was analyzed per experiment.

tagging. YFP integration was confi rmed by PCR analysis (Fig. 5B) and sequencing. 
PCR analysis further revealed that all clones had heterozygous integration of the 
tag. We next set out to examine the localization of Haspin-YFP. While we were 
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unable to visualize the protein by immunofluorescence of fixed cells, live cell imaging 
revealed that Haspin-YFP localized to the nucleus in interphase cells (Fig. 5C). 
Notably, during live cell imaging the Haspin-YFP signal was very weak, indicating 
that the protein is likely of low abundance. In mitosis, Haspin-YFP was observed to 
be dispersed over the chromatin (Fig. 5C, Suppl. Fig. 2). Although previous studies 
have reported accumulation of overexpressed GFP-Haspin on centromeres (Dai et 
al., 2006), we were unable to discern sites of Haspin-YFP enrichment on the DNA. 
This is likely due to the faint signal and the limited resolution as a consequence of 
detector binning. Interestingly, we do not observe a decrease in Haspin-YFP during 
anaphase, when cohesin is removed from the chromatin (Fig. 5C). It has been 
suggested that Haspin is recruited to chromatin by the cohesin-associated protein 
Pds5B (Carretero et al., 2013; Yamagishi et al., 2010). To test whether Pds5B can 
indeed recruit Haspin we made use of U-2 OS-LacO cells expressing endogenously 
tagged Haspin-YFP. These cells harbor an array of approximately 200 times 256 
LacO repeats on chromosome 1 (Janicki et al., 2004). The LacO array allows specific 
recruitment of LacI fusion proteins to this ectopic locus that can be visualized by 
immunofluorescence microscopy. We fused Pds5B to LacI-tagRFP and expressed 
the fusion protein in U-2 OS-LacO Haspin-YFP cells through baculoviral transduction 
(Fig. 5D). Cells expressing either LacI-tagRFP-Pds5B or LacI-tagRFP as a control 
were blocked in mitosis and chromosome spreads were analyzed. Spreads were 
stained with antibodies against GFP to visualize Haspin-YFP, RFP to visualize LacI-
tagRFP-Pds5B and H3T3ph as a read-out for Haspin kinase activity. We found that 
Haspin-YFP is clearly enriched on the LacO array in the presence of LacI-tagRFP-
Pds5B in contrast to LacI-tagRFP alone (Fig. 5E, F). Furthermore, targeting LacI-
tagRFP-Pds5B to LacO arrays resulted in histone H3 phosphorylation on threonine 
3, indicating that the recruited Haspin was indeed active (Fig. 5G, H). 

Discussion
For over thirty years the baculovirus expression vector system has had a profound 
impact on basic research as a method for simple, high-level production of recombinant 
proteins in insect cells (Kost & Condreay, 1999). The subsequent discovery that 
baculovirus is also capable of infecting mammalian cells has resulted in numerous 
novel applications ranging from basic cell biology tools to potential gene therapy 
vectors. The latter is of particular interest due to the recent explosion of activity in 
the development of genome editing technologies, particularly those based on the 
CRISPR/Cas9 system. Here, we demonstrate the use of baculovirus as a delivery 
vehicle for Cas9 based genome-editing tools in multiple human cell lines. 

Viral transduction serves as an efficient method for gene delivery, and can be 
employed for delivery of CRISPR components. The use of a lentiviral vector that 
combines Cas9 and a sgRNA has previously been described (Shalem et al., 2014). 
However, viral titers are reduced approximately 100 fold due to the size of the CRISPR 
components. Furthermore, lentiviral expression results in stable integration of the 
CRISPR components in the host genome. This could cause unwanted gene disruption 
as a consequence of genomic insertion. Moreover, constitutive expression of Cas9 
is inherently associated with the ongoing risk of acquiring off-target cleavages (Wu et 
al., 2014). Adeno-associated viruses (AAV) have a predominantly episomal nature, 
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with low frequency integration at a specific locus (Deyle & Russell, 2009) and several 
research groups have investigated the use of AAV as a vehicle for Cas9 and sgRNA 
delivery (Fine et al., 2015; Ran et al., 2015; Swiech et al., 2015). Again, a major 
drawback is the limited packaging capacity of AAV vectors (Thomas et al., 2003). 
This problem has been addressed in part by the use of smaller Cas9 homologues 
or adopting a co-expression strategy using separate AAV vectors for Cas9 and the 
sgRNA, or by making use of trans-splicing, whereby two parts of Cas9 expressed 
from separate AAV vectors are spliced together in cells to form a functional enzyme 
(Fine et al., 2015; Swiech et al., 2015). Finally, adenoviral vectors, which lack the 
machinery required for integration into the host genome (Harui et al., 1999) and have 
a relatively large cloning capacity (Thomas et al., 2003), have been demonstrated to 
be efficient at mediating Cas9 and sgRNA delivery and induce site-specific double 
strand breaks in cultured cells and in vivo (Cheng et al., 2014; Ding et al., 2014; 
Maddalo et al., 2014; Maggio et al., 2014). However, the use of adenovirus requires 
handling in a biosafety level 2 environment. The use of baculovirus as a vehicle for 
CRISPR/Cas9 machinery is a compelling alternative, since it is able to transduce a 
wide range of mammalian cells (Airenne et al., 2011; Lei et al., 2011; Mansouri et 
al., 2016). Moreover, baculoviruses do not integrate into the host genome and are 
not known to cause disease in humans (Tjia et al., 1983). Its ability to carry large 
amounts (<38 kB) of foreign DNA makes it ideally suited not only to deliver Cas9 and 
sgRNA sequences but also allows the inclusion of multiple additional elements such 
as selection markers, fluorescent probes and HDR templates, all in a single virus. 
This ensures infection always results in co-delivery of all required components into 
the target cell. 

We constructed a baculoviral vector that expresses both Cas9-2A-GFP and an sgRNA 
sequence. Using CRISPR/Cas9 baculovirus we were able to efficiently transduce 
a panel of cell lines. Furthermore, transduction resulted in fast and efficient gene 
knockout of all four members of the CPC. This suggests this method can also be 
used in transient depletion experiments analogous to siRNA-mediated knockdown. 
As is the case for siRNA experiments the success of complete protein depletion will 
be largely dependent on the rate of protein turnover. We found that knockout of any 
one of the three non-enzymatic subunits of the CPC, Borealin, INCENP and Survivin, 
resulted in destabilization of all other members of the complex. This is in line with 
several observations that show a strong functional interdependence between the 
four CPC subunits that seem to be centered on INCENP. An N-terminal region in 
INCENP, called the CEN-box, forms a tripartite coiled coil with Borealin and Survivin 
and the in vitro interaction between these subunits occurs in the absence of Aurora 
B (Jeyaprakash et al., 2007). The C-terminus of INCENP, called the IN-box, interacts 
with Aurora B, thereby linking it to the rest of the complex (Adams et al., 2000; 
Gassmann et al., 2004; Jeyaprakash et al., 2007; Wheatley et al., 2001). Moreover, 
Aurora B stability has also been shown in vitro to depend on its interaction with 
INCENP (Elkins et al., 2012). Combined with our observations in the knockout cells 
(Fig. 2A, B), we favor a model in which Borealin, INCENP and Survivin form a stable 
core complex independently of Aurora B, while Aurora B protein stability requires its 
interaction with this complex. 
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We observed that the rate of functional gene knockout largely correlates with 
the transduction efficiency. Comparing knockout efficacy with other viral delivery 
systems however is difficult due to the large number of variables including different 
target genes, different sgRNA sequences, different cell types and different strategies 
to measure actual efficacy. For example, lentiviral expression of Cas9 + sgRNA 
resulted in efficient knockout of an EGFP reporter in HEK293 cells (Shalem et al., 
2014). However, efficacy was assessed after 11 days of puromycin selection based 
on the expression of the stably integrated Cas9-P2A-puromycin N-acetyl-transferase 
and thus cannot be directly compared. Maggio et al. have compared adenoviral 
vectors (co-infection of Cas9 and sgRNA expressing viruses) in multiple cell lines 
and showed 31% and 18% target gene (the AAVS1 locus) knockout frequency for 
HeLa cells and U-2 OS cells respectively (Maggio et al., 2014), compared to ± 60% 
and 65% as observed by us using baculoviral delivery of Cas9 and targeting the 
CDCA8 locus (Fig. 2C for U-2 OS cells and Fig. 3B for HeLa cells). Ultimately, we 
think that since absolute efficacy is rarely described in a consistent manner, due in 
part to the many variables involved, comparisons are difficult to make. We argue that 
for most cell lines we tested, the efficacy is mostly determined by the transduction 
rate, as the percentage of knockouts is typically comparable to the percentage of 
cells transduced.

For viral transduction we employed a generic protocol that works well for many 
commonly used cell lines. However, baculoviral transduction efficiency is cell line 
specific and subject to many variables, including the multiplicity of infection (MOI), 
the type of medium and the time and temperature of transduction (Mähönen et 
al., 2010; O’Flynn et al., 2012; Pan et al., 2009). Furthermore, viral pseudotyping, 
histone deacetylase inhibitors and the use of post-transcriptional regulatory elements 
or different promoters have all been shown to influence the level of transduction 
efficiency or transgene expression (Barsoum et al., 1997; Condreay et al., 1999; 
Mähönen et al., 2007). Optimization of these variables will allow researchers to 
achieve optimal expression levels in the system of their choice. While knockout 
efficiency largely correlated with viral transduction levels, we did observe that 
non-transformed RPE-1 cells yielded very few knockouts in the mitotic population, 
even though a substantial part of the population expressed CRISPR/Cas9. Stable 
knockdown of p53 resulted in an increase of knockout cells in line with the number 
of cells displaying Cas9 expression, suggesting that p53 prevents successfully 
targeted cells from entering mitosis, most likely through induction of a cell cycle arrest 
or apoptosis. This could further explain why non-transformed MCF10A cells also 
show relatively low knockout rates compared to other cell lines, despite expressing 
much higher levels of Cas9 (Soule et al., 1990; Weiss et al., 2010). Thus, transient 
depletion of p53 together with CRISPR/Cas9 baculovirus treatment may form an 
effective solution in increasing efficiency in non-transformed cells as this would by-
pass the p53-associated selection against knockout cells. Nonetheless, we were 
able to successfully tag endogenous Haspin in RPE-1 cells without depleting p53.

Cas9 mediated cleavage of DNA is typically repaired, either through NHEJ or HDR. 
The latter repair mechanism can be exploited to locally introduce novel features, 
such as point mutations or fluorescent reporters, when offering an appropriate 
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donor sequence. Endogenous tagging allows the examination of proteins without 
depending on overexpression or on the availability of antibodies while the introduction 
of, for example disease associated mutations, allows the study of phenotypes in a 
setting not dependent on many of the drawbacks associated with overexpression 
knockdown/add back studies such as variation in expression levels and knockdown 
efficiency. We used CRISPR/Cas9 baculovirus to introduce specific point mutations 
in Aurora B and tag the kinase Haspin with the fluorescent reporter YFP. In both 
cases the HDR template could be included in the same virus owing to its large 
capacity for accepting foreign DNA. Moreover, the large capacity further allowed 
for the introduction of a puromycin resistance cassette in the 3’ UTR of Haspin, 
facilitating the identification of correct clones through antibiotic selection. However, 
despite efficient delivery of CRISPR/Cas9 components together with an HDR 
template into target cells, the limited contribution of HDR compared to NHEJ for 
double strand break repair remains a bottleneck for precise genome editing. Various 
strategies have been developed to shift the balance of DNA repair towards HDR 
through, for example: cell cycle synchronization, inhibition of NHEJ, via the ligase 
IV inhibitor SCR7 or the depletion of the NHEJ proteins KU70 and KU80 (Chu et al., 
2015; Maruyama et al., 2015), or alternatively, stimulation of the HDR protein RAD51 
(Pinder et al., 2015; Song et al., 2016). For the endogenous tagging of Haspin, 
none of the aforementioned approaches were used, yet we were able to efficiently 
generate cell lines in which the gene was successfully tagged. However, direction of 
the DNA repair pathway towards HDR may be more critical in cases where it is not 
possible to select for the desired genomic alteration.

The kinase Haspin plays a critical role in regulating recruitment of the CPC to the 
inner centromere. While inner centromere localization is thought to be critical for 
the function of the CPC, little is known about how Haspin is regulated. Research 
regarding Haspin has been in part impeded by the difficulty of detecting the protein, 
and was therefore largely based on Haspin overexpression of tagged variants (Dai 
et al., 2009; Dai et al., 2006). Live cell fluorescent imaging of endogenously tagged 
Haspin-YFP cells, both in U-2 OS-LacO and RPE-1 cells, revealed that the signal 
of Haspin was weak. This suggests that Haspin may be expressed at very low 
levels. Nevertheless, we were able to image endogenous Haspin during the cell 
cycle, showing it is present in the nucleus during interphase and is associated with 
chromatin throughout mitosis. Furthermore, the U-2 OS-LacO Haspin-YFP cell line 
allowed us to study recruitment of Haspin to the cohesin-associated factor Pds5B. 
Interestingly, our data show that Haspin remains associated with mitotic chromatin 
even after anaphase onset. Anaphase onset is associated with the proteolytic 
removal of cohesin from the chromatin through activation of the protease separase. 
This implies that regulation of Haspin recruitment may be more complex than the 
proposed interaction with cohesin/Pds5B. Indeed, a recent study suggests that the 
chromatin association of Pds5B itself may be independent of the cohesin complex 
as knockout of the cohesin subunit Scc1 resulted in a loss of the core cohesin 
components SMC1, SMC3 and Stag2/SA2 from the chromatin, but not of Pds5B 
(Ohta et al., 2016). It is likely that Pds5B retains its association with chromatin through 
its ability to directly bind to DNA via two C-terminal AT-hook domains (Couturier 
et al., 2016). Furthermore, two recent reports reveal a critical role for sumoylated 
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TOP2A in the recruitment of Haspin to centromeres during mitosis (Edgerton et 
al., 2016; Yoshida et al., 2016). How TOP2A, sumoylation, cohesin and Pds5B 
cooperate to recruit Haspin to the inner centromere will require further investigation. 
Endogenously tagged Haspin-YFP cell lines will form a powerful tool to further study 
the regulation of Haspin.

Besides its role in research, the use of genome editing tools holds great potential for 
clinical applications. Plans to initiate the first trials using CRISPR/Cas9 for therapeutic 
purposes were recently announced (Cyranoski, 2016). Interestingly, baculoviruses 
have been suggested as suitable vehicles for gene therapy, because of their low 
cytotoxicity, low frequency of genomic integration and their inability to replicate in 
mammalian cells (Airenne et al., 2013). Baculovirus mediated delivery of CRISPR/
Cas9 could form an important tool for genomic engineering of patient cells.

Experimental procedures
Cell culture
U-2 OS (ATCC, HTB-96), HeLa (ATCC, CCL-2) and DLD1 (a gift from Dr. Onno 
Kranenburg, UMC Utrecht, Utrecht, NL) cells were cultured in DMEM (Sigma-
Aldrich, St. Louis, MO, cat. no. D6429) supplemented with 6% fetal bovine serum 
(FBS) (Sigma-Aldrich, St. Louis, MO, cat. no. F7524), 2 mM UltraGlutamine (Lonza, 
Basel, Switzerland, cat. no. BE17-605E/U1), 100 units/ml penicillin and 100 μg/
ml streptomycin (Lonza, Basel, Switzerland, cat. no. DE17-602E), hereafter called 
DMEM. RPE-1 (ATCC, CRL-4000), RPE-1 eco, RPE-1 eco p53kd (both a gift from 
Dr. Roderick Beijersbergen, NKI, Amsterdam, NL), U-2 OS-LacO (Janicki et al., 
2004), MCF7, and MDA-MB-231 cells (both a gift from Dr. Patrick Derksen, UMC 
Utrecht, Utrecht, NL) were cultured in DMEM F12 (Lonza, Basel, Switzerland, cat. 
no. BE04-687F/U1) supplemented with 10% FBS, 2 mM UltraGlutamine and 100 
units/ml penicillin and 100 μg/ml streptomycin, hereafter called DMEM F12. HCT116 
cells (a gift from Dr. Onno Kranenburg) were cultured in DMEM supplemented with 
10% FBS. MCF10A cells were cultured in DMEM F12 supplemented with 5% FBS, 5 
ng/ml epidermal growth factor, 0.5 μg/ml hydrocortisone, 100 ng/ml cholera toxin, 5 
μg/ml insulin, 100 units/ml penicillin and 100 μg/ml streptomycin with UltraGlutamine 
omitted. All human cell-lines were maintained at 37°C and 5% CO2. U-2 OS cells 
stably expressing H2B-mCherry were generated by lentiviral transduction. Sf9 
cells (a gift from Dr. David Egan, UMC Utrecht, Utrecht, NL), used for baculovirus 
production, were cultured in Insect-XPRESS medium (Lonza, Basel, Switzerland, 
cat. No. BE12-730Q) supplemented with 5% FBS and pen/strep. Cultures were 
maintained at 27°C at 110 rpm.

Cloning
sgRNAs targeting AURKB, INCENP, CDCA8 and BIRC5 were designed using the 
online CRISPR design tool at http://crispr.mit.edu/. The selected sgRNA sequences 
are listed in Table 1. The sgRNA and SpCas9 expression cassette from PX458 
(pSpCas9(BB)-2A-GFP) or PX459 (pSpCas9(BB)-2A-Puro) (both plasmids were a 
gift from Dr. F. Zhang; Addgene, plasmids: # 48138 and # 62988 (Ran et al., 2013)) 
were cloned into the baculovirus donor plasmid pAceBac1 (a kind gift from Dr. Imre 
Berger, EMBL, Grenoble, France (Berger et al., 2004; Bieniossek et al., 2012)) from 
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which the polh promoter was removed. Where applicable, the HDR template was 
introduced into a unique NotI site of the same donor vector. The HDR template for 
creating Aurora B H250Y consists of a 312 bp sequence ranging from chr17:8205171-
8205482 (GRCh38) containing a mutation encoding H250Y and two additional silent 
mutations to prevent recognition by the sgRNA. 

For tagging of Haspin, two homology arms (HA), corresponding to chr17:3,726,333-
3,727,360 (3’ RHA) and chr17:3,725,196-3,726,329 (5’ LHA), were cloned into 
pUNKI-20-C (Fig. 5A). This yields a HDR template resulting in final integration of 
YFP at the 3’ end of Haspin, followed by an SV40 poly-A signal and a puromycin 
resistance cassette. The 5’ HA contains a silent mutation that removes the PAM 
site to prevent cutting by Cas9. The HDR template was then subcloned via NotI into 
the baculoviral Cas9-2A-GFP vector, containing the appropriate sgRNA (Table 1). 
Bacmids were generated using the Bac-to-Bac system in conjunction with EMBacY 
cells (a kind gift from Dr. Imre Berger, EMBL, Grenoble, France (Berger et al., 2004; 
Bieniossek et al., 2012)).

purpose sgRNA sequence
AURKB knockout GCGCAGAGAGATCGAAATCC

CDCA8 knockout TAGGAAGGGCAGTAGTCGGG

INCENP knockout CATGGAGTTTCTCTGCAACA

BIRC5 knockout CCAGGCAGGGGGCAACGTCG

LUCIFERASE control GTCATTATAAATGTCGTTCGC

Introduction Aurora B H250Y mutation GGGGCGCATGCACAATGAGA

Endogenous tagging of Haspin CTTACTTAAACAGACTGTGC

Table 1. List of sgRNA sequences used in this study.

Baculovirus production
Baculovirus was produced by transfection of bacmids into Sf9 cells. Cells were 
seeded in 6 well plates (0.5*10^6 cells/well), followed by transfection using FuGENE 
HD (Promega, Madison, WI, cat. no. E2311). P1 virus was harvested after 3-4 days 
and subsequently used to transduce 20 ml suspension cultures of early log phase 
Sf9 cells (1-2*10^6 cells/ml). P2 virus was harvested 3-4 days after transduction. 
Viral titers were determined using an end point dilution assay.

Viral transduction
For baculoviral transduction, cells were trypsinized and taken up in RPMI-1640 
(Sigma-Aldrich, St. Louis, MO, cat. no. R0883) supplemented with 10% heat 
inactivated FBS, 2 mM UltraGlutamine 100 units/ml penicillin and 100 μg/ml 
streptomycin, hereafter called RPMI-1640. The cells were then pelleted (5 min. at 
483 x g) and re-suspended to a concentration of 75.000-200.000 cells/ml in RPMI-
1640. Virus was added to the cell suspension at an MOI of 25-75 and cells were 
subsequently plated. For RPE-1 and MCF10A cells, the medium was changed back 
to their normal culture medium after 16 hours.
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Detection of indels
Cells were transduced as described above and after 2 days genomic DNA was 
isolated using a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany). PCR was 
performed to amplify the sgRNA target locus. PCR products were run on agarose 
gel, purified using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) and 
sequenced using Sanger sequencing. Sequence traces were further analyzed using 
TIDE through the web interface at https://tide-calculator.nki.nl (Brinkman et al., 2014).

Flow cytometry
To measure Cas9-2A-GFP expression, cells were transduced as described. After 
14-16 hours the cells were trypsinized and taken up in PBS supplemented with 5% 
FBS and measured on a FACS-Calibur (Becton Dickinson, Breda, The Netherlands) 
using Cell Quest software (Becton Dickinson Breda, The Netherlands).

For the analysis of DNA content, cells were transduced with Cas9-2A-puro virus as 
described above. The next day 2 μg/ml puromycin (Sigma-Aldrich, St. Louis, MO, 
cat. no. P8833) was added for 24 hours. Four days after plating, cells were harvested 
and fixed with 70% ice-cold ethanol. Cells were washed with PBS containing 0.05% 
Tween20 (PBST) and finally taken up in PBS containing 250 ng/μl RNAse and 10 
ng/μl propidium iodide. Samples were incubated at 37°C for 30 minutes and then 
measured on a FACS-Calibur using Cell Quest software.

Immunofluorescence microscopy
Cells were transduced as described above and plated on 12 mm coverslips. Forty 
hours after cell plating, 20 μM S-Trityl-L-cysteine (STLC) (Tocris Bioscience, 
Bristol, UK, cat. no 2191) and 5 μM MG-132 (Merck Millipore, Billerica, MA, cat. no. 
474790) were added to block cells in mitosis. Cells were fixed 2 hours later with 4% 
paraformaldehyde (PFA) in PBS for 7 minutes, and subsequently permeabilized with 
ice-cold methanol. 

For the chromosome spreads, cells were transduced with baculoviruses carrying 
LacI-tagRFP or LacI-tagRFP-Pds5B as described above. Cells were blocked in 
mitosis by the addition of STLC (20 μM), 6 hours after plating. After another 14 hours 
nocodazole (0.83 μM) (Sigma-Aldrich, St. Louis, MO, cat. no. M1404) was added 
for 15 minutes, after which the cells were collected by mitotic shake-off. Cells were 
incubated in 75 mM KCl containing 0.1 μM okadaic acid (Merck Millipore, Billerica, 
MA, cat. no. 495604) at 37°C for 10 minutes and then transferred to cytocentrifuge 
chambers and spun onto coverslips using a Shandon Cytospin 4 for 5 minutes at 
1500 rpm. For H3T3ph staining cells were fixed with 4% PFA in PBS for 7 minutes, 
and subsequently permeabilized with ice-cold methanol. For GFP staining, coverslips 
were incubated in 0.2% Triton X-100 in 100 mM PIPES pH6.8, 10 mM EGTA and 1 
mM MgCl2 for 30-60 seconds, after which an equal amount of 4% PFA in PBS was 
added and incubated for 4 minutes (final concentration of 2% PFA). The fixative was 
replaced with 4% PFA in PBS and incubated for another 4 minutes. 

Cells were then washed with PBS and blocked in PBST with 3% BSA. Coverslips 
were incubated with primary antibodies diluted in PBST with 3% BSA for 2 hours, 
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washed three times with PBST, followed by a 1 hour incubation with the secondary 
antibodies in PBST with 3% BSA. DNA was then stained using 500 ng/ml DAPI in 
PBST followed by a final wash using PBS before mounting them onto glass slides 
using ProLong Gold Antifade Mountant (Thermo Fisher Scientific, Waltham, MA, cat. 
no. P36930). Primary antibodies used were anti-AIM1 (BD Biosciences, San Jose, 
CA, cat. no. 611083, mouse, monoclonal, 1:500), anti-CENP-C (MBL International, 
Woburn, MA, cat. no. PD030, guinea pig, polyclonal, 1:1000), anti-phospho-Histone 
H3 (Ser10) (Merck Millipore, Billerica, MA, cat. no. 06-570, rabbit, polyclonal, 1:1000), 
anti-phospho-Histone H3 (Thr3) (Merck Millipore, Billerica, MA, cat. no. 07-424, 
rabbit, polyclonal, 1:2000), anti-RFP (Chromotek, Planegg-Martinsried, Germany, 
cat. no. 5F8, rat, monoclonal, 1:1000), and anti-GFP (a kind gift from Dr. G.J.P.L. 
Kops, rabbit, polyclonal, 1:1000). Secondary antibodies used were goat anti-mouse 
IgG Alexa Fluor 568 conjugate (Thermo Fisher Scientific, Waltham, MA, cat. no. 
A-11031, 1:600), goat anti-rabbit IgG Alexa Fluor 488 conjugate (Thermo Fisher 
Scientific, Waltham, MA, cat. no. A-11034, 1:600), goat anti-rat IgG Alexa Fluor 
568 conjugate (Thermo Fisher Scientific, Waltham, MA, cat. no. A-11077, 1:600), 
and goat anti-guinea pig IgG Alexa Fluor 647 conjugate (Thermo Fisher Scientific, 
Waltham, MA, cat. no. A-21450, 1:600).

Images were acquired on a DeltaVision-RT imaging system (GE Healthcare, 
Chicago, Il), upgraded with a 7 color InsightSSI Module & TruLight Illumination 
System Module using a UPlanSApo 100x/1,40 objective and a CoolSnap HQ2 
camera (Photometrics). Presented images are deconvolved maximum intensity 
projections, processed using Softworx v6. Quantifications were performed using 
ImageJ. The percentage of knockout cells was scored by eye on a Zeiss AxioImager 
Z1 using the 63x PLAN-ApoChromat objective. 

Live cell imaging
Cells were transduced as described above, and then re-plated 14-16 hours after 
transduction in 24 well-plates (Sigma-Aldrich, St. Louis, MO, cat. no. CLS3524). 
Thymidine (Sigma-Aldrich, St. Louis, MO, cat. no. T1895) was added to a final 
concentration of 2.5 mM. After 24 hours cells were released from the thymidine block 
by washing 3x with medium, followed by the addition of Leibovitz’s L-15 medium 
(Thermo Fisher Scientific, Waltham, MA, cat. no. 21083027) supplemented with 
6% FBS, 2 mM UltraGlutamine, 100 units/ml penicillin and 100 μg/ml streptomycin, 
hereafter called Leibovitz’s L-15. Cells were imaged on an Olympus Cell M system 
with a UPlanFL N 20x/0.5 objective and analyzed using Cell M software. For the 
paclitaxel override experiments, cells were plated in 24-well plates as described 
above in the presence of 2.5 mM thymidine and 2 μM ZM447439 (Tocris Bioscience, 
Bristol, UK, cat. no. 2458) or DMSO. After 24 hours cells were washed 3 times 
with medium to remove thymidine, followed by the addition of medium containing 1 
μM paclitaxel (Sigma-Aldrich, St. Louis, MO, cat. no. T1912) and 2 μM ZM447439 
or DMSO. After ~4.5 hours, medium was changed to Leibovitz’s L-15 medium 
containing 1 μM paclitaxel and 2 μM ZM447439 or DMSO. Cells were imaged on an 
Olympus Cell M system as described above.

U-2 OS-LacO Haspin-YFP or RPE-1 Haspin-YFP cells and untagged parental 
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controls were plated in a μ-slide four well glass bottom dish in FluoroBrite DMEM 
supplemented with 10% FCS (IBIDI, cat. no.  80427). Cells were then blocked in G2 
for 16 hours with the Cdk1 inhibitor RO-3036 (7,5 μM). DNA was then stained by 
the addition of Hoechst 33342 (5 μM) for 30 minutes, followed by a release of the 
RO-3036 block (washing three times) in FluoroBrite DMEM supplemented with 10% 
FCS. After approximately 30 minutes images were acquired at 37°C on a DeltaVision 
imaging system (GE Healthcare, Chicago, Il), upgraded with a 7 color InsightSSI 
Module & TruLight Illumination System Module using a PlanApo N 60x/1,42 objective 
and a CoolSnap HQ2 camera (Photometrics) with 3x3 binning. Displayed images 
are single Z-stacks.

Western blotting
For analysis of Cas9 expression, cells were harvested 14-16 hours after transduction. 
For examination of the CPC components, cells were transduced, followed after 24 
hours, by treatment with the Cdk1 inhibitor RO-3306 (7.5 μM) (Merck Millipore, 
Billerica, MA, cat. no. 217699). After 14-16 hours, cells were released from the RO-
3306 block by washing 3 times with warm medium, followed by the addition of MG-
132 (5 μM) after 30 minutes. Mitotic cells were harvested by shake-off, 90 minutes 
after addition of MG132. Protein concentration was determined by Lowry assay 
to ensure equal sample loading. Proteins were separated by SDS-PAGE using a 
7.5% polyacrylamide gel for Cas9 expression or a Bolt 4-12% Bis-Tris Plus gel for 
expression of the CPC components (Thermo Fisher Scientific, Waltham, MA, cat. no. 
NW0412BOX). Proteins were then transferred to nitrocellulose membranes using 
a Trans-Blot Turbo Transfer system (Bio-Rad, Hercules, CA, cat. no. 170-4155). 
Membranes were blocked in PBST containing 3% BSA. Primary antibody incubation 
was performed in PBST including 3% BSA for ~18 hours at 4°C. Membranes were 
washed three times with PBST before incubation with the secondary antibody diluted 
in PBST. Membranes were washed three times with PBS prior to image acquisition 
on an ImageQuant LAS4000 (GE Healthcare, Chicago, Il). Signals were quantified 
using ImageJ. Primary antibodies used were anti-AIM1 (BD Biosciences, San Jose, 
CA, cat. no. 611083, mouse, monoclonal, 1:250), anti-Borealin (a generous gift 
from Dr. S.P. Wheatley, rabbit, polyclonal, 1:10,000), anti-INCENP (Thermo Fisher 
Scientific, Waltham, MA, cat. no. 39-2800, mouse, monoclonal, 1:500), anti-Survivin 
(R&D Systems, Minneapolis, MN, cat. no. AF886, rabbit, polyclonal, 1:10,000), 
anti-α-tubulin (Sigma-Aldrich, St. Louis, MO, cat. no. T5168, mouse, monoclonal, 
1:10,000), and anti-Cas9 (Diagenode, Liège, Belgium, cat. no. C15200203, mouse, 
monoclonal, 1:1000). Secondary antibodies used were ECL Plex Goat-α-Rabbit IgG-
Cy3 (GE Healthcare, Chicago, Il, cat. no. 28-9011-06, 1:2500) and ECL Plex Goat-α-
Mouse IgG-Cy5 (GE Healthcare, Chicago, Il, cat. no. PA45009, 1:2500). 

Generation of cell lines with Aurora B H250Y mutation
Cells were transduced with the appropriate virus as described above. After ~ 2 hours, 
SCR7 (ApexBio, Houston, TX, cat. no. A8705) was added to a final concentration 
of 1 μM. 18-20 hours after plating the cells the medium was replaced with medium 
containing 2 μg/ml puromycin for 24 hours. After recovery from selection, cells were 
replated in 0.4 μM ZM447439. Single clones were picked and expanded. In order 
to determine the genotype of individual clones, genomic DNA was isolated (DNeasy 
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Blood & Tissue Kit; Qiagen, Hilden, Germany). PCR was performed to amplify the 
target loci. PCR products were purified using the QIAquick PCR Purification Kit 
(Qiagen, Hilden, Germany) and sequenced using Sanger sequencing.

Generation of Haspin-YFP cell lines 
Cells were transduced with the appropriate virus as described above. For RPE-1 
cells the medium was refreshed after 24 hours, followed by the addition of puromycin 
after another 24 hours to a final concentration 10 μg/ml. Individual clones were then 
allowed to grow out and subsequently picked, expanded and tested for Haspin-YFP 
expression using fluorescence microscopy. For U-2 OS-LacO cells the medium 
was refreshed after 24 hours. After another 24 hours the cells were harvested and 
subsequently seeded into 96 well plates at a density of approximately 30 cells per 
plate. Cells were grown in the presence of puromycin (2.5 μg/ml). Clones that grew 
out were tested using fluorescence microscopy. All clones that tested positive for 
fluorescence were then further characterized at the genomic level. Genomic DNA 
was isolated (DNeasy Blood & Tissue Kit; Qiagen, Hilden, Germany) and correct 
integration of the HDR template was confirmed through both PCR and Sanger 
sequencing.

Colony formation assay
2000 cells per well were plated in 6-well plates. After 24 hours, medium with 0.4 
μM ZM447439 or 2 μg/ml puromycin was added as indicated. Cells were fixed ~7 
days after addition of the inhibitors using 4% PFA in PBS for 15 minutes. Cells were 
subsequently stained using 0.2% crystal violet for 10 minutes.
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Supplemental figure 1. Transduction 
of U-2 OS cells with CRISPR/
Cas9 baculoviruses leads to gene 
disruption. A) Representative FACS-
profiles showing GFP expression in 
U-2 OS cells treated with the indicated 
CRISPR/Cas9 baculoviruses (MOI 
25). The markers are set such that 
2% of the cells treated with Cas9-2A-
puro baculovirus are included in this 
region. The percentage of cells treated 
with Cas9-2A-GFP baculoviruses 
within the marker region is indicated. 
B) Sequencing chromatograms of the 
Aurora B, Borealin, INCENP, and Survivin 
sgRNA target loci without treatment 
or after treatment with the indicated 
CRISPR/Cas9 baculoviruses (MOI: 25). 
PAM sites are indicated and the arrows 
point out the predicted CRISPR/Cas9 
cleavage sites. The corresponding amino 
acids are shown in the chromatograms 
of the untreated cells. Note that the 
target site of Aurora B was chosen 
further downstream in the gene to 
ensure disruption of all known Aurora B 
isoforms. The percentage of indels and 
corresponding R2 as determined by 
TIDE analysis is shown.
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Supplemental fi gure 2. Representative live cell images of U-2 OS-LacO cells and RPE-1 cells in 
prometaphase, anaphase and interphase. These cell lines are the parental controls for the cells with 
endogenously tagged Haspin (Fig. 5C).
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Abstract
Aurora B kinase, the enzymatic component of the chromosomal passenger complex 
(CPC), plays an important role in faithful chromosome segregation during mitosis, 
as it mediates destabilization of incorrect attachments between chromosomes 
and microtubules of the mitotic spindle (error correction). In addition, the CPC is 
required for maintenance of mitotic checkpoint signaling generated by unattached 
chromosomes. During prometaphase and metaphase, the CPC localizes to the 
inner centromere, a specialized chromatin region that lies at the intersection of the 
inter-kinetochore and inter-sister chromatid axes. Inner centromere localization 
of the CPC is controlled by the activity of Haspin and Bub1, which phosphorylate 
histone H3 at threonine 3 (H3T3ph) and histone H2A at threonine 120 (H2AT120ph), 
respectively. However, how Haspin and Bub1 collaborate to control Aurora B 
activity at centromeres remains unclear. Here, we show that Haspin and Bub1 can 
mediate CPC centromere recruitment independently of each other and that they 
act redundantly for faithful chromosome segregation during otherwise unchallenged 
mitoses. A combination of Haspin loss and Bub1 inhibition led to a near complete 
loss of Aurora B from centromeres, which diminished error correction efficiency, 
and resulted in an increase in anaphase lagging chromosomes. Still, despite its 
delocalization, Aurora B activity was able to suppress the occurrence of severe 
chromosome segregation errors. In addition, we found that Haspin and Bub1 activity 
are dispensable for Aurora B-mediated mitotic checkpoint maintenance.
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Introduction
To maintain genomic integrity during mitosis, the duplicated chromosomes need to be 
correctly distributed over the two daughter cells. This requires that sister chromatids 
become connected to microtubules emanating from opposing poles of the mitotic 
spindle (amphitelic attachment). Microtubules attach to chromosomes via specialized 
protein structures called kinetochores, which assemble on centromeres. Formation 
of correct, amphitelic attachments of kinetochore-microtubules (kMTs) is facilitated 
by a dynamic kinetochore microtubule (KT-MT) interface. This allows detachment 
of improper connections such as syntelic attachments (both kinetochores attached 
to microtubules from the same mitotic spindle pole) or merotelic attachments (one 
kinetochore attached to microtubules from both sides of the mitotic spindle) and 
the stabilization of amphitelic attachments. A key player in this “error correction” 
process is the chromosomal passenger complex (CPC), consisting of Aurora B 
kinase, INCENP, Survivin and Borealin. The CPC destabilizes KT-MT attachments 
by phosphorylating several outer kinetochore proteins that directly bind microtubules, 
specifically components of the Knl1/Mis12 complex/Ndc80 complex (KMN) network 
(Cheeseman et al., 2006; Cimini et al., 2006; DeLuca et al., 2006; Tanaka et al., 
2002; Welburn et al., 2010). Destabilization of KT-MT attachments transiently 
generates unattached kinetochores, which provide the sister chromatids with 
another opportunity to capture microtubules. Additionally, unattached kinetochores 
also activate the mitotic checkpoint, a surveillance mechanism that prevents the 
onset of anaphase until all kinetochores have become attached to microtubules of 
the mitotic spindle (Foley & Kapoor, 2013; Lampson & Cheeseman, 2011). The CPC 
also feeds into the mitotic checkpoint in a more direct way by facilitating the rapid 
recruitment of the essential checkpoint kinase Mps1 to kinetochores (Saurin et al., 
2011), and by phosphorylating the kinetochore protein Knl1. Phosphorylation of Knl1 
prevents the binding of PP1y, the phosphatase that counteracts Mps1 (Liu et al., 
2010; Nijenhuis et al., 2014). Thus, the CPC contributes to faithful chromosome 
segregation by facilitating error correction and mitotic checkpoint maintenance.

During the early stages of mitosis, the CPC is predominantly observed at the inner 
centromere, a specialized region on the chromatin that lies at the intersection of the 
inter-kinetochore axis and the inter-sister chromatid axis (Hindriksen et al., 2017; 
Yamagishi et al., 2010). Two evolutionary conserved kinases, Haspin and Bub1, 
direct the docking of the CPC to the inner centromere. The cohesin-associated 
kinase Haspin phosphorylates histone H3 on threonine 3 (H3T3ph), and H3T3ph 
directly interacts with the CPC via Survivin (Jeyaprakash et al., 2011; Kelly et al., 
2010; Niedzialkowska et al., 2012; Wang et al., 2010; Yamagishi et al., 2010). The 
kinetochore-localized kinase Bub1 phosphorylates (centromeric) histone H2A on 
threonine 120 (H2AT120ph). H2AT120ph recruits the paralogs Shugoshin 1 and 
Shugoshin 2 (Sgo1/2), which in turn bind to the CPC subunit Borealin (Kawashima et 
al., 2007; Kawashima et al., 2010; Liu et al., 2015; Tsukahara et al., 2010; Yamagishi 
et al., 2010). The prevailing model is that the CPC is recruited to the chromatin 
region where H3T3ph and H2AT120ph overlap (Yamagishi et al., 2010), implying 
that CPC inner centromere confinement may be defined by simultaneous interaction 
with H3T3ph and Sgo1/2 that localize to H2AT120ph (Krenn & Musacchio, 2015; 
Trivedi & Stukenberg, 2016).
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The typical inner centromere localization of the CPC is considered important for its 
activity towards substrates at the outer kinetochore: it concentrates Aurora B kinase 
in proximity of these substrates, while at the same time allowing spatial regulation 
of kinetochore substrate phosphorylation (Krenn & Musacchio, 2015; Wang et al., 
2011a; Welburn et al., 2010). In line with this, amphitelic attachments are thought to 
be stabilized because tension across sister-kinetochores, generated by microtubules 
pulling in opposite directions and cohesin that keeps the sister chromatids together, 
physically separates Aurora B at the inner centromere from its outer kinetochore 
substrates (Andrews et al., 2004; Liu et al., 2009; Tanaka et al., 2002; Welburn 
et al., 2010). Since inner centromere localization of Aurora B is a requirement for 
this ‘spatial separation’ model, inhibiting either Haspin or Bub1 kinase activity, 
which disturbs Aurora B localization, is expected to have serious consequences for 
faithful chromosome segregation. However, Haspin knockout (KO) mice are viable 
(Shimada et al., 2016), and Haspin KO HeLa cells show only a minor increase in 
chromosome mis-segregations (Zhou et al., 2017). Moreover, analysis of mouse 
embryonic fibroblasts (MEFs) derived from Bub1 kinase-dead mice showed that the 
majority of MEFs (~70%) undergoes mitosis without segregation defects (Ricke et 
al., 2012). Furthermore, inhibition of Bub1 kinase activity or Bub1 knockout does not 
cause chromosome segregation errors (Baron et al., 2016; Currie et al., 2018). This 
led us to hypothesize that instead of converging to accumulate the CPC precisely 
at the inner centromere, Haspin and Bub1 might each recruit a functional CPC pool 
near the centromere, which could act in a redundant manner, or serve specific CPC 
functions (Fig. 1A). A prerequisite for this model is that Haspin and Bub1 are capable 
of recruiting the CPC independently of each other. We demonstrate that targeting 
either LacI-Bub1 or LacI-Haspin to an ectopic LacO array is sufficient to recruit 
Aurora B. Moreover, detailed analysis of HCT116 Haspin KO cells revealed a small, 
Bub1-dependent CPC pool that was sufficient to sustain the mitotic checkpoint in 
paclitaxel and nocodazole, and could support faithful chromosome segregation 
in otherwise unchallenged cells. Joined inhibition of Haspin and Bub1 abolished 
CPC accumulation in the centromere region. While this increased the frequency 
of anaphases with lagging chromosomes, it surprisingly did not compromise the 
mitotic checkpoint, nor the phosphorylation of the Aurora B kinetochore substrate 
Dsn1. Our data infer that mitotic cells can tolerate large perturbations in CPC (inner) 
centromere localization, suggesting the need to re-evaluate the current models for 
how tension affects Aurora B-dependent kinetochore substrate phosphorylation.

Results
Haspin and Bub1 can independently recruit Aurora B to an ectopic locus 
We hypothesized that Haspin and Bub1 might each localize a functional CPC pool 
near the centromere, instead of collectively creating a local environment where the 
CPC makes simultaneous interactions with H3T3ph and H2AT120ph, most likely via 
Sgo1/2 (Yamagishi et al., 2010). To discriminate between these possibilities, while 
excluding effects of crosstalk between the different proteins, we made use of U-2 
OS-LacO cells which harbor an array of lac operator repeats on chromosome 1 
(Janicki et al., 2004). Expression of Haspin or Bub1 fused to LacI-GFP allowed us 
to assess CPC recruitment to the ectopic LacO locus by each individual kinase (Fig. 
1B). As a readout for CPC recruitment we studied Aurora B localization. LacI-GFP-
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Haspin expression in the U-2 OS-LacO cells resulted in local phosphorylation of 
histone H3 on threonine 3 and in the recruitment of Aurora B, in contrast to cells 
expressing LacI-GFP (Fig. 1C, Suppl. Fig. 1A). Aurora B recruitment required Haspin 
kinase activity, because expression of a kinase dead mutant of Haspin did not result 
in H3T3ph signal at the LacO locus nor in Aurora B recruitment (Fig. 1C, Suppl. Fig. 
1A). 

To study the capacity of Bub1 to recruit the CPC, we employed a LacI-GFP-Bub1 
fusion protein harboring a mutation in its GLEBS domain (E252K) (hereafter called 
LacI-GFP-Bub1E252K) (Krenn et al., 2012; Overlack et al., 2015; Ricke et al., 2012). 
Bub1 recruitment to the kinetochore protein Knl1 depends on the interaction of 
its GLEBS domain with Bub3 (Larsen et al., 2007; Primorac et al., 2013; Taylor 
et al., 1998). The use of Bub1E252K precluded recruitment of kinetochore proteins 
to the LacO locus, which we observed when expressing wildtype (WT) LacI-GFP-
Bub1 (Suppl. Fig. 2A-E). In contrast to LacI-GFP, ectopic localization of LacI-GFP-
Bub1E252K resulted in local phosphorylation of H2AT120, and recruitment of Sgo1, 
Sgo2 and Aurora B. This was not observed upon ectopic targeting of a kinase dead 
mutant of Bub1E252K (Fig. 1D, Suppl. Fig. 1B, C). Since Bub1 is thought to recruit 
the CPC via Sgo1/2 (Kawashima et al., 2007; Kawashima et al., 2010; Tsukahara 
et al., 2010), we wondered if we could bypass Bub1 and recruit the CPC by ectopic 
targeting of Sgo1 or Sgo2. Expression of either Sgo1-LacI-GFP or LacI-GFP-Sgo2 
indeed resulted in Aurora B recruitment, which was again not seen when expressing 
LacI-GFP (Fig. 1E, Suppl. Fig. 1D). Thus, we were able to reconstitute Aurora B 
recruitment by Haspin-mediated phosphorylation of H3T3 and by Bub1-mediated 
phosphorylation of H2AT120 at an ectopic genomic locus.

To exclude the possibility that endogenous Bub1 kinase activity contributed to Aurora 
B recruitment by ectopically localized Haspin, we analyzed Aurora B recruitment 
by LacI-GFP-Haspin in cells depleted of Bub1 by siRNA (Fig. 2A, Suppl. Fig. 3A). 
Treatment with siBub1 abolished chromatin-associated H2AT120ph, indicating 
that Bub1 depletion was successful (Fig. 2A, right panel). In the absence of Bub1, 
LacI-GFP-Haspin could still recruit Aurora B to the LacO array. To analyze if Aurora 
B recruitment by Bub1 could occur independently of Haspin activity, we knocked 
out Haspin in U-2 OS-LacO cells using CRISPR/Cas9 (U-2 OS-LacO Haspin KO) 
(Suppl. Table 1). While these cells were devoid of H3T3 phosphorylation, expression 
of LacI-GFP-Bub1E252K was still capable of recruiting Aurora B (Fig. 2B, Suppl. Fig. 
3B, C). These data show that Haspin and Bub1 can recruit Aurora B to an ectopic 
locus independently of each other.

Endogenous Bub1 and Haspin recruit separate CPC pools to centromeres
To investigate if Haspin and Bub1 could also recruit separate pools of CPC to 
centromeres, we performed a detailed analysis of Aurora B localization in HCT116 
cells in the absence of Haspin and/or Bub1 kinase activity. We generated two Haspin 
knockout clones in HCT116 cells using CRISPR/Cas9, each generated with a unique 
sgRNA targeting GSG2 (the gene encoding Haspin), hereafter called Haspin KO. In 
each cell line both Haspin alleles were mutated resulting in premature stopcodons 
(Suppl. Table 1). Haspin KO was further confirmed by the lack of H3T3ph detected 
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by Western blot and by immunofl uorescence imaging (Suppl. Fig. 4A, B). Compared 
to wildtype (WT) HCT116 cells, centromeric levels of Aurora B were reduced by 
~50% in the Haspin KO cell lines (Fig. 3A, Suppl. Fig. 4A). Interestingly, chromosome 
spreads consistently revealed two kinetochore-proximal foci of Aurora B in the 
Haspin KO cells, similar to previous observations for Borealin in cells treated with 
the Haspin inhibitor 5-ITu (Bekier et al., 2015) (Fig. 3B, C). Because Haspin also 
helps to maintain centromeric cohesin (Dai et al., 2009; Dai et al., 2006; Liang et 
al., 2018; Zhou et al., 2017), it was unclear if the two Aurora B foci represented 
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Figure 1. (previous page) Haspin and Bub1 kinase activities recruit Aurora B to an ectopic locus. A) 
Models for how Haspin and Bub1 may mediate CPC centromere recruitment. Recruitment of a functional 
CPC pool may depend on simultaneous interaction with H3T3ph and H2AT120ph (via Sgo1/2), implicating 
that loss of either Haspin or Bub1 activity would perturb the functions of Aurora B in error correction and 
the mitotic checkpoint (1). Alternatively, Haspin and Bub1 may each recruit a functional CPC pool, which 
could either exert separate or overlapping CPC functions (2). B) Schematic depiction of the binding of 
Haspin or Bub1 fused to LacI-GFP to a LacO-array. The kinases phosphorylate histones of the underlying 
chromatin, which could act as (direct or indirect) receptors for the CPC. C) Immunofluorescence images 
of U-2 OS-LacO cells expressing LacI-GFP, LacI-GFP-Haspin, or LacI-GFP-Haspin kinase dead, arrested 
in prometaphase using STLC (scale bar 5 µm). The insets show the magnification of the boxed region 
(scale bar 1 µm). The immunofluorescence (IF) intensity levels of H3T3ph and Aurora B at the LacO-
array were quantified. The graphs show quantifications from individual cells (dots) and the mean (bar) ± 
standard deviation. A minimum of 17 cells was quantified per condition. Data are representative of two 
independent experiments. D) Immunofluorescence images of U-2 OS-LacO cells expressing LacI-GFP, 
LacI-GFP-Bub1E252K or LacI-GFP-Bub1E252K kinase dead, arrested in prometaphase using STLC (scale 
bar 5 µm). The insets show the magnification of the boxed region (scale bar 1 µm). IF intensity levels of 
H2AT120ph, Sgo1, Sgo2 and Aurora B at the LacO-array were quantified. The graphs show quantifications 
from individual cells (dots) and the mean (bar) ± standard deviation. A minimum of 11 cells was quantified 
per condition. Data are representative of two independent experiments, with the exception of the IF where 
Sgo2 was stained, which was performed once. E) Immunofluorescence images of U-2 OS-LacO cells 
expressing LacI-GFP, Sgo1-LacI-GFP, or LacI-GFP-Sgo2 arrested in prometaphase using STLC (scale 
bar 5 µm). The insets show the magnification of the boxed region (scale bar 1 µm). The graphs show 
quantifications from individual cells (dots) and the mean (bar) ± standard deviation. A minimum of 21 cells 
was quantified per condition. Data are representative of two independent experiments.

alternative CPC recruitment or reflected separated sister centromeres caused 
by weakened cohesion. Measurements of CENP-C/CENP-C distances in these 
chromosome spreads showed that on average, inter-kinetochore distances were 
increased in the Haspin KO cells as compared to WT cells (Fig. 3B). However, even 
on chromosomes with CENP-C/CENP-C distances comparable to WT cells (552 and 
556 nm, respectively), Aurora B was observed as two kinetochore-proximal foci in 
the Haspin KO cells (Fig. 3C). In WT HCT116 cells, Aurora B was mainly localized to 
the inner centromere, even on chromosomes with larger inter-kinetochore distances 
(Fig. 3B, C). Interestingly though, in WT cells a small kinetochore-proximal pool 
of Aurora B was also regularly observed, in addition to the inner centromere pool 
(Fig. 3B, C). These observations implied that the kinetochore-proximal Aurora B 
localization in Haspin KO cells most likely represents an alternative pool of the CPC, 
distinct from that at the inner centromere. Because of its localization, proximal to the 
kinetochore, we hypothesized this pool of the CPC may depend on Bub1 activity. 
Indeed, inhibition of Bub1 kinase activity using the small molecule inhibitor BAY-320 
(Baron et al., 2016) abolished this pool of Aurora B in Haspin KO cells (Fig. 3A, B). 
This suggests that Bub1 activity can recruit a small pool of Aurora B to centromeres 
independent of Haspin. 

Of note, we chose to inhibit Bub1 kinase activity instead of depleting Bub1, because 
Bub1 protein also has non-enzymatic functions, including the recruitment of mitotic 
checkpoint proteins to the kinetochore, a function that is maintained after inhibition 
of its kinase activity (Baron et al., 2016). As previously reported, treatment of cells 
with the Bub1 inhibitor BAY-320 markedly reduced H2AT120ph and Sgo1 levels at 
the centromere (Fig. 3A, Suppl. Fig. 4C) (Baron et al., 2016). Centromere levels of 
Aurora B were reduced by ~40% in cells treated with BAY-320 (Fig. 3A). Inspection 
of chromosome spreads showed that in Bub1-inhibited cells Aurora B localized 
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Figure 2. Haspin and Bub1 can recruit Aurora B to an ectopic locus independently of each other. A) 
Immunofl uorescence images of U-2 OS-LacO cells transfected with siLuciferase or siBub1 and expressing 
LacI-GFP or LacI-GFP-Haspin. Cells were arrested in prometaphase using STLC (scale bar 5 µm). The 
insets show the magnifi cation of the boxed region (scale bar 1 µm). IF intensity levels of Aurora B levels 
at the LacO-array and of H2AT120ph on the DNA were quantifi ed. The graphs show quantifi cations from 
individual cells (dots) and the mean (bar) ± standard deviation. A minimum of 19 cells was quantifi ed 
per condition. Data are representative of two independent experiments. B) Immunofl uorescence images 
of U-2 OS-LacO and U-2 OS-LacO Haspin KO cells expressing LacI-GFP or LacI-GFP-Bub1E252K and 
arrested in prometaphase using STLC (scale bar 5 µm). The insets show the magnifi cation of the boxed 
region (scale bar 1 µm). IF intensity levels of Aurora B at the LacO-array and of H3T3ph levels on the 
DNA were quantifi ed. The graphs show quantifi cations from individual cells (dots) and the mean ± 
standard deviation. A minimum of 16 cells was quantifi ed per condition. Data are representative of three 
independent experiments.

along the inter-sister chromatid axis, although some enrichment in the centromere 
region was still visible (Fig. 3A, B). While we cannot fully exclude that this is caused 
by residual low levels of H2AT120ph at the centromere, despite the use of a high 
dose of BAY-320 (10 µM) that was described to give maximal Bub1 inhibition (Baron 
et al., 2016), the observed localization is similar to what has been reported for Bub1 
knockdown in cell lines and for MEFs derived from Bub1 kinase-dead mutant mice 
(Ricke et al., 2012; Yamagishi et al., 2010). The inter-sister chromatid pool of Aurora 

Figure 3. (next page) Localization of Aurora B in HCT116 WT and Haspin KO cells with or without 
Bub1 inhibition. A) Immunofl uorescence images of HCT116 WT and Haspin KO cells +/- 10 µM BAY-
320 arrested in mitosis using nocodazole (scale bar 5 µm). IF intensity levels of H2AT120ph and Aurora 
B at centromeres were quantifi ed. Levels were normalized over CENP-C. The graphs show the mean 
and standard deviation. A minimum of 25 cells was quantifi ed per condition. Data are representative of 
two independent experiments. B) Immunofl uorescence images of chromosome spreads prepared from 
HCT116 WT and Haspin KO cells +/- 10 µM BAY-320 (scale bar 5 µm). The insets show the magnifi cation 
of the boxed region (scale bar 1 µm). The graph shows the CENP-C/CENP-C distances from individual 
pairs of kinetochores (dots) and the mean (bar) and standard deviation. A minimum of 103 kinetochore 
pairs was measured per condition. C) Line plots depicting Aurora B and CENP-C IF intensity levels, 
measured along a line that intersects the two sister CENP-C signals of the inter-kinetochore axis (scale 
bar 1 µm). Immunofl uorescence images of the specifi c kinetochore pairs represented in the line plots are 
shown on the left. The dotted line in the CENP-C image corresponds to the line plots.
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Figure 4. Phosphorylation of the kinetochore protein Dsn1 in HCT116 WT and Haspin KO cells with 
or without Bub1 inhibition. Immunofl uorescence images of HCT116 WT and Haspin KO cells +/- 10 
µM BAY-320 arrested in mitosis using nocodazole (scale bar 5 µm). IF intensity levels of Dsn1 S109ph 
at centromeres were quantifi ed. Levels were normalized over CENP-C. The graph shows the mean and 
standard deviation. A minimum of 27 cells was quantifi ed per condition. Data are representative of two 
independent experiments.

B, observed upon Bub1 inhibition in WT cells, is lost when Bub1 is inhibited in Haspin 
KO cells, strongly suggesting that Haspin is responsible for the recruitment of this 
pool of Aurora B (Fig. 3A, B). Bub1 inhibition in Haspin KO cells resulted in low 
levels of residual Aurora B, dispersed over the chromatin, and quantifi cations at the 
centromeres revealed a reduction in Aurora B levels of ~70%. Collectively, our data 
support the idea that Haspin and Bub1 can recruit separate pools of Aurora B to the 
inter-sister chromatid region and the kinetochore-proximal centromere, respectively.

Phosphorylation of the Aurora B kinetochore substrate Dsn1 occurs in the 
absence of centromere concentrated Aurora B
Since Haspin and Bub1 can individually recruit Aurora B, we wanted to know if these 
Aurora B pools were capable of phosphorylating kinetochore substrates. Dsn1 is a 
component of the Mis12 complex of the KMN network and a substrate of Aurora B 
(Welburn et al., 2010; Yang et al., 2008). Remarkably, phosphorylation of Dsn1 at 
S109 was not aff ected by Haspin knockout, Bub1 inhibition, or by the combined loss 
of Haspin and Bub1 activity (Fig. 4). This suggests that phosphorylation of Dsn1 
does not depend on centromere accumulation of Aurora B, and that low levels of 
dispersed Aurora B may still support phosphorylation of at least certain kinetochore 
substrates. Additionally, perturbation of Haspin and Bub1 activity may reduce the 
activity of local phosphatases that would normally counteract Dsn1 phosphorylation. 
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The Haspin and Bub1 controlled pools of Aurora B largely support error-free 
chromosome segregation 
We next asked whether Dsn1 phosphorylation reflected functional activity of Aurora 
B. We therefore followed mitotic progression by live cell imaging of WT HCT116 or 
Haspin KO cells stably expressing H2B-mCherry. Cells were transiently arrested in 
G2 phase of the cell cycle via Cdk1 inhibition using RO-3306. The cells were then 
released from the RO-3306 block in the presence of the Bub1 inhibitor BAY-320 or 
DMSO as a control, and followed directly by the start of live cell imaging. WT HCT116 
and Haspin KO cells aligned their chromosomes on the metaphase plate with similar 
timing and the incidence of chromosome segregation errors in anaphase in Haspin 
KO cells was comparable to WT cells (Fig. 5A-C). Bub1 inhibition, however, delayed 
anaphase onset with approximately 10 minutes, due to a delay in chromosome 
congression (Fig. 5B, C). Bub1 inhibition had a mild effect on chromosome 
segregation, going from ~85% correct anaphases in untreated cells to ~75% correct 
anaphases in cells treated with Bub1 inhibitor (Fig. 5A). These data infer that both 
the Aurora B pool controlled by Haspin and the pool controlled by Bub1 are largely 
capable of supporting error-free chromosome segregation. Treatment of Haspin 
KO cells with Bub1 inhibitor reduced the fraction of cells with correct anaphases to 
~40%, due to a substantial increase in the fraction of cells with anaphase lagging 
chromosomes (Fig. 5A). Remarkably, the mitotic defects observed in Bub1-inhibited 
Haspin KO cells were different from the defects induced by Aurora B kinase inhibition. 
Inhibition of Aurora B with the small molecule inhibitor ZM447439 in WT HCT116 or 
Haspin KO cells  disturbed chromosome alignment, and cells exited mitosis without 
discernable anaphases (Fig. 5A, B), similar to previously reported effects of Aurora 
B inhibition in other cell lines (Cimini et al., 2006; Ditchfield et al., 2003; Girdler et al., 
2008; Harrington et al., 2004; Hauf et al., 2003; Tao et al., 2008). This difference in 
phenotype suggests that despite its mislocalization, residual Aurora B kinase activity 
limits the severity of chromosome bi-orientation and segregation errors. 

Haspin and Bub1 facilitate efficient Aurora B-dependent error correction
The Aurora B pools that are controlled by either Haspin or Bub1 are largely redundant 
for faithful chromosome segregation during an otherwise unperturbed mitosis. 
However, error correction becomes more challenging when many faulty attachments 
are established in early mitosis (Ganem et al., 2009). In such conditions both Haspin 
and Bub1 might be needed to accumulate sufficient amounts of active Aurora B. We 
increased the frequency of erroneous KT-MT attachments by subjecting cells to a 
transient mitotic arrest using the microtubule depolymerizing drug nocodazole. After 
release from nocodazole, we let cells progress through mitosis in the presence of the 
proteasome inhibitor MG132 to prevent anaphase onset. Haspin loss reduced the 
fraction of cells with full chromosome alignment 1 hour after nocodazole washout from 
~75% in WT cells to ~50% in Haspin KO cells (Fig. 5D). The chromosome alignment 
problems were further aggravated after Bub1 inhibition, because only ~20% of cells 
reached full chromosome alignment in Haspin KO cells treated with 10 µM BAY-
320 (Fig. 5D). These data suggest that error correction efficiency is considerably 
impaired in Haspin KO cells and even more so in Haspin KO, Bub1-inhibited cells. 
Of note, Aurora B levels at the centromere are slightly higher in WT Bub1-inhibited 
cells compared to Haspin KO cells (Fig. 3A), which may explain the observed 
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D

diff erence in alignment effi  ciency. Alternatively, the diff erence in Aurora B localization 
(i.e. inter-sister chromatid axis in Bub1 inhibited cells versus kinetochore-proximal 
in Haspin KO cells) (Fig. 3B) may also be of infl uence. Finally, we cannot exclude 
the possibility that the observed chromosome alignment defects after nocodazole 
washout in Haspin KO cells with or without Bub1 inhibition are a refl ection of cohesion 
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Figure 5. (previous page) Effect of Haspin KO and Bub1 inhibition on chromosome segregation 
and chromosome alignment. A) Anaphase phenotype of HCT116 WT or Haspin KO cells after RO-
3306 washout +/- 10 µM BAY-320 analyzed by live cell imaging. Data are compiled from at least two 
independent experiments with a minimum of 14 cells per condition in each experiment, with the exception 
of ZM447439-treated cells which are from a single experiment with a minimum of 33 cells per condition. 
The experimental setup is schematically depicted. B) Related to Fig. 5A. Representative stills from the 
live cell imaging experiment are shown (scale bar 5 µm). Time (min) after nuclear envelope breakdown (t 
= 0) is indicated. C) Related to Fig. 5A. Timing of nuclear envelope breakdown (neb) to anaphase onset 
(ao), neb to metaphase and metaphase to ao in cells progressing through mitosis. The graphs show 
quantifications from individual cells (dots) and the mean (bar) ± standard deviation. D) Chromosome 
alignment of HCT116 WT or Haspin KO cells +/- 3 or 10 µM BAY-320 after nocodazole washout into 
MG132. Cells were fixed 60 minutes after nocodazole washout and the number of cells with 0, 1-3 or 
>3 unaligned chromosomes was scored. A minimum of 106 cells was analyzed per condition. Data are 
representative of two independent experiments. A scheme of the experimental setup is depicted.

fatigue, the premature loss of inter-sister chromatid cohesion, instead of inefficient 
error correction (Daum et al., 2011; Sapkota et al., 2018). Even though Haspin 
KO cells and Bub1-inhibited WT cells both have weakened centromere cohesion 
(Fig. 3B), loss of Bub1 function is accompanied by maintenance of cohesin along 
the chromosome arms (Kitajima et al., 2005), which may be sufficient to prevent 
sister chromatid separation when Bub1 is inhibited in WT cells (Fig. 5D). In future 
experiments, depletion of the cohesin release factor Wapl (Gandhi et al., 2006; 
Kueng et al., 2006; Tedeschi et al., 2013) should allow us to discriminate between 
cohesion defects and defective error correction.

Haspin and Bub1 kinase activity are dispensable for the mitotic checkpoint
The microtubule stabilizing drug paclitaxel arrests cells in mitosis, due to the 
formation of aberrant mitotic spindles that induce the ongoing destabilization of 
erroneous kMT attachments and the subsequent activation of the mitotic checkpoint 
(Schiff et al., 1979; Schiff & Horwitz, 1980; Waters et al., 1998; Yang et al., 2009). 
Therefore, mitotic exit in the presence of paclitaxel indicates either that kMTs are no 
longer destabilized, resulting in the attachment of all kinetochores to microtubules 
and subsequent silencing of the mitotic checkpoint, or indicates a defect in the 
mitotic checkpoint itself, causing mitotic exit despite the presence of unattached 
kinetochores. Haspin KO cells exited mitosis slightly faster than WT cells in the 
presence of paclitaxel, but the differences were very small (Fig. 6A, B). Bub1-
inhibited WT cells also largely maintained a paclitaxel-induced mitotic arrest, with 
a minor increase in cells exiting mitosis after a long delay compared to untreated 
WT cells (Fig. 6A, B). Inhibition of Bub1 in the Haspin KO cells caused cells to exit 
mitosis faster in the presence of paclitaxel (Fig. 6B). Still, the paclitaxel-induced 
mitotic arrest in either WT or Haspin KO cells was shorter when Aurora B was 
inhibited by ZM447439, which again implies that residual Aurora B activity is present 
when Bub1 is inhibited in the Haspin KO cells (Fig. 6B). 

Since the CPC facilitates error correction and also helps to sustain mitotic checkpoint 
activity in the presence of unattached kinetochores (Liu et al., 2010; Nijenhuis et 
al., 2014; Santaguida et al., 2011; Saurin et al., 2011), we next examined whether 
the override in paclitaxel was due to a defective mitotic checkpoint or an indirect 
consequence of diminished destabilization of KT-MT attachments. We therefore 
measured the time spent in mitosis in the presence of unattached kinetochores 
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Figure 6. Effect of Haspin KO and Bub1 inhibition on the mitotic checkpoint. A) Scheme of the 
experimental setup. B-D) Cumulative mitotic exit over time for HCT116 WT or Haspin KO cells in the 
presence of 1 µM paclitaxel (row B), 3.3 µM nocodazole (row C) or 3.3 µM nocodazole + 200 nM reversine 
(row D). The effects of 2 µM ZM447439 or 10 µM BAY-320 on mitotic timing are shown. Black dots indicate 
cell death. Note that the data line stops when 100% mitotic exit is reached. A minimum of 25 cells was 
analyzed per condition. Data are representative of at least two independent experiments per condition.

by depolymerizing spindle microtubules with a high dose of nocodazole (3.3 μM). 
Aurora B inhibition by ZM447439 accelerated exit from mitosis in the presence of 
nocodazole, supporting the notion that a robust mitotic checkpoint response requires 
Aurora B activity (Fig. 6C) (Santaguida et al., 2011; Saurin et al., 2011; Vader et 
al., 2007). However, in Bub1-inhibited Haspin KO cells, the mitotic checkpoint was 
strong enough to prevent mitotic exit in the absence of microtubules (Fig. 6C). To 
determine if Haspin KO in combination with Bub1 inhibition may have a more subtle 
effect on the mitotic checkpoint, we measured the extent of the mitotic delay in cells 
treated with nocodazole combined with a low dose of reversine to partially inhibit the 
mitotic checkpoint kinase Mps1. In the presence of nocodazole and reversine, WT 
cells gradually exited mitosis, and mitotic exit was accelerated by inhibition of Aurora 
B (Fig. 6D), again confirming the contribution of Aurora B activity to a functional 
mitotic checkpoint (Santaguida et al., 2011; Saurin et al., 2011; Vader et al., 2007). 
However, even in this sensitized condition, neither Haspin KO, Bub1 inhibition, nor 
a combination of these reduced the time spent in mitosis (Fig. 6D), suggesting that 
centromere recruitment of Aurora B by either Haspin or Bub1 is dispensable for a 
functional mitotic checkpoint. Moreover, the data suggest that the rapid mitotic exit 
of Haspin KO cells treated with Bub1 kinase inhibitor in paclitaxel (Fig. 6B) is caused 
by defective error correction, and the subsequent loss of unattached kinetochores. 
This appears to be in line with the increased frequency of segregation errors in Bub1 
inhibited Haspin KO cells (Fig. 5A).

Our finding that Haspin is not required to maintain a nocodazole- or paclitaxel-
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induced mitotic arrest was surprising, because previous studies showed that 
inhibition of Haspin kinase activity with 5-ITu did cause a fast override of a paclitaxel 
or nocodazole induced mitotic arrest (De Antoni et al., 2012; Wang et al., 2012). We 
therefore examined the effect of 5-ITu on paclitaxel-induced or nocodazole-induced 
mitotic arrest in WT HCT116 and Haspin KO cell lines. We found that both in WT 
and Haspin KO cells, 5-ITu caused a dose-dependent exit from a paclitaxel and 
nocodazole induced mitotic arrest (Suppl. Fig. 5A-C), indicating that the effect of 
5-ITu is likely due to cross-reactivity with other kinases instead of a consequence of 
Haspin inhibition.

Discussion
Inner centromere recruitment of the CPC is regulated by the combined activities of 
the kinases Haspin and Bub1. Recruitment of the CPC to the inner centromere is 
proposed to cluster the CPC, which is required to fully activate Aurora B (Kelly et 
al., 2010; Kelly et al., 2007; Wang et al., 2011a).  Moreover, it is thought to confer 
Aurora B substrate specificity as it places the kinase in proximity of its substrates 
at the kinetochore (Fu et al., 2009; Hans et al., 2009; van der Horst & Lens, 
2014). Finally, CPC inner centromere localization explains the tension-dependent 
phosphoregulation of Aurora B kinetochore substrates: in the presence of inter-
kinetochore tension, Aurora B would no longer be able to reach its substrates at 
the outer-kinetochore (Andrews et al., 2004; Liu et al., 2009; Tanaka et al., 2002). 
However, more recent studies suggest that inner centromere localization of Aurora 
B is not a prerequisite for the stabilization of correct KT-MT interactions (Campbell & 
Desai, 2013; Hengeveld et al., 2017), raising the possibility that instead of needing 
the combined activities of Haspin and Bub1 to localize the CPC specifically to the 
inner centromere, these kinases may each control a separate CPC pool that are 
either functionally redundant or complementary. 

In this study, we demonstrate that either a Haspin or Bub1-regulated pool of the CPC 
is sufficient to maintain the mitotic checkpoint and to support faithful chromosome 
segregation in otherwise unchallenged cells. Tethering either active Haspin or 
Bub1 to an ectopic chromatin locus was sufficient to recruit Aurora B to this site. 
In addition, both Sgo1 and Sgo2, which act as adapters for CPC binding to Bub1 
dependent H2AT120ph (Kawashima et al., 2007; Kawashima et al., 2010; Liu et al., 
2015; Tsukahara et al., 2010), could also recruit Aurora B to the ectopic locus. In 
Haspin KO cells, we identified a small Bub1-dependent kinetochore-proximal pool 
of Aurora B that was also frequently observed in wildtype HCT116 cells. Both in 
Haspin KO and Bub1-inhibited cells, total levels of Aurora B at the centromere were 
reduced, yet this was sufficient to phosphorylate the outer kinetochore substrate 
Dsn1. Surprisingly, even when Bub1 kinase activity was inhibited in Haspin KO cells, 
which abolished any enrichment of Aurora B at centromeres, Dsn1 phosphorylation 
was unaltered. This infers that Aurora B activation and kinetochore substrate 
phosphorylation does not require its (inner) centromere accumulation. Since Aurora 
B activation requires clustering of the CPC (cytosolic CPC is inactive (Kelly et al., 
2010; Kelly et al., 2007; Wang et al., 2011a)), it suggests that even when both 
Aurora B centromere recruitment pathways are inactivated, some clustering has to 
take place at an alternative location. Indeed, we observed low levels of Aurora B 
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dispersed over chromatin in Bub1-inhibited Haspin KO cells, although this was not 
detected in chromosome spreads. Possibly, this pool of the CPC has low affinity for 
chromatin and was lost during the preparation of chromosome spreads. 

We found that the frequency of chromosome mis-segregations was very low, both in 
Haspin KO cells and in Bub1-inhibited cells, suggesting that the CPC pools controlled 
by either Haspin or Bub1 kinase activity are functional. Bub1 inhibition in Haspin KO 
cells did, however, give rise to lagging chromosomes during anaphase in a large 
number of cells. Anaphase lagging chromosomes are considered an indication 
of merotelic attachments that persist because kinetochore microtubules are less 
dynamic (Bakhoum et al., 2009a; Bakhoum et al., 2009b; Cimini et al., 2001). This 
is observed when Aurora B activity is reduced by a low concentration of kinase 
inhibitor (Cimini et al., 2006), or upon depletion of the microtubule depolymerase 
MCAK (Andrews et al., 2004; Manning et al., 2007; Wordeman et al., 2007). Overall 
Aurora B activity may be lower in Bub1-inhibited Haspin KO cells, yet sufficient to 
phosphorylate Dsn1, but insufficient to resolve merotelic attachments. If so, Bub1-
inhibited Haspin KO cells may be more sensitive to a low concentration of Aurora B 
kinase inhibitor. Alternatively, overall Aurora B activity may be unchanged in Haspin 
KO cells treated with the Bub1 inhibitor, but the resolution of merotelic attachments 
may be dependent on a certain amount of CPC localizing to the (inner) centromere. 
In either case, the question remains which Aurora B target is deregulated to cause 
the observed chromosome segregation errors in Bub1-inhibited Haspin KO cells. 
Although Dsn1 phosphorylation was not affected, other Aurora B substrates, such 
as Hec1/Ndc80,  a component of the Ndc80 complex that directly interacts with 
microtubules (Cheeseman et al., 2006; DeLuca et al., 2006; Welburn et al., 2010), 
may be more sensitive to a change in either global or local Aurora B kinase activity. 
Also, the centromere localization of MCAK, which promotes kMT turnover, requires 
Aurora B activity  (Andrews et al., 2004; Kline-Smith et al., 2004; Knowlton et al., 
2006; Tanno et al., 2010; Wordeman et al., 2007). Analysis of the phosphorylation 
status, respectively localization of these proteins will tell if this could underlie the 
segregation defects observed in Bub1 inhibited Haspin KO cells.

Based on experiments using the Haspin inhibitors 5-ITu and LDN-211898, it was 
concluded that Haspin is important for mitotic checkpoint signaling, either directly or 
indirectly through localization of Aurora B (De Antoni et al., 2012; Wang et al., 2012). 
In contrast, we found that Haspin KO cells sustained the checkpoint in nocodazole, 
arguing against a role for Haspin in the mitotic checkpoint. In line with this, we found 
that 5-ITu induced mitotic exit of nocodazole-arrested Haspin KO cells, indicating 
that the effect of 5-ITu (and most likely also of LDN-211898) on mitotic checkpoint 
activity is not due to Haspin inhibition but due to inhibition of some other target.

In conclusion, this study shows that Haspin and Bub1 can recruit functional pools 
of the CPC independently of each other. It is therefore conceivable that the CPC at 
the inner centromere does not bind to both H3T3ph and H2AT120ph simultaneously. 
Perhaps the CPC pool observed at the inner centromere in WT cells interacts solely 
with H3T3ph, which is also more confined to the inner centromere in WT cells (Dai 
et al., 2005; Wang et al., 2010; Yamagishi et al., 2010). In addition, H2AT120ph 
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may recruit a smaller pool of CPC, which could explain the observation of two small 
kinetochore-proximal Aurora B foci in chromosome spreads of WT cells. Still, if 
either Haspin or Bub1 can support faithful chromosome segregation by the CPC, 
why are both kinases at work to control the CPC? We found that the Haspin and 
Bub1-dependent CPC pools are largely redundant for error correction and mitotic 
checkpoint function in unchallenged cells. However, the CPC is also involved in 
inner and outer-kinetochore assembly (Emanuele et al., 2008; Haase et al., 2017; 
Rago et al., 2015) and cohesion protection (Hengeveld et al., 2017), functions we did 
not scrutinize and could be differentially regulated by these separate pools. Thus far, 
we deem it more likely that the combined activities of Haspin and Bub1 maximizes 
Aurora B activity to make error correction highly efficient. This ensures faithful 
chromosome segregation even when cells encounter challenging circumstances 
during mitosis that will increase the frequency of erroneous kMT attachments that 
need to be resolved before anaphase onset.

Experimental procedures
Cell culture and cell lines
U-2 OS-LacO cells (Janicki et al., 2004) were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS, 
Bodinco BV), 2 mM UltraGlutamine (Lonza) and 100 units/ml penicillin and 100 μg/
ml streptomycin (Lonza). HCT116 cells (a kind gift from Dr. O. Kranenburg) were 
cultured in DMEM F12 (Lonza) supplemented with 10% FBS, 2 mM UltraGlutamine, 
100 units/ml penicillin and 100 μg/ml streptomycin, and 25mM HEPES (Lonza). Cell 
lines were maintained at 37°C and 5% CO2. HCT116 cells stably expressing H2B-
mCherry were generated by lentiviral transduction as described before (Hengeveld 
et al., 2017).

Cloning
sgRNAs targeting GSG2 were designed using the online CRISPR design tool at http://
crispr.mit.edu/. The selected sgRNA sequences are GCAATGATTTTTATGGCTAC 
(U-2 OS-LacO Haspin KO), CAAGTGGTGCTCCGTCCTCT (HCT116 Haspin KO 3) 
and CGTCCGCAGCCCCATATGTG (HCT116 Haspin KO 5). sgRNAs were cloned 
into pAceBac-Cas9 (Hindriksen et al., 2017). Bacmids were generated using the 
Bac-to-Bac system in conjunction with EMBacY cells (Berger et al., 2004; Bieniossek 
et al., 2012). 

pAceBac1-CMV plasmids (van der Horst et al., 2015) encoding LacI-GFP, LacI-
GFP-Haspin, LacI-GFP-Haspin kinase dead (K511A), LacI-GFP-Bub1, LacI-GFP-
Bub1E252K, LacI-GFP-Bub1E252K kinase dead (D946A), Sgo1-LacI-GFP or LacI-
GFP-Sgo2 were created. Bacmids were generated using the Bac-to-Bac system in 
conjunction with EMBacY cells (Berger et al., 2004; Bieniossek et al., 2012).

Baculovirus production and transduction
Baculovirus was produced by transfection of bacmids into Sf9 cells as described 
previously (Hindriksen et al., 2017). For baculoviral transduction, cells were 
trypsinized and taken up in DMEM F12 supplemented with 10% heat inactivated 
FBS, 2 mM UltraGlutamine, 100 units/ml penicillin and 100 μg/ml streptomycin. Cells 
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were plated and baculovirus was added immediately.

Generation of Haspin KO cell lines 
U-2 OS LacO and HCT116 Haspin knockout cells were generated using CRISPR/
Cas9. Briefly, cells were transduced with recombinant baculovirus expressing Cas9-
2a-GFP and the sgRNA sequences indicated above. After 48 hours cells were 
seeded at low density in 96 well plates. Cells from wells harboring single clones 
were selected for further analysis.

Genotyping of Haspin KO cell lines
Genomic DNA was isolated using the DNeasy Blood and Tissue kit (Qiagen) and 
PCR was performed using the following primers: 
Haspin-Fw: 5’- aaacacctcctcagagtgatcccaggagatctctgc-3’ 
Haspin-Rv: 5’-ttacttaaacagactgtgctggcagagcaagtcagtg-3’ 
PCR products were subjected to Sanger sequencing. 

siRNA transfection 
The following siRNAs were used in this study: Luciferase (siLuc, Luciferase GL2 duplex; 
Dharmacon/D-001 100-01-20), Bub1 (siBub1, GAAUGUAAGCGUUCACGAAdTdT, 
Dharmacon). Cells were plated and transfected immediately using Hiperfect 
(Qiagen). SiRNAs were used at 100 nM and transfected using Hiperfect (Qiagen).

Immunofluorescence microscopy 
Cells were cultured on 12 mm glass coverslips and synchronized in mitosis by the 
addition of either S-Trityl-L-cysteine (STLC (Tocris Bioscience); 20 μM for 16 hours) 
in the case of U-2 OS cells, or nocodazole ((Sigma-Aldrich) 0.83 μM for 4 hours) for 
HCT116 cells. Cells were fixed using paraformaldehyde (PFA), permeabilizing cells 
either before or after fixation. In the first case, cells were treated with 0.2% Triton 
X-100 in PEM buffer (100 mM Pipes pH 6.8, 5mM EGTA, 1 mM MgCl2) for 30-60 
seconds. Next, an equal volume of 4% PFA in phosphate buffered saline (PBS) 
was added (final concentration 2% PFA). Four minutes later, this was replaced 
with 4% PFA in PBS and incubated for another 4 minutes. For the permeabilization 
after fixation, cells were treated with 4% PFA in PBS for 7 minutes. Next, cells were 
incubated in ice-cold methanol for a minimum of 20 minutes. Cells were washed 
with PBS and then blocked with 3% bovine serum albumin (BSA) in PBS with 0.01% 
Tween20 (PBST0.01). Cells were incubated with primary antibodies diluted in 3% 
BSA in PBST0.01 for 2 hours. Primary antibodies used were anti-Aurora B (Millipore, 
cat. no. EP1009Y, rabbit, monoclonal, 1:1000), anti-Aurora B (BD Transductions, 
cat. no. 611083, mouse, monoclonal, 1:500), anti-CENP-C (MBL International, cat. 
no. PD030, guinea pig, polyclonal, 1:1000), anti-phospho-Histone H3 (Thr3) (Merck 
Millipore, cat. no. 07–424, rabbit, polyclonal, 1:2000), anti-Sgo1 (Abnova, cat. no. 
h00151648, mouse, monoclonal, 1:1000), anti-Sgo2 (Novus, cat. no. NB100-60454, 
rabbit, polyclonal, 1:1000), anti-H2AT120ph (Active Motif, cat. no. 39391, rabbit, 
polyclonal, 1:2000), anti-INCENP (Abgent, 017349, mouse, monoclonal, 1:1000), 
anti-Dsn1 (GeneTex, GTX120402, rabbit, polyclonal, 1:1000) Anti-Knl1 (rabbit, 
polyclonal, 1:500) was a kind gift from Dr. G. Kops. Anti-phospho-Dsn1 (S109) (rabbit 
polyclonal, 1:1000, (Welburn et al., 2010) was a kind gift from Dr. I. Cheeseman. After 
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washing with PBST0.01, cells were incubated with secondary antibodies with or 
without GFP-Booster (Chromotek, cat. no. ABIN509419, 1:5000) diluted in 3% BSA 
in PBST0.01 for 1 hour. Secondary antibodies used were goat anti-mouse IgG Alexa 
Fluor 488 conjugate (Thermo Fisher Scientific, cat. no. A-11029, 1:500), goat anti-
mouse IgG Alexa Fluor 568 conjugate (Thermo Fisher Scientific, cat. no. A-11031, 
1:500), goat anti-mouse IgG Alexa Fluor 647 conjugate (Thermo Fisher Scientific, 
cat. no. A-1103121236, 1:500), goat anti-rabbit IgG Alexa Fluor 488 conjugate 
(Thermo Fisher Scientific, cat. no. A-11034, 1:500), goat anti-rabbit IgG Alexa Fluor 
568 conjugate (Thermo Fisher Scientific, cat. no. A-11036, 1:500), goat anti-rabbit 
IgG Alexa Fluor 647 conjugate (Thermo Fisher Scientific, cat. no. A-21245, 1:500), 
and goat anti-guinea pig IgG Alexa Fluor 647 conjugate (Thermo Fisher Scientific, 
cat. no. A-21450, 1:500). After washing with PBST0.01, cells were treated with 500 
ng/ml DAPI in PBST0.01 for a few minutes. After a final wash in PBS the coverslips 
were mounted onto glass slides using Prolong Diamond Antifade Mountant (Thermo 
Fisher Scientific).

Images were acquired on a DeltaVision imaging system (GE Healthcare), upgraded 
with a 7 color InsightSSI Module & TruLight Illumination System Module using a 
UPlanSApo 100x/1,40 objective and a CoolSnap HQ2 camera (Photometrics). 
Presented images are deconvolved maximum intensity projections, processed using 
Softworx v6. Quantifications were performed using ImageJ. 

Chromosome alignment assay and fixed anaphase analysis
To assay chromosome alignment after transient arrest in nocodazole, cells were 
incubated with 0.83 μM nocodazole for 4 hours. Cells were then washed three times 
with medium, after which medium containing 5 μM MG132 (Merck Millipore) with or 
without 3 or 10 μM BAY-320 (a gift from Bayer Pharma AG (Baron et al., 2016)) was 
added for 1 hour before fixing the cells as described above. To analyze anaphase 
phenotypes, cells were blocked in G2 by overnight incubation in the presence of 7.5 
μM of the Cdk1 inhibitor RO-3306 (Merck Millipore). The cells were released from 
the RO-3306 block by washing three times with warm medium, and fixed 45 minutes 
later as described above.

Chromosome spreads
For the preparation of chromosome spreads HCT116 cells were treated with 0.83 
μM nocodazole for 3 hours prior to harvesting by mitotic shake off. Cells were then 
incubated in 75 mM KCl for 10 min (room temperature) and spun onto coverslips 
for 4 min at 800 rpm using a Shandon Cytospin 4 (Thermo Fisher Scientific). Cells 
were then fixed and stained as described above. CENP-C CENP-C distances were 
calculated using the X, Y and Z coordinates of the centroids of CENP-C kinetochore 
pairs, obtained from 3D z-stacks using the 3D objects counter in FIJI. Line plots were 
generated with the Plot Profile tool in FIJI.

Western blotting
Cells were synchronized for 6 hours with 0.83 μM nocodazole and harvested. Protein 
concentrations were determined using a Lowry assay to ensure equal sample 
loading. Proteins were separated by SDS-PAGE using a Bolt 4-12% Bis-Tris Plus 



CHAPTER 3

76

gel (Thermo Fisher Scientific, cat. no. NW0412BOX). Proteins were then transferred 
to nitrocellulose membranes using a Trans-Blot Turbo Transfer system (Bio-Rad, 
cat. no. 170-4155). Membranes were blocked in PBST containing 3% BSA. Primary 
antibody incubation was performed in PBST including 3% BSA for ~18 hours at 
4°C. Membranes were washed three times with PBST before incubation with the 
secondary antibody diluted in PBST. Membranes were washed three more times 
followed by signal detection using ECL. Primary antibodies used were anti-Aurora 
B (ARK-2) (Santa Cruz, sc-25426, rabbit, polyclonal, 1:1000), anti-phospho-Histone 
H3 (Thr3) (Southern Biotech, 13500-01, mouse, monoclonal, 1:1000) and anti-α-
tubulin (Sigma-Aldrich, cat. no. T5168, mouse, monoclonal, 1:10,000). Secondary 
antibodies used were Swine anti-Rabbit-HRP (DAKO, P0217, 1:2500) and Rabbit 
anti-Mouse-HRP (DAKO, P0161, 1:2500).

Live cell imaging
Cells were seeded in 8 well imaging chambers (μ-Slide, Ibidi) and blocked in G2 by 
overnight incubation in 7.5 μM of the Cdk1 inhibitor RO-3306. The cells were released 
from the RO-3306 block by washing three times with warm medium, followed directly 
by filming. Film experiments were performed on a DeltaVision imaging system with an 
imaging chamber maintained at 37°C and 5% CO2 (GE Healthcare). The system was 
upgraded with a 7 color InsightSSI Module & TruLight Illumination System Module 
and made use of an Olympus UApo N340 40x/1,35 objective and a CoolSnap HQ2 
camera (Photometrics). 

To test mitotic arrest in paclitaxel or nocodazole by live cell imaging, cells were 
treated with 2.5 mM thymidine (Sigma-Aldrich) for 24 hours. Cells were washed 
three times with medium, after which culture medium was changed to Leibovitz’s 
medium (Gibco), supplemented with 10% FBS, 2 mM UltraGlutamine (Lonza), 100 
units/ml penicillin and 100 μg/ml streptomycin (Lonza), containing 1 μM paclitaxel 
(Sigma-Aldrich) or 3.3 μM nocodazole. 2 μM ZM447439 (Tocris Bioscience), 200 nM 
reversine (Cayman Chemical) and/or 10 μM BAY-320 were added as indicated. Cells 
were imaged on an Olympus Cell M system with a UPlanFL N 20x/0.5 objective and 
analyzed using ImageJ software.

Flow cytometry
Cells were treated with 2.5 mM thymidine for 24 hours, after which cells were 
washed three times with medium. Next, medium containing 1 μM paclitaxel or 3.3 
μM nocodazole was added. Sixteen hours later, cells were either harvested or 0, 1 or 
5 μM 5-Iodotubercidin (5-ITu, MedChemExpress) was added for 6 hours before they 
were harvested. Cells were detached using trypsin, washed in cold PBS, and fixed 
in ice-cold 70% ethanol. Cells were washed with PBS containing 0.05% Tween20 
(PBST0.05) and subsequently incubated with Anti-phospho-Ser/Thr-Pro MPM-2 
antibody (EMD Millipore, cat. no. 05-368, 1:500) diluted in 2% BSA PBST0.05 for 2 
hours. Cells were washed using PBST0.05 and incubated with goat anti-mouse IgG 
Alexa Fluor 568 conjugate (Thermo Fisher Scientific, cat. no. A-11031, 1:500) diluted 
in 2% BSA PBST0.05 for 1 hour. After washing with PBST0.05, cells were taken up 
in PBS containing 250 ng/μl RNAse and 100 ng/ml DAPI. Samples were incubated 
at 37°C for 30 minutes and then measured on a BD FACSCelesta (BD Biosciences) 
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using BD FACSDiva software (BD Biosciences).
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Supplemental fi gure 1. Immunofl uorescence intensity levels of LacI-GFP fusion proteins at the 
LacO-array in U-2 OS-LacO cells, corresponds with Fig. 1.  A) IF intensity levels of GFP at the LacO-
array in U-2 OS-LacO cells expressing LacI-GFP, LacI-GFP-Haspin or LacI-GFP-Haspin kinase dead 
and arrested in mitosis using STLC. Corresponds with Fig. 1C. The graph shows quantifi cations from 
individual cells (dots) and the mean (bar) ± standard deviation. B, C) IF intensity levels of GFP at the 
LacO-array in U-2 OS-LacO cells expressing LacI-GFP, LacI-GFP-Bub1E252K or LacI-GFP-Bub1E252K 

kinase dead and arrested in mitosis using STLC. Corresponds with Fig. 1D. (B) corresponds to cells 
stained for H2AT120ph and Sgo1, (C) corresponds to cells stained for Sgo2 and Aurora B. The graphs 
show quantifi cations from individual cells (dots) and the mean (bar) ± standard deviation. D) IF intensity 
levels of GFP at the LacO-array in U-2 OS-LacO cells expressing LacI-GFP, Sgo1-LacI-GFP, or LacI-
GFP-Sgo2 arrested in mitosis using STLC. Corresponds with Fig. 1E. The graph shows quantifi cations 
from individual cells (dots) and the mean (bar) ± standard deviation.
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Supplemental fi gure 2. E252K 
mutation in Bub1 prevents 
recruitment of kinetochore 
proteins to LacO. A-C) IF 
intensity levels of CENP-C 
(A), Dsn1 (B), GFP (C) at the 
LacO-array in U-2 OS-LacO 
cells expressing LacI-GFP, 
LacI-GFP-Bub1 or LacI-GFP-
Bub1E252K and arrested in 
mitosis using STLC. The graph 
shows quantifi cations from 
individual cells (dots) and the 

mean (bar) ± standard deviation. A minimum of 18 cells was quantifi ed per condition. D, E) IF intensity 
levels of Knl1 (D) and GFP (E) at the LacO-array in U-2 OS-LacO cells expressing LacI-GFP, LacI-GFP-
Bub1 or LacI-GFP-Bub1E252K and arrested in mitosis using STLC. The graph shows quantifi cations from 
individual cells (dots) and the mean ± standard deviation. A minimum of 13 cells was quantifi ed per 
condition.
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Supplemental fi gure 3. Immunofl uorescence intensity levels of LacI-GFP fusion proteins at the 
LacO-array in U-2 OS-LacO and U-2 OS-LacO Haspin KO cells (corresponds with Fig. 2), and 
characterization of U-2 OS-LacO Haspin KO cells. A) Corresponding with Fig. 2A: IF intensity levels of 
GFP at the LacO-array in U-2 OS-LacO cells transfected with siLuciferase or siBub1 and expressing LacI-
GFP or LacI-GFP-Haspin. Cells were arrested in mitosis using STLC. The graph shows quantifi cations 
from individual cells (dots) and the mean (bar) ± standard deviation. B) Corresponding with Fig. 2B: IF 
intensity levels of GFP at the LacO-array in U-2 OS-LacO and U-2 OS-LacO Haspin KO cells expressing 
LacI-GFP or LacI-GFP-Bub1E252K and arrested in mitosis using STLC. The graph shows quantifi cations 
from individual cells (dots) and the mean (bar) ± standard deviation. C) Western blot of cell lysates derived 
from U-2 OS-LacO and U-2 OS-LacO Haspin KO cells arrested in mitosis using nocodazole. Blot was 
probed for Aurora B and H3T3ph. Alpha-tubulin was used as a loading control.
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Supplemental figure 4. (previous page) Characterization of HCT116 Haspin KO cells and the 
effect of Bub1 inhibition on Sgo1 localization. A) Immunofluorescence images of HCT116 WT and 
Haspin KO cells arrested in mitosis using nocodazole (scale bar 5 µm). IF intensity levels of H3T3ph and 
Aurora B on centromeres were quantified. Levels were normalized over CENP-C. The graphs show the 
mean and standard deviation. A minimum of 22 cells was quantified per condition. B) Western blot of cell 
lysates derived from HCT116 WT and Haspin KO cells arrested in mitosis using nocodazole. Blot was 
probed for Aurora B and H3T3ph. Alpha-tubulin was used as a loading control. C) IF intensity levels of 
Sgo1 on centromeres in HCT116 WT and Haspin KO cells +/- 10 µM BAY-320 arrested in mitosis using 
nocodazole. Levels were normalized over CENP-C. The graph shows the mean and standard deviation. 
A minimum of 26 cells was quantified per condition.
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Supplemental figure 5. Override of a paclitaxel or nocodazole induced mitotic arrest in HCT116 
WT or Haspin KO cells in the presence of 5-ITu. A) Scheme of the experimental setup. B, C) Cells 
were treated with 1 µM paclitaxel (B) or 3.3 µM nocodazole (C) +/- 1 or 5 µM 5-ITu The percentage MPM2 
positive (mitotic) cells within the population of cells with a 4n DNA content was analyzed by flow cytometry.

Supplemental table 1. Genotyping of Haspin KO cell lines. Overview of the genotypes of the U-2 
OS-LacO Haspin KO and HCT116 Haspin KO cell lines used in this study. The nucleotide alterations 
per allele are indicated. Del=deletion, ins=insertion. The predicted effects of these nucleotide changes 
on Haspin protein are indicated as the number of amino acids of the WT Haspin protein + the number of 
aberrant amino acids before the first stopcodon. The nucleotide sequences of the sgRNAs that were used 
to generate the Haspin KO cell lines are shown.

cell line allele gene protein sgRNA sequence

U-2 OS-LacO 
Haspin KO 

1 del 1565 1-521+20* GCAATGATTTTTATGGCTAC

U-2 OS-LacO 
Haspin KO 

2 , 3 del 1543-1564 1-514+20* GCAATGATTTTTATGGCTAC

HCT116 Haspin 
KO 3

1 del 516-1768 1-173* CAAGTGGTGCTCCGTCCTCT

HCT116 Haspin 
KO 3

2 ins C 1298-1299 1-433+25* CAAGTGGTGCTCCGTCCTCT

HCT116 Haspin 
KO 5

1 del 46-61/ins 46 
bp

1-16+14* CGTCCGCAGCCCCATATGTG

HCT116 Haspin 
KO 5

2 del 41-47 1-13+60* CGTCCGCAGCCCCATATGTG
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Abstract
The evolutionary conserved chromosomal passenger complex (CPC) is essential for 
faithful transmission of the genome during cell division. Perturbation of this complex 
in cultured cells gives rise to chromosome segregation errors and cytokinesis failure, 
and as a consequence the ploidy status of the next generation of cells is changed.  
Aneuploidy and chromosomal instability (CIN) is observed in many human cancers, 
but whether this may be caused by deregulation of the CPC is unknown.  In this 
review we discuss if and how a dysfunctional CPC could contribute to CIN in cancer.
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CIN, aneuploidy and cancer
Aneuploidy, a state in which the genomic content of a cell deviates from a multiple of 
the haploid set of chromosomes, occurs in around 70% of all tumors (Duijf et al., 2013). 
Aneuploid cells arise as a consequence of mis-segregation of whole chromosomes 
during cell division. In many cancer cells the rate of chromosome mis-segregation is 
increased, resulting in a high frequency of chromosome gain and loss, a condition 
known as chromosomal instability (CIN). It has long been debated whether CIN itself 
can drive tumorigenesis, or whether it arises as an indirect consequence of cell 
transformation. Increasing pieces of evidence, based on the examination of mouse 
models in which CIN is induced, suggest that chromosome mis-segregations could 
promote cancer development (Duijf & Benezra, 2013). Human aneuploid tumors 
can be categorized into two types: those that exhibit clonal aneuploidy and those 
that have heterogeneous karyotypes (Sheltzer, 2013). The former situation implies 
that cancer cells have gone through a period of CIN or a rare event of chromosome 
mis-segregation, while the latter case is indicative of ongoing CIN (Sheltzer, 2013). 
This poses the question whether persistent chromosome mis-segregation provides 
an advantage to the cancer cell or if it is the aneuploid genome composition that is 
beneficial. Loss or gain of particular chromosomes could indeed be beneficial for the 
cancer cell, as it can shift the balance between genes with oncogenic properties and 
tumor suppressor genes, thereby conferring benefits with respect to proliferation and 
survival (Davoli et al., 2013; Duijf et al., 2013; Komarova et al., 2002). Additionally, 
CIN by itself may be profitable. It will give rise to a cell population with a variety of 
karyotypes allowing fast adaptation to a changing environment, which could help 
to develop resistance to anti-cancer drug treatment (Kops et al., 2005; Roschke et 
al., 2002; Sheltzer, 2013). The level of CIN is likely a critical determinant of cellular 
fitness, because elevation of the segregation error frequency results in reduced 
viability of cancer cells (Janssen et al., 2009). Moreover, mis-segregation rates may 
not only affect tumor cell fitness, but also appear to determine whether CIN can 
promote or inhibit the development of cancer (Silk et al., 2013). 

Origins of CIN
Faithful chromosome segregation during mitosis requires that kinetochores (multi-
protein structures that assemble at centromeres and form microtubule attachment 
sites) of the duplicated chromosomes bind to microtubules emanating from opposite 
spindle poles (chromosome bi-orientation) (Cheeseman & Desai, 2008). Since the 
interactions between kinetochores and spindle microtubules are stochastic in early 
mitosis, many sister-chromatids initially acquire attachments that are not bipolar. 
Both kinetochores of the sister-chromatids may bind microtubules emanating from 
one spindle pole (syntelic attachments), or a single kinetochore may attach to 
microtubules derived from both spindle poles, while the other kinetochore is attached 
to microtubules from just one spindle pole (merotelic attachments). In addition, one 
kinetochore can become attached to microtubules from one pole, while its sister 
remains unattached (monotelic attachment) (Cimini & Degrassi, 2005). When these 
kinetochore-microtubule (k-MT) attachment errors persist until anaphase, they result 
in whole chromosome mis-segregation and in aneuploidy of the two daughter cells. 
In addition, lagging chromosomes that are a frequent consequence of merotelic 
attachments can also cause structural chromosomal aberrations (Cimini et al., 2001; 
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Crasta et al., 2012; Janssen et al., 2011). However, the combined activities of the 
error correction machinery and the mitotic checkpoint (MC; a surveillance pathway 
that prevents chromosome segregation until all sister-chromatids are attached to 
the mitotic spindle (Foley & Kapoor, 2013)) ensure that k-MT attachment errors are 
resolved prior to anaphase onset to preserve genome integrity. 

A number of defects are thought to cause CIN. First, multipolar mitotic spindles, 
arising as a consequence of centrosome over-duplication, increase the likelihood 
of acquiring merotelic k-MT attachments in prometaphase. Due to centrosome 
clustering, cells with multiple centrosomes frequently undergo a pseudo-bipolar 
anaphase with the merotelically attached sister-chromatids appearing as lagging 
chromosomes (Ganem et al., 2009; Silkworth et al., 2009). Second, impaired sister-
chromatid cohesion affects chromosome bi-orientation and increases the frequency 
of mis-segregating chromosomes (Barber et al., 2008; Solomon et al., 2011; Sonoda 
et al., 2001; Tanaka et al., 2000). Third, a weakened MC fails to delay anaphase 
onset sufficiently to allow all chromosomes to achieve proper bi-orientation prior to 
anaphase onset (Foley & Kapoor, 2013; Kops et al., 2005). And fourth, excessively 
stable k-MT attachments lead to persistent incorrect k-MT attachments and lagging 
chromosomes in anaphase (Bakhoum et al., 2009a; Bakhoum et al., 2009b).  While 
centrosome amplification, cohesin defects, and hyperstabilized k-MT interactions 
have been described in cancer or cancer cell lines (Bakhoum et al., 2009a; Bakhoum 
et al., 2009b; Ganem et al., 2009; Silkworth et al., 2009; Solomon et al., 2011), 
evidence for a weaker function of the MC as a widespread feature in chromosomally 
unstable cancer cells is controversial (Cahill et al., 1998; Gascoigne & Taylor, 2008; 
Michel et al., 2001; Thompson & Compton, 2008; Weaver & Cleveland, 2006).

The CPC ensures faithful chromosome segregation
An evolutionarily conserved component of the error correction machinery is the 
mitotic kinase Aurora B (Lampson & Cheeseman, 2011). Aurora B functions in 
complex with three other non-enzymatic proteins, namely INCENP, Borealin, and 
Survivin, together known as the chromosomal passenger complex (CPC). At the 
onset of mitosis Aurora B is recruited and activated at the inner centromere, where 
it promotes the destabilization of k-MT attachments through the phosphorylation of 
(amongst others) the KMN network, the core microtubule binding protein complex at 
the kinetochore (Cheeseman et al., 2006; Tanaka et al., 2002; van der Waal et al., 
2012a). Destabilization of incorrect k-MT attachments allows for a new opportunity 
to establish bipolar attachments (Nicklas & Ward, 1994; Tanaka et al., 2002). As 
sister-kinetochores bind microtubules from opposite poles, the chromosome orients 
each kinetochore toward the attached pole greatly favoring appropriate bi-oriented 
attachments (Indjeian & Murray, 2007; Loncarek et al., 2007). Also, centromeres of bi-
oriented chromosomes experience increased tension that spatially separates Aurora 
B from its outer-kinetochore substrates resulting in changes of the phosphorylation 
status of these substrates (Andrews et al., 2004; Liu et al., 2009; Tanaka et al., 
2002; Welburn et al., 2010). In addition, Aurora B counteracting phosphatases, 
such as PP2A and PP1, are essential for removal of phosphate groups from Aurora 
B target sites. The combined action of Aurora B kinase and the PP2A and PP1 
phosphatases are thought to create a highly dynamic kinetochore microtubule 
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interface that promote the correction of mis-attached k-MTs, and the stabilization 
of correctly attached microtubules (Foley et al., 2011; Kruse et al., 2013; Liu et al., 
2010; Suijkerbuijk et al., 2010; Xu et al., 2013). Besides its role in error correction, 
Aurora B also directly feeds into the MC by controlling the kinetochore recruitment 
of the MC kinase Mps1 (Santaguida et al., 2011; Saurin et al., 2011; Vader et al., 
2007) and is crucial for cytokinesis (Adams et al., 2001b; Ditchfield et al., 2003; Giet 
& Glover, 2001; Hauf et al., 2003; Kallio et al., 2002; Severson et al., 2000; Terada 
et al., 1998). This latter function is most likely associated with its localization on the 
central spindle midzone and midbody during anaphase and telophase, respectively. 
Through its multiple activities during cell division the CPC ensures chromosomal 
stability. If and how the function of the CPC is disturbed in chromosomally unstable 
cancer cells will be discussed in this review.

Consequences of impaired Aurora B function
A functional CPC requires Aurora B kinase activity and INCENP, Survivin and Borealin 
for proper activation and localization of the kinase. The level of localized Aurora B 
activity needs to be tightly regulated to prevent chromosome mis-segregation and 
to support cytokinesis (Fig. 1). In line with this, partial inhibition of Aurora B using 
low concentrations of a small molecule inhibitor was shown to hamper the resolution 
of merotelic attachments during (pro)metaphase and increases the number of 
lagging chromosomes in anaphase (Cimini et al., 2006). Higher doses of Aurora 
B inhibitor or RNAi-mediated kinase depletion perturbs chromosome alignment in 
metaphase, indicative of mal-attachments other than merotelics (Cimini et al., 2006; 
Ditchfield et al., 2003; Hauf et al., 2003). This is followed by massive chromosome 
mis-segregations in anaphase and cytokinesis failure (Cimini et al., 2006; Ditchfield 
et al., 2003; Hauf et al., 2003). 

Instead of impairing general kinase activity, local kinase activity can also be affected 
by specifically disturbing Aurora B localization to the inner centromere or central 
spindle via expression of truncation and/or point mutants of Borealin, Survivin or 
INCENP (Gassmann et al., 2004; Jeyaprakash et al., 2007; Lens et al., 2006). 
Local perturbation of Aurora B activity can give rise to CIN by at least two different 
mechanisms: Impaired correction of mal-attachments, or by centrosome amplification 
due to failed cytokinesis (Fig. 1). Moreover, in contrast to reduced Aurora B activity, 
hyper-activation or overexpression of Aurora B may also cause problems through for 
example failure of stabilizing bipolar attachments. While under normal circumstances 
unattached kinetochores created by ongoing k-MT destabilization would keep the 
MC active, a failure to stabilize bipolar attachments could give rise to aneuploidy 
when the MC is simultaneously weakened (Fig. 1). A recent study in budding yeast in 
which the Aurora B and INCENP homologs Ipl1 and Sli15 were both overexpressed 
suggests that hyperactivity of Aurora B can indeed prevent stabilization of bipolar 
attachments in this organism (Munoz-Barrera & Monje-Casas, 2014). However, 
whether bi-oriented attachments fail to be stabilized in mammalian cells that 
overexpress Aurora B is not known. Mere overexpression of Aurora B in Chinese 
hamster embryo cells enhanced phosphorylation of the Aurora B substrate histone 
H3, indicating that elevated levels of the kinase in mammalian cells can indeed 
result in increased activity (Ota et al., 2002). This was associated with an increased 
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frequency of lagging chromosomes, and chromosome bridges in anaphase and the 
formation of multinucleated cells (Ota et al., 2002). Increased multinucleation was 
also seen upon Aurora B overexpression in human fibroblast- and epithelial cell 
lines (Tatsuka et al., 1998). Moreover, in a small fraction of murine mammary gland 
epithelial cells multiplication of the genomic content, as judged by FACS analysis 
and chromosome count, was observed upon overexpression of Aurora B (Nguyen et 
al., 2005). The observed multinucleation and polyploidization suggests that Aurora 
B overexpression can lead to cytokinesis failure or mitotic slippage (Nguyen et al., 
2005; Ota et al., 2002; Tatsuka et al., 1998). In addition to these phenotypes, Aurora 
B overexpression has also been reported to induce premature sister-chromatid 
separation in both diploid and tetraploid mouse epithelial cells, although it remains 
unclear how this cohesion defect is mediated (Nguyen et al., 2009). Moreover, 
whether cohesion loss could explain the earlier described chromosome segregation 
defects is unknown (Nguyen et al., 2009). While these collective findings suggest 
that overexpression of Aurora B can indeed disturb chromosome segregation and 
cytokinesis, the mechanism underlying these cell division defects remains poorly 
understood. Furthermore, the consequence of overexpression of the other CPC 
subunits for chromosome segregation or cytokinesis has not been extensively 
studied.

Aurora B deregulation in tumors
Since Aurora B ensures error-free chromosome segregation, a process that is 
disturbed in many tumor types, the question arises how well Aurora B is functioning 
in chromosomally unstable cancer cells. Below we describe several mechanisms 
that could lead to deregulation of Aurora B and discuss these aberrations in the 
context of cancer. 

Deregulation of Aurora B gene expression
Overexpression of Aurora B has been reported in a variety of tumor types (Lens et al., 
2010). Moreover, Aurora B is one of the genes in the CIN70 signature, a list of genes 
whose overexpression is associated with aneuploidy in cancer (Carter et al., 2006). 
However, a more recent paper questioned the validity of the CIN70 profile and posed 
the possibility that expression of these genes may be related to proliferation rather 
than aneuploidy (Sheltzer, 2013). Since Aurora B is mainly expressed during late G2 
and mitosis (Bischoff et al., 1998; Kimura et al., 1997), it is more abundant in cycling 
cells, raising the question whether the up-regulation is merely a consequence of 
the proliferative state of cancer cells. Aberrant overexpression of a gene may be 
caused by gene amplification or by (epi)genetic changes at the promoter or gene 
region, neither of which have been reported as a cause for increased expression 
of Aurora B in tumors. Moreover, a recent study indicated that the increased mRNA 
levels of many kinetochore genes, including CPC genes, in tumors was strongly 
correlated with the activation of a general cell division program (Thiru et al., 2014). 
Thus, although overexpression of Aurora B in cultured cells can result in segregation 
defects, it is questionable whether the high Aurora B levels observed in cancer will 
be a causal factor for CIN.

On the other hand, reduced levels of Aurora B clearly give rise to segregation 
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Figure 1. Possible fates of mitotic cells with increased or decreased levels of local Aurora B kinase 
activity. A) Normal mitosis. Chromosome segregation is error-free and cytokinesis is completed. B) High 
levels of Aurora B activity could lead to ongoing destabilization of k-MT interactions, followed by mitotic 
slippage or cytokinesis failure, giving rise to one cell with multiple nuclei (4n) and two centrosomes. C) 
Reduced Aurora B activity at centromeres most likely increases the frequency of merotelic attachments, 
giving rise to lagging chromosomes in anaphase (Cimini et al., 2006). When followed by normal cytokinesis 
it can give rise to cells with near diploid aneuploidy and micronuclei. This situation can be envisioned 
to occur when cancer cells express mutant versions of Borealin or Survivin that impairs centromere 
localization but not central spindle localization of Aurora B (Gassmann et al., 2004; Jeyaprakash et al., 
2007; Lens et al., 2006).  D) Reduced Aurora B activity at the central spindle can result in cytokinesis 
failure, giving rise to binucleated 4n daughter cells with two centrosomes. When these cells progress 
through S phase and a subsequent mitosis the extra centrosomes may produce multipolar spindles that 
will increase the likelihood of acquiring merotelic k-MT attachments. This situation may occur when cancer 
cells express mutant versions of INCENP, Borealin or Survivin that impair central spindle localization, but 
not centromere localization of Aurora B (Jeyaprakash et al., 2007). E) Reduced Aurora B activity at both 
the centromere and central spindle can cause both chromosome mis-segregation and cytokinesis failure, 
giving rise to multinucleated (4n) cells. Mitotic spindle and centrosomes are shown in grey. Kinetochores 
are shown in red. DNA is shown in blue. Mis-segregated chromosomes can give rise to micronuclei in G1, 
which are depicted as small blue spheres.
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errors. Mouse embryonic fibroblasts (MEFs) in which both alleles for Aurora B have 
been knocked out exhibit a range of aberrations associated with impaired mitosis 
or cytokinesis, including multinucleation, formation of micronuclei, and multipolar 
spindles (Fernandez-Miranda et al., 2011). Homozygous Aurora B knockout mice do 
not survive beyond embryonic stage E9.5, however, heterozygous Aurora B knockout 
mice develop normally, and have an increased tumor incidence (Fernandez-Miranda 
et al., 2011). Although an increase in DNA content was reported for a small number of 
MEFs derived from these mice, the ploidy status of either healthy or tumor cells from 
adult animals was not determined (Fernandez-Miranda et al., 2011). It can therefore 
not be excluded that subtle segregation defects could eventually have driven cancer 
development (Fernandez-Miranda et al., 2011). In cultured cells INCENP, Borealin, 
and Survivin are required for activation and/or localization of Aurora B (Jeyaprakash 
et al., 2007), and similar to inactivation of Aurora B, loss of these subunits impairs 
error correction and cytokinesis (Carvalho et al., 2003; Gassmann et al., 2004; Honda 
et al., 2003a; Lens et al., 2003). INCENP-, Survivin-, or Borealin-null mice also die 
during embryonic development and MEFs derived from early embryos show signs 
of defective mitosis (Cutts et al., 1999; Uren et al., 2000; Yamanaka et al., 2008). 
There is presently no indication that mitotic errors frequently occur in MEFs derived 
from mice heterozygous for these CPC members. However, since the phenotype of 
the heterozygous adult animals was not thoroughly investigated a low frequency of 
segregation errors may have been missed. Moreover, it is also not known whether 
these animals have an increased cancer incidence later in live  (Cutts et al., 1999; 
Uren et al., 2000; Yamanaka et al., 2008). 

In cancer cells, reduced levels of Aurora B might result from genetic alteration of one 
of the coding alleles. The human AURKB gene is located at the 17p13.1 locus, in 
close proximity to the gene encoding the tumor suppressor p53, a region that is often 
deleted in tumors (Campo et al., 1991; Christiansen et al., 2001; Davoli et al., 2013; 
Eiriksdottir et al., 1998; Grebe et al., 1997; Jung et al., 2004). Evaluation of a panel 
of breast carcinomas showed that in 12% of tumors the Aurora B and p53 genes 
were co-deleted (Hegyi et al., 2012). Interestingly, when this is accompanied with 
loss or mutation of the second p53 allele, it could result in cells with reduced Aurora 
B expression and loss of functional p53. Non-transformed cells frequently arrest in 
G1, in a p53-dependent manner, when they have mis-segregated chromosomes or 
failed cytokinesis (Margolis et al., 2003; Thompson & Compton, 2010). Cells with co-
deleted Aurora B and p53 genes may progress through the cell cycle with aberrant 
chromosome and even centrosome numbers, leading to further chromosome 
mis-segregation in the next mitosis or to secondary structural genomic alterations 
(Crasta et al., 2012; Janssen et al., 2011). It would be interesting to determine in 
non-transformed human cells to what extend heterozygous loss of the Aurora B 
gene affects Aurora B protein levels and whether this is sufficient to elevate the 
rates of chromosome mis-segregation. By doing so in a p53 proficient and deficient 
background, the cellular response to potential chromosome mis-segregations as a 
result of loss of one Aurora B allele can be compared.

Mutations
Single nucleotide substitutions can give rise to a protein with altered functionality. 
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The numbers of mutations that are present in a tumor vary per tumor type, and 
can range from fewer than ten to over a thousand (Vogelstein et al., 2013). A major 
challenge in interpreting all these genetic alterations is to distinguish mutations 
that confer a selective advantage to the cell, the so-called driver mutations, from 
passenger mutations that do not contribute to cellular fitness. Driver mutations 
exist in two flavors: 1) gain-of-function mutations that impose oncogenic properties 
on a protein; 2) mutations that abrogate protein function, which in cancer usually 
occur in tumor suppressor genes (Ponder, 2001). The problem of pinpointing driver 
mutations in the cancer genome is oftentimes dealt with by comparing mutational 
profiles across tumor samples (Chin et al., 2011; Stratton, 2011). If a mutation at a 
specific site is present in a large proportion of tumors, but not in healthy tissue, it 
likely entails an oncogenic mutation (Davoli et al., 2013). Loss-of-function mutations 
that provide a selective advantage to a cell are not necessarily confined to a single 
nucleotide, but occur with elevated frequency along the length of the gene (Davoli et 
al., 2013). These protein-inactivating mutations can be missense mutations that lead 
to amino acid substitutions, but also frame-shift mutations, alteration of splice sites, 
or mutations that introduce a premature stopcodon (Vogelstein & Kinzler, 2004). 
Many major driver mutations have already been identified based on their overall 
occurrence in cancer. Since methods to analyze high-throughput sequencing data 
are getting more refined, it also becomes feasible to address more complex issues 
regarding the contribution of mutations to cancer establishment or maintenance. 
For example, the classification of genes as cancer associated genes or neutral 
genes might not be as black-and-white as previously stated, as there appear to be 
gradations in the oncogenic- or tumor suppressor capacity that genes harbor (Davoli 
et al., 2013). It could also be possible that combinations of mutations in certain 
genes give a fitness advantage, rather than each genetic alteration having an effect 
in an isolated manner. The large amounts of tumor sequencing data that are being 
generated worldwide make it possible to obtain mutation data about any gene of 
interest as well as the genetic context of the identified mutations. Moreover, as the 
output of next-generation sequencing data is often made available via different online 
platforms, a wide audience can obtain access to and make use of this information 
(Chin et al., 2011).

Point mutations in any of the genes that encode members of the CPC could prevent 
the formation of a functional complex, and result in chromosome mis-segregations 
or cytokinesis failure. As such, mutations in CPC genes might promote tumor 
development through induction of CIN. These mutations are not classical cancer 
drivers, as they do not directly provide a benefit with regard to tumor cell survival or 
proliferation, but could enable the creation of a population in which a certain subset 
of cells may have acquired a karyotype that supports transformation. Currently there 
are no indications that the genes encoding proteins of the CPC are mutated with 
elevated frequency in tumors. However, since mutation of any of the four proteins 
might result in Aurora B dysfunction, the cumulative mutation rate of the CPC across 
tumors might encompass all cases with mutations in Aurora B, INCENP, Borealin, or 
Survivin. Characterization of how mutations in the CPC genes that occur in cancers 
affect chromosome segregation could reveal if this may indeed be a mechanism by 
which CIN in tumors can arise.
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The Aurora B regulatory network
Aurora B function relies on many diff erent factors. Numerous proteins are involved 
in the localization and activation of the kinase. In addition, Aurora B antagonizing 
phosphatases infl uence the phosphorylation status of its substrates. The list of 
proteins that are phosphorylated by Aurora B is extensive (Hengeveld et al., 2012; 
Kettenbach et al., 2011; Koch et al., 2011; van der Waal et al., 2012a), and together 
they determine the diff erent functions of Aurora B with respect to error correction, 
MC activation, and cytokinesis. The intricate network of Aurora B regulators and 
eff ectors denotes that perturbation of any of these proteins might in fact result in 
aberrant Aurora B function (Fig. 2). Below we have listed a number of examples 
in which CIN and tumorigenesis are in some way linked to a change in Aurora B 
functionality. 

Aurora B

activators

recruiters

phosphatases substrates

MCerror correction cytokinesis

Proteins involved in the recruitment of Aurora B 
to the centromere, central spindle and midbody 

Proteins involved in the activation of Aurora B 

Deregulation of phosphatases can result in the 
hyper or hypo phosphorylation of Aurora B 
substrates, recruiters or activators 

e.g. INCENP, Chk1

e.g. INCENP, Borealin, Survivin, 
Haspin, Bub1, Mklp2

e.g. PP1, PP2A-B56 phosphatases

recruiters

activators

Figure 2.  Schematic overview of the Aurora B regulatory network. Various factors are important 
for the regulation of local Aurora B activity required for error correction, proper function of the MC 
and execution of cytokinesis. Perturbation of specifi c components within this network can aff ect Aurora 
B function to various degrees.
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Overexpression of the MC protein Bub1 in mice caused Aurora B hyperactivation 
by a thus far unknown mechanism and resulted in aneuploidy and increased tumor 
formation (Ricke et al., 2011). The observed CIN in MEFs derived from these mice 
could be reversed by Aurora B inhibition, indicating that hyperactivation of Aurora B 
caused the CIN upon Bub1 overexpression (Ricke et al., 2011). However, whether 
Aurora B hyperactivation was also responsible for the increase in tumor incidence 
remains to be demonstrated.

Mice heterozygous for an acetylation-defective mutant of BubR1, another component 
of the MC are also chromosomally unstable and prone to tumor development (Park 
et al., 2013). Experiments on MEFs from these mice indicated that these cells 
not only had difficulties maintaining the MC, but also exhibited reduced binding of 
BubR1 to the Aurora B counteracting PP2A-B56 phosphatase and had increased 
levels of phosphorylated Ndc80 (Park et al., 2013). As such, the BubR1 acetylation-
defective mutants may affect chromosome segregation via dual effects on MC and 
k-MT interactions. The effect of BubR1 on phosphorylation of Aurora B substrates 
via regulation of PP2A-B56 is also observed in human cells (Kruse et al., 2013; 
Suijkerbuijk et al., 2012; Xu et al., 2013). Depletion of BubR1 prevents the formation 
of stable k-MT interactions, and this phenotype can be rescued by Aurora B inhibition 
(Lampson et al., 2004; Suijkerbuijk et al., 2012). Interestingly, genetic mutations 
in BubR1 are associated with mosaic variegated aneuploidy (MVA), a disease 
characterized by growth retardation, microcephaly, mosaic aneuploidies and 
predisposition to cancer (Hanks et al., 2004). Bi-allelic BubR1 mutations identified 
in MVA patients caused defects in checkpoint functioning and/or chromosome 
alignment via specific effects of the mutations on certain protein interaction domains 
or as a result of reduced BubR1 protein stability (Suijkerbuijk et al., 2010). In some 
MVA patients, the chromosome segregation defects may thus be explained by a 
disturbed balance between PP2A-B56 and Aurora B as a consequence of BubR1 
dysfunction (Suijkerbuijk et al., 2010).

Overexpression of Mad2 promotes aneuploidy and tumorigenesis in mice (Sotillo et 
al., 2007). Interestingly, Mad2 overexpression in human cells reduces Aurora B levels 
at centromeres and leads to hyper-stabilization of k-MT interactions and lagging 
chromosomes in anaphase (Kabeche & Compton, 2012). This indicates that the 
aneuploidy induced by Mad2 overexpression might be mediated via delocalization of 
Aurora B. How Mad2 impacts on the signaling pathways involved in CPC centromere 
recruitment remains to be elucidated. In addition, experiments in human cell lines 
showed that depletion of the PP2A subunit PPP2R1a resulted in increased Mad2 
phosphorylation and reduced growth of Mad2 overexpressing cells (Bian et al., 
2014). Knockdown of Aurora B inhibited Mad2 phosphorylation and abolished the 
PPP2R1a depletion induced growth arrest, providing a different regulatory link in 
which Aurora B acts upstream of Mad2 (Bian et al., 2014). 

The final example of how Aurora B activity could be changed as a result of altered 
functionality of regulatory proteins comes from the recently discovered link between 
the ARF tumor suppressor and Aurora B. The CDKN2a locus, which encodes both 
INK4a and ARF in different reading frames, is frequently mutated in tumors (Sherr, 
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1996). Germline mutations of this gene cause a predisposition to development 
of melanomas (Kefford et al., 1999). It is well established that ARF stabilizes p53 
through its interaction with MDM2 (Pomerantz et al., 1998). Loss of ARF resulted 
in aneuploidy in MEFs and splenocytes from adult mice, however the segregation 
defects and weakened MC that most likely give rise to the aneuploid state were 
independent of p53 (Britigan et al., 2014). Instead, Aurora B protein levels were 
increased in ARF knockout cells and the phenotypes could be rescued by depletion 
of Aurora B to near wildtype levels, indicating that Aurora B overexpression is the 
likely cause for the mitotic defects in ARF knockout cells (Britigan et al., 2014).

Concluding remarks
Currently, it is unclear whether perturbation of Aurora B or of the other members 
of the CPC by aberrant expression or by mutations could mediate CIN in certain 
tumors. Although present in low frequency in cancer, analysis of the effects of 
potential tumor-associated mutations of Aurora B, INCENP, Borealin, or Survivin 
could provide further insight into the functionality of the CPC in chromosomally 
unstable tumors. Moreover, the proper level of activity of Aurora B, at either the 
centromere in (pro)metaphase or the central spindle in anaphase is not only dictated 
by the other CPC members, but is also controlled by a complex regulatory network 
involving many other proteins (Carmena et al., 2012) (Fig. 2). Mutations or defects 
in either of these regulators could impair Aurora B function and cause CIN. Taking 
this into account the number of tumors in which Aurora B function could be disturbed 
may be much higher than predicted by mutational analysis of CPC subunits. Yet, it 
will be a challenge to identify all the potential genetic alterations that may indirectly 
affect Aurora B function and to determine whether they thereby contribute to CIN 
and cancer.
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Abstract
Chromosomal instability (CIN), the frequent mis-segregation of chromosomes 
during cell division, is a common feature of cancer cells. Error-free chromosome 
segregation is safeguarded by various molecular mechanisms acting during 
mitosis, including activity of the chromosomal passenger complex (CPC). We 
hypothesized that a malfunctioning CPC may underlie CIN in certain tumors. To 
explore this possibility, we aimed to investigate if tumor-specific mutations in the 
CPC could cause CIN. We therefore searched the cBioPortal for Cancer Genomics 
database for mutations in genes encoding CPC subunits that could potentially 
alter protein function. Rare somatic mutations were found in Aurora B, INCENP, 
Survivin (BIRC5), and Borealin (CDCA8). Further focusing on Borealin, we used 
a knockdown and add-back approach to test the effect of the identified missense 
and nonsense mutations on chromosome segregation fidelity and the execution 
of cytokinesis. We found that Borealin R114stop, R203H, and R240stop were 
unable to support faithful chromosome segregation due to either impaired protein 
expression (R114stop) or diminished centromere localization of Aurora B (R203H, 
R240stop). To explore the consequences of these loss-of-function mutations, as well 
as three splice site mutations (X163, X266 and N267N) in the CDCA8 gene in a 
heterozygous condition, we engineered cell lines harboring the mutations at one of 
the endogenous loci. We found that in this condition, the missense and nonsense 
mutations did not cause CIN, whilst knockin of splice site mutation X266 induced 
skipping of exon 9, and cell lines with this mutation had an increased frequency 
of anaphase bridges and multinucleation. However, these phenotypes could not 
be recapitulated by overexpression of a Borealin mutant lacking exon 9, rendering 
it unlikely that these are caused by the X266 mutation. In conclusion, we did not 
find evidence that somatic mutations in Borealin affect chromosome segregation in 
tumors.
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Introduction
Aneuploidy, a chromosome content that deviates from a multiple of the haploid 
content, is found in approximately 70% of tumors (Duijf et al., 2013). This aberrant 
chromosome copy number is caused by errors in the segregation of chromosomes 
during cell division, a process termed chromosomal instability (CIN). Whether 
CIN can contribute to the development of cancer or is merely a consequence of 
transformation has long been subject of debate. The most compelling evidence for 
a role for CIN in tumor development comes from several mouse models of CIN, 
however the tumorigenic potential of CIN seems to depend on the tissue of origin 
as well as the level of chromosome mis-segregations (Janssen & Medema, 2013; 
Schvartzman et al., 2010; Simon et al., 2015). The right combination of these factors 
can give rise to a cell with cancerous properties due to loss-of-heterozygosity or 
haploinsufficiency of tumor suppressor genes, or the gain of oncogenes (Davoli et 
al., 2013; Laughney et al., 2015). While a single burst of CIN can produce cells with 
a karyotype that gives the cell a selective advantage, ongoing CIN can additionally 
provide cell-to-cell heterogeneity and thereby endow tumors with the ability to evolve 
(Bakhoum & Landau, 2017; Sansregret & Swanton, 2017). This may have important 
consequences for tumor behavior, for instance because ongoing CIN can result in 
accelerated development of drug resistance (Duesberg et al., 2000; Lee et al., 2011; 
Swanton et al., 2009).  

Under normal circumstances, chromosome segregation during mitosis is tightly 
controlled to prevent the formation of aneuploid daughter cells. Error-free segregation 
of the duplicated chromosomes requires that prior to anaphase onset all sister 
chromatids reach a bi-oriented state, meaning that the sister chromatids become 
attached to microtubules emanating from opposite poles of the mitotic spindle. A 
multi-protein complex that assembles on centromeres, known as the kinetochore, 
functions as the microtubule-binding site of chromosomes (Cheeseman & Desai, 
2008; Foley & Kapoor, 2013), and the attachment status of kinetochores is monitored 
by the mitotic checkpoint. At unattached kinetochores a signal is generated in 
the form of the mitotic checkpoint complex (MCC), consisting of BubR1, Mad2, 
Bub3 and CDC20. The MCC keeps the anaphase promoting complex/cyclosome 
(APC/C) inactive and thereby prevents mitotic progression when chromosomes 
are not attached to the mitotic spindle (Musacchio, 2015). When all kinetochores 
have become attached to the mitotic spindle, the mitotic checkpoint is silenced and 
anaphase ensues. When connections between kinetochores and microtubules (KT-
MT) are being made in early mitosis erroneous attachments can occur. These may be 
either merotelic (one sister chromatid connected to both sides of the mitotic spindle) 
or syntelic (both sister chromatids connected to the same side of the mitotic spindle). 
Such mal-attachments need to be destabilized to allow the formation of proper, 
bipolar, KT-MT interactions. This process, termed error correction, is dependent 
on dynamic turnover of microtubules at the KT-MT interface, which is mediated by 
kinase activity of the chromosomal passenger complex (CPC). The CPC, consisting 
of Aurora B kinase, and of INCENP, Borealin and Survivin, which are important 
for the activation and localization of the protein complex, localizes to the inner 
centromere region of sister chromatids during (pro)metaphase and phosphorylates 
numerous proteins at the centromere and kinetochore (Krenn & Musacchio, 2015). 
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Phosphorylation of several kinetochore substrates, including components of the 
Knl1/Mis12/Ndc80 (KMN) network, facilitates turnover of kinetochore-microtubules 
(kMTs) (Cheeseman et al., 2006; DeLuca et al., 2006; Welburn et al., 2010), and 
thereby enables the detachment of incorrect KT-MT interactions that could otherwise 
give rise to chromosome segregation errors. KT-MT dynamics become lower as a 
result of tension across the kinetochores, generated by the opposing pulling forces 
of the microtubules, as is the case in bio-oriented chromosomes, and leads to 
stabilization of KT-MT interactions (Akiyoshi et al., 2010; Bakhoum et al., 2009b; 
Dewar et al., 2004; King & Nicklas, 2000; Nicklas & Koch, 1969). The opposing 
pulling forces of the attached microtubules can only generate tension because 
the sister-chromatids remain physically connected in their centromere regions by 
a ring-shaped protein complex, called cohesin, which counteracts these pulling 
forces (Sonoda et al., 2001; Tanaka et al., 2000). Cohesin is initially loaded along 
the entire length of the chromosomes in G1 phase, but this association remains 
dynamic until cohesion between sister-chromatids is established in S-phase during 
DNA replication (Bernard et al., 2008). In prophase the bulk of cohesin is removed 
from the chromosomal arms through the activity of Wapl (Haarhuis et al., 2014). 
However, at centromeres Wapl activity is counteracted through several mechanisms 
(Hara et al., 2014; Kitajima et al., 2006; Kueng et al., 2006; Liang et al., 2018; Liu 
et al., 2013b; Salic et al., 2004; Zhou et al., 2017), and hence in (pro)metaphase 
the inter-sister chromatid connection relies predominantly on a pool of cohesin that 
remains at the centromere until anaphase onset. 

Since aneuploid cancer cells arise due to errors during chromosome segregation, it is 
plausible that defects in the molecular mechanisms that ensure faithful chromosome 
segregation could underlie CIN and aneuploidy in cancer. Indeed, one likely cause 
of CIN in cancer cells is the presence of supernumerary centrosomes, the organelles 
that organize the microtubules of the mitotic spindle (Pihan et al., 1998). Normally, 
a single centrosome is present in G1 and is duplicated in S phase to give rise to 
two centrosomes that can generate a bipolar spindle in mitosis. During cell division 
the two centrosomes are subsequently distributed over the newly formed daughter 
cells (Fırat-Karalar & Stearns, 2014). However, deregulation of the centrosome 
amplification process or cell division failure will result in the presence of more than two 
centrosomes in the following mitosis, resulting in formation of a multipolar spindle. A 
multipolar spindle configuration in early mitosis increases the frequency of merotelic 
KT-MT attachment formation, and is generally followed by centrosome clustering 
resulting in anaphases with pseudo-bipolar spindles and many mis-segregating 
chromosomes (Kwon et al., 2008; Quintyne et al., 2005; Silkworth et al., 2009). 
Still, the molecular mechanisms causing supernumerary centrosomes in cancer 
cells remains largely elusive (Gönczy, 2015). A second mechanism by which cancer 
cells may become chromosomally unstable is through defects in sister chromatid 
cohesion. Premature cohesin loss precludes the establishment of bi-orientation, as 
cohesion is essential for the tension required for stabilization of KT-MT interactions 
and puts the sister chromatids in a ‘back-to-back’ position which is favorable for 
correct attachment of chromosomes (Tanaka et al., 2000). In line with this, mutations 
in subunits of the cohesin complex, predominantly Stag2/SA2, have been described 
to occur in various types of tumors (Hill et al., 2016). A third potential cause for 
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CIN in cancer is a defective mitotic checkpoint, which would fail to delay anaphase 
onset until all chromosomes are attached to the mitotic spindle. Mutations in proteins 
that mediate the mitotic checkpoint, however, only occur sporadically (Kops et al., 
2005). Fourth, reduced turnover of kMTs in prometaphase and metaphase interferes 
with the correction of mal-attachments before anaphase onset (Bakhoum et al., 
2009a; Bakhoum et al., 2009b). Although this phenomenon correlates with CIN in 
multiple cancer cell lines, the underlying cause of reduced kMT turnover remains 
undetermined. 

Since the CPC plays an important role in regulating kMT turnover, it is possible 
that deregulation of the CPC may explain the occurrence of CIN in certain tumors. 
High Aurora B and Borealin expression levels have previously been linked to 
CIN in cancer (Carter et al., 2006), however it was later suggested that this gene 
expression signature inferred from aneuploid cells reflects proliferation rates rather 
than CIN (Sheltzer, 2013; Thiru et al., 2014). Moreover, reduced kMT dynamics 
are reminiscent of lower CPC activity instead of increased kinase activity (Cimini 
et al., 2006; Ditchfield et al., 2003; Hauf et al., 2003). This led us to investigate 
whether a dysfunctional CPC could be a cause for CIN in certain cancer cells. To 
this end, information on mutations in CPC subunits in tumors was retrieved from 
cBioPortal for Cancer Genomics (Cerami et al., 2012; Gao et al., 2013). Focusing 
on the mutations in Borealin, the effect of these mutations on CPC function and 
chromosome segregation fidelity was explored.

Results
Mutations in genes encoding subunits of the chromosomal passenger complex 
in tumors
To test whether a crippled CPC could be a cause of CIN in a certain tumors, we set out 
to identify mutations in components of the chromosomal passenger complex in cancer 
and to determine their effect on CPC function during chromosome segregation and 
cell division. The occurrence of mutations in AURKB (encoding Aurora B), INCENP 
(encoding INCENP), CDCA8 (encoding Borealin), and BIRC5 (encoding Survivin) 
in tumors was investigated using the cBioportal for Cancer Genomics database 
(analysis performed in August 2013) (Cerami et al., 2012; Gao et al., 2013) (Suppl. 
Tables 1 and 2). The overall percentage of tumors with mutations in genes encoding 
CPC subunits was 1.4%, with AURKB being altered in 0.4% of cases, INCENP in 
0.7% of cases, BIRC5 in 0.1% of cases, and CDCA8 in 0.2% of cases. For each of 
the mutations in the CPC genes the effect on protein function was predicted using 
the webtools MutationAssessor (Reva et al., 2011), PolyPhen (Adzhubei et al., 2010) 
and SIFT (Kumar et al., 2011; Kumar et al., 2009) (Suppl. Table 2) and an effect of the 
mutation on protein function was only considered probable if this was predicted by at 
least two of the three webtools. In addition, mutations that give rise to a premature 
stopcodon were also considered detrimental. Based on these criteria, 55% (12/22), 
36% (13/36), 33% (2/6), and 50% (6/12) of the mutations in respectively AURKB, 
INCENP, BIRC5, and CDCA8 were predicted to have an effect on protein function 
(Suppl. Table 2). 
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Functional analysis of Borealin mutations identified in tumors
To test if mutations in CPC-encoding genes in tumors could have an effect on 
chromosome segregation fidelity, we decided to analyze the mutations in CDCA8 
in more detail as a proof of principle. To exclude potential false-positive mutation 
annotations, we applied stringent cut-offs for the number of sequence reads at the 
mutation site (at least 35) and the fraction of reads in which the mutation was detected 
(at least 0.25), or alternatively required that a mutation was detected a second time 
in a separate sequencing experiment (referred to as “valid”). We also excluded those 
mutations that would likely not affect protein function based on the predictions of 
the webtools as described above. Moreover, for the initial functional studies we did 
not include mutations that could affect Borealin via alternative splicing, since the 
consequence of splice site mutations on mRNA and resulting amino acid sequence 
of the protein is difficult to predict. These CDCA8 mutations will be discussed later. 
Based on these criteria, 5 mutations in CDCA8; three missense mutations (R176Q, 
R203H and R268C) and two nonsense mutations (R114stop and R240stop), were 
further characterized (Table 1, Fig. 1A). To this end, we generated HeLa cell lines 
with stable, doxycycline-inducible expression of either wildtype (WT) Borealin or 
mutant Borealin, fused to a GFP-tag. Using these cell lines, the ability of the Borealin 
variants to support the correction of faulty KT-MT attachments after knockdown of 
endogenous Borealin was tested. For this purpose, cells were synchronized in G1/S 
phase using thymidine and after release from the thymidine block, they were blocked 
in metaphase with the proteasome inhibitor MG132. The number of cells that reached 
full alignment or had misaligned chromosomes was scored and used as a proxy 
for error correction efficiency (Fig. 1B). Using this assay, we found that Borealin 
R114stop and Borealin R240stop did not restore the chromosome alignment defects 
resulting from Borealin knockdown. Moreover, compared to Borealin WT, the rescue 
of chromosome alignment by Borealin R203H was partial.

CDCA8 coding mutations
cancer type mutation allele freq/

valid
read 
count

Mutation
Assessor

PolyPhen SIFT

Colon and Rectum 
Adenocarcinoma

R114stop valid

Colon and Rectum 
Adenocarcinoma

R176Q valid medium probably 
damaging

tolerated

Uterine Corpus 
Endometrial 
Carcinoma

R203H 0.33 43 medium probably 
damaging

affect 
protein 
function

Stomach 
Adenocarcinoma

R240stop 0.26 119

Uterine Corpus 
Endometrial 
Carcinoma

R268C 0.34 116 low probably 
damaging

affect 
protein 
function

Table 1. Shortlist of coding mutations in CDCA8 from cBioPortal for Cancer Genomics (August 
2013). The list includes mutations with an allele frequency of at least 0.25 and a read count of at least 35, 
and mutations that were detected a second time in a separate sequencing experiment (valid). Moreover, 
mutations were only included if at least 2 out of 3 webtools (MutationAssessor, PolyPhen and SIFT) 
predict an effect on the protein, or if the mutation gives rise to a premature stopcodon.
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Using live cell imaging, we next assessed if these Borealin variants could support 
faithful chromosome segregation and cytokinesis (cytoplasmic division). As 
expected, siRNA mediated knockdown of endogenous Borealin caused massive 
chromosome segregation errors in anaphase and cytokinesis failed (Fig. 1C, E). 
When GFP-Borealin WT, R176Q or R268C was expressed, these defects were 
largely attenuated. In contrast, chromosome mis-segregations in anaphase were 
not prevented by expression of GFP-Borealin R114stop and R240stop, and only a 
partial reduction in chromosome segregation errors was observed after induction 
of GFP-Borealin R203H. The incomplete restoration of error-free chromosome 
segregation by Borealin R114stop, R203H and R240stop was accompanied by an 
increased duration from nuclear envelope breakdown to anaphase onset, similar to 
cells without endogenous Borealin and Borealin add-back (Suppl. Fig. 1A). Despite 
the presence of mis-segregating chromosomes, cytokinesis was initiated in cells 
expressing either GFP-Borealin R203H or R240stop (Fig. 1D, E - phase contrast). 
However, in the GFP-Borealin R114stop expressing cell line cytokinesis failed. 
Thus, three out of five mutations in Borealin that we identified in tumors impaired the 
Borealin function during mitosis.

Effect of tumor-associated mutations on Borealin expression and localization
The tumor-derived mutations in Borealin are located in various functional domains 
(Fig. 2A). To understand why these mutations impaired Borealin function, we first 
examined the expression of each Borealin variant (Fig. 2B, Suppl. Fig. 1B). For 
most GFP-Borealin variants, the expression levels were similar to GFP-Borealin 
WT. However, expression of GFP-Borealin R114stop was very low, suggesting that 
the failure of GFP-Borealin R114stop to restore proper chromosome segregation 
and cytokinesis in Borealin knockdown cells is most likely due to the low levels 
of expression. This was somewhat surprising since expression of an even 
smaller Borealin fragment consisting of amino acids 10 to 109 has been reported 
(Jeyaprakash et al., 2007). 

During (pro)metaphase, the CPC localizes to the inner centromere (Adams et 
al., 2000; Gassmann et al., 2004; Kaitna et al., 2000; Wheatley et al., 2001), and 
insufficient concentration of the CPC on chromatin is thought to result in chromosome 
bi-orientation problems (Lens et al., 2006; Vader et al., 2006). Therefore, the effect 
of the Borealin mutations on inner centromere localization was assessed (Fig. 2C, 
D). Clear inner centromere localization was observed for GFP-Borealin WT, R176Q 
and R268C. As expected, the localization of GFP-Borealin R114stop could not be 
determined due to limited protein expression (Fig. 2C). Although inner centromere 
enrichment of GFP-Borealin R203H was observed, the protein levels at this location 
were lower, and GFP-Borealin R203H was more spread out over the chromosomal 
arms. Strikingly, inner centromere enrichment was completely abolished in the 
case of GFP-Borealin R240stop, and the protein was instead dispersed all over 
the chromatin. Importantly, mislocalization of GFP-Borealin R203H and R240stop 
resulted in reduced recruitment of Aurora B to the inner centromere in the absence of 
endogenous Borealin (Fig. 2D). This was accompanied by reduced phosphorylation 
of the Aurora B substrate CENP-A at serine 7 (CENP-A S7ph) (Fig. 2D), indicating 
that the lower inner centromere levels of Aurora B in these cell lines resulted in 
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reduced local kinase activity which could explain the impaired capacity to bi-orient 
chromosomes. A reduction in centromeric Aurora B was also observed upon 
induction of GFP-Borealin R203H and GFP-Borealin R240stop when endogenous 
Borealin was present, suggesting that these Borealin mutants might act in a dominant 
negative manner (Suppl. Fig. 1C). 
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Figure 1. (previous page) A subset of tumor-specific Borealin mutations cause chromosome 
alignment and segregation defects. A) Schematic depiction of CDCA8 (not to scale). The exons (grey 
boxes, exon numbers are indicated) and introns (black line) are shown. The amino acid numbers encoded 
by each exon are indicated above. The sites of the mutations in CDCA8 found in the cBioPortal database 
for Cancer Genomics that we investigated are shown below. B) Chromosome alignment in HeLa cells 
expressing WT Borealin or Borealin mutants 7.5 hours after release from thymidine. MG132 was added 
1.5 hours prior to fixation. The graph shows the average and standard error of the mean of 3 experiments. 
50 cells were scored per condition per experiment. Examples of cells with >3, 1-3, or no misaligned 
chromosomes are shown on the right (scale bar 5 µm). Green: gamma-tubulin, red: CENP-T, blue: DAPI. 
C) Chromosome segregation errors during live cell imaging of HeLa cells expressing Borealin WT or 
Borealin mutants and depleted of endogenous Borealin. The graph shows the average and standard error 
of the mean (SEM) of 2 (R114stop, R176Q, and R268C), 3 (R240stop), or 4 (R203H) experiments. At 
least 13 cells were analyzed per condition per experiment. D) Cytokinesis failure in HeLa cells expressing 
WT Borealin or Borealin mutants depleted of endogenous Borealin. The graph shows the average and 
standard error of the mean of 2 (R114stop, R176Q, and R268C), 3 (R240stop), or 4 (R203H) experiments. 
At least 13 cells were analyzed per condition per experiment. Note that in case of late cleavage furrow 
regression, the event is possibly not observed and may therefore not be scored as cytokinesis failure. 
E) Stills of HeLa cells expressing H2B-mCherry that undergo normal mitosis or have mild segregation 
error(s), severe segregation errors, anaphase bridge(s) or mitotic exit without chromosome segregation 
as scored in C (scale bar 5 µm). t is the time in minutes after nuclear envelope breakdown. The arrows 
indicate the site where cytokinesis is initiated and the border between two daughter cells. The cell shown 
in column 4 displays initial furrow ingression followed by regression, the cell shown in column 5 does not 
undergo any furrow ingression. Both phenotypes were scored as cytokinesis failure in D.

During anaphase, the CPC translocates to the central spindle, which is important for 
successful cytokinesis (Tatsuka et al., 1998; Terada et al., 1998). In accordance with 
the ability of all GFP-Borealin variants to support cytokinesis, except for the poorly 
expressed GFP-Borealin R114stop, these variants localized at the central spindle 
in anaphase and at the midbody in telophase (Fig. 2C). This is in line with data 
demonstrating that expression of the N-terminal half (amino acids 1-140) of Borealin 
was sufficient for CPC localization to the central spindle and midbody (Jeyaprakash 
et al., 2007; Lens et al., 2006).

Borealin R114stop, R203H and R240stop are incorporated into the chromosomal 
passenger complex
To understand why Borealin R203H and R240stop mislocalize, we first checked 
if these Borealin variants could form a complex with the other CPC components. 
Borealin forms a direct interaction with Survivin and the N-terminus of INCENP 
(Jeyaprakash et al., 2007). INCENP in turn binds Aurora B via its C-terminus (Bishop 
& Schumacher, 2002; Bolton et al., 2002; Elkins et al., 2012; Jeyaprakash et al., 
2007; Klein et al., 2006). Aurora B was detected after immunoprecipitation of GFP-
Borealin WT, GFP-Borealin R203H and GFP-Borealin R240stop (Suppl. Fig. 2A-C). 
Moreover, addition of recombinant histone H3 to the immunoprecipitated complex 
resulted in phosphorylation of H3 at serine 10, an Aurora B substrate (Fischle et al., 
2005), indicating that the complex formed with GFP-Borealin R203H or R240stop 
was capable of activating Aurora B (Suppl. Fig. 2B). To further confirm the ability of 
the Borealin variants to form a complex with Aurora B, we made use of a U-2 OS cell 
line harboring an array of LacO repeats at a single locus in the genome (Janicki et 
al., 2004). The LacO repeats recruit LacI protein, allowing ectopic targeting of any 
protein fused to LacI. This way, it is possible to probe protein-protein interactions 
by examining co-recruitment of proteins to the LacO locus. We used this system to 
assess recruitment of Aurora B to ectopically accumulated LacI-GFP-Borealin WT, 
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R114stop, R203H or R240stop (Fig. 3A, B, Suppl. Fig. 3A). Even though GFP-Borealin 
R114stop was poorly expressed in the inducible HeLa cell line, overexpression of 
LacI-GFP-Borealin R114stop resulted in accumulation of this protein at the LacO 
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Figure 2. (previous page) A subset of tumor-specific Borealin mutations cause reduced protein 
stability or localization, resulting in lower Aurora B mediated phosphorylation. A) Schematic 
depiction of functional domains in Borealin. The amino acid numbers are indicated below the full length 
(1-280) Borealin protein. The sites of the investigated missense mutations in CDCA8 are indicated in 
the full length Borealin protein. The truncated Borealin proteins that would result from the investigated 
nonsense mutations are depicted below the full length Borealin protein. B) Immunoblot of HeLa cells with 
doxycyclin-inducible expression of GFP-Borealin WT or GFP-Borealin mutants with or without depletion 
of endogenous Borealin. C) Immunofluorescence images of HeLa cells with doxycyclin-inducible 
expression of GFP-Borealin WT or GFP-Borealin mutants with depletion of endogenous Borealin in 
prometaphase (nocodazole treated), anaphase and telophase (both after thymidine release) (scale bar 
5 µm). D) Quantification of centromere levels of GFP-Borealin, Aurora B, or CENP-A S7ph in HeLa cells 
with doxycyclin-inducible expression of GFP-Borealin WT or GFP-Borealin mutants with depletion of 
endogenous Borealin. Cells were arrested in prometaphase using nocodazole. Levels were normalized 
over CENP-C. At least 19 cells were analyzed per condition. An ANOVA was performed to compare each 
Borealin mutant to the WT protein.

locus, to similar levels as the WT LacI-GFP-Borealin protein (Suppl. Fig. 3A). All of 
the Borealin variants were able to target endogenous Aurora B to the LacO locus, 
again indicating that the Borealin variants are properly incorporated into the CPC. 
This is in line with the notion that Borealin 10-109 is sufficient to interact with INCENP 
and Survivin (Jeyaprakash et al., 2007). The data also fits with the observation that 
Borealin R203H and Borealin R240stop are capable of localizing to the central 
spindle in anaphase (Fig. 2C), which is dependent on the N-terminus of INCENP 
binding to Borealin and Survivin (Jeyaprakash et al., 2007; Mackay et al., 1993; 
van der Horst et al., 2015). Moreover, since this means that the Borealin mutants 
could compete with endogenous Borealin for Aurora B binding it could explain the 
dominant negative effect on Aurora B localization to the centromere (Suppl. Fig. 1C). 

Impaired binding of Borealin R240stop to Shugoshin 1, Shugoshin 2 and 
H3T3ph 
Localization of the CPC to the inner centromere is dependent on two recruitment 
arms. Haspin kinase phosphorylates histone H3 at threonine 3 (H3T3), which act 
as a receptor for Survivin (Kelly et al., 2010; Wang et al., 2010; Yamagishi et al., 
2010). Secondly, Bub1 phosphorylates histone H2A at threonine 120 (Kawashima 
et al., 2010). Phosphorylated histone H2A in turn recruits Shugoshin 1 (Sgo1) and 
Shugoshin 2 (Sgo2), which act as adapters for Borealin interaction (Kawashima et 
al., 2007; Kawashima et al., 2010; Tsukahara et al., 2010; Yamagishi et al., 2010). 
To investigate if reduced recruitment of the CPC by Sgo1 or Sgo2 could explain the 
impaired localization of the Borealin variants in prometaphase, we used the U-2 
OS LacO cells and co-expressed either Sgo1-LacI-GFP or LacI-GFP-Sgo2 and the 
vsv-tagged Borealin variants (Fig. 3 C, D, F, G, Suppl. Fig. 3B-G, Suppl. Fig 4A, B). 
Similar to what was observed for GFP-Borealin R114stop in the inducible HeLa cell 
line, vsv-Borealin R114stop was poorly expressed (Suppl. Fig. 4A-C). Vsv-Borealin 
R203H and R240stop were however expressed at similar levels as vsv-Borealin 
WT. Whereas recruitment of vsv-Borealin R203H was similar to vsv-Borealin WT, 
recruitment of vsv-Borealin R240stop by either Sgo1- LacI-GFP or LacI-GFP-Sgo2 
was impaired (Fig. 3 C, D, F, G). Next, we tested whether the vsv-Borealin variants 
could be recruited via the Haspin-dependent recruitment arm. Ectopic localization 
of Haspin by expression of LacI-Haspin in the U-2 OS LacO cells results in local 
phosphorylation of H3T3 (H3T3ph) and the recruitment of vsv-Borealin WT (Fig. 
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3E, H, I, Suppl. Fig. 3H-K, Suppl. Fig. 4C). However, the recruitment of vsv-Borealin 
R203H and to a larger extent vsv-Borealin R240stop was reduced. To exclude the 
possibility that Borealin R240stop affects incorporation of Survivin into the CPC, 
and thereby abolishes recruitment to H3T3ph via Survivin, we tested the interaction 
of Survivin with GFP-Borealin R240stop by co-immunoprecipitation. As expected 
based on previous work (Bourhis et al., 2007; Gassmann et al., 2004; Jeyaprakash 
et al., 2007; Lens et al., 2006), GFP-Borealin R240stop interacted with Survivin 
(Suppl. Fig. 2C), indicating that the C-terminus of Borealin plays an additional role in 
CPC centromere recruitment via Haspin and H3T3 phosphorylation. In conclusion, 
truncation of Borealin by introduction of a premature stopcodon at amino acid 240 
hampers Borealin recruitment by Sgo1, Sgo2 and H3T3ph to an ectopic locus, and 
most likely explains the reduced levels of Borealin R240stop at the centromere. 
Moreover, recruitment of Borealin R203H by Haspin is reduced, which probably 
explains the lower centromere levels of this Borealin mutant.

Knockin of CDCA8 mutations
The overexpression system described above revealed errors in chromosome 
segregation when endogenous Borealin was replaced by Borealin R114stop, R203H, 
or R240stop. However, in the tumors harboring these mutations both wildtype and 
mutated CDCA8 alleles were identified, based on the notion that annotated allele 
frequencies do not approximate 1 (Table 1). This means that in these tumors, the 
mutations are likely heterozygous. If so, Borealin expressed from the remaining 
WT allele may be sufficient to support error-free chromosome segregation, or be 
counteracted by the potential dominant negative action of R203H or R240stop 
(Suppl. Fig. 1C). To test this, we generated knockin cell lines heterozygous for these 
Borealin mutations. The use of a knockin approach also allowed us to examine 
the effect of the splice site mutation in CDCA8 that we identified in tumors (Suppl. 
Table 2). Because the cBioportal for Cancer Genomics database had been updated 
since our initial analysis, we decided to consider all splice site mutations present 
in the database at that time (January 2017). We applied the same cut-offs with 
respect to detection of the mutations as before, namely a minimum of 35 sequence 
reads at the mutation locus with the mutation being present in at least 25% of the 
reads, or validation of the mutation in a second sequencing experiment. Moreover, 
we only included mutations with a predicted effect on protein splicing by at least 
one of the following webtools: FATHMM (Shihab et al., 2015) and Human Splicing 
Finder (Desmet et al., 2009). This resulted in a list of three splice site mutations in 

Figure 3. (next page) Recruitment of Aurora B by Borealin mutants, and recruitment of Borealin 
mutants by, Sgo1, Sgo2 and Haspin. A) Immunofluorescence images of U-2 OS LacO cells arrested 
in mitosis by STLC, and expressing either LacI-GFP-Borealin WT or LacI-GFP-Borealin mutants (scale 
bar 5 µm). B) Quantifications of Aurora B mean fluorescence intensity levels at the LacO locus in U-2 
OS cells arrested in mitosis using STLC expressing either LacI-GFP-Borealin WT or LacI-GFP-Borealin 
mutants. The graph shows the average and standard deviation of at least 19 cells per condition. C-E) 
Immunofluorescence images of U-2 OS LacO cells arrested in mitosis using STLC and co-expressing the 
indicated LacI-GFP fusion proteins together with either vsv-Borealin WT or vsv-Borealin mutants (scale 
bar 5 µm). F-I) Quantifications of the vsv (F, G, I) or H3T3ph (H) mean fluorescence intensity levels at 
the LacO locus in U-2 OS cells co-expressing the indicated LacI-GFP fusion proteins together with either 
vsv-Borealin WT or vsv-Borealin mutants. Graphs shows the average and standard deviation of at least 
12 (F) or 17 (G) cells per condition. For (H, I) graphs shows the average and standard deviation of at least 
11 (WT), 5 (R114stop), 10 (R203H) or 13 (R240stop) cells per condition.
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CDCA8 that we included in our study: one intron mutation in the splice acceptor site 
of the 5’ side of exon 7 (X163, G to A nucleotide change), one intron mutation in the 
splice donor site at the 3’ end of exon 9 (X266, G to T nucleotide change) and one 
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CDCA8 splice site mutations
cancer type mutation allele freq/

valid
read 
count

FATHMM Human Splicing
Finder

Skin Cutaneous 
Melanoma

X163 0.48 130 pathogenic probably affects 
splicing

Pan-lung Cancer X266 0.32 66 pathogenic probably affects 
splicing

Skin Cutaneous 
Melanoma

N267 0.29 83 pathogenic potentially affects 
splicing

Table 2. Shortlist of splice site mutations in CDCA8 from cBioPortal for Cancer Genomics (January 
2017). The list includes mutations with an allele frequency of at least 0.25 and a read count of at least 
35. Moreover, mutations were only included if at least 1 out of 2 webtools (FATHMM and Human Splicing 
Finder) predict an effect on splicing. N267N indicates a silent mutation at the amino acid level which is 
predicted to affect the adjacent splice site.

synonymous mutation at amino acid 267 that could potentially affect the splice donor 
site at the 5’ end of exon 10 (N267N) (Table 2, Fig. 1A).

To generate knockin cell lines, we used CRISPR/Cas9 in combination with a 
homology directed repair (HDR) template harboring the desired mutation and a 
puromycin resistance cassette targeted to an intronic region (Suppl. Fig. 5A). We 
used the near-diploid HCT116 cell line (Thompson & Compton, 2008) in which TP53 
was knocked out as host cell line to prevent potential cell cycle arrest or apoptosis 
in response to chromosome mis-segregations that could occur after mutating 
endogenous Borealin (Thompson & Compton, 2010). Genotypes were called based 
on Sanger sequencing of the target loci, which revealed the absence of the desired 
mutation (WT sequence), heterozygous introduction (WT and mutant nucleotide 
observed), or homozygous introduction (only mutant nucleotide observed) of the 
mutation (Suppl. Fig. 5B). Among the clones that had incorporated the puromycin 
resistance cassette at the intended locus we identified clones that were homozygous 
or heterozygous for the indicated mutation, as well as clones that did not harbor the 
mutation but had in most cases integrated the puromycin resistance cassette in an 
intron of the CDCA8 gene (Suppl. Fig. 5B). These latter cell lines were taken along 
in our analyses as controls. The clones that we managed to isolate and were used 
for further analysis are summarized in Suppl. Table 3.

Expression of Borealin variants in knockin cell lines
If the nonsense mutations R114stop and R240stop would allow protein expression, 
they would give rise to a smaller Borealin protein product compared to the WT 
protein. Splice site mutations may also give rise to Borealin protein products of 
altered size if pre-mRNA splicing is affected. We therefore analyzed Borealin protein 
expression in the mutant cell lines by immunoblot (Fig. 4A). In the R114stop and 
R240stop heterozygous cell lines no smaller Borealin proteins of respectively 13 
and 27 kDa were observed, indicating that these mutant alleles did not allow protein 
expression. This may be explained by the occurrence of nonsense-mediated mRNA 
decay, which is generally triggered when a premature stopcodon is at least ~50 
nucleotides upstream of the last intron (Hug et al., 2016), which is the case for 
both these nonsense mutations. In the cell lines that have either a homozygous or 
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heterozygous Borealin N267N mutation, no alternative protein product was detected. 
However, in addition to the full-length protein, Borealin variants of lower molecular 
weight were detected in the cell lines with heterozygous X163 mutations or with 
heterozygous and homozygous X266 mutations. To determine the nature of these 
smaller protein variants, CDCA8 derived mRNA from the cell lines harboring splice 
site mutations was reverse transcribed and subsequently sequenced (Suppl. Fig. 
6A). In line with the observation of a single Borealin signal on immunoblot for the 
WT and N267N cell lines, only a single transcript was identified, which matched 
the expected WT mRNA sequence. In case of the X163 and X266 cell lines, two 
sequence reads were found. Further analysis of the sequences found in the X163 cell 
line revealed that, in addition to the WT transcript, a CDCA8 derived mRNA lacking 
exon 7 was present. In both the homozygous and heterozygous X266 cell lines, the 
WT CDCA8 mRNA was detected, as well as a second mRNA in which exon 9 was 
missing (Suppl. Fig. 6B). The observation that WT CDCA8 derived mRNA is present 
even in the homozygous X266 cell line shows that the effect of this mutation on pre-
mRNA splicing is partial. The occurrence of homozygous splice site mutations with 
incomplete penetrance have previously been reported in several diseases (Bhuiyan 
et al., 2008; Bonnet et al., 2008; Gallinaro et al., 2006). In conclusion, the data 
indicate that the splice site mutations in CDCA8 at X163 and X266 can both result in 
skipping of the adjacent exon.

Effect of endogenous Borealin mutations on CPC localization
To investigate if the endogenous Borealin mutations have an effect on CPC recruitment 
to the inner centromere, the levels of Borealin and Aurora B at the centromere were 
quantified in prometaphase cells (Fig. 4B, C, Suppl. Fig. 7A). Although variation in 
centromeric Borealin and Aurora B protein levels was observed between different cell 
lines, the infrequently observed reduction in centromere levels was not consistent 
among cell lines with the same mutation, which renders it unlikely that this feature is 
caused by mutations in CDCA8. Moreover, the localization of Borealin and Aurora B 
to the central spindle in anaphase and to the midbody in telophase was unperturbed 
(Suppl. Fig. 7A). The absence of a defect in CPC localization in the X163 and X266 
cell lines could have several explanations. First, inner centromere localization and 
central spindle localization may not be affected by the absence of respectively exon 
7 or 9. Second, the localization of Borealin could be affected by these deletions, 
but sufficient amounts of wildtype Borealin are present to compensate for this. To 
discriminate between these possibilities, vsv-tagged Borealin delta exon 7 or delta 
exon 9 was overexpressed in HCT116 TP53 knockout cells (Fig. 5A, B, Suppl. 
Fig. 7B). Vsv-Borealin R240stop was also included in this experiment, because a 
comparison of the localization of the Borealin delta exon 9, which lacks amino acids 
238-266, and Borealin R240stop, which lacks amino acids 240-280, could provide 
insight into the contribution of the different parts of the C-terminus of Borealin in 
centromere localization. Similar to Borealin R240stop, Borealin delta exon 9 
concentrated less well at the inner centromere, and had a small dominant negative 
effect on Aurora B localization to the inner centromere (Fig. 5B). In contrast, deletion 
of exon 7, which corresponds with the loss of amino acids 164-195, did not impair 
Borealin localization, nor Aurora B localization in prometaphase (Fig. 5B). Together, 
these data indicate that despite the expression of mutant Borealin proteins, residual 
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Figure 4. Borealin and Aurora B levels in knockin cell lines. A) Immunoblot of Borealin in HCT116 
TP53 KO cells that have either wildtype CDCA8 alleles or that are heterozygous or homozygous for the 
indicated mutations. The R114stop would produce a protein product with a predicted molecular weight 
of 13 kDa and R240stop of 27 kDa. The arrows indicate either wildtype Borealin or a Borealin variant 
of lower molecular weight. B-C) Quantification of centromere levels of Borealin or Aurora B in HCT116 
TP53 KO cells that have either wildtype CDCA8 alleles or that are heterozygous or homozygous for the 
indicated mutations. Cells were arrested in prometaphase using nocodazole. Levels were normalized 
over CENP-C and the average and standard deviation of 15 cells per condition are shown.

wildtype Borealin largely supports inner centromere localization of Aurora B.

Chromosome segregation fidelity in cell lines with endogenous Borealin 
mutations
To examine if the mutant Borealin cell lines showed more chromosome segregation 
errors, asynchronously growing cells were fixed and the fraction of anaphases with 
mis-segregating chromosomes was determined (Fig. 6A-F). None of the mutant cell 
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Figure 5. Borealin R240stop and delta exon 9 have disturbed inner centromere localization. A) 
Schematic depiction of functional domains in Borealin. The amino acid numbers are indicated below the 
full length Borealin protein. The Borealin protein products that would result from the R240stop mutation 
and from exon 7 or 9 skipping are depicted below the full length Borealin protein. The amino acids that are 
missing in the latter cases are indicated. B) Immunofl uorescence images of nocodazole treated HCT116 
TP53 KO cells that were left untreated or that were lentivirally transduced with plasmids expressing vsv-
Borealin WT, R240stop, delta exon 7, or delta exon 9 (scale bar 5 µm). Quantifi cations of centromere 
levels of vsv and Aurora B are shown. Levels were normalized over CENP-C. At least 20 cells were 
analyzed per condition. An ANOVA was performed to compare ectopic expression of each vsv-Borealin 
mutant and the untreated condition to ectopic expression of vsv-Borealin WT.

lines displayed an increase in anaphase lagging chromosomes, which usually result 
from persistent merotelic attachments (Cimini et al., 2002; Cimini et al., 2001). A 
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transient arrest in a monopolar state using the Eg5 inhibitor monastrol increases 
the frequency of erroneous KT-MT attachments that need to be corrected by the 
CPC before anaphase onset (Lampson et al., 2004). As expected, after monastrol 
washout all cell lines had a higher chromosome mis-segregation rate (Suppl. Fig. 
8) (Cimini et al., 2003; Drpic et al., 2018; Worrall et al., 2018). There was, however, 
no difference in the occurrence of anaphase lagging chromosomes between the cell 
lines (Suppl. Fig. 8), suggesting that the CPC error correction function is unaffected 
by the mutations in CDCA8. Remarkably, even in the Borealin WT cell lines, we 
observed a high percentage of cells with DNA bridges, which may be related to 
the loss of p53 (Drost et al., 2015). Indeed, the number of anaphases with DNA 
bridges was higher in HCT116 TP53 KO cells compared to HCT116 cells with WT 
TP53 (respectively ~16% (n=15) versus ~5% (n=8)). Surprisingly, cells with either 
heterozygous or homozygous X266 mutations showed a further increase in DNA 
bridges (Fig. 6E). Since DNA bridges can cause cytokinesis failure (Mullins & 
Biesele, 1977; Pampalona et al., 2012), resulting in the generation of multinucleated 
cells, the fraction of cells with multiple nuclei was determined in interphases of 
asynchronous cell populations (Fig. 6G). Indeed, more multinucleated cells were 
present in the X266 heterozygous and homozygous cell lines. To determine if this 
increase in anaphase bridges was a consequence of the aberrant Borealin protein 
that is present in these cell lines, we analyzed anaphases of HCT116 TP53 KO cells 
ectopically overexpressing Borealin WT, Borealin R240stop, Borealin delta exon 7 or 
Borealin delta exon 9 (Fig. 6H, Suppl. Fig. 7B). No increase in chromosome bridges 
was observed, suggesting that the occurrence of bridges in the X266 cell lines is 
likely due to clonal variation rather than the consequence of expression of Borealin 
delta exon 9. In conclusion, somatic heterozygous mutations in Borealin are unlikely 
to cause CIN in tumors.

Discussion
Chromosomal instability is observed in many cancers and cancer cell lines (Lengauer 
et al., 1997; Thompson & Compton, 2008), however the underlying molecular defects 
causing this phenotype in cancer are incompletely understood. Loss-of-function 
mutations in proteins that play a well-defined role in chromosome segregation have 
only sporadically been found in cancer. The first report of tumor-related mutations 
in mitotic checkpoint proteins was based on the occurrence of mutations in Bub1 or 
BubR1 in 4 out of 19 colon cancer cell lines (Cahill et al., 1998), however whether 
these mutations in fact caused CIN in these cell lines was not determined. Since 
then, numerous studies have investigated the somatic mutation status of mitotic 
checkpoint proteins in tumors, as well as the presence of germline mutations in 
mitotic checkpoint proteins in familial cancer (for examples see (de Voer et al., 2013; 
Gemma et al., 2000; Hahn et al., 2016; Hempen et al., 2003; Hernando et al., 2001; 
Imai et al., 1999; Mimori et al., 2001; Mur et al., 2018; Myrie et al., 2000; Nomoto 
et al., 1999; Ohshima et al., 2000; Reis et al., 2001; Rio Frio et al., 2010; Shichiri et 
al., 2002; Tsukasaki et al., 2001)), revealing that overall the presence of mutations 
in components of the mitotic checkpoint occurs at low frequency in tumors. There 
is however a clear link between germline mutations in BubR1, Bub1 and Bub3, 
another mitotic checkpoint protein, and the condition mosaic variegated aneuploidy 
(MVA), which is accompanied by the development of pediatric tumors (de Voer et al., 
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Figure 6. Chromosome segregation errors and multinucleation in CDCA8 mutant knockin cell 
lines. A-F) Immunofluorescence images of asynchronous HCT116 TP53 KO cells that have either have 
either wildtype CDCA8 alleles or that are heterozygous or homozygous for the indicated mutations 
were analyzed. The percentage of anaphases with lagging chromosomes and chromosome bridges are 
shown. Fifty anaphases were scored per condition. Graphs show the average and standard error of the 
mean of two experiments. G) The frequency of multinucleated cells was scored in immunofluorescence 
images of asynchronous HCT116 TP53 KO cells that have either wildtype CDCA8 alleles or that are 
heterozygous or homozygous for the indicated mutations. A hundred cells were analyzed per condition. 
H) Immunofluorescence images of asynchronous HCT116 TP53 KO cells that that were left untreated 
or that were lentivirally transduced with plasmids encoding vsv-Borealin WT, R240stop, delta exon 7, or 
delta exon 9 were analyzed. The percentage of anaphases with lagging chromosomes and chromosome 
bridges are shown. Fifty anaphases were scored per condition. Graphs show the average and standard 
error of the mean of two experiments.

2013; García-Castillo et al., 2008; Hanks et al., 2004). Taken together, it is likely that 
mutations in mitotic checkpoint proteins have the potential to predispose to cancer 
development, but are overall uncommon. In contrast, somatic mutations in cohesin 
subunits, particularly Stag2/SA2, are found in various types of cancer (Solomon et 
al., 2014; Solomon et al., 2011). For example, up to 40% of urothelial carcinomas 
have been reported to harbor a mutation in STAG2 (Solomon et al., 2014). However, 
generation of knockin cell lines revealed that only a subset of Stag2/SA2 mutations 
(3 out 9 tested mutations) caused chromosome mis-segregations in anaphase, and 
only one of these cell lines had an altered chromosome number (Kim et al., 2016). 
Hence, in most cases, the role of mutated Stag2/SA2 in cancer is likely unrelated to 
defects in chromosome segregation. 
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Since the occurrence of CIN in tumors is apparently not caused by defects in a single 
protein or protein complex, it is conceivable that mutations in a range of different 
proteins, all controlling the process of chromosome segregation, could underlie 
CIN in cancer cells. If this is the case, loss-of-function mutations in genes that are 
mutated at low frequency across tumors may be causal for CIN in individual cases 
of cancer. This hypothesis prompted us to characterize the functional effects of 
mutations in genes encoding the components of the CPC, despite their overall low 
frequency in tumors (1.4%). We focused on tumor-derived mutations in Borealin to 
characterize the effects on protein function. We found that a subset of the tumor-
specific mutations (R114stop, R203H and R240stop) affected Borealin function, 
because replacing endogenous Borealin for these Borealin mutants in HeLa cells 
impaired chromosome bi-orientation and enhanced the frequency of chromosome 
segregation errors in anaphase.  Further examining the behavior of these Borealin 
variants revealed that this was caused by reduced protein expression (R114stop) 
or possibly by hampered inner centromere localization (R203H and R240stop) of 
Borealin itself and of the enzymatic subunit of the CPC, Aurora B.

Inner centromere localization of the CPC is mediated by the Bub1>H2AT120ph>Sgo1/2 
recruitment arm, and by phosphorylation of histone H3 at threonine 3 by Haspin 
(Kelly et al., 2010; Wang et al., 2010; Yamagishi et al., 2010). We found that 
the introduction of the tumor-derived mutations R203H and R240stop impaired 
recruitment of Borealin to the inner centromere, whereby the effect of R240stop was 
more severe. This nonsense mutation, which results in loss of amino acid 240-280, 
most likely disrupts the dimerization motif, which has been mapped to amino acids 
226-277 (Bourhis et al., 2009). Borealin dimerization is thought to be required for 
robust centromere localization (Bekier et al., 2015), which fits with our finding that 
the R240stop mutation in Borealin diminishes CPC concentration at the centromere. 
The interaction of Borealin with Sgo1 and Sgo2 has been reported to depend on 
Cdk1-mediated phosphorylation of a central domain (amino acids 106-219) in 
Borealin (Tsukahara et al., 2010). We found that for Borealin R240stop, but not for 
Borealin R203H, the interaction with Sgo1 and Sgo2 was disturbed, indicating that 
amino acids 240-280 are also required for this interaction. This could mean that the 
binding of Borealin to Sgo1 and Sgo2 directly involves amino acids 240-280, or that 
Borealin dimerization via its C-terminus may be needed for its interaction with Sgo1 
and Sgo2. Interestingly, we also found that recruitment of both Borealin R240stop 
and Borealin R203H to threonine 3 phosphorylated histone H3 by ectopically 
localized Haspin was reduced compared to Borealin WT. This is surprising, since 
the interaction of the CPC with H3T3ph occurs via Survivin (Kelly et al., 2010; Wang 
et al., 2010; Yamagishi et al., 2010), rather than Borealin. Borealin R240stop was 
found to interact with Survivin, and although the binding of Survivin to Borealin 
R203H was not tested, it has been reported that the interaction of Borealin with 
INCENP and Survivin is mediated by amino acids 15-76 in Borealin (Bourhis et al., 
2007; Jeyaprakash et al., 2007), suggesting that this is probably independent of the 
Borealin region around amino acid 203. How the C-terminus of Borealin contributes 
to CPC binding to phosphorylated histone H3 binding, or possibly to Haspin itself 
remains to be investigated.
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Knockin of the R114stop or the R240stop mutations in the Borealin gene did 
not result in expression of a truncated protein, likely due to the occurrence 
of nonsense-mediated mRNA decay (Hug et al., 2016). These heterozygous 
mutations did not compromise fidelity of mitosis, strongly suggesting that Borealin 
is not haploinsufficient. In contrast, the two tumor-derived splice site mutations in 
Borealin, X163 and X266, did result in expression of an aberrant Borealin protein, 
which lacked respectively exon 7 and exon 9. Potentially, these splice site mutations 
could have a more severe effect on chromosome segregation, since the resulting 
protein might act in a dominant negative manner. In the cell lines heterozygous for 
Borealin X163, expressing a Borealin protein in which amino acids 164-195 were 
missing, we did not observe a change in chromosome segregation fidelity. Cell lines 
harboring either heterozygous or homozygous X266 mutations expressed a Borealin 
variant lacking amino acids 238-266 in addition to the wildtype Borealin protein, and 
showed an increase in anaphase bridges and multinucleation. This was unexpected, 
since the CPC is known to be mainly involved in processes that prevent whole 
chromosome mis-segregations (Cimini et al., 2006; Ditchfield et al., 2003; Hauf et 
al., 2003). Since we were unable to reproduce the formation of anaphase bridges 
after ectopic overexpression of Borealin lacking amino acids 238-266, we believe 
that the observed bridges in the X266 cell lines is an effect of clonal variation, rather 
than the consequence of expression of Borealin lacking exon 9.

Taken together, we have analyzed the effects of 8 mutations in CDCA8 (encoding 
Borealin) that were identified in tumor samples from the cBioPortal for Cancer 
Genomics database. Although 4 of these mutations (R114stop, R203H, R240stop 
and X266) were found to affect protein function, chromosome segregation was 
not perturbed in heterozygous knockin cell lines harboring these mutations at 
the endogenous locus. This indicates that wildtype Borealin expressed from the 
non-mutated allele is sufficient to support error-free chromosome segregation. In 
conclusion, we have not found evidence that mutations in Borealin cause CIN in 
tumors. Despite this, the mutations in Borealin sporadically found in tumors did 
provide novel insights on the contribution of Borealin to centromere recruitment of 
the CPC: it revealed that the final 40 amino acids in Borealin contribute to Sgo1 and 
Sgo2 interaction and unexpectedly to the binding to Haspin-phosphorylated histone 
H3.

For the scope of this study, we chose to focus our investigation on the mutations 
in Borealin and excluded mutations in the other CPC subunits from our functional 
experiments. Also, since our analysis of the occurrence of mutations in CPC-
components using the cBioportal for Cancer Genomics database in 2013, sequencing 
data from many more tumor samples has been included in the database. It is hence 
still possible that there are sporadic tumors in which certain mutations in the CPC 
do lead to CIN.

Experimental procedures
Mutations in AURKB, INCENP, CDCA8 and BIRC5
cBioPortal for Cancer Genomics (www.cbioportal.org) (Cerami et al., 2012; Gao et 
al., 2013) is a publicly available database that contains sequencing data from tumor 
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samples. Using this database, we retrieved mutation data for AURKB, INCENP, 
CDCA8, and BIRC5. We only included mutations in our study that had a read count 
of at least 35 and a minimal allele frequency of 0.25, or mutations that were validated 
in a second sequencing experiment. Next, we used various webtools to predict the 
effect of these mutations on protein function. For missense mutations we used 
MutationAssessor (mutationassessor.org) (Reva et al., 2011), PolyPhen-2 (http://
genetics.bwh.harvard.edu/pph2) (Adzhubei et al., 2010), and SIFT (http://sift.bii.a-
star.edu.sg) (Kumar et al., 2009). For splice site mutations we used FATHMM (http://
fathmm.biocompute.org.uk) (Shihab et al., 2015) and Human Splicing Finder (http://
www.umd.be/HSF/) (Desmet et al., 2009). We only included mutations that were 
predicted to have an impact on protein function by at least 2 programs for missense 
mutations, or that were predicted to affect pre-mRNA splicing by at least 1 program 
for splice site mutations. Moreover, nonsense mutations were also included.

Cell lines and cell culture
HeLa Flp-In T-REx cells (a gift from S. Taylor, University of Manchester, Manchester, 
UK) were cultured in DMEM (Sigma-Aldrich) supplemented with 6% tetracycline 
screened fetal bovine serum (FBS) (Hyclone, GE Healthcare), 2 mM UltraGlutamine 
(Lonza), 100 units/ml penicillin and 100 μg/ml streptomycin (Lonza). U-2 OS-LacO 
cells (Janicki et al., 2004) were cultured in DMEM F12 (Lonza) supplemented with 
10% FBS (Sigma-Aldrich), 2 mM UltraGlutamine and 100 units/ml penicillin and 
100 μg/ml streptomycin. HCT116 TP53 KO cells (a gift from O. Kranenburg, UMC 
Utrecht, Utrecht, NL) were cultured in DMEM supplemented with 10% FBS, 2 mM 
UltraGlutamine and 100 units/ml penicillin and 100 μg/ml streptomycin, and 25 mM 
HEPES (Lonza). HEK293T cells were cultured in DMEM supplemented with 6% 
FBS, 2 mM UltraGlutamine and 100 units/ml penicillin and 100 μg/ml streptomycin. 
All cell lines were maintained at 37°C and 5% CO2. 

siRNA transfection
The following siRNAs were used: siLuciferase CGUACGCGGAAUACUUCGAdTdT 
(Dharmacon), siBorealin 3’ UTR AGGUAGAGCUGUCUGUUCAdTdT (Dharmacon) 
siRNAs were transfected using HiPerfect (Qiagen) at 20 nM for the Western blot 
and immunofluorescence imaging experiments or at 80 nM for live cell imaging 
experiments. Cells were transfected immediately after plating. 

Cloning and generation of inducible GFP-Borealin cell lines
GFP-Borealin was cloned into pcDNA5/FRT/TO (a gift from J. Pines, The Institute of 
Cancer Research, London, UK). GFP-Borealin R114stop, R176Q, R203H, R240stop, 
and R268C were generated by site directed mutagenesis. To generate stable cell 
lines, HeLa Flp-In T-REx cells were co-transfected with pcDNA5 containing the 
GFP-Borealin variants and pOG44 (Invitrogen) using FuGene (Promega). After 
transfection, cells were treated with 200 μg/ml hygromycin B (Roche) to select for 
successful integration of GFP-Borealin. 

Cloning of Bacmids, baculovirus production, and viral transduction
For the generation of baculoviruses expressing LacI-GFP, LacI-GFP-Borealin (WT 
and mutant), Sgo1-LacI-GFP, LacI-GFP-Sgo2, LacI-GFP-Haspin and vsv-Borealin 
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(WT and mutant), these sequences were cloned into pAceBac1-CMV (described in 
(van der Horst et al., 2015)). Bacmids were generated using the Bac-to-Bac system 
in conjunction with EMBacY cells (Berger et al., 2004; Bieniossek et al., 2012).

For the production of baculoviruses to generate knockin cell lines, we used a variant 
of the previously described pUNKI-20-C plasmid (Hindriksen et al., 2017), that 
lacks the EYFP cassette and has a puromycin-(delta)thymidine kinase resistance 
cassette (pU(delta)TK) instead of the regular puromycin resistance cassette. The 
homology arms harboring the desired mutations were introduced in this plasmid 
such that the pU(delta)TK cassette was in reverse orientation in relation to the 
sequence of the CDCA8 gene. The primers that were used to PCR the homology 
arms for each mutation are indicated in Suppl. Table 4. Together, the homology 
arms and the pU(delta)TK cassette in between them form the homology directed 
repair (HDR) template. The sgRNAs that have restriction sites in close proximity 
of the intended pU(delta)TK integration site (Suppl. Table 4) were cloned into the 
previously described pAceBac-Cas9-2A-GFP (Hindriksen et al., 2017). Next, the 
HDR templates were subcloned into the pAceBac-Cas9-2A-GFP plasmid harboring 
the corresponding sgRNA as described before (Hindriksen et al., 2017). Bacmids 
were generated using the Bac-to-Bac system in conjunction with EMBacY cells 
(Berger et al., 2004; Bieniossek et al., 2012). The bacmids were used to produce 
baculoviruses as described previously (Hindriksen et al., 2017). Briefly, bacmids 
were transfected into Sf9 cells. P1 viruses were harvested after 3-4 days. The P1 
viruses were subsequently used for the transduction of Sf9 cells to generate P2 
viruses, which were harvested 3-4 days later.

For viral transduction, U-2 OS-LacO cells were plated in DMEM F12 supplemented 
with 10% heat-inactivated FBS, 2 mM UltraGlutamine and 100 units/ml penicillin and 
100 μg/ml streptomycin. HCT116 TP53 KO cells were plated in RPMI (Sigma-Aldrich) 
supplemented with 10% heat-inactivated FBS, 2 mM UltraGlutamine and 100 units/
ml penicillin and 100 μg/ml streptomycin. Baculoviruses were added immediately 
after plating of the cells.

Generation and genotyping of knockin cell lines
HCT116 TP53 KO cells were transduced in 6 well plates at ~50% confluency with 
baculovirus as described above. The following day, cells were trypsinized and replated 
in 10 cm dishes at low density (1:10 – 1:100 of the total cell volume) in their normal 
culture medium. The next day, medium with 2 μg/ml puromycin (Sigma-Aldrich) was 
added. After 5 days of puromycin selection, the medium was replaced with culture 
medium without puromycin. When colonies were of sufficient size, single colonies 
were picked and expanded. To ensure clonality of the cell lines, we subjected each 
of these clones to a second round of low density plating, picking of single colonies, 
and expansion. Note that in our experiments only one subclone was used from each 
colony that we obtained in the first round of colony picking.

To determine the mutation status of the clonal cell lines, genomic DNA was isolated 
using the DNeasy Blood and Tissue kit (Qiagen). Initially, PCR was performed to 
confirm insertion of the puromycin resistance gene at the intended locus, since 
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a PCR product would only be present if the puromycin resistance cassette was 
correctly inserted (for primers, see Suppl. Table 4). Next, a PCR was performed 
in the genomic DNA using the primers listed in Suppl. Table 4 to determine if the 
mutation was introduced and analyze the zygosity status.

Reverse transcription and cDNA sequencing
RNA isolation was performed using the RNeasy kit (Qiagen). Reverse transcription 
was performed using iScript Reverse Transcriptase. PCR amplification was 
performed using the following primers: GGCTTGACTACTTCGCCCTT and 
TGGGCCCTACAGTTCCCTTA. PCR products were sequenced by Sanger 
sequencing. In addition, the PCR products were cloned into the pJET1.2 plasmid 
(ThermoFisher Scientific), which was used to transform DH5-alpha cells. Single 
colonies were expanded, after which plasmid DNA was retrieved by miniprep and 
subjected to Sanger sequencing.

Cloning of lentiviral vectors, lentivirus production, and viral transduction
To generate lentiviruses containing vsv-Borealin (WT or mutants), these sequences 
were cloned into the pWPT plasmid. To produce lentivirus, these plasmids were 
co-transfected with pRSV, pMD2-G and pMDLG-I (all vectors used for lentivirus 
production were a gift from O. Kranenburg, UMC Utrecht, Utrecht, NL into HEK293T 
cells (ATCC). Lentiviruses were harvested two days later. For the transduction of 
HCT116 TP53 KO cells, lentivirus was added in a 1:5 ratio to the culture medium. 
Cells were replated for subsequent experiments the next day.

Immunofluorescence imaging
Cells were plated on 12mm High Precision coverslips and siRNA transfection was 
performed if required. In order to arrest HeLa Flp-In T-REx cells in prometaphase, 2.5 
mM thymidine (Sigma-Aldrich) was added at the time of plating. After 24 hours, cells 
were washed three times with medium to remove thymidine, 0.83 μM nocodazole 
(Sigma-Aldrich) was added, and 1 mg/ml doxycycline (Sigma-Aldrich) was added 
if required. Cells were fixed 16 hours later. For the imaging of cells in HeLa Flp-
In T-REx anaphase or telophase, 1 mg/ml doxycycline was added 24 hours after 
plating, and cells were fixed 16 hours later. For the alignment assays, 2.5 mM 
thymidine (Sigma-Aldrich) was also added at the time of plating. After 24 hours, 
cells were washed three times with warm medium to remove thymidine, and 1 mg/
ml doxycycline was added if required. 5 μM MG132 (Merck Millipore) was added 6 
hours after release from thymidine for 90 minutes, before cells were fixed. For the 
experiments using U-2 OS-LacO cells, baculoviruses and 20 μM S-Trityl-L-cysteine 
(STLC) (Tocris Bioscience) were added when cells were plated. Cells were fixed 
16 hours later. To analyze the localization of Borealin and Aurora B in anaphase, 
score segregation errors in anaphase, or score multinucleates in HCT116 TP53 KO 
cells without lentiviral transduction, cells were fixed 40 hours after plating. For the 
analysis of errors in anaphase after a transient arrest in a monopolar state, 100 μM 
monastrol (Tocris Bioscience) was added 16 hours after plating the cells for 4 hours. 
Then, cells were washed 3 times with medium, and cells were fixed 75 minutes 
later. To facilitate the analysis of segregation errors in anaphase, cells were stained 
with anti-phospho-histone H3 (Ser10) antibody as described below. To analyze 
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the localization of Borealin and Aurora B in prometaphase HCT116 TP53 KO cells 
without lentiviral transduction, 0.83 μM nocodazole was added 16 hours after plating. 
Cells were fixed 8 hours later. To analyze the localization of vsv-Borealin delivered 
by lentivirus, HCT116 TP53 KO cells were replated 24 hours after transduction. 0.83 
μM nocodazole was added 16 hours later for 4 hours, after which the cells were 
fixed. To analyze the anaphases in HCT116 TP53 KO cells transduced with vsv-
Borealin, cells were fixed 20 hours after replating. 

All cells were fixed using 4% paraformaldehyde (PFA) (Sigma-Aldrich) in PBS for 
7 minutes, and subsequently permeabilized with ice-cold methanol. Cells were 
then washed with PBS and blocked in PBS 0.1% Tween-20 (PBST) with 3% BSA. 
Coverslips were incubated with primary antibodies diluted in PBST with 3% BSA 
for 2 hours, washed three times with PBST, followed by one-hour incubation with 
the secondary antibodies in PBST with 3% BSA. DNA was then stained using 500 
ng/ml DAPI (Sigma-Aidrich) in PBST followed by a final wash using PBS before 
mounting them onto glass slides using ProLong Gold Antifade Mountant (Thermo 
Fisher Scientific). 

Primary antibodies used were anti-Borealin (a generous gift from Dr. S.P. Wheatley, 
rabbit, 1:1000), anti-CDCA8 (Sigma-Aldrich, cat. no. HPA028258, rabbit, 1:500), 
anti-AIM1 (BD Biosciences, cat. no. 611083, mouse, 1:500), anti-Aurora B (Millipore, 
cat. no. EP1009Y, rabbit, 1:1000), anti-CENP-C (MBL International, cat. no. PD030, 
guinea pig, polyclonal, 1:1000), anti-CENPT (MBL International, cat. no. DL86-3, rat, 
1:500), anti-phospho-CENPA (Upstate, cat. no. 07-232, rabbit, 1:500), anti-phospho-
Histone H3 (Ser10) (Merck Millipore, cat. no. 06–570, rabbit, polyclonal, 1:1000), 
anti-phospho-Histone H3 (Thr3) (Merck Millipore, cat. no. 07–424, rabbit, polyclonal, 
1:2000), anti-tubulin gamma (Sigma-Aldrich, cat. no. T5192, rabbit, 1:500), anti-
vsv-g (Sigma-Aldrich, cat. no. V5507, mouse, 1:500), Alexa Fluor 488 Phalloidin 
(Invitrogen, cat no. A12379, 1:250), GFP-Booster (Chromotek, cat. no. ABIN509419, 
1:5000).

All secondary antibodies were purchased at Thermo Fisher Scientific and used in 
a 1:500 dilution. Secondary antibodies used were goat anti-mouse IgG Alexa Fluor 
488 conjugate (cat. no. A-11029), goat anti-mouse IgG Alexa Fluor 568 conjugate 
(cat. no. A-11031), goat anti-mouse IgG Alexa Fluor 647 conjugate (cat. no. 
A-1103121236), goat anti-rabbit IgG Alexa Fluor 488 conjugate (cat. no. A-11034), 
goat anti-rabbit IgG Alexa Fluor 568 conjugate (cat. no. A-11036), goat anti-rabbit IgG 
Alexa Fluor 647 conjugate (cat. no. A-21245), goat anti-guinea pig IgG Alexa Fluor 
647 conjugate (cat. no. A-21450), and goat anti-rat IgG Alexa Fluor 647 conjugate 
(cat. no. A-21247). 

Images were acquired on a DeltaVision imaging system (GE Healthcare), upgraded 
with a 7 color InsightSSI Module & TruLight Illumination System Module using a 
UPlanSApo 100x/1,40 objective and a CoolSnap HQ2 camera (Photometrics). 
Presented images are deconvolved maximum intensity projections, processed using 
Softworx v6. Quantifications were performed using ImageJ. 
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Live cell imaging
HeLa Flp-In T-REx were plated in a μ-slide 8-well glass bottom dish (Ibidi) in normal 
culture medium. Cells were transduced with baculovirus for the expression of H2B-
mCherry, 2.5 mM thymidine was added, and 1 mg/ml doxycycline was added if 
required. After 24 hours, cells were washed three times with medium to remove 
the thymidine, and culture medium was changed to Leibovitz’s medium (Gibco), 
supplemented with 10% tetracycline screened FBS, 2 mM UltraGlutamine (Lonza), 
100 units/ml penicillin, 100 μg/ml streptomycin (Lonza) and 1 mg/ml doxycycline 
if required. Images were acquired at 37°C on a DeltaVision imaging system (GE 
Healthcare), upgraded with a 7 color InsightSSI Module & TruLight Illumination 
System Module using a PlanApo N 60x/1,42 objective and a CoolSnap HQ2 camera 
(Photometrics) with 2x2 binning. 

Immunoprecipitation
For the immunoprecipitation experiments, HeLa Flp-In T-REx cells were plated, 
and 2.5 mM thymidine was added the next day. Twenty-four hours later, cells were 
washed three times with medium and 0.83 μM nocodazole and 1 mg/ml doxycycline 
were added. After 16 hours, cells were harvested by mitotic shake-off. Alternatively, 
HEK293T cells were transfected with the indicated GFP-Borealin pcDNA5 plasmids 
using calcium phosphate. The following day 20 μM STLC was added. Cells were 
harvested 16 hours later. Cells were resuspended in buffer A (50 mM TRIS-HCl (pH 
7.5), 150 mM NaCl, 0.5% NP-40, 0.1% sodium deoxycholate, 40 mM B-glycerol 
phosphate, 10 mM NaF, 0.3 mM NaVO3, 100 μM ATP, 100 μM MgCl2, 100 nM okadaic 
acid and protease inhibitors (Complete)). Following lysis for 1 hour at 4°C, 120 μg/
ml RNAse and 16U/ml MNase (Sigma-Aldrich) were added and samples were 
incubated at 37°C for 20 minutes. Insoluble material was pelleted by high-speed 
centrifugation at 4°C. Supernatants were incubated with GFP-Trap (ChromoTek) for 
1.5 hours at 4°C. Beads were washed three times with buffer A. In case a kinase 
assay was subsequently performed, beads were washed twice with buffer B (10 mM 
MgCl2, 25 mM HEPES (pH 7.5), 25 mM beta-glycerolphosphate, 0.5 mM DTT, 0.5 
mM NaVO3) and incubated with recombinant histone H3 in buffer B for 30 minutes 
at 30°C. Samples were boiled for 5 minutes in standard SDS sample buffer and 
subjected to immunoblotting.

Immunoblotting
HeLa Flp-In T-REx cells were plated and siRNA transfection was performed if 
required. The next day 0.83 μM nocodazole and 1 mg/ml doxycycline were added. 
Cells were harvested by mitotic shake-off. The HCT116 TP53 KO cells without 
lentiviral transduction were plated in the presence of 0.83 μM nocodazole and 
harvested by mitotic shake-off 16 hours later. HCT116 TP53 KO cells transduced 
with lentivirus were replated 24 hours after transduction. 0.83 μM nocodazole was 
added 16 hours later for 4 hours, after which the cells were harvested. The U2-OS 
LacO cells were plated in the presence of baculoviruses and 20 μM STLC. Cells 
were harvested 16 hours later. 

Cells were lysed in Laemmli buffer and the protein concentration was determined 
by Lowry assay to ensure equal sample loading. Proteins were separated by 
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SDS-PAGE using a polyacrylamide gel or a Bolt 4–12% Bis-Tris Plus gel (Thermo 
Fisher Scientific) or a 10% polyacrylamide gel. Proteins were then transferred to 
nitrocellulose membranes using a Trans-Blot Turbo Transfer system (Bio-Rad). 
Membranes were blocked in PBST containing 3% BSA or 4% milk. Primary antibody 
incubation was performed in PBST including 3% BSA or 4% milk for ~18 hours at 
4°C. Membranes were washed three times with PBST before incubation with the 
secondary antibody diluted in PBST. Membranes were washed three times with PBS 
prior to development using ECL.

Primary antibodies used were anti-AIM1 (BD Biosciences, cat. no. 611083, mouse, 
1:250), anti-Aurora B (Millipore, cat. no. EP1009Y, rabbit, 2:1000), anti-Borealin (a 
gift from S.P. Wheatley, rabbit, polyclonal, 1:10000), anti-Survivin (R&D Systems, 
cat. no. AF886, rabbit, polyclonal, 1:10,000), anti-α-tubulin (Sigma-Aldrich, cat. 
no. T5168, mouse, 1:10,000), anti-GFP (a kind gift from Dr. G.J.P.L. Kops, rabbit, 
1:2000), anti-GFP (Roche, cat. no. 11-814-460-001, mouse, 1:1000), anti-vsv 
(Abcam, cat. no. ab19257, rabbit, 1:2500), anti-Cyclin B1 (BD Biosciences, cat. no. 
554176, mouse, 1:1000) and anti-phospho-Histone H3 (Ser10) (Merck Millipore, cat. 
no. 06–570, rabbit, polyclonal, 1:1000). 

Secondary antibodies used were goat-anti-rabbit IgG (HL)-HRP conjugate (Biorad, 
cat. no. 170-6515, 1:10000), goat-anti-mouse IgG (HL)-HRP conjugate (Biorad, cat. 
no. 170-6516, 1:10000), rabbit-anti-mouse immunoglobulins (DAKO, cat. no. p0161, 
1:2500) and swine-anti-rabbit immunoglobulins (DAKO, cat. no. p0217, 1:2500).
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Supplemental figure 3. (previous page) Controls complementing Figure 3. A) Quantifications of GFP 
levels at the LacO locus in U-2 OS cells expressing either LacI-GFP-Borealin WT or LacI-GFP-Borealin 
mutants. Cells were arrested in mitosis using STLC. The graph shows the average and standard deviation 
of at least 19 cells per condition. B-K) Quantifications of GFP (B, C, E, F, H, I), vsv (D, G, K) or H3T3ph 
(J) fluorescence intensity levels at the LacO locus in U-2 OS cells arrested in mitosis using STLC, and 
co-expressing the indicated LacI-GFP fusion proteins together with either vsv-Borealin WT or the vsv-
Borealin mutants. Graphs show the average and standard deviation of at least 12 (B), 9 (C, D), 17 (E), 14 
(F, G), 5 (H), 11 (I, J, K) cells per condition.

Cyclin B

vsv

no
 v

iru
s

vs
v-

B
or

ea
lin

 W
T

vs
v-

B
or

ea
lin

 R
11

4s
to

p

vs
v-

B
or

ea
lin

 R
20

3H

vs
v-

B
or

ea
lin

 R
24

0s
to

p

LacI-GFP

no
 v

iru
s

vs
v-

B
or

ea
lin

 W
T

vs
v-

B
or

ea
lin

 R
11

4s
to

p

vs
v-

B
or

ea
lin

 R
20

3H

vs
v-

B
or

ea
lin

 R
24

0s
to

p

Sgo1-LacI-GFP

no
 v

iru
s

vs
v-

B
or

ea
lin

 W
T

vs
v-

B
or

ea
lin

 R
11

4s
to

p

vs
v-

B
or

ea
lin

 R
20

3H

vs
v-

B
or

ea
lin

 R
24

0s
to

p
LacI-GFP

no
 v

iru
s

vs
v-

B
or

ea
lin

 W
T

vs
v-

B
or

ea
lin

 R
11

4s
to

p

vs
v-

B
or

ea
lin

 R
20

3H

vs
v-

B
or

ea
lin

 R
24

0s
to

p

LacI-GFP-Sgo2

Cyclin B

vsv
no

 v
iru

s

vs
v-

B
or

ea
lin

 W
T

vs
v-

B
or

ea
lin

 R
11

4s
to

p

vs
v-

B
or

ea
lin

 R
20

3H

vs
v-

B
or

ea
lin

 R
24

0s
to

p

LacI-GFP

no
 v

iru
s

vs
v-

B
or

ea
lin

 W
T

vs
v-

B
or

ea
lin

 R
11

4s
to

p

vs
v-

B
or

ea
lin

 R
20

3H

vs
v-

B
or

ea
lin

 R
24

0s
to

p

LacI-GFP-Haspin

Cyclin B

vsv

A B C

Supplemental figure 4. Controls complementing Figure 3 and Supplemental figure 3. A-C) 
Immunoblot of U-2 OS cells arrested in mitosis using STLC, and co-expressing the indicated LacI-GFP 
fusion proteins with either vsv-Borealin WT or the vsv-Borealin mutants. A) Immunoblot corresponding 
with Fig. 3C,F and Suppl. Fig. 3B-D. B) Immunoblot corresponding with Fig. 3D,G and and Suppl. Fig. 
3E-G. C) Immunoblot corresponding with Fig. 3E,H, I and Suppl. Fig. 3H-K.
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 exon
intron

Cas9 target site

mutation 

left homology arm 

puroR

polyA
terminator promoter

right homology arm 

Transduce baculovirus harboring 
Cas9, sgRNA and HDR template

A

B WT R114stop heterozygous (clone #4)

WT R203H heterozygous (clone #1) R203H heterozygous (clone #3)

R240 WT (clone #1) R240stop heterozygous (clone #14)

WT X163 heterozygous (clone #3) X163 heterozygous (clone #6)

X266 WT (clone #1) X266 homozygous (clone #4) X266 heterozygous (clone #10)

N267 WT (clone #8) N267N homozygous (clone #9) N267N heterozygous (clone #18)

C T G T T G A AC T G T T T CT T A CA G CA C G A A AG GT A A T A CA G GT A G AT G A A AT G AT A

114
CT GT T GA A A CT GT T T CT T A CA GCA T GA A A G GT A AT A CA G GTA GA T GA A AT GA T A GT G GA A G

114

AT T C TA G GGT CT T CA A GA C CCCT G GC CT GC GTA CT C CA GCA GCA GGA GA GC G GA T T TA CA

203
T A GG G T C T T C A A GA C CC C T G G C C T GC A T A C T C C A G C A G C A G GA GA GC G G A T T T A C A

203
T C T A G G GT C T T C A A G A C CC C T G GC C T G C GT A C T C C A GC A G C A GGA GA G C G G A T T T A C

203

A C CC A C T C C C CT T T C T A T T C A G A G C CT G C G A T T A T T G GC CA GT GA C T T G C A G A G GC

240
A C C CA CT C C CC T T T C T A T T C A G A G C CT G T G A T T A T T G GC CA GT GA CT T G CA G A G GC

240

TA C C T G A T G G C CA T T T C T TA C C T G T A G G T CA A G C C G TG C TA A CA C T G T TA C C C
X163

C A T A C C T GA T G GC C A T T T C T T A C C T G T A G G T C A A G C C G T G C T A A C A C T G T T A C C C
X163

A T A C T T G A T G GC C A T T T C T T A C C T G T A G G T C A A G C C G T G C T A A C A C T G T T A C C C C

X163

A G G C C T T G G G A A A C A T T A A G A A G C T C T C C G T A AG T C T C A T A T T C A T C T C CA C A C A T
X266

A G GC C T T G G GA A ACA T T A A G A A GC T C T C C T T A A G T C T CA T A T T CA T C T C CA CA C A T A
X266

A G G C C T T G G G A A A C A T T A A G A A GC T C T C C G T A AG T C T C A T A T T CA T C T C C A C A C A T A
X266

A A T G A C C T C T C T C C T T T T C T T T T T A G A A C C GT C T C G C C C A A A T C T G C A G C A G C A T A
267

A A T GA C CT C T CT C CT T T T C T T T T TA GA A T C GT CT C GC C C A A AT C T G CA GC A G CA T A C G G
267

A A T GA C CT C T CT C CT T T T CT T T T TA GA A T C GT CT C GC C CA A A T CT G CA GC A G CA TA C G
267
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A G GA A AA G GA A A AG G GA A A AG GT C A A G C CG T G C T A A CA C T G T T A C CC CA G C CG T G G

A G GA A AA G GA A A AG G GA A A AG G GC CT G C CGT A C T ACT GCT G T GAC CC CT C C CG CG GG C CG

A A G GA A A AG GA A A AGG GA A A AG G GT CT T CA A T A C TC CT G GT G T GA T ACT C CA G CG GCA CG

CA G T G G GC G G C G GA G A G A G C CT G CG A T T A T T G GC CA G T G A CT T G CA G A G G CA C A G T

A G T G G GC G GC G GA G A G A G C CT G CG A T T A T T G GC CA G T G A CT T G CA G A G GC A CA G T A T

CA G T G G GC G GCG GA G A G A G C CT G C G A T T A T T G GC CA G T G A C T T G C A G A G GCA CA G T

A G T G G G C G G CG G AG AG A G C C T G C G AT T A T T G G C C A G T G A C T T G C A G AG G C A C A G T A

WT WT

X163 heterozygous (clone #3)

X163 heterozygous (clone #6)

X266 WT (clone #1)

X266 homozygous (clone #4)

X266 heterozygous (clone #10)

A
X163 heterozygous (clone #3)

X163 heterozygous (clone #6)

X266 homozygous (clone #4)

X266 heterozygous (clone #10)

B

Supplemental fi gure 6. Sequencing of CDCA8 derived cDNA from knockin cell lines. A) Sanger 
sequencing of PCR products generated by PCR on cDNA from control cells and cell lines harboring 
knockin mutations at splice sites X163 and X266. The arrows indicate the fi rst nucleotide of exon 7 (left 
panel) or exon 9 (right panel). B) PCR products generated by PCR on cDNA from control cells and cell 
lines harboring knockin mutations at splice sites X163 and X266 were subcloned into pJET. Individual 
pJET transformants were Sanger sequenced and aligned to the annotated Borealin mRNA sequence. 
Each alignment shows the sequencing data from an individual transformant.

Supplemental fi gure 5. (previous page) Generation and genotyping of HCT116 TP53 KO knockin 
cell lines. A) Schematic depiction of the generation of knockin cell lines. A Cas9 target site was selected 
in the intron adjacent to the exon of interest. Note that the intron preceding or following the target 
exon was selected, depending on which intron is in closest proximity to the mutation target site. The 
puromycin resistance cassette (puroR) was introduced in the anti-sense orientation. Each homology arm 
was between 500 and 1200 basepairs in length. The Cas9 target site in the HDR template was either 
destroyed by introduction of the puromycin resistance cassette or mutated. B) Sanger sequencing of 
PCR products generated by PCR on genomic DNA identifi es the target sites for the knockin mutations in 
CDCA8 in control cells and clonal cell lines treated with baculovirus to introduce tumor-derived mutations. 
The boxes indicate the codon or nucleotide that should be changed upon successful knockin.
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Supplemental fi gure 7.  Localization of Borealin and Aurora B in HCT116 TP53 KO knockin cell lines 
and expression of vsv-Borealin WT and mutants in HCT116 TP53 KO cells. A) Immunofl uorescence 
images of prometaphase (nocodazole treated), anaphase and telophase (asynchronous) HCT116 
TP53 KO cells that have either wildtype CDCA8 alleles or that are heterozygous or homozygous for the 
indicated mutations (scale bar 5 µm). B) Immunoblot of HCT116 TP53 KO cells arrested in mitosis using 
nocodazole, and lentivirally transduced with plasmids encoding either vsv-Borealin WT or vsv-Borealin 
mutants. This immunoblot corresponds with Fig. 5B and Fig. 6H.
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Supplemental figure 8.  Chromosome segregation errors in knockin cell lines after release from 
a monastrol-induced mitotic arrest. Immunofluorescence images of HCT116 TP53 KO cells that have 
either wildtype CDCA8 alleles or that are heterozygous or homozygous were analyzed. The percentage of 
anaphases with lagging chromosomes and chromosome bridges are shown. 50 anaphases were scored 
per condition.
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Supplemental table 1. Overview of the datasets in the cBioPortal for Cancer Genomics database in 
August 2013 that were included in this study. Note that some tumor samples are included in multiple 
datasets (provisional and published).

Supplemental table 2. (next page) Overview of mutations in AURKB, INCENP, BIRC5 and CDCA8 in 
tumor samples of the cBioPortal for Cancer Genomics database (August 2013). The allele frequency 
indicates the fraction of sequence reads in which the mutation was detected. The read count indicates the 
number of sequence reads across the mutated locus. ‘Valid’ indicates that the mutation was detected a 
second time in a separate sequencing experiment. The effect of coding mutations on protein function was 
predicted using 3 webtools (MutationAssessor, PolyPhen and SIFT). Coding mutations that are predicted 
to affect protein function by at least 2 out of 3 webtools or that give rise to a premature stopcodon are 
colored green. Coding mutations that do not meet this criterium are colored in orange.

 dataset  # of samples in dataset

 Acute Myeloid Leukemia (TCGA, Provisional)  187

 Bladder Urothelial Carcinoma (TCGA, Provisional)  26

 Brain Lower Grade Glioma (TCGA, Provisional)  295

 Breast Invasive Carcinoma (TCGA, Provisional)  760

 Breast Invasive Carcinoma (TCGA, Nature 2012)  482

 Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma (TCGA, Provisional)  39

 Colorectal Adenocarcinoma (TCGA, Nature 2012)  212

 Colorectal Adenocarcinoma (Genentech, Nature 2012)  72

 Glioblastoma (TCGA, Nature 2008)  91

 Glioblastoma Multiforme (TCGA, Provisional)  236

 Head and Neck Squamous Cell Carcinoma (TCGA, Provisional)  279

 Kidney Renal Clear Cell Carcinoma (TCGA, Provisional)  290

 Kidney Renal Clear Cell Carcinoma (TCGA, Nature 2013)  418

 Kidney Renal Papillary Cell Carcinoma (TCGA, Provisional)  111

 Lung Adenocarcinoma (TSP, Nature 2008)  163

 Lung Adenocarcinoma (Broad, Cell 2012)  182

 Lung Adenocarcinoma (TCGA, Provisional)  129

 Lung Squamous Cell Carcinoma (TCGA, Provisional)  178

 Ovarian Serous Cystadenocarcinoma (TCGA, Nature 2011)  563

 Prostate Adenocarcinoma (TCGA, Provisional)  260

 Prostate Adenocarcinoma (MSKCC, Cancer Cell 2010)  216

 Sarcoma (MSKCC/Broad, Nature Genetics 2010)  207

 Skin Cutaneous Melanoma (TCGA, Provisional)  228

 Stomach Adenocarcinoma (TCGA, Provisional)  219

 Thyroid Carcinoma (TCGA, Provisional)  450

 Uterine Corpus Endometrial Carcinoma (TCGA, Provisional)  240
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AURKB
cancer type mutation allele freq/valid read count MutationAssessor PolyPhen SIFT
Acute myeloid leukemia R147W valid not disclosed low benign affect protein function
Bladder urothelial carcinoma S37Y 0.17 66 low possibly damaging affect protein function
Breast invasive carcinoma I128T unknown unknown low probably damaging affect protein function
Colon and rectum adenocarcinoma R123H valid not disclosed low probably damaging affect protein function
Colorectal cancer H133Y valid not disclosed neutral benign tolerated
Glioblastoma V57M valid not disclosed neutral benign tolerated
Head and neck squamous cell carcinoma S45P 0.25 64 low benign tolerated
Head and neck squamous cell carcinoma M244I 0.18 78 neutral possibly damaging affect protein function
Head and neck squamous cell carcinoma R95W 0.3 43 medium probably damaging affect protein function
Kidney renal clear cell carcinoma P158A unknown unknown neutral benign tolerated
Kidney renal papillary cell carcinoma R284H 0.11 28 low probably damaging affect protein function
Lung adenocarcinoma E274Q unknown unknown low possibly damaging tolerated
Skin cuteneaus melanoma N251K 0.19 140 low possibly damaging affect protein function
Skin cuteneaus melanoma S313L 0.37 41 low benign tolerated
Stomach adenocarcinoma A300V 0.21 64 low possibly damaging affect protein function
Stomach adenocarcinoma S313L 0.46 28 low benign tolerated
Stomach adenocarcinoma G235D 0.28 118 high probably damaging affect protein function
Stomach adenocarcinoma R139C 0.32 38 medium probably damaging affect protein function
Uterine corpus endometrial carcinoma A294T 0.29 49 neutral benign tolerated
Uterine corpus endometrial carcinoma R284H 0.37 27 low probably damaging affect protein function
Uterine corpus endometrial carcinoma R139C 0.22 64 medium probably damaging affect protein function
Uterine corpus endometrial carcinoma R27Q 0.24 327 neutral possibly damaging tolerated

INCENP
cancer type mutation allele freq/valid read count MutationAssessor PolyPhen SIFT
Breast invasive carcinoma I171V unknown unknown low benign tolerated
Breast invasive carcinoma S481L unknown unknown neutral benign tolerated
Colon and rectum adenocarcinoma R122Q valid not disclosed low benign tolerated
Colorectal cancer R577C valid not disclosed medium probably damaging affect protein function
Colorectal cancer R451H valid not disclosed medium probably damaging tolerated
Glioblastoma multiforme X355_splice unknown unknown - - -
Head and neck squamous cell carcinoma E380K 0.22 60 neutral benign tolerated
Kidney renal clear cell carcinoma L492P 0.3 118 medium benign tolerated
Kidney renal clear cell carcinoma T298M 0.26 136 neutral benign tolerated
Kidney renal clear cell carcinoma T298S 0.26 133 neutral benign tolerated
Kidney renal clear cell carcinoma G118D 0.43 7 medium probably damaging tolerated
Kidney renal papillary cell carcinoma K761del 0.47 15 - - -
Lung adenocarcinoma A260V unknown unknown low benign tolerated
Lung adenocarcinoma K778N unknown unknown low probably damaging tolerated
Lung adenocarcinoma V332F unknown unknown medium possibly damaging tolerated
Lung adenocarcinoma E13K unknown unknown low probably damaging tolerated
Lung adenocarcinoma D435Y unknown unknown low possibly damaging tolerated
Lung adenocarcinoma E634* unknown unknown
Lung adenocarcinoma P310Q unknown unknown low possibly damaging tolerated
Lung squamous cell carcinoma R176P 0.15 87 low possibly damaging tolerated
Skin cuteneaus melanoma S119F 0.37 62 medium probably damaging tolerated
Skin cuteneaus melanoma R43H 0.44 52 medium probably damaging affect protein function
Skin cuteneaus melanoma P378I 0.26 38 undetermined benign tolerated
Skin cuteneaus melanoma R725W 0.29 14 neutral possibly damaging affect protein function
Skin cuteneaus melanoma S481L 0.47 32 neutral benign tolerated
Stomach adenocarcinoma E561del 0.33 42 - - -
Stomach adenocarcinoma K342N 0.18 66 medium possibly damaging affect protein function
Stomach adenocarcinoma R555C 0.17 54 medium possibly damaging affect protein function
Stomach adenocarcinoma P270Q 0.29 110 medium possibly damaging tolerated
Stomach adenocarcinoma S255P 0.29 149 low probably damaging tolerated
Stomach adenocarcinoma T292M 0.13 179 neutral benign tolerated
Stomach adenocarcinoma S188Y 0.4 65 low possibly damaging affect protein function
Stomach adenocarcinoma E757K 0.14 24 low probably damaging tolerated
Uterine corpus endometrial carcinoma D268G 0.28 58 medium benign tolerated
Uterine corpus endometrial carcinoma A905T 0.44 39 neutral possibly damaging tolerated
Uterine corpus endometrial carcinoma P425L 0.38 45 low benign tolerated
Uterine corpus endometrial carcinoma R564Q 0.27 122 medium probably damaging tolerated
Uterine corpus endometrial carcinoma R126H 0.67 9 medium probably damaging affect protein function
Uterine corpus endometrial carcinoma G172S 0.5 26 neutral benign tolerated

BIRC5
cancer type mutation allele freq/valid read count MutationAssessor PolyPhen SIFT
Colorectal cancer D70Y unknown unknown medium probably damaging affect protein function
Kidney renal papillary cell carcinoma E95K 0.25 109 low benign tolerated
Skin cuteneaus melanoma A140V 0.66 38 undetermined benign tolerated
Stomach adenocarcinoma M141V 0.1 50 neutral benign tolerated
Uterine corpus endometrial carcinoma P52Q 0.36 11 medium probably damaging tolerated
Uterine corpus endometrial carcinoma I74V 0.13 55 neutral benign tolerated

CDCA8
cancer type mutation allele freq/valid read count MutationAssessor PolyPhen SIFT
Breast invasive carcinoma E237K 0.87 22 low benign tolerated
Colon and rectum adenocarcinoma R114* valid not disclosed - - -
Colon and rectum adenocarcinoma R176Q valid not disclosed medium probably damaging tolerated
Colon and rectum adenocarcinoma R240Q valid not disclosed low probably damaging tolerated
Kidney renal papillary cell carcinoma H279Y 0.23 67 neutral benign tolerated
Lung squamous cell carcinoma G201D 0.32 93 low probably damaging tolerated
Skin cuteneaus melanoma X163_splice 0.48 130 - - -
Stomach adenocarcinoma R240* 0.26 119 - - -
Uterine corpus endometrial carcinoma A86V 0.33 24 medium possibly damaging tolerated
Uterine corpus endometrial carcinoma R268C 0.34 116 low probably damaging affect protein function
Uterine corpus endometrial carcinoma R176Q 0.14 169 medium probably damaging tolerated
Uterine corpus endometrial carcinoma R203H 0.33 43 medium probably damaging affect protein function
Uterine corpus endometrial carcinoma E126D 0.25 261 low possibly damaging tolerated
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Supplemental table 3. Overview of the number of Borealin knockin cell lines in the HCT116 TP53 
KO background that have either heterozygous or homozygous mutations in CDCA8, or that have 
not incorporated the mutation in CDCA8 (WT). Unless otherwise indicated (no puroR), the latter have 
introduced the puromycin resistance cassette at the intended intronic locus.

mutation WT clones heterozygous clones homozygous clones

R114stop 1 (no puroR) 1 -

R203H - 2 -

R240stop 1 1 -

X163 - 2 -

X266 1 1 1

N267N 1 1 1
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 mutation  R114stop  R203H  R240stop  X163  X266  N267N

 sgRNA sequence  TGTGCATTCA 
 CATTTCTTAT

 AGGCCAGAG
 TAAGGTTAAAA

 AGGATATCAG 
 GGGAACCTAG

 AGCAGCAGAG 
 GAGTGACACG

 ATGCCTCCAG 
 TAGCTTTCTT

 GAGGGGCT 
 CAGGCTG 
 ACTGT

 left homology arm primer 1  AAACTCAAGA 
 CCCGTGTGCG

 TGGGGAGGA 
 GAGCAAGAA 
 GT

 TCTGTTCAT 
 CAACTAACATT 
 TGCCC

 AGCTACCCCA 
 TAGCTCGTCA

 CCATCCGATT 
 GTAGTAGG 
 CCC

 ACCACACCTC 
 CAATCCCAAC

 left homology arm primer 2  GGAATAAAATG 
 TACACAATCTT 
 AAGCTGCAAG 
 CAAGAAATGG

 CCTTACTCTG 
 GCCTCAAGT 
 TGC

 TGATATCCTG 
 CACTTAGTG 
 GTGG

 CAGAGGAGTG 
 ACACGTGCA 
 GAG

 AAGAAAGC 
 TACTGGAGG 
 CATCC

 GTCAGCCT 
 GAGCCCCTC 
 CATTC

 right homology arm primer 1  TATAAGAAAT 
 GTGAATGCA 
 CAAAACTTT

 TTAAAATGG 
 CCTATAGAGTT 
 TGGTGTC

 GGGGAACC 
 TAGGGCTTC 
 CGG

 GCCTTCGTG 
 GAACCTGA 
 GAG

 GGGCTACCTT 
 TATTTAGGATT 
 GTCTTTTG

 TGTGGGAGG 
 CCAAGGGG

 right homology arm primer 2  ATGCAATTGG 
 CATGTGCTCC

 ACTAAGCGCA 
 TACCTCGGTG

 TGGCGGAGC 
 CATTACATTCT

 AGGC 
 CAAAAACGT 
 CACCTAGA

 CCTGGCG 
 GAGCCAT 
 TACATT

 TCATGAGTGC 
 GAGAGGG 
 TAGA

 primer 1 in puromycin 
 resistance cassette

 TCCACACCCT 
 AACTGACACA

 TCCACACCC 
 TAACTGACACA

 TCCACACCCT 
 AACTGACACA

 TCCACACCC 
 TAACTGACACA

 CTGCAACT 
 TACCTCCG 
 GGAT

 TCCACACCCT 
 AACTGACACA

 primer 1 for determining 
 zygosity

 TATAAGAAAT 
 GTGAATGCA 
 CAAAACTTT

 TTAAAATGG 
 CCTATAGAGTT 
 TGGTGTC

 GGGGAACC 
 TAGGGGTTC 
 CGG

 GCCTTCGTG 
 GAACCTGA 
 GAG

 AAGAAAGC 
 TACTGGAGG 
 CATCC

 TGTGGGAGG 
 CCAAGGGG

 primer 2 for determining 
 introduction of the 
 puromycin resistance 
 cassette or zygosity

 ACCATCTC 
 CACTCCCA 
 CACT

 AAAGCTGAAG 
 GCACAGCTCA

 CAGCACTGGG 
 CCTATGTTCA

 TGATTTGAAT 
 CAGAAAAGG 
 CCAA

 GGCCCAGACT 
 GCAAAGATCG

 TCCCTAAGTC 
 CCACTGACCA

Supplemental table 4. Overview of the nucleotide sequences used for generating and characterizing 
the knockin cell lines. The sgRNA sequence determines the Cas9 restriction site. Left and right 
homology arm primers 1 and 2 determine the genomic regions that were amplified by PCR to serve as 
left and right homology arms. ‘Primer 1 in puromycin resistance cassette’ was used in combination with 
‘primer 2 for determining introduction of the puromycin resistance cassette or zygosity’, which only gives a 
PCR product if the puromycin resistance cassette is introduced at the intended intronic locus. ‘Primer 1 for 
determining zygosity’ was used in combination with ‘primer 2 for determining introduction of the puromycin 
resistance cassette or zygosity’, which amplifies all alleles at the mutation target site, irrespective of 
introduction of the puromycin resistance cassette at the intended intronic locus.
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Introduction
Chromosomal instability (CIN) is a type of genomic instability whereby cells 
continuously mis-segregate whole chromosomes during cell division, thereby giving 
rise to progeny that have a karyotype deviating from the normal 2n chromosome 
content. This aneuploid state is a common characteristic of cancer cells, and is 
associated with poor prognosis (Magennis, 1997; Nakamura et al., 2003; Walther et 
al., 2008). One of the key players in safeguarding faithful chromosome segregation is 
Aurora B kinase, the enzymatic component of the chromosomal passenger complex 
(CPC). During (pro)metaphase the CPC is recruited to a specialized chromatin 
region referred to as the inner centromere, and this typical localization of Aurora B 
has always been considered important for its function as a regulator of kinetochore 
microtubule (kMT) turnover (Cheeseman et al., 2006; DeLuca et al., 2006; Welburn 
et al., 2010). Inner centromere localization of the CPC is controlled by the kinase 
activities of Haspin and Bub1 (Jeyaprakash et al., 2011; Kawashima et al., 2007; 
Kawashima et al., 2010; Kelly et al., 2010; Niedzialkowska et al., 2012; Tsukahara 
et al., 2010; Wang et al., 2010; Yamagishi et al., 2010). The research described in 
this thesis provides novel insights into the regulation and relevance of Aurora B inner 
centromere positioning.

Through endogenous tagging of Haspin, we were for the first time able to visualize 
endogenous Haspin by fluorescence microscopy, and we showed that Haspin 
interacts with the cohesin-associated protein Pds5B (chapter 2). We also found that, 
instead of converging to localize a functional CPC pool to the inner centromere, 
Haspin and Bub1 appear to each recruit a functional CPC pool to centromeric 
chromatin (chapter 3). Surprisingly, the combined loss of Haspin and Bub1 activity, 
which dramatically reduced Aurora B levels at the centromere, caused a relatively 
mild defect in chromosome segregation in comparison to Aurora B kinase inhibition. 
This implies that some (residual) active Aurora B is still present in Bub1-inhibited 
Haspin knockout (KO) cells, and that Aurora B activation in cells does not necessarily 
require its clustering at the (inner) centromere (Kelly et al., 2010; Kelly et al., 2007; 
Wang et al., 2011a). Finally, we tested the hypothesis that a crippled CPC might be 
the underlying cause of CIN in certain tumors (chapter 4) and investigated the effect 
of tumor-specific mutations in the CPC-subunit Borealin on chromosome segregation 
(chapter 5). A subset of these mutations strongly perturbed chromosome segregation 
fidelity when the endogenous protein was replaced by the mutant protein. Notably, 
for some mutations the disturbed CPC function correlated with altered localization, 
suggesting that this change in CPC localization may underlie the inability of these 
Borealin mutants to support faithful chromosome segregation. This seems to be at 
odds with our findings in chapter 3, implying that fully delocalized CPC can still exert a 
level of Aurora B activity that can moderate the severity of CIN. A possible explanation 
for these contradictory findings is discussed below. Because the identified Borealin 
mutations are heterozygous in tumors, we generated knockin cell lines to further 
explore if these mutations could induce CIN in the presence of a remaining wildtype 
allele. We did not observe chromosome segregation errors in heterozygous mutant 
cell lines, indicating that haploinsufficiency does not occur when one CDCA8 allele 
(encoding Borealin) loses its function and that there is no considerable dominant 
negative effect of the mutant alleles.
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The spatial separation model for tension-based stabilization of kinetochore-
microtubule attachments
As explained several times in this thesis, chromosome bi-orientation is a prerequisite 
for error-free chromosome segregation and it means that the kinetochores of the 
sister chromatids need to become attached to microtubules emanating from opposite 
poles of the mitotic spindle prior to anaphase onset. Through phosphorylation of outer 
kinetochore proteins that directly bind to spindle microtubules, such as components 
of the KMN network (particularly Hec1/Ndc80), Aurora B lowers their microtubule 
binding affinity and as such creates a dynamic kinetochore-microtubule (KT-MT) 
interface where individual microtubules continuously bind the kinetochore and are 
rapidly released. This high kMT turnover helps to resolve “unwanted” non-bipolar 
KT-MT interactions, such as syntelic (sister-kinetochores are bound by microtubules 
from the same pole) and merotelic (one of the sister kinetochores is bound by 
microtubules from opposite spindle poles) attachments, that would otherwise give rise 
to mis-segregating chromosomes in anaphase, resulting in aneuploid daughter cells 
(Thompson et al., 2010). This process is frequently referred to as “error correction”. 
A consequence of kMT detachment is an unattached kinetochore that activates the 
mitotic checkpoint, a surveillance mechanism that prevents the onset of anaphase 
until all kinetochores have become stably connected to microtubules of the mitotic 
spindle (Musacchio, 2015). Aurora B also contributes to the mitotic checkpoint in a 
more direct manner by facilitating the rapid kinetochore recruitment of the essential 
checkpoint kinase Mps1 at the onset of mitosis (Santaguida et al., 2011; Saurin et 
al., 2011). This dual activity of Aurora B ensures that bi-oriented attachments can be 
established before anaphase onset. Obviously, kMT turnover needs to eventually 
diminish to allow the stabilization of bi-oriented attachments and silencing of the 
mitotic checkpoint. The switch from dynamic to more stable kMT interactions on 
bi-oriented chromosomes is accompanied by tension across and within the sister-
kinetochores (Ault & Nicklas, 1989; Maresca & Salmon, 2009; Nicklas & Koch, 1969; 
Uchida et al., 2009). Tension is generated by opposing microtubule pulling forces 
that are counteracted by centromeric cohesin, which holds the sister chromatids 
together, as well as by the inner kinetochore proteins CENP-T, CENP-H/I/K/M, 
and CENP-C, which act as linkers between the core centromere protein CENP-A 
and the microtubule binding site of the kinetochore Hec1/Ndc80 (Ault & Nicklas, 
1989; Musacchio & Desai, 2017; Nicklas & Koch, 1969; Suzuki et al., 2014). At 
least in vitro, tension itself stabilizes KT-MT attachments through a catch-bond like 
mechanism (Akiyoshi et al., 2010). Yet, tension also increases the distance between 
the sister-kinetochores, as well as between the inner centromere where Aurora 
B is localized, and the outer kinetochore where its MT binding substrates reside 
(Wan et al., 2009). This gave rise to the “spatial separation model”, which explains 
the stability of KT-MT attachments by the proximity of Aurora B to its kinetochore 
substrates: mal-attachments are destabilized because Aurora B can reach its outer 
kinetochore substrates and phosphorylate them, while bi-oriented (amphitelic) 
attachments are stabilized because the opposing microtubules pulling forces 
generated on bi-oriented chromosomes pull the outer kinetochore substrates out of 
the sphere of influence of Aurora B (Andrews et al., 2004; Liu et al., 2009; Tanaka et 
al., 2002). Indeed, a FRET-based biosensor for Aurora B activity is phosphorylated 
on bi-oriented sister chromatids when placed at the centromere, but not when it is 
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positioned at the kinetochore (Liu et al., 2009). Similarly, the level of phosphorylation 
of endogenous Aurora B kinetochore substrates, such as Hec1/Ndc80, goes down 
upon microtubule attachment and the generation of tension across kinetochores 
(DeLuca et al., 2011; Welburn et al., 2010), while hyperstretching of the kinetochore, 
which occurs in cells lacking CENP-T or CENP-C, causes an even greater reduction 
in Hec1/Ndc80 phosphorylation (Suzuki et al., 2014). These data seem to be in 
line with the view that the distance between Aurora B and its substrate contributes 
to the level of phosphorylation of that substrate after bi-orientation. This is further 
substantiated by the observation that the central region of INCENP is a ~32 nm 
single alpha helix (SAH) that might stretch up to 80 nm under physiological forces 
(Peckham & Knight, 2009; Samejima et al., 2015). This extensible SAH connects 
the N-terminal centromere binding domain of INCENP with its C-terminal Aurora B 
binding domain, and may act as a “dog-leash” allowing Aurora B to phosphorylate its 
outer kinetochore substrates, while being tethered to the inner centromere (Krenn & 
Musacchio, 2015; Samejima et al., 2015). In line with this idea, deletion of the SAH 
affected Aurora B-mediated phosphorylation of outer kinetochore substrates but not 
of inner centromere-proximal substrates (Samejima et al., 2015; Wheelock et al., 
2017).

CPC positioning at the inner centromere 
A key condition of the tension-based spatial separation model is the confined 
localization of Aurora B to the inner centromere. This localization concurrently 
facilitates CPC clustering, which is considered important for kinase activation (Kelly 
et al., 2010; Kelly et al., 2007; Wang et al., 2011a), and places Aurora B in close 
proximity of its substrates at the kinetochore to mediate their phosphorylation. Inner 
centromere localization of the CPC is orchestrated by two histone kinases, Haspin 
and Bub1, which are conserved among species (chapter 1). Haspin phosphorylates 
histone H3 at threonine 3 (H3T3ph), which directly binds the CPC subunit Survivin (De 
Antoni et al., 2012; Wang et al., 2010; Wang et al., 2012). The localization of Haspin 
follows cohesin distribution during mitosis, as it binds the cohesin-associated proteins 
Pds5A/B (chapter 2) (Carretero et al., 2013; Goto et al., 2017; Yamagishi et al., 2010; 
Zhou et al., 2017). As a result, H3T3ph is observed along the inter-sister chromatid 
region in early mitosis, but becomes concentrated at the inner centromere as cohesin 
is removed from the chromosome arms during prophase (Dai et al., 2005; Yamagishi 
et al., 2010). Bub1 is recruited to the kinetochore by docking on Knl1 and mediates 
phosphorylation of histone H2A at threonine 120 (H2AT120ph), which interacts with 
the Borealin subunit of the CPC via the Shugoshin (Sgo) proteins, Sgo1 and Sgo2 
(Kawashima et al., 2007; Kawashima et al., 2010; Tsukahara et al., 2010; Yamagishi 
et al., 2010). Together, Haspin and Bub1 control Aurora B distribution along the inter-
sister chromatid axis and the inter-kinetochore axis, and the final overlap of H3T3ph 
and H2AT120ph was proposed to define inner centromere accumulation of the CPC 
(Yamagishi et al., 2010). In chapter 3, we confirm that Haspin KO or inhibition of 
Bub1 kinase activity impairs the inner centromere positioning of the CPC. However, 
despite this mis-localization, chromosome segregation was surprisingly accurate. In 
combination with analysis of Aurora B localization to Haspin and Bub1 which were 
tethered to an ectopic chromosome locus, this led us to conclude that either Haspin 
or Bub1 suffices to recruit a CPC pool to the centromere that is sufficiently active 
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to mediate error correction and mitotic checkpoint activity to support chromosome 
segregation in otherwise unchallenged cells. In fact, we revealed a small Bub1-
dependent kinetochore-proximal pool of Aurora B in Haspin KO cells, that we also 
frequently detected on chromosomes of Haspin and Bub1-proficient cells. Of note, 
in contrast to non-phospho-specific Aurora B antibodies, phospho-specific Aurora B 
antibodies detect a small but highly active pool of Aurora B at the outer-kinetochore 
(DeLuca et al., 2011). Knockdown of either Knl1 or Bub1 abolishes this pool (Caldas 
et al., 2013). It is tempting to speculate that the distinct Bub1 kinase-dependent pool 
we observed in Haspin KO cells represent this active pool of Aurora B. However, 
based on the observation that the Aurora B population in Haspin KO cells overlaps 
with the inner kinetochore protein CENP-C and hence is not localized to the outer-
kinetochore argues against this possibility. Whether this potential outer-KT localized 
pool of Aurora B represents a third population of Aurora B remains to be resolved. 
Collectively, the existence of different Aurora B pools makes it difficult to explain 
tension-dependent KT phosphorylation by spatial separation; it suggests that 
precise inner centromere accumulation of Aurora B may not be as essential for CPC-
dependent regulation of KT-MT attachments as initially thought. 

Is CPC confinement to the inner centromere required to form stable KT-MT 
attachments upon bi-orientation?
The spatial separation model predicts that placement of Aurora B closer to the 
outer kinetochore would hamper stabilization of bi-oriented kMTs. By replacing the 
N-terminal (Survivin and Borealin binding) inner centromere-targeting domain of 
INCENP with the centromere-binding domain of CENP-B (CB-INCENP) or with the 
kinetochore protein Mis12 (Mis12-INCENP), it is possible to target Aurora B close 
to or at the kinetochore, respectively (Liu et al., 2009). In both cases, chromosomes 
initially bi-orient but are not retained in the metaphase plate. This phenotype was 
interpreted as ongoing destabilization of amphitelically attached kMTs by kinetochore-
proximal Aurora B (Liu et al., 2009). However, it was later shown that Hec1/Ndc80 
can be dephosphorylated and bi-oriented attachments can be stabilized in cells 
with kinetochore-proximal Aurora B if cohesin removal is prevented via depletion 
of Wapl (Hengeveld et al., 2017). The absence of the CEN module of the CPC, 
comprising the INCENP N-terminus, Survivin and Borealin, appeared to weaken 
centromere cohesion and to accelerate cohesion fatigue, causing sister chromatids 
to separate before anaphase (Daum et al., 2011; Hengeveld et al., 2012). These 
data suggested that inner centromere localization of Aurora B is not a prerequisite 
for the destabilization of erroneous KT-MT attachments nor for the stabilization of 
correct KT-MT attachments, in line with earlier observations in budding yeast. Here, 
deletion of the centromere-targeting domain of the INCENP homolog Sli15 causes 
the CPC to localize to the mitotic spindle and to kinetochores, instead of to the 
inner centromere. Even though this alternative localization would preclude spatial 
separation between the CPC and kinetochores upon bi-orientation, these cells did 
not show severe defects in chromosome segregation, suggesting that stable kMT 
interactions could be formed (Campbell & Desai, 2013). Together, these data show 
that kMT turnover can be dampened despite the presence of Aurora B at or close to 
kinetochores.
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Is CPC accumulation at the centromere essential for destabilization of KT-MT 
attachments?
The data described above indicate that inner centromere localization of the CPC 
is not required to permit the dephosphorylation of Aurora B kinetochore substrates 
after amphitelic attachment and to promote the stabilization of these correct KT-
MT attachments. Still, CPC accumulation at the (inner) centromere may serve to 
facilitate kMT turnover before bi-orientation is reached, thereby preventing premature 
stabilization of incorrect KT-MT attachments. If so, then delocalization of the CPC 
from centromeres would be expected to result in the stabilization of erroneous KT-
MT attachments and give rise to severe chromosome segregation errors, similar to 
Aurora B inhibition or depletion of CPC subunits (Cimini et al., 2006; Ditchfield et 
al., 2003; Hauf et al., 2003; Honda et al., 2003b; Lens et al., 2006). Indeed, in cells 
lacking endogenous INCENP, expression of an INCENP mutant lacking its N-terminal 
centromere-targeting domain (referred to as dCEN-INCENP) fails to rescue any 
Aurora B function and these cells display severe chromosome congression and 
segregation defects (Hengeveld et al., 2017; Honda et al., 2003b; Kelly et al., 2007; 
Vader et al., 2006). Combined loss of Haspin and Bub1 inhibition also precludes 
any apparent CPC concentration at the centromere and increases the frequency 
of chromosome segregation errors during mitosis (chapter 3). To our surprise, 
though, the mitotic defects were relatively mild compared to inhibition of Aurora B 
kinase activity. Whereas Aurora B inhibition prevented chromosome alignment and 
caused mitotic exit without discernable anaphase, Haspin KO cells treated with the 
Bub1 inhibitor BAY-320 were able to align their chromosomes and displayed clear 
separation of sister chromatids during anaphase, but showed an increased frequency 
of cells with lagging chromosomes. This suggests that even without any centromere 
accumulation, residual Aurora B activity towards KT substrates supports a level of 
kMT turnover that allows at least some error correction. Indeed, we found that the 
outer kinetochore Aurora B substrate Dsn1 was phosphorylated despite the absence 
of centromere accumulation of Aurora B, inferring that Aurora B is still activated (Fig. 
1). Low levels of Aurora B were observed on the chromatin in Haspin KO cells treated 
with Bub1 inhibitor, and this chromatin-localization might cluster the CPC sufficiently 
to activate Aurora B. Possibly, this also explains the different phenotypes resulting 
from Aurora B delocalization by expression of dCEN-INCENP (Hengeveld et al., 
2017; Kelly et al., 2007; Vader et al., 2006) and loss of Haspin combined with Bub1 
inhibition: dCEN-INCENP may preclude CPC clustering on the chromatin. If so, this 
suggests that the CEN module of the CPC may have some intrinsic affinity for the 
chromatin. This is in line with data showing that purified Borealin can directly bind to 
DNA in vitro, and can co-recruit Survivin and an N-terminal fragment of INCENP to 
the DNA (Klein et al., 2006). It is currently unclear whether the increased frequency 
in lagging chromosomes observed in the Bub1-inhibited Haspin KO cells is caused 
by incomplete Aurora B activation due to suboptimal clustering, or by reduced 
centromere localization of fully activated Aurora B. Data from X. laevis egg extracts 
however suggest that antibody-mediated clustering of cytosolic CPC lacking the 
CEN module is not sufficient for error-free chromosome segregation (Haase et al., 
2017) despite activation of the kinase, indicating that there is still a requirement for 
chromatin localization of the CPC. 
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Figure 1. CPC localization in untreated wildtype cells, Bub1 inhibited wildtype cells, untreated 
Haspin KO cells, or Bub1-inhibited Haspin KO cells. Schematic depiction of CPC localization in 
untreated wildtype cells, Bub1 inhibited wildtype cells, untreated Haspin KO cells, or Bub1-inhibited 
Haspin KO cells. Note that the kinetochore-proximal CPC pool in untreated wildtype cells is not always 
visible by immunofl uorescence microscopy, but was detected in the majority of wildtype HCT116 cells 
in chromosome spreads (chapter 3). The amount and distribution of cohesin depicted in each condition 
is deduced from previous publications (Dai et al., 2006; Kitajima et al., 2005; Liang et al., 2018; Zhou 
et al., 2017) and the inter-kinetochore distances measured in chapter 3. Various CPC functions are 
listed, and we have indicated if these functions are aff ected based on our data and data published by 
others. 1) The number of lagging chromosomes in anaphase is increased in wildtype cells after monastrol 
washout compared to asynchronously proliferating cells. 2) Bub1-inhibited cells make more chromosome 
segregation errors when treated with a low dose of paclitaxel compared to cells which were not treated with 
Bub1 inhibitor (Baron et al., 2016). Note that we did not observe a diff erence in chromosome alignment 
one hour after nocodazole washout into MG132 in Bub1-inhibited cells compared to cells which were 
not treated with Bub1 inhibitor (chapter 3), but it is likely that there is a diff erence in time to alignment. 
3) Chromosome alignment was reduced one hour after nocodazole washout into MG132 in Haspin KO 
cells compared to wildtype cells (chapter 3). Also, Haspin KO cells make more chromosome segregation 
errors after STLC washout compared to wildtype cells (Zhou et al., 2017). 4) Chromosome alignment was 
reduced one hour after nocodazole washout into MG132 in Bub1-inhibited Haspin KO cells compared 
to wildtype cells without Bub1 inhibition, Bub1-inhibited wildtype cells and Haspin KO cells without Bub1 
inhibition.

How does Aurora B delocalization aff ect regulation of KT-MT stability?
Compared to wildtype cells, Bub1-inhibited Haspin KO cells displayed an increase in 
chromosome segregation errors and premature exit from a paclitaxel-induced mitotic 
arrest, likely due to reduced error correction effi  ciency. Surprisingly, phosphorylated 
Dsn1 at unattached kinetochores was comparable in wildtype and Haspin KO, 
Bub1-inhibited cells (chapter 3) (Fig. 1). This indicates that Dsn1 phosphorylation 
status does not properly refl ect the stability of KT-MT attachments. It is likely that 
phosphoregulation of other Aurora B substrates that contribute to kMT turnover is 
perturbed, and that this underlies the error correction defect in Haspin KO, Bub1-
inhibited cells. 
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One possibility is that phosphoregulation of the microtubule binding protein Hec1/
Ndc80 may be altered in Haspin KO cells treated with Bub1-inhibitor, and could 
explain the chromosome segregation defects in these cells. Phosphorylation of 
the N-terminal tail of Hec1/Ndc80 is high in prometaphase, and low in metaphase 
(DeLuca et al., 2011), suggesting some regulation by either tension or KT-MT 
attachment. Moreover, it was recently shown that the fraction of Ndc80 complexes 
(which consists of Hec1/Ndc80, Nuf2, Spc24 and Spc25 (Ciferri et al., 2007)) that 
is bound to microtubules correlates with centromere tension (Yoo et al., 2018). 
Interestingly, inhibition of Haspin using the small molecule inhibitor 5-ITu created 
a situation where Ndc80 complexes bound the same number of microtubules as 
uninhibited cells under low tension, but this number did not change with increasing 
tension across the centromere. This means that microtubule binding by the Ndc80 
complex is no longer tension sensitive when Haspin was inhibited (Yoo et al., 2018). 
Aurora B kinase inhibition further increased the fraction of Ndc80 complexes bound 
to microtubules (Yoo et al., 2018), indicating that there is some basal Aurora B activity 
towards Hec1/Ndc80 in Haspin-inhibited cells. Indeed, overall phosphorylation 
of an Aurora B FRET sensor targeted to the outer kinetochore by fusion to the 
Ndc80 complex member Nuf2 was not affected by Haspin inhibition. This raises 
the interesting possibility that a specific Haspin-localized pool of Aurora B may be 
required for tension-dependent phosphoregulation of the Ndc80 complex. Although 
chromosome segregation fidelity in Haspin-inhibited cells was not determined in this 
study, we and others have shown that Haspin KO does not cause chromosome 
segregation defects in unperturbed mitosis (chapter 3) (Zhou et al., 2017). Together, 
these data indicate that despite a loss of tension-dependent regulation of KT-MT 
attachment in the absence of Haspin activity, basal Aurora B activity can facilitate 
chromosome bi-orientation in otherwise unchallenged cells (Fig. 1). However, the 
notion that Haspin KO cells have more difficulties to timely correct an increased 
number of erroneous attachments (chapter 3) (Zhou et al., 2017) suggests that 
tension-sensitive regulation of KT-MT attachment stability may be required to 
efficiently resolve erroneous KT-MT connections or that the remaining pool of active 
Aurora B is simply not sufficient to cope with this more challenging situation (Fig. 2). 
In contrast to Haspin KO cells, which do not mis-segregate their chromosomes in 
unchallenged mitoses, anaphase lagging chromosomes were frequently observed 
in Bub1-inhibited Haspin KO cells (Fig. 1, 2). This could mean that the basal activity 
of Aurora B towards Hec1/ Ndc80 may be lower in the Bub1-inhibited Haspin KO 
cells compared to the Haspin KO, and insufficient to support bi-orientation even in 
unchallenged cells. Alternatively, loss of Aurora B accumulation at the centromere by 
Bub1-inhibition in Haspin KO cells could cause deregulation of other substrates that 
control kMT turnover in addition to Hec1/Ndc80 and thereby induces chromosome 
segregation errors.

The microtubule-depolymerizing kinesins KIF2B and MCAK promote kMT turnover in 
prometaphase and metaphase, respectively (Andrews et al., 2004; Bakhoum et al., 
2009b; Kline-Smith et al., 2004; Maney et al., 1998; Manning et al., 2010; Walczak et 
al., 2002) and knockdown of either KIF2B or MCAK gives rise to lagging chromosomes 
in anaphase (Bakhoum et al., 2009b; Maney et al., 1998). Both KIF2B localization 
to kinetochores and MCAK localization to centromeres is promoted by Aurora B 
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chromosome segregation fidelity in anaphase. When error correction efficiency is reduced by for example 
Bub1 inhibition or Haspin KO in unchallenged cells, the correction of erroneous KT-MT attachments 
may still be higher than the formation of erroneous KT-MT attachments, and therefore chromosome 
segregation fidelity in unchallenged mitosis may be largely unaffected. A further reduction in error 
correction efficiency, for instance through Bub1 inhibition in Haspin KO cells, may induce chromosome 
segregation errors because the formation of erroneous KT-MT attachments may outweigh the correction 
of these attachments. When cells are challenged in mitosis by for example monastrol, nocodazole or STLC 
washout, the formation of erroneous KT-MT attachments is increased, causing chromosome segregation 
errors in otherwise untreated wildtype cells. Reduced error correction efficiency by for example Bub1 
inhibition, Haspin KO, or a combination of these reduces the correction of erroneous KT-MT attachments, 
resulting in more severe chromosome segregation errors. 

activity (Bakhoum et al., 2009b; Lan et al., 2004; Tanno et al., 2010), and reduced 
Aurora B activity at the centromere in Haspin KO cells treated with Bub1 inhibitor 
may therefore cause chromosome segregation errors due to a failure to localize 
these kinesins. If so, then artificially targeting KIF2B or MCAK to the centromere 
or kinetochore, for example by fusion to the DNA-binding domain of CENP-B or to 
Mis12, may restore faithful chromosome segregation in Bub1-inhibited Haspin KO 
cells. However, it is important to note that MCAK recruitment to the centromere is 
mediated by interaction with Sgo2 (Huang et al., 2007; Tanno et al., 2010), and inner 
centromere localization of both Sgo2 and MCAK is reduced by Bub1 inhibition (Baron 
et al., 2016). It is therefore possible that Bub1 inhibition affects MCAK localization 
independently of its effect on Aurora B localization. Nevertheless, wildtype cells 
treated with Bub1-inhibitor do not mis-segregate their chromosomes, indicating that 
some functional MCAK remains in Bub1-inhibited cells. Whether centromeric MCAK 
is further reduced in Bub1-inhibited Haspin KO cells remains to be determined. 
KIF2B is recruited to kinetochores by interaction with CLASP1 and this interaction 
is mutually exclusive with CLASP1 binding to Astrin (Manning et al., 2010; Manning 
et al., 2007). Astrin functions as a microtubule-stabilizing protein, and therefore the 
effect of Aurora B-mediated targeting of KIF2B may be dual; it may stimulate KT-MT 
dynamics by localizing KIF2B and prevent stabilization of kMTs by counteracting 
Astrin localization (Manning et al., 2010). Therefore, simply tethering KIF2B to the 
kinetochore may be insufficient to restore the effect of KIF2B delocalization due to 
Aurora B delocalization, since this may not properly recapitulate the competition with 
Astrin localization to the kinetochore.

Lastly, Aurora B delocalization may affect chromosome segregation through 
perturbed phosphorylation of the Ska complex. The Ska complex, consisting of Ska1-
3, localizes at kinetochores and directly interacts with microtubules (Gaitanos et al., 
2009; Hanisch et al., 2006; Raaijmakers et al., 2009; Theis et al., 2009; Welburn 
et al., 2009). Recruitment of the Ska complex by Hec1/Ndc80 at the kinetochore 
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is counteracted by Aurora B-mediated phosphorylation of the Ska complex, which 
thereby reduces stability of KT-MT interactions (Chan et al., 2012c). Therefore, if 
this phosphorylation is dependent on Aurora B localization, Aurora B dispersion may 
result in elevated levels of Ska complex at kinetochores and increased stability of 
KT-MT interactions.

It is important to note that the effects of Aurora B delocalization in Bub1-inhibited 
Haspin KO cells is not necessarily mediated by a single one of the mechanisms 
discussed above, but may result from deregulation of several Aurora B substrates. 
Also, it is likely that substrates other than the examples discussed here cause or 
contribute to chromosome mis-segregation in Haspin KO cells treated with Bub1 
inhibitor. 

Differential consequences of perturbing CPC localization
In chapter 5, we demonstrated that truncation of Borealin at amino acid 240 
(R240stop) abolishes CPC accumulation at the centromere. Deletion of the 
C-terminus of Borealin precludes its dimerization, which was previously shown to be 
required for recruitment to the centromere (Bekier et al., 2015; Bourhis et al., 2009). 
Since Borealin directly interacts with Sgo1 and Sgo2 (Tsukahara et al., 2010), we 
hypothesized that this interaction may be disturbed by deletion of the C-terminus of 
Borealin. Indeed, ectopically localized Sgo1 and Sgo2 were capable of mediating 
recruitment of wildtype Borealin, but not Borealin R240stop. Surprisingly, we found 
that Borealin R240stop recruitment by Haspin was also severely hampered. These 
data suggest that either Borealin dimerization or the C-terminus of Borealin itself 
is required for interaction of the CPC with Sgo1, Sgo2 and H3T3ph. By analyzing 
recruitment of artificially dimerized Borealin R240stop to ectopically accumulated 
Sgo1, Sgo2 or Haspin we may be able to discriminate between these possible roles 
of the C-terminus of Borealin in CPC recruitment. 

In contrast to Haspin KO cells treated with Bub1 inhibitor, cells expressing Borealin 
R240stop instead of endogenous wildtype Borealin did not show any evidence of 
residual Aurora B activity, as these behaved similar to cells depleted of Borealin with 
respect to chromosome alignment and segregation. This raises the question what 
causes this discrepancy between the effects of these two approaches, both of which 
prevent CPC localization to the centromere. One possibility is that the C-terminus of 
Borealin serves a purpose in addition to CPC recruitment by Sgo1/2 and H3T3ph. 
This purpose may for example be related to activation of the complex, possibly 
through dimerization-mediated clustering of the CPC. Alternatively, the different cell 
lines that were used for the studies may influence how cells cope with perturbed 
Haspin and Bub1-mediated recruitment. The idea that certain cell lines can cope 
less well with specific perturbations than others is illustrated by the differential 
effect of Bub1 inhibition in combination with low doses of paclitaxel on chromosome 
segregation fidelity (Baron et al., 2016). 

Stabilization of amphitelic KT-MT attachments through changes in both kinase 
activity and phosphatase activity
Overall, it appears that CPC localization to the inner centromere is not required for 
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faithful chromosome segregation (chapter 3) (Campbell & Desai, 2013; Hengeveld 
et al., 2017), arguing against a spatial separation model for selective stabilization 
of correct attachments. How then does Aurora B discriminate between correct and 
incorrect KT-MT attachments? Possibly, this is regulated by a reduction in CPC 
levels at the centromeres after bi-orientation. Indeed, it has been reported that in 
non-transformed cells Aurora B levels are higher on mal-attached chromosomes 
(Knowlton et al., 2006; Salimian et al., 2011). However, since low levels of 
centromeric Aurora B are sufficient for destabilization of kMTs (chapter 3), this does 
not explain the stabilization of amphitelic attachments. It is possible that dampening 
of kMT turnover after bi-orientation is not only brought about by a change in the 
amount of Aurora B kinase activity, but that this is facilitated by a change in activity 
of a counteracting phosphatase at the kinetochore (Fig. 3). This idea is supported 
by the observation that in CB-INCENP expressing cells, phosphorylation of Hec1/
Ndc80 is low on bi-oriented chromosomes, even though high levels of Aurora B 
are constitutively tethered in closer proximity of the kinetochore (Hengeveld et al., 
2017), indicating that the dephosphorylation of Hec1/Ndc80 may be attributable 
to a tension-dependent change in phosphatase activity. So which phosphatase 
would be responsible? It was previously reported that members of the PP1 family 
of phosphatases can dephosphorylate Hec1/Ndc80 (DeLuca et al., 2011). Knl1 is 
a receptor for PP1y at kinetochores and the interaction between PP1y and Knl1 
is counteracted by Aurora B-mediated phosphorylation of Knl1 (Liu et al., 2010; 
Nijenhuis et al., 2014). The recruitment of PP1y to kinetochore is indeed tension-
dependent (DeLuca et al., 2011; Liu et al., 2010) and coincides with a decrease 
in phosphorylation of Knl1 by Aurora B (Liu et al., 2010; Welburn et al., 2010), 
making it an obvious candidate to control Hec1/Ndc80 phosphorylation. However, 
in the presence of CB-INCENP, the levels of phosphorylated Knl1 remain high on 
bi-oriented chromosomes (Hengeveld et al., 2017), and this is expected to prevent 
PP1γ recruitment by Knl1 (Liu et al., 2010; Nijenhuis et al., 2014). This makes it 
unlikely that Knl1-PP1γ is the phosphatase responsible for dephosphorylation of 
Hec1/Ndc80, and potentially other substrates that regulate kMT turnover. In line with 
this, Hec1/Ndc80 is not rephoshorylated on unattached kinetochores when tension 
is relieved by addition of nocodazole, even though kinetochore-localized PP1γ is 
diminished (DeLuca et al., 2011). This suggests that another phosphatase or Hec1/
Ndc80 interacting protein may prevent rephosphorylation of Hec1/Ndc80 after bi-
orientation. Of note, it is also not known which phosphatase complexes, which 
may include PP1 or PP2A (Funabiki & Wynne, 2013; Saurin, 2018), are involved 
in dephosphorylation of other Aurora B substrates involved in the regulation of kMT 
turnover.

Do somatic mutations in proteins that regulate chromosome segregation 
underlie CIN in cancer?
Since aneuploidy is a hallmark of cancer and the CPC plays a key role in preventing 
formation of aneuploid cells, we hypothesized that mutations in the CPC could be the 
cause of chromosome mis-segregations in certain tumors (chapter 5). Components 
of the CPC are not frequently mutated in cancer, which is generally thought to reflect 
the absence of a selective advantage due to the lack of cancer driving properties. 
However, based on a computational method to predict the oncogenic or tumor 
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Figure 3. Model for the 
balance between Aurora 
B kinase activity and the 
counteracting phosphatase 
on non-bi-oriented and bi-
oriented chromosomes. 
In untreated wildtype cells 
(unperturbed) Aurora B kinase 
activity at the centromere 
may be reduced by tension 
across kinetochores upon bi-
orientation. Perturbations such 

as Haspin KO and/or Bub1 inhibition or Aurora B inhibition may further reduce Aurora B activity at the 
centromere. Levels or activity of Aurora B-counteracting phosphatases may also be changed when bi-
orientation is reached, which contributes to a change in kinase-phosphatase balance, thereby altering the 
phosphorylation status of Aurora B substrates.

suppressor properties of genes by analysis of their mutational profile in cancer, it 
was proposed that many more proteins than initially expected have varying degrees 
of cancer driving potential (Davoli et al., 2013). In addition, since the CPC is part 
of an extensive network of proteins that regulate chromosome segregation, low 
frequency mutations per protein may add up to a larger number of tumors that harbor 
a mutation in this network. We therefore decided to test the effect of a selection of 
tumor-specific mutation in the CPC on its ability to support chromosome segregation, 
using CDCA8 (which encodes Borealin) as a proof of principle. We found that a 
subset of the CDCA8 mutations indeed caused perturbed chromosome segregation. 
The baculoviral delivery system described and optimized in chapter 2 enabled us to 
introduce heterozygous mutations in the endogenous CDCA8 locus, which better 
mimics the situation as it occurs in the tumors in which these mutations were found. 
This revealed that cells can tolerate heterozygous mutations that disrupt Borealin 
protein expression or function, showing that CDCA8 is not haploinsufficient and the 
mutant Borealin proteins do not exert a strong dominant negative effect. However, 
even though we did not find evidence that tumor-specific somatic mutations in 
CDCA8 induce CIN, we cannot exclude that these mutations may give rise to or 
aggravate CIN in the context of other genetic or epigenetic alterations that may be 
present in tumor cells.
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Celdeling, het proces waarbij twee dochtercellen worden gevormd uit een enkele 
moedercel, is essentieel voor de ontwikkeling van een organisme evenals het 
onderhoud van weefsels en het herstel hiervan na schade. Tijdens iedere deling 
hebben cellen de uitdagende taak om het erfelijk materiaal, in de vorm van DNA, 
correct te verdelen over de twee nieuwgevormde cellen. Om dit te bereiken moeten 
de 46 stukjes DNA, de chromosomen, eerst gekopieerd worden. Deze chromosoom-
kopieën blijven in eerste instantie bij elkaar tot de cel klaar is om te gaan delen. In 
het laatste stadium van de celdeling, mitose genaamd, worden de chromosomen 
verbonden aan de mitotische spoel, bestaande uit twee spoellichaampjes 
(centrosomen) van waaruit spoeldraden (microtubuli) ontspringen (Fig. 1). Om de 
verdeling van het DNA goed te laten verlopen is het belangrijk dat de kopieën van een 
chromosoom verbonden worden aan microtubuli die van verschillende centrosomen 
afkomstig zijn. Dit zorgt ervoor dat wanneer de connectie tussen de gedupliceerde 
chromosomen verbroken wordt en de microtubuli aan de chromosomen beginnen te 
trekken, iedere kopie in een andere dochtercel terecht komt (Fig. 1).

Het maken van verbindingen tussen microtubuli van de mitotische spoel en de 
chromosoom-kopieën gaat niet altijd in één keer goed. Het kan bijvoorbeeld 
voorkomen dat beide kopieën verbonden worden aan microtubuli afkomstig van 
hetzelfde centrosoom, of dat een enkele kopie verbonden wordt aan microtubuli 
van beide centrosomen. Om deze fouten op te lossen is er een mechanisme nodig 
dat ervoor zorgt dat de verkeerde verbindingen tijdig worden verbroken. Hierbij 
speelt het ‘chromosomal passenger complex’ (afgekort als CPC) een cruciale rol. In 
mitose wordt het CPC op het midden van het chromosoompaar geconcentreerd en 
de activiteit die de CPC teweegbrengt verstoort de binding van de microtubuli aan 
het chromosoom. Er werd lange tijd gedacht dat de specifi eke lokalisatie van het 
CPC belangrijk is om onderscheid te kunnen maken tussen correcte en incorrecte 

chromosoom-kopieën

microtubuli

centrosoom

Figuur 1. Verdeling van het DNA tijdens mitose. Voordat de chromosomen over twee nieuwe cellen 
verdeeld worden moeten de chromosoom-kopieën verbonden worden aan microtubuli die afkomstig 
zijn van verschillende centrosomen (links). Vervolgens wordt de verbinding tussen de chromosoom-
kopieën verbroken en trekken de microtubuli de kopieën uit elkaar (midden). Doordat de cel zich daarna 
splitst worden twee dochtercellen gevormd die beide hetzelfde DNA bezitten (nu weergegeven als een 
donkerblauwe massa, rechts).
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verbindingen en zo selectief de foutieve verbindingen te kunnen verbreken. Echter 
is recentelijk duidelijk geworden dat het CPC deze taak ook naar behoren kan 
uitvoeren als het op een andere plek geconcentreerd wordt. Om de effecten van een 
verstoorde CPC-lokalisatie verder te kunnen onderzoeken hebben we in hoofdstuk 
2 een techniek geoptimaliseerd waarmee we makkelijk specifieke eiwitten kunnen 
uitschakelen. Met behulp van deze techniek bestudeerden we in hoofdstuk 3 de 
effecten inactivatie van twee eiwitten die belangrijk zijn voor de lokalisatie van het 
CPC, namelijk Haspin en Bub1, op de verdeling van chromosomen. We tonen aan 
dat, tijdens een celdeling die verder normaal verloopt, het uitschakelen van Haspin 
dan wel Bub1 een minimaal effect heeft op de verdeling van chromosomen, ondanks 
dat de lokalisatie van het CPC in deze situatie verandert is. Haspin en Bub1 blijken 
ieder echter wel belangrijk voor het efficiënt oplossen van foutieve verbindingen 
wanneer extra veel verkeerde connecties worden gevormd in het geval van een 
verstoorde werking van de mitotische spoel. Wanneer zowel Haspin als Bub1 
geïnactiveerd worden heeft dit een dramatischer effect op CPC-lokalisatie en treden, 
zelfs wanneer de mitotische spoel goed werkt, fouten op in de verdeling van de 
chromosomen. Toch geeft het gelijktijdig uitschakelen van Haspin en Bub1 minder 
fouten dan wanneer het CPC wordt geïnactiveerd, wat er op wijst dat het CPC nog 
wel enige functionaliteit behoudt ondanks dat de lokalisatie ernstig verstoord is.

Een ongelijke verdeling van het DNA tijdens mitose zal cellen opleveren die van 
bepaalde chromosomen een extra kopie hebben en/of chromosomen missen. Een 
cel die in deze staat verkeert noemen we aneuploïd. Aneuploïdie komt vaak voor in 
kankercellen en kan in deze cellen bijdragen aan ongevoeligheid voor therapieën. 
Wat de onderliggende oorzaak is van de verkeerde verdeling van de chromosomen in 
kankercellen is niet altijd duidelijk. In hoofdstuk 4 bediscussiëren we de mogelijkheid 
dat een verminderde functionaliteit van het CPC wellicht een oorzaak zou kunnen 
zijn van fouten in de verdeling van chromosomen in bepaalde tumoren. Vervolgens 
hebben we in hoofdstuk 5 onderzocht of veranderingen, ofwel mutaties, in één 
van de componenten van het CPC (het eiwit Borealin) die in een aantal tumoren 
zijn gevonden fouten in de verdeling van chromosomen kunnen veroorzaken. Om 
dit te testen hebben we in eerste instantie het normale Borealin eiwit vervangen 
door de gemuteerde variant. Op deze manier ontdekten we dat een aantal mutaties 
die we onderzocht hebben inderdaad de werking van het CPC verstoren, waardoor 
fouten in de verdeling van de chromosomen optreden. Echter is in cellen van de 
tumoren niet 100% van het aanwezige Borealin eiwit gemuteerd, maar is er ook nog 
normaal Borealin aanwezig. Door deze situatie na te bootsen kwamen we er achter 
dat de resterende hoeveelheid normaal Borealin voldoende is om de verdeling van 
chromosomen goed te laten verlopen. Op basis hiervan trekken we de conclusie dat 
de mutaties in Borealin die we hebben onderzocht waarschijnlijk niet de oorzaak zijn 
van ongelijke verdeling van chromosomen in de tumoren waar deze mutaties zijn 
gevonden.
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Dankwoord

Gedurende mijn promotietraject heb ik ontzettend veel leuke, slimme, enthousiaste 
en behulpzame mensen om me heen gehad die hebben bijgedragen aan een 
onvergetelijke tijd. Ik wil hier graag de gelegenheid aangrijpen om deze mensen te 
bedanken.

Allereerst mijn wil ik mijn begeleider en promoter Susanne Lens bedanken. Susanne, 
jij hebt me steeds gemotiveerd om het beste in mezelf naar boven te halen. Bij jou 
stond de deur altijd open als ik ergens niet uitkwam of een idee aan je voor wilde 
leggen. Vaak resulteerde dit in zo’n interessante gedachtewisseling dat ik pas veel 
later je kantoor weer verliet. Bedankt voor het vertrouwen dat je me hebt gegeven.

Dan mijn copromoter, Michael, jij hebt op één dag volgens mij meer project-ideeën 
dan er in een heel leven uit te voeren zijn. Ik vind het super fijn dat ik zo nauw 
met je heb samengewerkt en dat ik zo veel van je heb kunnen leren, al zal het me 
waarschijnlijk nog steeds niet snel lukken om je te overbluffen.

Natuurlijk wil ik ook mijn paranimfen bedanken, die zo’n belangrijke bijdrage hebben 
geleverd aan de fijne tijd die ik op het lab, maar ook daarbuiten, heb gehad. Dames, 
bedankt voor alle gezelligheid, steun, XCO-sessies, hamburgers en nog veel, veel 
meer! Amanda, de liters cappuccino die wij samen naar binnen hebben gegoten 
hebben dit boekje ongetwijfeld goed gedaan. Ik vond dit altijd een fijn moment om 
even met je te sparren over een wetenschappelijk of technisch probleem, of juist 
even mijn gedachten te verzetten. Ingrid, wat hebben we ontzettend veel lol gehad! 
Ik waardeer je eigenzinnigheid, je oprechtheid en je gevoel voor humor.

Ook wil ik de andere leden van het Lens lab graag bedanken voor hun hulp en de 
goede sfeer die er binnen de groep heerst. Martijn, jij weet echt alles wat zich op het 
lab afspeeld! Dat in combinatie met je bereidheid om ten alle tijden te helpen maakt 
je echt een onmisbaar onderdeel van de groep. Rutger, jouw kritische commentaar 
heeft me altijd scherp gehouden, maar tegelijkertijd werkt je enthousiasme ontzettend 
aanstekelijk. Jammer dat we al na een paar weken de stekker uit ons KIF4-project 
moesten trekken. Arne, super bedankt voor je bijdrage aan hoofdstuk 2. Ik denk 
dat er niemand is die Borealin heeft uitgeknocked in zoveel cellijnen als jij hebt 
gedaan. Sippe, met je enorme passie voor technische snufjes. Ik denk dat je het 
met je ‘dit moet toch  efficiënter kunnen’ mindset erg ver gaat schoppen. Die Tesla 
komt er ongetwijfeld een keer. My Anh, you really have a tremendous enthusiasm 
for science. It is great how interested you still are in the progress of the Haspin/
Bub1 project, on which you have been working as a student. Good luck with your 
research in the future! Pepijn, ik vond het heel gezellig dat je in de laatste paar 
weken nog even mijn kantoor-genootje bent geweest. Veel success in de toekomst! 
Livio, je stond altijd klaar als er weer eens een apparaat was dat niet deed wat ik 
wilde. Bedankt daarvoor. Sandy, bedankt voor alles wat je voor mij hebt geregeld. 
Het was geruststellend om te weten dat je meedacht met alles wat ik moest invullen, 
aanvragen, etc. Armando, Arianne, Sibel and all the students that have been part 
of the Lens lab in the past couple of years, thank you for a nice time.
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I also really want to thank the members of the Kops lab for their scientific input 
as well as the fun times we had. The people from the Derksen lab, both past and 
present members, thanks a lot for the great lunchtime conversations. And to all the 
other people in the 2nd and 3rd floors of the Stratenum, thanks for contributing to 
a great working environment and the excellent borrels.

Milou, Sandra and Banafsheh, our evenings out for dinner or cocktails are always 
so much fun! Let’s keep it up!

Prof. dr. Frank Holstege, prof. dr. Geert Kops, prof. dr. Madelon Maurice, prof. 
dr. Peter ten Dijke en dr. Richarda de Voer, bedankt voor het lezen en beoordelen 
van mijn proefschrift.

Yara en Kyra, ooit zijn we in Groningen onze opleiding begonnen en nu, elf jaar later, 
alle drie in Utrecht terecht gekomen. Bedankt voor het plezier en de ontspanning 
tijdens onze “samen-doe-dingen”. Martha, ondanks dat jij niet echt in de buurt 
woont lukt het ons gelukkig toch om elkaar regelmatig te blijven zien. Dankzij mijn 
bezoekjes aan jou in Freiburg en Luxemburg ben ik er tijdens mijn promotietraject af 
en toe even lekker tussenuit geweest.

Wat heb ik toch een creatievelingen in de familie! Beppe, super bedankt voor het 
maken van de omslag van dit boekje. Linda, dankjewel voor het fotograferen hiervan.

Tijdens het doen van promotieonderzoek heb je ook mensen in je omgeving nodig 
die je met beide benen op de grond houden. Gelukkig heb ik daar mijn zussen 
voor. Minte, ik weet dat ik in ieder geval op jou kan rekenen als ik tijdens de motor-
vakantie gegijzeld wordt door een langpootspin. Hopelijk zullen er nog vele tripjes 
en andere gezellige momenten samen volgen. Anouk, mijn andere redder in nood 
die me altijd zo snel mogelijk uit de brand helpt (zodra je klaar bent met lachen dus). 
Helaas waren dit voorlopig de laatste afleveringen van ‘Goede Delingen, Slechte 
Delingen’, ‘Onderweg naar Mitose’ en ‘Cells of our Lives’. 

Papa en mama, bedankt voor jullie steun door de jaren heen, van het bed dat 
altijd voor me klaarstaat (hotel Hindriksen) tot het enthousiasme wanneer ik iets 
gepubliceerd had. Ik ben blij dat ik 13 december deze bijzondere dag met jullie kan 
delen.

Erik, wat heb ik een geluk gehad dat ik jou in het onderzoekswereldje ben 
tegen gekomen. Je hebt me steeds bijgestaan tijdens mijn promotieonderzoek, 
zowel met je kennis over mitose als met een luisterend oor en een flinke dosis 
relativeringsvermogen wanneer nodig. Bedankt voor de interesse, het begrip en het 
vertrouwen die je de afgelopen jaren hebt getoond. We hebben samen al heel wat 
leuke dingen meegemaakt en ik hoop dat we er nog veel meer mooie herinneringen 
bij zullen maken.


