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Summary

Proper chromosome attachment to opposite spindle poles (biorientation) and error-
free chromosome segregation relies on the plasticity of kinetochore-microtubule
attachments; these must remain flexible enough to allow the release of erroneously
attached spindle microtubules, yet become sufficiently stable to harness forces for
chromosome movements and silence the spindle assembly checkpoint. Aurora B
kinase fosters chromosome biorientation by facilitating the dynamics of kinetochore-
microtubule attachments through phosphorylation of kinetochore proteins that bind
microtubules. Prominent among the substrates, whose microtubule and kinetochore
binding is curtailed by Aurora B, is the Ska complex, a key factor for kinetochore-fiber
stability. Here, we show that Ska is not only a substrate of Aurora B, but is also
required, in turn, for Aurora B activity. Ska-deficient cells fail to biorient and display
lagging chromosomes and micronuclei as a result of suppressed kinetochore-
microtubule turnover. These defects coincide with diminished kinetochore localization
of the Aurora B effectors MCAK and CENP-E, as well as reduced Aurora B substrate
phosphorylation. We further show that Ska requires its microtubule binding capability
to promote Aurora B activity in cells and directly stimulates Aurora B catalytic activity
in vitro. Finally, we demonstrate that PP1 counters Aurora B activity to enable Ska
kinetochore accumulation once biorientation is achieved, which allows Ska to exert
its kinetochore-fiber stabilizing function. Together, we propose that the Ska complex
enhances Aurora B activity to limit its own microtubule and kinetochore association
and ensure that the dynamics and stability of kinetochore-microtubules fall within an

optimal balance for chromosome biorientation and faithful chromosome segregation.



Introduction

The eukaryotic cell cycle and its control system

Cells are the basic structural and functional units of all living organisms and their
ability to self-reproduce is indispensable for the development and continuity of life. In
unicellular eukaryotes each cell division gives rise to a new organism. In multicellular
species cell proliferation is crucial for embryogenesis and organismic growth during
development, as well as for the constant renewal of most cells during adult tissue
homeostasis. The elaborated series of events leading to somatic cell reproduction is
known as the cell cycle.

The key steps during the cell cycle are the duplication of the chromosomes,
which occurs in S phase, and their subsequent equal distribution to two nascent
daughter cells, which occurs in M phase. Most cell cycles also contain two additional
gap phases, G1 and G2, which separate the S and M phase. These regulatory
transition periods provide cells time for growth and allow them to monitor whether the
internal and external conditions are favorable to progress to the next cell cycle stage.
During G1, if cells are deprived of appropriate growth signals or receive inhibitory
signals from other cells, they may enter a prolonged resting state, known as GO or
quiescence state. When growth conditions become favorable again, cells may
continue division by reentering G1 (Figure 1A) (Morgan, 2007).

To ensure that the key events of the cell cycle occur sequentially and are
properly timed only once per cycle, higher eukaryotic cells have evolved an

elaborated cell cycle control system. At the heart of this system are the Cyclin-
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Figure 1. The eukaryotic cell cycle and its control system. Left, illustration of the different phases
and CDK activity states during cell cycle progression (see text for detail). Black arrows and encircled
numbers indicate the four cell cycle checkpoints (1: G1/S checkpoint; 2: intra-S phase checkpoint; 3:
G2/M checkpoint; 4: spindle assembly checkpoint). Right, minimal threshold model of cell cycle control.
Oscillation of CDK activity between two thresholds (Ts = S phase threshold; Ty, = M phase threshold)
drive the major cell cycle events. lllustration adapted from (Coudreuse and Nurse, 2010).

dependent kinases (CDKs), whose activity, substrate specificity, and subcellular
localization depend on the binding to regulatory subunits, called Cyclins. According to
the classical model of cell cycle control, oscillations in the levels of distinct Cyclins
during the cell cycle lead to the timely formation and activation of specific Cyclin-CDK
complexes that drive initiation of the various cell cycle events: D-type Cyclins and
CDK4 or CDKB6 regulate events in early G1 phase; Cyclin E-CDK2 triggers S phase
initiation; Cyclin A-CDK2 and Cyclin A-CDK1 regulate the completion of S phase; and
Cyclin B-CDK1 is responsible for entry into mitosis (Malumbres and Barbacid, 2005).
However, the basic concept of this model that each cell cycle phase is driven by
specific CDKs has been challenged by the results of knockout studies in mice
showing that CDK4, CDK®6, and CDK2 are all non-essential for the cell cycle of most
cell types (Malumbres and Barbacid, 2009). Thus, a minimal threshold model of cell
cycle control has been proposed, in which cell cycle transitions can be governed

mainly through changes in the activity level of a single CDK — CDK1. Promiscuous



binding of CDK1 to Cyclins that accumulate in the course of the cell cycle by de novo
synthesis is thought to promote a steady increase in CDK1 activity and to drive
phase transitions at specific activity thresholds (Figure 1B). In addition, formation of
distinct Cyclin-CDK1 complexes might confer specificity to the system by directing
the kinase to different substrates and possibly changing its substrate specificity
(Coudreuse and Nurse, 2010; Hochegger et al., 2008; Stern and Nurse, 1996).
Surveillance mechanisms, called checkpoints, which arrest the cell cycle at
specific transition points when previous events are not completed successfully or the
environmental conditions are not favorable, supplement the cell cycle control system
of most cells. These include (i) the G1/S checkpoint (also know as restriction point in
mammalian cells or start in yeast), which prevents cell cycle entry in mid to late G1 if
cell growth is insufficient or DNA is damaged; (ii) the intra-S phase checkpoint that
delays S phase progression in response to replication stress; (iii) the G2/M
checkpoint that blocks entry into M phase if unreplicated or damaged DNA is sensed;
and (iv) the M phase checkpoint, better known as spindle assembly checkpoint
(SAC), which delays sister chromatid separation and completion of mitosis until the
chromosomes are correctly attached to the mitotic spindle (Figure 1A) (Hartwell and

Kastan, 1994; Morgan, 2007).



The events of mitosis

Certainly the most conspicuous and arguably the most beautiful event in the cell
cycle is mitosis — the division of the nucleus. The latter notion is supported by
drawings of Walther Flemming of his fixed and aniline dye stained preparations of
dividing salamander cells, which provided the first cytological description of mitosis in
animal cells in the late 1870s (Figure 2A) (Paweletz, 2001). Ever since this time,
technological progress in imaging techniques has allowed to study mitosis in much
more detail (Rieder and Khodjakov, 2003). Yet, classification of the mitotic stages
based on the major morphological changes of chromosomes in the course of nuclear
division endured. Thus, traditionally, mitosis is divided into five morphologically
distinct phases: prophase, prometaphase, metaphase, anaphase, and telophase

(Figure 2A-C).
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Figure 2. The phases of mitosis in vertebrate cells. (A) Drawings of mitosis in salamander cells
found in Walther Flemming’s book “Zellsubstanz, Kern und Zelltheilung” (Flemming, 1882). lllustration
adapted from (Rieder and Khodjakov, 2003).(B) State-of-the art live-cell microscopic view of mitosis in
HelLa S3 cells stably expressing H2B-mCherry (red) and GFP-a-tubulin (green). Images are courtesy
of Anna Santamaria. (C) Schematic depiction of the mitotic events. lllustration adapted from
(Cheeseman and Desai, 2008).



In prophase, chromatin starts to condense to form well-defined chromosomes.
By this time, the two centrosomes (organelles that serve as the main microtubule-
organizing centers) that have been duplicated during S phase separate and migrate
to opposite sides of the nucleus. There, a bipolar microtubule (MT)-based structure,
known as the mitotic spindle, starts to assemble. The end of prophase and the
beginning of prometaphase are marked by nuclear envelope breakdown (NEBD).
Following NEBD, chromosomes start via kinetochores (KTs) (proteinaceous
structures assembled at the centromeric regions of each sister chromatid) to interact
both laterally and in an end-on fashion with spindle MTs. During this time, some
chromosomes move polewards, while others move inward or glide to the spindle
equator along MTs. Over time, along with the gradual MT capture from opposite
spindle poles, chromosomes become positioned midway between the spindle poles
during a process called congression. By metaphase, all chromosomes are aligned
within an equatorial plate and are attached with their sister KTs to bundles of 20-25
spindle MTs oriented to opposite spindle poles, known as kinetochore-fibers (K-
fibers) (McEwen et al., 1997). Once bioriented, sister chromatids separate and
migrate toward opposite spindle poles during anaphase. This stage can be
subdivided into anaphase A and B. In anaphase A, sister chromatids lose their
cohesion, split apart, and move toward opposite poles, while in anaphase B, the
spindle elongates and further increases the distance between the poles. Finally,
during telophase, the chromosomes decondense and the nuclear envelope reforms
to generate two separate nuclei. During the later stages of telophase and beginning
of cytokinesis a cleavage furrow forms between them, which then ingresses and

eventually gives rise to the midbody (or Flemming body). This structure participates



in the bisection of the cytoplasm and the generation of the two daughter cells during

cytokinesis (Cheeseman and Desai, 2008; Maiato et al., 2004b; Walczak et al., 2010)

The kinetochore

The KT is a small, transiently assembled macromolecular complex consisting of more
than 90 different proteins in metazoans (Ohta et al., 2010), which has at least five
essential functions for accurate segregation of chromosomes during mitosis: (i) The
KT establishes and maintains the attachment of chromosomes to dynamic spindle
MTs plus-ends (ii) it controls KT-MT polymerization and depolymerization dynamics,
(iii) it harnesses forces generated by KT-MT dynamics for chromosome movements,
(iv) it monitors the attachment status and helps to correct improper MT attachments,
and (v) it synchronizes the process of MT attachment with cell cycle progression by
activating the SAC (Cheeseman and Desai, 2008; Cheeseman, 2014; Foley and

Kapoor, 2013; Maiato, 2004; Santaguida and Musacchio, 2009; Walczak et al., 2010).

Kinetochore structure and molecular architecture

In electron microscopy (EM) studies of chemically fixed samples, the vertebrate KT
appears as a trilaminar plate-like structure, with electron-dense inner and outer plates
and an electron-translucent middle layer (Figure 3A and 3B) (Brinkley and
Stubblefield, 1966; Jokelainen, 1967; Roos, 1973). A recent study suggest that this
trilaminar structure may develop by rapid expansion from a compact cloud of fibrous
material shortly after NEBD (Magidson et al., 2015). In addition, a fibrous corona,
extending outward from the outer plate, has been described, which disappears upon

MT attachment (Cassimeris et al., 1990). Likewise, the outer plate has been shown



to undergo significant alterations in shape upon the formation of end-on attachments,
leading to its compaction from 400-500 nm to ~200 nm in diameter (Magidson et al.,
2015), in line with the view that the KT is a highly adaptive and dynamic structure.
The inner KT plate creates the interface with centromeric chromatin. The outer plate
with a thickness of 50-75 nm forms the major interaction surface for binding of MT
plus-ends, while the fibrous corona is thought to provide the surface for initial MT
capture (Cheeseman and Desai, 2008; McEwen and Dong, 2010; Rieder and Salmon,
1998). In EM studies using modern high-pressure freezing instead of chemical
fixation, however, such a three-layered organization is less distinct and the outer
plate of the KT appears as a 50-75 nm thick mat of fibrous material (Figure 3C and
3D). This fibrous mat lacks a distinct middle layer and is directly connected with the
electron-dense surface of the centromeric chromatin. Slender fibers, analogous to the
corona region of unattached KTs from chemically fixed preparations, have been
described to extend from this mat, forming a 100-150 nm wide ribosome exclusion
zone (McEwen et al., 1998; McEwen and Dong, 2010). A more detailed electron
tomography reconstruction of the outer KT region in high-pressure frozen
preparations of PtK1 cells has revealed a network of long, crosslinked fibers that
rearrange into an irregular network of short fibers upon MT attachment (Figure 3E-H).
Based on this finding, it has been suggested that the outer KT region may function
like a spider web that captures KT-MTs by entangling the MT plus-ends through
multiple low-affinity connections to both the MT lattice and the MT tip (Dong et al.,
2007; McEwen and Dong, 2010). In addition, work imaging thin sections of the KT at
the interface with MTs has unveiled conserved fibril-like extensions from the KT,

which contact the inner lumen-facing surface of intermediately curved protofilaments,



depicting a possible new mode of MT attachment and force-coupling (Mcintosh et al.,
2008; 2013). In essence, EM studies of the vertebrate KT structure over the last 50
years concur to indicate that the KT-MT attachment interface is of largely fibrous
composition. This finding is consistent with biochemical and structural analyses
showing that some of the key MT-binding components of the outer KT region are of
elongated, rod-like or fibrous shape (O'Connell et al., 2012; Welburn and Cheeseman,

2008).

Surface
rendering
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Figure 3. KT ultrastructure in PtK1 cells. (A,B) KT after convential chemical fixation in presence
and absence of MTs. Brackets and arrowheads point at the electron-dense outer plate. lllustration
adapted from (Maiato et al., 2006). (C—F) View of the KT after high-pressure freezing and freeze
substitution (HPF/FS). White arrowheads indicate the fibrous mat (fm). Structural details revealed by
electron tomography (E,F) and 3D rendering (G,H). Red arrows point at the KT outer layer. lllustration
adapted from (O'Connell et al., 2012), original images reproduced from (Dong et al., 2007).



Complementing EM analyses of the KT structure, in vivo studies using super-
resolution fluorescence microscopy with probes for many of the core KT proteins
have generated nanometer-scale positional maps of individual proteins within the KT.
These studies provide support for the notion of an overall layered domain
organization of the KT, where KT protein complexes are arranged along the inner-
outer KT axis (Figure 4A and 4B) (Suzuki et al., 2014; Wan et al., 2009; Varma et al.,
2013). Furthermore, these studies have also documented structural alterations within
the KT along the inner-outer KT axis, termed intra-KT stretch, in MT-attached KTs
under tension versus KTs lacking tension (Wan et al., 2009). However, under
physiological conditions such tension-dependent changes appear to be constrained
to only ~10-20 nm, a finding that is inconsistent with models invoking spatial
repositioning of outer KT components by intra-KT stretching as the key step in the
phosphoregulation of KT-MT attachment stability and SAC activity (Krenn and

Musacchio, 2015; Suzuki et al., 2014; Tauchman et al., 2015).
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Figure 4. Protein architecture of the metazoan KT (A) Schematic of the metazoan KT. (B) Physical
map of protein positions along the axis of the KT-MT attachment in metaphase in D. melanogaster.
lllustration adapted from (Santaguida and Musacchio, 2009).
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Kinetochore specification and assembly

The KT is built upon a defined region on chromosomes during the onset of mitosis,
known as the centromere. In most eukaryotes, KT formation is restricted to a single
chromosomal Jlocus (termed monocentric). In contrast, some nematode, arthropod,
and flowering plant species assemble the KT along the entire length of each
chromosome (termed holocentric) (Figure 5A) (Melters et al., 2012). The main
property of the centromere that specifies it as the site for KT assembly is the
presence of the histone H3 variant CENP-A. A 15 residue sequence in the histone
fold of CENP-A, known as the CENP-A targeting domain (CATD), distinguishes
CENP-A from the canonical histone H3 and provides the basis for the establishment
and propagation of centromere identity (Black et al., 2010; De Rop et al., 2012;
Gascoigne and Cheeseman, 2011). In budding yeast, a single CENP-A (Cse4)
containing nucleosome is deposited per chromosome at a sequence-specific DNA
element of 125 base pairs in length, forming a point centromere. Invariably, KTs built
upon point centromeres bind a single MT (Furuyama and Biggins, 2007; Yamagishi
et al., 2014). In fission yeast and many animal and plant species, multiple CENP-A
nucleosomes are typically found within much larger regions of DNA, which can
encompass 40-100 kilobases in fission yeast up to several megabases in some
animal and plant species. These so-called regional centromeres assemble KTs that
can bind multiple MTs (Figure 5B) (Verdaasdonk and Bloom, 2011). In humans and
other primates, centromere regions are enriched of thousands of tandem repeats of a
171 base pair sequence, termed a-1 satellite DNA. This sequence also contains a 17
base pair motif, known as CENP-B box, which is recognized by the centromere

protein B (CENP-B) (Black et al., 2010; Masumoto et al., 1989; Ohzeki et al., 2002).
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Although there is a clear correlation between the presence of repetitive a-satellite
DNA and centromere location, a-satellite DNA is neither necessary nor sufficient to
specify centromere identity. This is well exemplified by human cases in which a
centromere was found relocated within an intact chromosome to form an inheritable
neocentromere in a region that lacks a-satellite DNA (Amor et al., 2004). Instead,
centromere identity is determined in most eukaryotes primarily epigenetically by
CENP-A chromatin deposition and centromere-specific  post-translational

modifications of the canonical histones (McKinley and Cheeseman, 2015).
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Figure 5. Organization of the centromeric region. (A) Types of centromeres in eukaryotes. Left,
holocentric chromosomes in a C. elegans embryo. Right, monocentric chromosomes in a vertebrate
cultured cell. lllustration adapted from (Oegema and Hyman, 2006). (B) Basic characteristics of point
and regional centromeres. Regional centromeres, as found in primates, are built from a-satellite DNA
repeats and contain multiple CENP-A nucleosomes. Canonical histones in the centromere regions are
methylated. Point centromeres, as found in budding yeast are composed of three conserved
centromere DNA elements (CDE) and contain only one CENP-A nucleosome. lllustration adapted from
(Verdaasdonk and Bloom, 2011).
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CENP-A is essential for the localization of all known KT components in
vertebrate cells (Liu et al.,, 2006; Régnier et al., 2005) and artificial targeting of
CENP-A to an ectopic chromosomal locus is sufficient to form operational KT-like
structures that can bind MTs and direct chromosome segregation (Barnhart et al.,
2011; Heun et al., 2006; Mendiburo et al., 2011). Thus, assembly of functional KTs
starts with the targeted chromatin deposition of CENP-A nucleosomes, which occurs
in a cell cycle regulated manner. In vertebrate cells, during DNA replication, existing
CENP-A nucleosomes are distributed between the replicated sister chromatids and
become replenished at centromeres, other than the canonical histone H3
nucleosomes not in S phase, but in G1 (Figure 6A) (Jansen et al., 2007). This cell
cycle restriction is ensured by a mechanism integrating signals from CDKs and polo-
like kinase 1 (Plk1), which control the regulated recruitment and function of the
dedicated CENP-A deposition machinery (Figure 6B) (McKinley and Cheeseman,
2014). This includes as the key factors the Mis18 complex (Mis18a, Mis183,
Mis18BP1/KNL2) and the CENP-A chaperone HJURP in vertebrate cells (Fujita et al.,
2007; Foltz et al.,, 2009; Hayashi et al., 2004; Maddox et al., 2007). While CDK
activity suppresses assembly of the Mis18 complex during G2, S phase, and early
mitosis, the decline of CDK activity at the onset of anaphase allows Plk1 to trigger the
assembly of the Mis18 complex, which “licenses” the loading of CENP-A in late
telophase (McKinley and Cheeseman, 2014; Silva et al.,, 2012). Subsequently,
HJURRP is recruited in early G1, which specifically recognizes CENP-A by the CATD
and drives its incorporation into centromeric heterochromatin (Black et al., 2007;
Barnhart et al., 2011; Foltz et al., 2009). Finally, after newly synthesized CENP-A has

been deposited, it is stabilized in late G1 by the centralspindlin component
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MgcRacGAP and RSF1 (McKinley and Cheeseman, 2015). Mechanisms that
eliminate CENP-A nucleosomes loaded to non-centromeric sites complement this
targeted deposition pathway to ensure maintenance of centromere identity (Collins et

al., 2004; Conde e Silva et al., 2007; Hewawasam et al., 2010; Ranjitkar et al., 2010).
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Figure 6. CENP-A deposition during the cell cycle. (A) In S phase, existing CENP-A nucleosomes
are distributed between the replicated sister chromatids and gaps are filled with canonical histone H3.
The resulting mixed CENP-A/H3 chromatin supports KT assembly during mitosis. By mitosis,
Mis18BP1 is recruited to centromeres, followed by Mis18a and Mis18f at mitotic exit. Loading of new
CENP-A nucleosomes is mediated by a HIURP dimer, which is recruited during early G1 phase, and
drives CENP-A loading throughout the first hours of G1. New CENP-A is stabilized in late G1 by
MgcRacGAP and RSF1. (B) CDK activity prevents CENP-A incorporation in S, G2, and M phases by
inhibiting Mis18 complex assembly and HJURP recruitment. In G1, Plk1 binds to and phosphorylates
the Mis18 complex to license CENP-A incorporation. lllustration adapted from (McKinley and
Cheeseman, 2015).
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Although CENP-A is the key factor for the specification of the KT assembly
site, it is not strictly sufficient for the formation of functional KTs in vertebrate cells
(Gascoigne et al., 2011; Van Hooser et al., 2001). Accordingly, there are additional
proteins needed to direct the formation of fully operational KTs. Besides CENP-A, a
subset of 16 chromatin-proximal proteins, termed the constitutive centromere-
associated network (CCAN), localizes to centromeres in vertebrate cells throughout
the cell cycle and provides a platform for ensuing outer KT protein assembly
(Perpelescu and Fukagawa, 2011). Among the 16 CENPs, CENP-C and CENP-T are
required in parallel for KT formation and define two non-redundant pathways for the
recruitment of the core MT attachment proteins of the outer KT, the KMN (KNL-1-
Mis12-Ndc80) network (Figure 4A) (Cheeseman et al., 2006; Gascoigne et al., 2011;
Rago et al.,, 2015). Both CENP-C and CENP-T as part of the CENP-T-W-S-X
complex can bind directly to DNA (Hori et al., 2008; Sugimoto et al., 1994). CENP-C
also interacts with CENP-A nucleosomes and thereby contributes to the targeted
deposition of CENP-A (Carroll et al., 2010; Hori et al., 2013). Targeting of N-terminal
segments of CENP-C or CENP-T to a non-centromeric site is sufficient to build
functional KT-like structures in absence of CENP-A that recruit the KMN network
(Hori et al.,, 2013; Rago et al.,, 2015). Interestingly, in chicken DT40 cells these
CENP-C and CENP-T fragment-derived KT structures also localize Bub1 and
promote accumulation of Aurora B and Survivin, components of the chromosomal
passenger complex (CPC), as well as of histone H3-pT3 in the area comprised
between the ectopic targeting sites, indicating that CPC centromere localization is
subordinate to KT assembly (Hori et al., 2013). The KMN complex is recruited by

CENP-C and CENP-T in a reversed functional configuration. CENP-C directly binds
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to the four-subunits Mis12 complex, which, in turn, interacts with KNL-1 and
promotes the binding to the four-subunit Ndc80 complex, while CENP-T directly
interacts with the Ndc80 complex and promotes the recruitment of the KNL-1/Mis12
complex (Nishino et al., 2012; Petrovic et al., 2010; Rago et al., 2015; Screpanti et al.,
2011). CENP-T additionally provides an indirect interaction with the Ndc80 complex
through CENP-I as part of the CENP-H-I-K subcomplex (Kim and Yu, 2015). Similar
to the CENP-A deposition, the assembly of these KMN recruitment pathways is cell
cycle regulated, such that the core MT binding site is timely assembled when cells
enter mitosis. Specifically, the Ndc80 complex is spatially separated from the CCAN
during interphase through nuclear exclusion. As the nuclear envelope breaks down,
Ndc80 can access chromosomes and CDK1 promotes its subsequent binding to
CENP-T through direct phosphorylation of CENP-T at multiple sites (Gascoigne and
Cheeseman, 2013; Rago et al., 2015). In addition, Aurora B phosphorylates the
Mis12 subunit Dsn1 and increases its binding affinity for CENP-C (Figure 7) (Kim and
Yu, 2015; Rago et al., 2015).

The KMN complex, in turn, serves as a scaffold for a number of additional
proteins, including SAC components (e.g. Bub1, Bub3, BubR1), regulatory proteins
(e.g. PP1), motor proteins (e.g. CENP-E, Dynein), as well as non-motor microtubule-
associated proteins (MAPs) that dynamically associate with the KT. Prominent
among the latter are the Dam1 complex in yeast and the Ska complex in vertebrates,
which have both been proposed to act synergistically to the KMN network in the
generation of KT-MT connections (Varma and Salmon, 2012). Collectively, these
pathways contribute to the assembly of a functional outer KT interface that mediates

chromosome attachment to MTs.
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Figure 7. Assembly of the outer KT. CENP-A and the CCAN proteins are present at centromeres
throughout the cell cycle. At mitotic entry, CDK phosphorylation promotes the assembly of the outer
KT downstream of CENP-A and the CCAN. CENP-C and the CENP-T-W-S-X complex contribute via
two parallel pathways to the recruitment of the KMN network (see text for detail). lllustration adapted
from (Cheeseman, 2014).
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Kinetochore-microtubule attachment

Dynamic behavior of microtubules

To understand how MTs attach to KTs, one needs to know about their inherent
structural and dynamic properties. MTs are the main structural and functional units of
the mitotic spindle. Their basic building blocks are a-/B-tubulin heterodimers arranged
head-to-tail in linear protofilaments, which associate laterally to form 25 nm diameter
cylindrical tubes. MTs in vivo and MTs nucleated in vitro from centrosomes comprise
predominantly 13 protofilaments. The asymmetry of tubulin heterodimers makes the
MT lattice polar, with a faster growing plus-end and a slower growing minus-end. [3-
tubulin monomers are exposed at the plus-end (usually at KTs in KT-MTs) and a-
tubulin at the minus-end (usually at the spindle poles) (Figure 8A) (Desai and

Mitchison, 1997).

A Tubulin
Heterodimer @

B Polymerization e C t=0s
@ ® Pole 0% 5o s : KT
) ) % (+)
& : "
wGTP Q76
Rescue Catastrophe »
o GDP
t=60s

Polé L0055 APy KT
i “&xz PR .

Depolymerization

2.0 15 10 05 00
Distance (um)

Figure 8. Structure and dynamic behavior of MTs. (A) MT structure. (B) MT dynamic instability.
Although MTs exhibit dynamic instability at both ends, the plus-ends are more dynamic than the
minus-ends. In the spindle, dynamic instability occurs primarily at the plus-ends, as the minus-ends
are often capped at the centrosome. (C) MT treadmilling behavior. In the spindle, a similar behavior
referred to as MT flux occurs due to net subunit addition at plus-ends and net loss at minus-ends.
lllustration adapted from (Kline-Smith and Walczak, 2004).
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MTs exhibit a specialized non-equilibrium dynamic behavior, termed dynamic
instability, in which MT plus-ends switch stochastically between phases of slow
growth and rapid shrinkage (Mitchison and Kirschner, 1984). The switch from growth
to shrinkage is referred to as catastrophe, and the reverse transition as rescue
(Figure 8B). This behavior is powered by the energy of polymerization-triggered GTP
hydrolysis on B-tubulin; the resulting GDP-bound heterodimer has a slightly kinked
conformation in comparison to the GTP-dimer but is forced into a straight
conformation within the MT lattice (Wang and Nogales, 2005). Thus, the energy of
GTP hydrolysis is stored as mechanical strain within the MT lattice, which triggers
more rapid dissociation of GDP-bound than GTP-bound heterodimers at the MT plus-
end. Because of a lag between subunit incorporation and nucleotide hydrolysis, a MT
end exists in a polymerizing state, when the rate of addition of GTP-bound tubulin
dimers exceeds the rate of GTP hydrolysis, forming a GTP cap. Loss of this cap,
either by small random changes in the rates of tubulin binding and GTP hydrolysis or
by external factors, leads to the exposure of GDP-bound heterodimers at the MT end
and release of the stored mechanical strain, causing the protofilaments to bend
outward and the MT to rapidly depolymerize (Brouhard and Rice, 2014; Cheeseman
and Desai, 2008; Desai and Mitchison, 1997).

Another dynamic non-equilibrium MT behavior, termed treadmilling, results
from the differences in the subunit affinities at the two MT ends (Margolis and Wilson,
1978). It describes the net subunit addition at the plus-end and the balanced net
subunit loss from the minus-end of a MT, which causes an intrinsic flow of tubulin
subunits (Figure 8C). A similar treadmilling-like steady state behavior, termed

poleward MT flux, occurs in KT-MTs and interpolar MTs of animal metaphase
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spindles, where MT disassembly at the spindle poles and balanced plus-end
assembly at the spindle equator cause poleward movement of tubulin subunits. In
contrast to treadmilling, which results from the intrinsic properties of MTs, poleward
MT flux is driven by MT-associated motors and other MAPs that regulate tubulin
addition and removal at both MT ends (Rogers, 2005).

A number of different MAPs have been implicated in the regulation of KT-MT
dynamics. For example, kinesin-related proteins such as the kinesin-13/Kin-I family
member mitotic centromere associated kinesin (MCAK) can promote MT
depolymerization and catastrophe, and TOG domain containing proteins such as ch-
TOG/XMAP215 or cytoplasmic linker protein (CLIP)-associated proteins (CLASPS)

can promote MT polymerization or rescue (Akhmanova and Steinmetz, 2008).

Initial kinetochore-microtubule interaction is a stochastic and error

prone process

The discovery that MT plus-ends undergo periodic transitions between phases of
growth and shrinkage has led rapidly to the search-and-capture model, which
represents the prevailing guiding principle for spindle assembly in somatic vertebrate
cells containing centrosomes (Kirschner and Mitchison, 1986; Heald and Khodjakov,
2015). According to this model, the attachment of KTs to the nascent spindle occurs
largely stochastically in that KTs capture centrosome-nucleated MTs, exploring the
cytoplasm by their dynamic instability behavior, as they grow into their vicinity (Figure
9A). A Ran-GTP concentration gradient formed around chromosomes thereby helps
to “guide” the MTs towards them and increases, together with other mechanisms

such as the sweeping movements of the growing MTs (termed pivoting), the
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efficiency of the search-capture process (Kalinina et al., 2012; Wollman et al., 2005;
Weaver and Walczak, 2015).

Since sister KTs are initially oriented in variable positions relative to the two
poles of the growing spindle, the chance encounter with MTs gives rise frequently to
KT attachments that are not bioriented (Figure 9B and 9C). Some of these are
transient attachment intermediates that can normally occur in the course of
biorientation. These include monotelic attachments, in which only one sister KT binds
to MTs from one spindle pole, and lateral attachments, in which KTs attach to the
side wall (the lattice) of spindle MTs. Lateral attachments involve the molecular
motors Dynein (which is minus-end directed) and CENP-E (which is plus-end
directed) and are important for the spatial positioning of chromosomes to spindle
poles and the spindle equator, respectively. They are thought to be converted to end-
on attachments when MT ends shrink to the KT and are grasped by outer KT
components, such as the Ndc80 complex (Barisic et al., 2014; Kapoor et al., 2006;
Kops et al., 2010; Shrestha and Draviam, 2013). Besides these normal attachment
intermediates, sister KTs can also engage in two different erroneous configurations,
including syntelic and merotelic. In the syntelic attachment state, both sister KTs
interact with MTs emanating from the same spindle pole, while in the merotelic state,
a single KT of a sister pair connects to both poles (Figure 9C). Merotelic attachments
are patrticularly problematic because they evade detection by the SAC and can lead
to lagging chromosomes during anaphase (Cimini et al., 2002; Salmon et al., 2005).
Lagging chromosomes, in turn, contribute to chromosome instability (CIN) in cancer
cells and constitute a potential source for structural chromosome aberrations and

DNA damage (Crasta et al., 2012; Janssen et al., 2011; Thompson and Compton,
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2008). Thus, such malorientations must be converted to bioriented attachments to

ensure faithful chromosome segregation.

Amphitelic

Figure 9. Chromosome attachment to the mitotic spindle by stochastic MT search-and-capture.
(A) Classical search-and-capture model of spindle assembly. MT arrays (blue and orange) nucleated
at the two centrosomes explore the cytoplasm by their dynamic instability behavior until they
encounter a KT (magenta) and get partially stabilized (indicated by color change of KTs and MTs to
green). (B,C) Variable initial sister KT positions during search-and-capture can lead to different
attachment configurations. Sister KTs oriented midway between the spindle poles and with their axis
aligned favorably have a reasonable chance for forming bioriented/amphitelic attachments (1). Sister
KTs that do not face the poles may form merotelic attachment errors (2 and 3). Sister KTs close to the
poles that are exposed to a high density of MTs from one pole may become oriented in a syntelic (4)
or monotelic (5) fashion. lllustrations adapted from (Heald and Khodjakov, 2015) and (Khodjakov and
Pines, 2010).
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The spindle assembly checkpoint

Unattached and tensionless (i.e. laterally attached and monooriented) sister KTs
activate the spindle assembly checkpoint (SAC), a regulatory mechanism that delays
the initiation of anaphase to provide sufficient time for the conversion of these
attachments to bioriented attachments (Collin et al., 2013; Kapoor et al., 2000;
Magidson et al., 2015; Rieder et al., 1995). The SAC was originally discovered in
budding yeast by genetic screens for mutants that failed to arrest in mitosis in the
presence of spindle poisons (Hoyt et al., 1991; Li and Murray, 1991; Weiss and
Winey, 1996). The core components of the SAC include Mad1, Mad2, BubR1/Mad3,
Bub1, Bub3, and Mps1. In higher eukaryotes, checkpoint function also depends on
the RZZ (Rod-Zw10-Zwilch) complex (Stukenberg and Burke, 2015). These proteins
accumulate at unattached or tensionless KTs to initiate SAC signaling and are
depleted following bipolar attachment (Musacchio and Salmon, 2007).

The molecular mechanisms by which the checkpoint machinery monitors the
attachment status of KTs are not well understood. Several constituents of the outer
KT that directly bind MTs are known to interact with SAC components, including
Ndc80, KNL1, and CENP-E (Martin-Lluesma et al., 2002; Mao et al., 2003; Kiyomitsu
et al., 2007; Yamagishi et al., 2012). Current evidence suggests that engagement of
some of these factors with MTs may regulate the availability of binding sites for
checkpoint components through direct competition with MT binding and/or through
conformational and biochemical changes that follow intra-KT tension or stable MT
occupancy (which is subordinate to establishment of tension) (Aravamudhan et al.,
2015; Etemad et al., 2015; Hiruma et al.,, 2015; Maresca and Salmon, 2009;

Tauchman et al., 2015; Ji et al., 2015).
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While it remains unclear how exactly the SAC senses the attachment status,
the nature of the downstream effector signal of the SAC that delays anaphase onset
is becoming increasingly clear. Unattached or tensionless KTs catalyze the formation
of a diffusible inhibitor, termed the mitotic checkpoint complex (MCC). This complex
targets and inhibits the E3 ubiquitin ligase anaphase-promoting complex/cyclosome
(APC/C) through inactivation of Cdc20, a critical coactivator of the APC/C. The
APC/C, in turn, triggers mitotic exit and sister chromatid separation by
polyubiquitinylation of Cyclin B and Securin (an inhibitor of the enzyme Separase,
which cleaves cohesin complexes), thereby promoting their rapid proteasomal

degradation (Figure 10) (Musacchio, 2015).
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Figure 10. The spindle assembly checkpoint. Unattached or tensionless KTs promote assembly of
the MCC. The MCC binds to the APC/C in complex with a second Cdc20 molecule (which can act both
as APC/C coactivator and as MCC subunit) and inhibits its activity (Izawa and Pines, 2015). Upon
bipolar attachment, APC/C®®® activation triggers Securin and Cyclin B ubiquitinylation (Ub) and
proteolysis. This leads to activation of Separase and inactivation of CDK1, which enables chromatid
separation and mitotic exit. Illlustration adapted from (Krenn and Musacchio, 2015).
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A key step in the assembly of the MCC, which contains Mad2, BubR1/Mad3,
Bub3, and Cdc20 (Hardwick et al., 2000; Sudakin et al., 2001), is the KT-based
formation of Mad2:Cdc20 complexes. Mad2 adopts two conformations: an inactive
open (O-Mad2) conformation when unbound in the cytoplasm and an active closed
conformation when liganded with Mad1 or Cdc20 (Luo and Yu, 2008). Mad2 is held in
the closed conformation at KTs by the interaction with Mad1. Mad1-bound C-Mad2
recruits additional cytosolic O-Mad2 and enhances through dimerization the ability of
Mad?2 to bind Cdc20, thereby catalyzing the formation of C-Mad2:Cdc20 complexes.
The resulting C-Mad2:Cdc20 complexes diffuse away from KTs and subsequently
assemble with Bub3 and BubR1 the MCC. Upon KT release, C-Mad2:Cdc20 may
further promote the conversion of O-Mad2 to C-Mad2:Cdc20 complexes in the
cytoplasm, amplifying the effector signal (De Antoni et al., 2005; Mapelli et al., 2007;
Mapelli and Musacchio, 2007).

Once bipolar attachments are formed, additional proteins act to silence SAC
signaling. These include Dynein, which “strips off” checkpoint proteins from KTs
(Howell et al., 2001), and the Mad2-binding protein p31%°™" which triggers “capping”
of the Mad1:C-Mad2 KT template and MCC dissociation, in concert with the AAA-
ATPase TRIP13 (Eytan et al., 2014; Hagan et al., 2011; Mapelli et al., 2006;
Westhorpe et al., 2011). In addition, KT targeting of protein phosphatases is
important to oppose and revert phosphorylation events made by checkpoint kinases
(Foley and Kapoor, 2013; Stukenberg and Burke, 2015).

Although the SAC can “buy” time for biorientation, it does not directly prevent
or correct attachment errors per se. Accordingly, other mechanisms are required for

these essential tasks.
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Mechanisms promoting chromosome biorientation

The prevalence of attachment errors is determined by the rate at which they form and
the rate at which they are corrected. The efficiency of correction must thereby exceed
the frequency at which new errors are formed by the stochastic capture of MTs.
Otherwise, errors will accumulate and may lead to chromosome missegregation and

aneuploidy (Cimini, 2008; Godek et al., 2014).

Avoidance of attachment errors

Several mechanisms are known to increase the likelihood that sister KTs encounter
MTs from opposite spindle poles. Most of these help to exploit the back-to-back
arrangement of sister KTs that favors MT capture of the KT facing away from the
opposite pole (Indjeian and Murray, 2007; Nicklas, 1997; LonCarek et al., 2007). For
example, lateral attachments and the concerted action of minus-end directed motors
and polar ejection forces have been suggested to promote, by angular rotation, pre-
alignment of sister KTs on the nascent spindle, such that the sister KTs face opposite
poles (Figure 11). The enlargement of the outer KT layer prior to end-on attachment
thereby increases the surface for efficient lateral capture of MTs and improves the
rotation angle (Magidson et al., 2015). Motor movements and polar ejections forces
on the chromosomes arms also contribute to favorably arrange chromosomes
relative to the spindle poles (Kops et al., 2010; Magidson et al., 2011; Walczak et al.,
2010). Another mechanism that may provide a bias towards bioriented attachment is
based on the activity of KTs and chromatin to nucleate MTs, which are assembled
into polarized bundles, termed preformed K-fibers (Khodjakov et al., 2003; Maiato et

al., 2004a; Meunier and Vernos, 2015). KT-derived MTs are thought to extend away
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Figure 11. Model for prealignment of sister KTs by angular rotation due to lateral attachment.
Left, polar ejection forces (chromokinesins) acting on the chromosome arms and opposing inward
forces generated at the KT (e.g. by Dynein) rotates the centromere so that the sister KTs become
favorably oriented toward opposite spindle poles. Right, larger KTs (small gap between sister KTs)
support a more significant rotation, whereas rotation of smaller KTs (large gap) is limited because
small KTs lose direct contact with MTs, dampening the inward force. lllustration adapted from
(Magidson et al., 2015).

from KTs with their minus-ends organized in pole-like structures that contain Dynein
and NuMA, which, in turn, facilitate KT loading onto the lattice of spindle pole-derived
MTs (Goshima et al., 2005; Khodjakov et al., 2003; Stukenberg and Burke, 2015).
Computer simulations have suggested that these pre-formed K-fibers increase the
efficiency of MT capture and may, similar to lateral attachments, reduce the formation
of attachment errors by rotating chromosomes, so that sister KTs become aligned
with the spindle pole-to-pole axis (Paul et al., 2009). Finally, mechanisms that ensure
the formation of a bipolar spindle array, such as the regulated duplication of
centrosomes and their timely separation at NEBD help to keep attachment error rates

low (Ganem et al., 2009; McHedlishvili et al., 2012; Silkworth et al., 2012).
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Error correction: Targeted release versus indiscriminate turnover

The removal of improper attachments after they have formed is enabled by the
turnover of KT-MTs, that is, continuous cycles of MT detachment, depolymerization,
repolymerization, and reattachment (Zhai et al., 1995). This dynamic exchange of
KT-MTs contributes to the correction of attachment errors likely by two mechanisms
(Godek et al., 2014). In one, the KT-MT turnover rate is enhanced specifically on
improperly attached KTs, leading to the selective release of attachment errors. Such
a targeted regulation may be the main strategy for the correction of syntelic
attachments (Lampson et al., 2004; Salimian et al., 2011). Unlike merotelic
malorientations, syntelic attachments interfere with chromosome congression and
are clearly distinguishable from bipolar attachments, as they produce only low intra-
KT as well as centromeric tension and activate the SAC (Musacchio and Salmon,
2007). Moreover, it has been observed that syntelic attachment shifts the sister KTs
towards one side of the centromere, abrogating their back-to-back geometry
(LoncCarek et al., 2007). On the other hand, a global regulation of the KT-MT turnover
without discriminating between properly and improperly oriented KT-MTs may be a
major mechanism for the correction of merotelic attachment errors. In line with this
view, suppression of the overall dynamics of KT-MTs both in prometaphase and
metaphase has been shown to elevate the frequency of merotelic attachments in
human cultured cells. Stimulation of the global KT-MT turnover, in turn, was found to
reduce the missegregation rate in tumor cell lines with hyperstable KT-MTs
(Bakhoum et al., 2008; 2009). The value of regulating the KT-MT turnover of all KTs
becomes apparent, when considering that the release of maloriented MTs from KTs

is likely the rate-limiting step for error correction (Nicklas and Ward, 1994) and that
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the back-to-back geometry of sister KTs provides a bias for MT capture from
opposite poles. In this view, promoting the turnover of both bioriented and merotelic
KT-MTs would distinctly favor the accumulation of bioriented attachments. Indeed,
computer modeling has highlighted that “indiscriminate” KT-MT turnover can provide
strong error correction activity for back-to-back oriented sister KTs with a geometrical
constraint for MT capture (Zaytsev and Grishchuk, 2015). Considering also that
chromosomes acquire merotelic attachments at highest frequency during spindle
formation in early prometaphase, but can subsequently congress to the spindle
equator (Cimini, 2003), such a global correction mechanism may be particularly
beneficial for merotelic error correction during later stages of mitosis, when sister KTs
are favorably aligned with the spindle pole axis. Hence, elevating the KT-MT turnover
rate of all KTs should improve the error correction efficiency. Yet, excessive KT-MT
dynamics would prevent KTs from attaining an adequate number of MTs for
satisfaction of the SAC as well as stable load-bearing K-fiber attachments. On the
other hand, too slow turnover again raises the frequency of attachment errors.
Accordingly, the “dynamic range” of KT-MT attachments must be kept within a
narrow window, in order to satisfy the requirements for proper biorientation and
faithful chromosome segregation (Figure 12) (Bakhoum and Compton, 2012; Zaytsev
and Grishchuk, 2015).

To achieve such a narrow “dynamic range” for KT-MT attachments, both the
strength of the grip of KTs on the MT lattice and the polymerization and
depolymerization dynamics of KT-MTs within the KT binding sites must be precisely
controlled during the course of mitosis. Although these two mechanical properties

can be regulated independently from each other (Amaro et al.,, 2010), they are
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closely related. For example, it was found that if the binding affinity between the
Ndc80 complex and the MT lattice is too high, MT plus-end dynamics is suppressed
(DeLuca et al., 2006). Thus, the grip on the KT-MT lattice must be kept “loose”
enough to allow for fluid KT-MT plus-end dynamics.
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Figure 12. Relation between KT-MT attachment dynamics and chromosome segregation
fidelity. KT-MT attachment stability and plus-end dynamics must fall within a narrow range to ensure
faithful progression into anaphase. A sufficient degree of KT-MT attachment instability and plus-end
turnover is required for error correction and force generation for chromosome movements,
respectively. Too transient interactions between KTs and MTs result in insufficient MT occupancy at
KTs and persistent SAC activity (botfom), whereas overly strong and static interactions cause the
accumulation of improper attachments (e.g. merotelic attachments), which in turn can lead to
chromosome missegregation and chromosomal instability (CIN) (fop).

30



Molecular control of KT-MT attachment

At the molecular level, control of KT-MT attachment depends largely on the interplay
between kinases and phosphatases, which regulate KT composition and MT-binding
properties of their KT substrates (Godek et al., 2014). In addition, there is evidence
that mechanical tension per se can impact KT-MT attachment by activating a “catch-

bond” mechanism (Sarangapani and Asbury, 2014).

Aurora B kinase

One of the key regulators of both KT-MT attachment stability and plus-end dynamics
is the conserved serine/threonine kinase Aurora B. Perturbation of Aurora B function
through small-molecule inhibitors increases both syntelic and merotelic attachments
and suppresses KT-MT plus-end turnover in mammalian cultured cells (Cimini et al.,
2006; Ditchfield, 2003; Hauf et al., 2003). Conversely, an increase of Aurora B (Ipl1)
activity by its overexpression in budding yeast has been shown to cause continuous
disruption of all KT-MT attachments (Mufioz-Barrera and Monje-Casas, 2014). Prior
to anaphase, it is found along chromosome arms and becomes enriched at the inner
centromere as part of the chromosomal passenger complex (CPC), that also includes
Borealin, the inner centromere protein (INCENP), and Survivin (Carmena et al., 2012).
Functionally relevant pools of the kinase or of its phosphorylated forms have also
been reported to localize to spindle MTs (Tseng et al., 2010; Banerjee et al., 2014)
and KTs prior to anaphase (Posch et al., 2010; DelLuca et al., 2011; Petsalaki et al.,
2011; Bekier et al., 2015). At KTs, Aurora B differentially phosphorylates KT proteins
that bind MTs, including the KMN network, the Dam1 complex, and the Ska complex,

to decrease their MT-binding activity and to actively promote MT catastrophe
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(Lampson et al., 2004; Welburn et al., 2010; Umbreit et al., 2012; Sarangapani et al.,
2013; Schmidt et al., 2012; Chan et al., 2012). Moreover, the kinase regulates the
dynamics of KT-MTs by controlling the localization and activity of various MT-
associated proteins, such as MCAK and CENP-E (Tanno et al., 2010; Ditchfield,
2003), which can modulate directly or indirectly the dynamics of KT-MT attachments
(Bakhoum et al., 2009; Wordeman et al., 2007; Maffini et al., 2009). MCAK and
CENP-E, in turn, also have an important function in chromosome alignment (Kline-
Smith, 2003; Tanno et al., 2010; Kapoor et al., 2006; Auckland and McAinsh, 2015).
Finally, Aurora B is in an antagonistic relationship with protein phosphatases,
including protein phosphatase 1 (PP1) and PP2A-B56 families, which oppose the
phosphorylation of Aurora B substrates and reportedly also directly influence the
activity state of Aurora B (Krenn and Musacchio, 2015; Sugiyama et al., 2002a).
These functions are not only crucial for the reorientation of improperly attached KTs
during establishment of biorientation in early mitosis, but also to sustain an adequate
degree of KT-MT attachment dynamics to allow for fluid MT plus-end turnover for
chromosome movements and error correction in late mitosis (Bakhoum et al., 2009;

Cimini et al., 2006; DelLuca et al., 2011; Tanno et al., 2015).

The Ska complex

Among the various KT targets of Aurora B, the spindle and KT-associated (Ska)
complex is recognized as an important factor for the stability of K-fibers and as a
potential functional equivalent of the yeast Dam1 complex that couples chromosome
movement to MT plus-end depolymerization (Hanisch et al., 2006; Gaitanos et al.,

2009; Raaijmakers et al., 2009; Welburn et al., 2009; Schmidt et al., 2012). The Ska
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complex is present in vertebrates but is absent in fungi and D. melanogaster,
although apparent homologues of complex subunits can be found in other insects, as
well as in nematodes and plants. In vertebrates, the Ska complex consists of three
subunits (Ska1, Ska2 and Ska3) and localizes to both spindle MTs and outer KTs
after NEBD. While it stays associated with spindle MTs throughout mitosis, the
complex becomes maximally enriched at Dbioriented KTs in late
prometaphase/metaphase and leaves the KTs in telophase (Raaijmakers et al.,
2009; Chan et al., 2012; Jeyaprakash et al., 2012). Accumulation of Ska at the KT-
MT interface is important to confer cold-stability to K-fibers and this function is
opposed by Aurora B activity (Chan et al., 2012). Besides its role in fostering K-fiber
stability, Ska has been implicated in chromosome alignment and timely metaphase-
to-anaphase transition (Hanisch et al., 2006; Schmidt et al., 2012; Abad et al., 2014).
The latter role possibly reflects a function of Ska in silencing the SAC or in facilitating

the activity of the APC/C (Daum et al., 2009; Sivakumar et al., 2014).
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Aim of this work

Here, we focused on a functional interplay between the Ska complex and Aurora B
kinase, with the aim of understanding the mechanisms that generate stable yet
dynamic KT-MT attachments, which are essential for chromosome biorientation and
error-free chromosome segregation.

First, we used siRNA-mediated depletion and high-resolution live-cell
microscopy combined with laser-induced photoactivation and KT tracking to reveal
that the Ska complex is not only required for K-fiber stability, but also for
chromosome biorientation and control of KT-MT dynamics. As these functions
overlapped with those previously described for Aurora B, we hypothesized that the
Ska complex may act to mediate faithful mitotic progression by regulating Aurora B
activity. We set out to test this hypothesis, in a second step, using cell-based and
biochemical assays. Finally, having established that the Ska complex stimulates the
activity of Aurora B, we asked how Ska is able to promote maturation of K-fiber
attachments once biorientation is achieved, given that Aurora B antagonizes this

function.
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Results

The Ska complex is required for error-free chromosome segregation

We sought to gain novel insights into Ska complex function by reexploring the
consequences of Ska depletion in HeLa S3 cells using high-resolution time-lapse
microscopy. Asynchronously growing cells stably expressing histone H2B—GFP were
cotransfected with siRNAs against two different Ska subunits (Ska1l and Ska3) to
achieve specific targeting of the Ska complex and were filmed 36-40 h after
transfection. As reported previously (Hanisch et al., 2006; Daum et al., 2009;
Gaitanos et al., 2009; Welburn et al., 2009), Ska-depleted cells displayed prominent
early mitotic defects including (i) a late prometaphase delay with occasional loss of
chromosomes from the spindle equator and rotation and/or widening of the equatorial
plate, (ii) a similar late prometaphase arrest with subsequent chromosome scattering
(cohesion fatigue), and (iii) a complete chromosome congression failure (Figure 12A).
While cells showing chromosome scattering and alignment defects underwent in the
majority of cases mitotic cell death, the remaining cells (~75% of the population;
Figure 13A) were eventually able to progress into anaphase. Strikingly, when we
analyzed chromosome behavior in these cells, we observed a marked increase in the
frequency of segregation errors. Specifically, 21% of the anaphases in Ska-depleted
cells displayed lagging chromosomes, as compared to 3% in control cells (Figure
12B and 12C). Live-cell analysis showed that these lagging chromosomes
occasionally segregated, either as whole chromosomes or as fragments after
chromosome breakage, into micronuclei (data not shown). Consistently, micro-

nucleated cells occurred with a twofold higher frequency, when measured in
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Figure 12. The Ska complex is required for error-free chromosome segregation. (A) Selected
images from time-lapse imaging sequences of HeLa S3 H2B—GFP cells treated with control or Ska1
and Ska3 siRNAs for 36-40 h before imaging that illustrate previously described Ska RNAi
phenotypes. (B) Lagging chromosome Ska depletion phenotype. Top, mitotic progression of a
siControl cell. Bottom, example of a siSka1+3 cell showing a lagging chromosome and subsequent
chromosome breakage. The arrows point at the lagging chromosome, arrowheads highlight the
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chromosome fragments. Scale bar, 5 ym. (C) Percentage of anaphase cells with lagging
chromosomes. Bars represent mean = 95% confidence interval (Cl) (n = 300 anaphase cells per
condition from N = 4 independent experiments). (D) Representative image and quantification of
anaphase cells with chromatin bridges. Bars represent mean + 95% CI (n = 275 anaphase cells per
condition from N = 3 independent experiments). (E) Nuclear integrity of siControl or siSka1+3 cells in
interphase 48 h after siRNA transfection. Cells were fixed and stained for DNA with Hoechst dye.
Scale bars, 5 ym. (F) Percentage of micronucleated interphase cells. Bars represent mean + 95% CI
(n = 1500 cells per condition from N = 3). (G) siControl or siSka1+3 transfected cells were treated after
48 h with the Mps1 inhibitor reversine for 2025 min to force anaphase entry, followed by 5 min
incubation at 4°C to depolymerize non-KT-MTs. Cells were fixed and immunostained with the
indicated antibodies. Left, optical section of a siControl cell before anaphase onset. A bioriented sister
KT pair is depicted in the enlarged crop. Right, optical sections of two siSka1+3 cells with merotelic
attachments before and after anaphase onset. Merotelic-oriented sister KTs are highlighted by arrows
in the enlarged crops. Scale bars, 5 ym (upper panel) and 1 ym (lower panel). Asterisks show
statistical significance (Student's ttest, unpaired). **** P <0.0001; ** P < 0.01.

fixed cells (11% versus 5%, for Ska depletion and control cells, respectively) (Figure
12E and 12F). In addition to lagging chromosomes and micronuclei, we also detected
chromatin bridges at lower but elevated frequencies upon Ska depletion (10% versus
4%) (Figure 12D). The leading cause of lagging chromosomes in anaphase is
merotelic KT orientation (Cimini et al., 2001; 2002), while chromatin bridges may
arise from unresolved merotelic attachments or other premitotic defects (Gisselsson,
2008; Steigemann et al., 2009). To confirm that lagging chromosomes in Ska-
depleted cells are a result of merotely, we sought to analyze the attachment status on
these chromosomes. In order to enrich Ska-deficient cells in anaphase and
depolymerize non-KT-MTs that occlude precise assessment of KT-MT interactions,
cells were treated with an inhibitor of the checkpoint kinase Mps1 and cold. Under
these experimental conditions, KTs on lagging chromosomes, identified by a single
anti-centromere-antibody (ACA) signal, often appeared with MT contacts oriented
toward both spindle poles, consistent with persistent merotelic attachment (Figure
12G). Together, these data suggest a role of the Ska complex in correction or
prevention of merotelic attachments, thus revealing a novel phenotypic aspect of Ska

loss-of-function.
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Loss of the Ska complex abolishes the control of KT-MT dynamics

Correction of attachment errors relies on the detachment and depolymerization of
inappropriately oriented MTs from KTs. Consequently, this process is dependent on
factors governing the kinetics of MT polymerization and depolymerization at KTs
(Zhai et al., 1995; Bakhoum and Compton, 2012). To test whether the Ska complex
promotes error correction by modulating KT-MT dynamics, we examined MT plus-
end turnover in absence of Ska using HelLa K cells stably expressing photo-
activatable GFP-a-tubulin and histone H2B—mRFP (Amaro et al., 2010). In
comparison to HeLa S3 cells, these cells were more sensitive to double depletion of
Ska complex subunits, as seen by higher frequencies of cell death and elevated
mitotic timings (Figure 13A). To increase cell viability but achieve comparable
knockdown efficiencies, assays with this cell line were performed with Ska3 single-
siRNA treatment (Figure 13A and 13B) (Gaitanos et al., 2009). We measured tubulin

turnover at MT plus-ends by fluorescence dissipation after photoactivation. GFP was
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Figure 13. Efficiency of Ska complex depletion in HeLa K PA-GFP-a-tubulin/H2B—-mRFP and
HeLa S3 cells. (A) Box-and-whisker plot showing the elapsed time between NEBD and anaphase
onset/mitotic cell death after the indicated siRNA treatments. The number of cells (n) analyzed is given
above each box. Percentage of mitotic cell death is displayed below the plot. (B) Western blot anaylsis
of mitotic cell extracts of HeLa S3 H2B—GFP cells (pale blue) or HeLa K PA-GFP-a-tubulin/H2B-
mRFP cells (dark blue) treated with the indicated siRNAs for 48 h. Note that depletion of any Ska
complex subunit leads to destabilization of the entire complex.
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activated along a line close to the chromosome mass in cells with a late
prometaphase chromosome arrangement and the decrease of fluorescence in the
activated regions was followed over time (Figure 14A). Both in control- and Ska-
depleted cells the fluorescence dissipation was biphasic and best fit by a double-
exponential curve (R? > 0.99) (Figure 14B), with the fast phase reflecting free non-
KT-MTs and the slow phase representing the more stable K-fiber population
(Mitchison, 1989; Zhai et al., 1995). Knockdown of the Ska complex increased the
fraction of non-KT-MTs within K-fibers (from 52% in control cells to 67% in Ska3-
depleted cells) (Figure 14D), in line with previous cold sensitivity assays (Hanisch et
al., 2006; Gaitanos et al., 2009). Moreover, Ska-deficiency caused a ~1.8-fold
increase in the half-life of KT-MTs relative to control-depleted cells (368s versus 202s
for siSka3 and control cells, respectively), while half-lives of non-KT-MTs remained
similar in each case (14s versus 12s for siSka3 and control cells, respectively)
(Figure 14C). Similar results were obtained when targeting the Ska complex with
Ska1 single-siRNA treatment (Figure 14A-D). Thus, the Ska complex is required
both to attain and/or maintain K-fibers with a normal number of MTs and to sustain
the plus-end turnover of KT-MTs.

We also measured poleward MT flux by determining the rates of the pole-
directed movement of fluorescent marks away from the chromosome mass. We
found that the average poleward tubulin transport was markedly increased in spindles
of Ska-depleted cells as compared to control spindles (1.62 ym/min versus 0.94
pym/min for siSka3 and control cells, respectively) (Figure 14E). This finding is in
agreement with previous reports suggesting a direct correlation between high MT flux

rates and long MT half-life (Buster et al., 2007; McHedlishvili et al., 2012).
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Figure 14. Loss of the Ska complex slows the KT-MT plus-end turnover and decreases the
number of MTs within K-fibers. (A) Live cell fluorescence images (pseudo-colored heat maps)
before and after photoactivation of HeLa K cells stably expressing photoactivatable (PA)-GFP-a-
tubulin and histone H2B—-mRFP treated with control, Ska1 or Ska3 siRNAs for 48 h. (B) Quantification
of the fluorescence intensity decay of the activated regions over time. Relative GFP intensities were
fitted to a double exponential equation corresponding to fast (free MT) and slow MT (KT-MT)
populations (see Experimental Procedures for detail). Shaded areas represent the 95% CI. (C,D) Bar
graphs illustrating fitting parameters obtained from B. (C) Half-life of free MTs and KT-MTs. (D)
Percentage of the free MTs. Bars represent mean + 95% CI. (E) Scatter plot showing poleward MT
flux rates in cells treated as in A. Each dot represents the average cellular flux calculated from = 3 K-
fibers per cell (n = 30 cells per condition from N = 3 independent experiments). The horizontal lines
depict mean. (F) Table showing sample sizes and fitting parameters related to B. Asterisks show
statistical significance (Student's ttest, unpaired). **** P < 0.0001; *** P < 0.001; ** P < 0.01 ns. Scale
bar, 5 ym.
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In addition, based on live-cell tracking analysis of HeLa K cells stably ex-
pressing EGFP-CENP-A (a marker for KTs), we found that sister KT oscillations (i.e.
sister KT movements along the spindle axis) and sister KT breathing (i.e. changes in
the distance between sister KTs) were clearly impaired in Ska-deficient cells,

consistent with the abrogated control of KT-MT plus-end turnover (Figure 15A—C).
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C Table. Number of KT pairs analyzed by 3D KT tracking

siCtrl siSkat siSka3
n (sister-KT pairs) 1512 1043 1654
n (cells) 49 32 58
N (experiments) 3 2 3

Figure 15. Ska depletion abrogates sister KT oscillations and breathing. (A) Kymographs (left)
and live-cell stills (right) of single sister KT oscillations in living HeLa K cells stably expressing EGFP-
CENP-A treated for 48 h with control, Ska1l or Ska3 siRNAs. Scale bars, 1 ym. (B) Quantification of
sister KT oscillations using automated sister KT tracking. The graph shows the autocorrelation
function of KT oscillations in siControl (black line), siSka1 (green line), and siSka3 (red line) cells. The
autocorrelation function was calculated by combining all aligned sister KT pairs for each condition. The
first negative lobe in siControl cells indicates the half-period of the mean oscillation period and its
depth indicates the regularity of the oscillations. The second positive lobe indicates the full period.
Note that a negative value at a short time lag is indicative of random motion (Jagaman et al., 2010).
(C) Table showing the number of sister KTs analyzed for calculating the autocorrelation function.
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Ska regulates KT-MT dynamics and chromosome alignment through KT
localization of the Aurora B effectors MCAK and CENP-E
To determine how the Ska complex controls KT-MT plus-end turnover, we next
investigated whether Ska depletion alters the distribution of proteins implicated in the
regulation of KT-MT dynamics. Interestingly, we found that Ska depletion impaired
inner KT localization, but not spindle pole association, of the Aurora B downstream
effector MCAK in HeLa S3 cells (Figure 16A and 16B), without affecting its total
protein levels (Figure 16C). A similar reduction in MCAK inner KT levels was
observed in the chromosomally stable, non-transformed cell line MCF10A following
Ska knockdown (Figure 16D and 16E). Notably, this effect on MCAK KT localization
is not a consequence of changes in KT-MT plus-end dynamics or occupancy since
MCAK associates with the inner KT/centromere independently of MTs (Figure 16F
and 16G) (Kline-Smith, 2003; Andrews et al., 2004). Conversely, depletion of MCAK
did not produce a major effect on Ska3 KT localization, placing the Ska complex
upstream of MCAK (Figure 16H and 16l). Immunoprecipitation assays from mitotic
HelLa S3 cells failed to reveal MCAK in Skal immunoprecipitates (Figure 16J),
suggesting that the Ska complex is required to support MCAK localization to the inner
KT independently of a physical interaction.

We also found that KT localization of CENP-E, another Aurora B effector
reportedly required to promote KT-MT plus-end turnover (Maffini et al., 2009), was
reduced in Ska-depleted cells, to a similar extent as upon direct inhibition of Aurora B

(Figure 17A and 17B).

42



A vcak B M Inner KT C
MCAK Ska3 ACA ACADNA M Spindle pole 5 @
*kkk ns baet
E AZOO' I**** R ns ' E E
O Q) —i I | Q X
2 N L S 2
= 1501 P M (K)
= v Dooa
S < 100 2L, Skl | oo
nrt O g Sy
n S ok oo ! MCAK| "
= 5017 &€ ¥ ! — 75
= o | EF! a-tubulin | e e [ 50
> D O > DO
S SRR
% PV
D ACA MCAK E F Early PM Late PM Pre-Noc G
ACADNA 4 —_
. o~
_ i £>-’200 *kkk < &\O/ 200-
= o — g
=7 c -
o = 1501 « £ 1501 :
n v . < — . .
. X : .
x100{% = O < 100f: %
m(r) < E hd < < \r .
o S
Cf) + g 50' : ?r < O 50_ . .
BT : . M xZ =
® ol — &% 3 0
o i = "
MCF10A RS SRS
é\ooe\ro‘l* MF”
Ska3  MCAK
H Ska3 MCAK ACA ACADNAACADNA | J
S
»n ;\3 200+ Input (o/o) IP
= el T
g € 150 0N QY
(f)c? — . a o 2w Mr (K)
B X 100{% o ¥
o T = Skai -
X 8 . b 25
< < 501
O o o MCAK | 'y ™
B 3
’ 0&0'5\%0?&:\&%
QO %‘l~ N DP‘
N =)
_ L N HeLa K PA-GFP-o-tub.
siCtrl HeLa S3 (fixed) / H2B-mRFP (live)
150' B *okkk
< siCtrl i .1
< = siSka1+3 o ﬁ R 1 ™5
Tl |, ferl w o BRI oz
i L ! "“ ] o4 b v 7
siSka1+3 = E §_ g ol % §_§ 12 ~ %
2 50 \\/v+~\ 08 gl 7 o8 = ¥ &
R NGO EEEE
3 LI £ 7 -1
— e - 0+——— e @ 61— » 8- T
a-tubulin ACA DNA N N0
6 420 2 4 6 oo RSN
Distance (um) 9\0(5{.’5\ @ é“b\‘r é\%“

Figure 16. KT localization of MCAK and spindle length are dependent on the Ska complex.
(A,B) Immunofluorescence images (A) and quantification (B) of relative MCAK intensities at inner KTs
and spindle poles in HelLa S3 cells treated for 48 h with control, Ska1 and Ska3, or control siRNAs and
the Aurora B inhibitor ZM447439 for 1 h (n = 10-77 cells per condition from N = 2 independent
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experiments). (C) Western blot analysis of MCAK levels in mitotic HeLa S3 cell extracts 48 h after
siRNA transfection. (D,E) Immunofluorescence images (D) and quantification (E) of relative MCAK
intensities at the inner KTs in MCF10A cells treated with control or Skal and Ska3 siRNAs. (F,G)
Mitotic cells from asynchronously growing HeLa S3 cells were washed-out and cells were treated for
16—18 h with DMSO or nocodazole (0.33 pM). Immunofluorescence images (F) and quantification (G)
of relative MCAK inner KT levels in DMSO-treated early and late prometaphase (PM) cells or in cells
subjected to pre-mitotic nocodazole treatment (n = 14-25 «cells per condition). (H,I)
Immunofluorescence images (H) and quantification (l) of relative Ska3 KT intensities in HeLa S3 cells
treated with control, Ska1 and Ska3, MCAK siRNAs or control siRNAs and ZM447439 for 1 h (n=10-
20 cells per condition). (J) Immunoprecipitates (IP) from an extract of STLC-arrested mitotic HeLa S3
cells, obtained using anti-Ska1 antibodies or control IgGs, were analyzed by Western blotting using
antibodies against Skal and MCAK. (K-N) Spindle elongation in Ska-deficient cells. (K)
Representative immunofluorescence images showing spindle length in fixed HeLa S3 cells treated for
48 h with control or Ska1l and Ska3 siRNAs. (L) Linescan of the tubulin (green) and DNA fluorescent
intensity (blue) of the cells shown in K. (M) Quantification of the spindle length in fixed HeLa S3 cells
(n = 24-29 cells per condition from N = 3). (N) Scatter plots showing the spindle length distribution in
live HeLa K PA-GFP—a-tubulin/histone H2B—mRFP cells treated for 48 h with control, Ska1, or Ska3
siRNAs (n = 23-25 cells per condition from N = 2). Spindle length was measured as pole-to-pole
distance in cells with fully aligned chromosomes. Each dot in the depicted scatter plots represents one
cell. Horizontal lines indicate mean. Asterisks show statistical significance (Student's t-test, unpaired).
**** P <£0.0001; *** P <0.001; ns, non-significant. Scale bars, 5 ym.

To delineate the significance of the reduction of MCAK and CENP-E at KTs,
we examined whether additional functions associated with these two proteins were
perturbed in Ska-depleted cells. MCAK is a potent depolymerizer of MTs (Hunter et
al., 2003), and selective loss of the inner KT MCAK pool may not only lead to a
slower tubulin turnover, but also to misbalanced MT assembly at KTs. Consistent
with this idea, we observed elongated spindles in Ska-deficient cells (Figure 16K—N),
in line with previous reports showing a role of MCAK in governing spindle length
(Wordeman et al., 2007; Domnitz et al., 2012). Besides the function of CENP-E in
promoting KT-MT plus-end dynamics, it has a well-established role in mediating
chromosome congression (Auckland and McAinsh, 2015). We therefore monitored
chromosome alignment following recovery from monastrol washout. While control
cells efficiently aligned chromosomes at the spindle equator, the proportion of Ska-
depleted cells with misaligned chromosomes following spindle bipolarization was
clearly increased, similar as in CENP-E-depleted or Aurora B-inhibited cells (Figure

17C and 17D). We conclude that Ska contributes to the regulation of KT-MT
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dynamics, spindle length, and chromosome alignment and/or correction of syntelic
attachment errors likely through the KT localization of MCAK and CENP-E,

respectively.
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Figure 17. KT localization of CENP-E and chromosome alignment are dependent on the Ska
complex. (A,B) Immunofluorescence images (A) and quantification (B) of relative CENP-E KT
intensities in HeLa S3 cells treated for 48 h with control, Skal and Ska3, or control siRNAs and the
Aurora B inhibitor ZM447439 (5 yM) for 1 h (n = 20 cells per condition from N = 1 experiment). (C,D)
HelLa S3 cells were transfected with control, siSkal and Ska3 or CENP-E siRNAs, incubated for 12 h,
and treated with thymidine for 24 h. After thymidine release, the cells were incubated in fresh medium
for 6 h before addition of the Eg5 inhibitor monastrol for 4 h to induce monopolar spindles. Ten hours
after thymidine release, monastrol was washed out and cells were incubated 1 h in medium containing
MG132 to allow spindle bipolarization before fixation. Immunofluorescence images (C) and
quantification (D) of chromosome alignment in cells with bipolar spindles (n = 100 cells per condition
from N=1).
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The Ska complex is required for Aurora B activity

Previously, the Ska complex has been identified as an Aurora B substrate (Chan et
al., 2012). Now we find that several of the phenotypes observed after Ska depletion
(i.e. merotely, lagging chromosomes, suppressed KT-MT plus-end turnover, and
chromosome alignment defects) are highly reminiscent of previously described
consequences of Aurora B loss-of-function (Cimini et al., 2006; DelLuca et al., 2011;
Ditchfield, 2003; Hauf et al., 2003). Moreover, MCAK and CENP-E KT localization
are both dependent on Aurora B activity (Figure 16A and 16B; Figure 17A and 17B)
(Andrews et al., 2004; Lan et al., 2004; Tanno et al., 2010; Murata-Hori and Wang,
2002; Ditchfield, 2003). Hence, we reasoned that the Ska complex might govern
Aurora B activity. In support of this hypothesis, we found that Ska depletion in HelLa
S3 cells caused a significant decrease in the phosphorylation of histone H3 on both
serine 10 (H3-pS10) and serine 28 (H3-pS28) (Figure 18A-D), an Aurora B substrate
localizing along chromosome arms (Goto et al., 2002). Treatment of cells with the
Aurora B kinase inhibitor ZM447439 confirmed the specificity of these
phosphorylation signals (Figure 18A-D). Similar results on H3-pS10 were obtained
by targeting the Ska complex with a panel of different siRNAs (Figure 18G and 18H)
and complementation of the depleted Ska complex subunits by transient expression
of their siRNA-resistant versions partially rescued H3-S10 phosphorylation (Figure
18E and 18F), attesting to specificity. Furthermore, we also observed a drop in H3-
pS10 levels in U20S and MCF10A cells (which are transformed and aneuploid and
non-transformed and near-diploid, respectively) (Figure 18I-L). In contrast, RPE-1
cells (also non-transformed and near-diploid) showed at most marginally reduced H3-

pS10 levels (Figure 18M), presumably because of incomplete Ska complex depletion
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(Figure 18N and 180). Ska knockdown also suppressed Aurora B phosphorylation in
living HeLa K cells stably expressing either a centromere-targeted (CENP-B fused) or
a chromatin-targeted (histone H2B-fused) fluorescence resonance energy transfer
(FRET) sensor for Aurora B activity (Fuller et al., 2008), albeit to a lesser extent than
direct inhibition of Aurora B (Figure 19A-D). Collectively, these data indicate that the
Ska complex promotes Aurora B activity in cells to facilitate KT-MT dynamics and

prevent the accumulation of attachment errors.
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Figure 18. The Ska complex is required for Aurora B kinase-mediated histone H3
phosphorylation. (A,B) Immunofluorescence images (A) and quantification (B) of relative histone H3-
pS10 intensities in HeLa S3 cells treated for 48 h with control or Ska1 and Ska3 siRNAs. The Aurora B
inhibitor ZM447439 was added to siControl cells 1 h before fixation (n = 47-61 cells per condition from
N = 3 independent experiments). (C,D) Immunofluorescence images (C) and quantification (D) of
relative H3-pS28 intensities in HeLa S3 cells treated as in A (n = 35—40 cells per condition from N = 2).
(E,F) HeLa S3 cells were depleted of endogenous Skal and Ska3 or treated with control siRNAs,
synchronized by a double thymidine arrest, and rescued by transfection with siRNA-resistant mCherry-
Skal and Myc-Ska3 (Res.) or empty mCherry- and Myc-Vectors (Vector), fixed and stained with the
indicated antibodies. (F) Relative H3-pS10 intensities in cells treated as in E (n = 44-59 cells from N =
2). (G,H) Immunofluorescence images (G) and quantification (H) of relative H3-pS10 intensities in
Hela S3 cells treated for 48 h with control or the indicated panel of siRNAs targeting the Ska complex
(n = 13-15 cells per condition). (I-M) Relative H3-pS10 intensities in U20S (I and J; n = 42—49 cells
per condition from N = 3), MCF10A (K and L; n = 60 cells from N = 3), and RPE-1 cells (M; n = 16-23
cells from N = 2) treated for 48 h with control or Ska1l and Ska3 siRNAs. (N) Western blot analysis of
Ska1 and Ska3 levels in mitotic RPE-1 cell extracts. Note the incomplete depletion of Skal and Skag3.
(O) Box-and-whisker plot of the elapsed time between NEBD and anaphase onset/mitotic cell death
after the indicated siRNA treatments. The number of cells (n) analyzed is given above each box. For
comparison, the data for HeLa S3 H2B—GFP cells is shown. Note that transfection of RPE-1 H2B-
GFP cells with Ska siRNAs causes only a minor delay in mitotic progression compared to HelLa S3
H2B-GFP cells. Horizontal lines in the scatter plots depict mean. Asterisks show statistical
significance (Student's t-test, unpaired). **** P < 0.0001; ns, non-significant. Scale bars, 5 ym.
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Figure 19. Ska depletion suppresses Aurora B activity at centromeres and chromatin in living
cells. (A-D) Live-cell images of HeLa K cells stably expressing an Aurora B FRET sensor targeted to
inner KTs/centromeres (A,B) or chromatin (C,D) 48 h after transfection with control or Ska1 and Ska3
siRNAs. The FRET sensors were completely dephosphorylated in siControl cells treated with the
Aurora B inhibitor ZM447439 30 min before imaging. Shown are emission ratio images (TFP/YFP or
CFP/YFP), color-coded as indicated by the color scale, and images for sensor localization (TFP or
CFP emission). (B) Scatter plot showing TFP/YFP emission ratios calculated for individual aligned KTs
in siControl and siSka1+3 cells (n = 500 KTs from 50 cells each from N = 2) or mostly unaligned KTs
in ZM447439 treated cells (n = 100 KTs from 10 cells from N = 1). (D) CFP/YFP emission ratios
calculated for individual siControl and siSka1+3 cells with aligned chromosomes (n = 33-55 cells from
N = 3) or ZM447439 treated cells with mostly unaligned chromsomes (n = 33 cells from N = 1).
Horizontal lines in the scatter plots depict mean. Asterisks show statistical significance (Student's
test, unpaired). **** P < 0.0001. Scale bars, 5 ym.
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The Ska complex promotes Aurora B activity in a MT-dependent manner

Most of the functions of the Ska complex have been linked to its ability to directly
associate with spindle MTs. To see whether the Ska complex also requires its MT-
binding capability to enhance Aurora B activity, we depleted endogenous Skai in
HelLa cells stably expressing mutant versions of RNAI resistant GFP-Ska1 lacking

1R155A, R236A, R245A) or the

either a basic patch in the MT-binding surface of Ska1 (Ska
entire MT-binding domain (MTBD) (Ska1“""®P; residues 1-131) (Schmidt et al., 2012).
These mutants both make the full Ska complex MT-binding deficient in vitro without
affecting complex formation; in intact cells they fail to localize to spindle MTs but not
KTs (Schmidt et al., 2012; Abad et al., 2014). While cells expressing wild-type Ska1
showed after Skal depletion H3-pS10 and MCAK KT levels that were
indistinguishable to control cells, expression of Skat7'°%A R236A R245A gnq Ska1MTED
failed to restore wild-type levels of these two Aurora B activity markers (Figure 20A—
D). These results indicate that the Ska complex promotes Aurora B activity in a MT-
dependent manner.

GFP fluorescence intensities of wild-type Skal and Ska1R'5%# R236A. R245A o4
KTs were comparable, whereas the Ska1*™™®P KT levels were on average ~40%

lower (Figure 20H). Although expressed at lower levels, Ska1“™®P

also produced a
significant decrease in H3-S10 phosphorylation and a modest reduction in the
staining intensity of MCAK at KTs in presence of the endogenous proteins (Figure
20E-G). This falls in line with a previously described dominant negative effect of this
mutant and likely reflects dimerization of the Ska complex (Schmidt et al., 2012). In

contrast, Ska171°%A R236A R245A had no apparent dominant-negative effect on Aurora B

activity (Figure 20F and 20G), possibly because MT-binding of the Ska complex
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depends on a dimeric arrangement of the Skal MTBD (Abad et al., 2014), and the
Ska1R1ooA R236A, R245A  gomain may be still capable to support a functional
conformation of the endogenous MTBD. Alternatively, the Skal MTBD may be

involved in the binding and/or activation of Aurora B.
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Figure 20. The MT-binding capability of the Ska complex is required for Aurora B activity.

(A,B) Immunofluorescence images (A) and quantification (B) of relative histone H3-pS10 intensities in
Hela cells stably expressing GFP-tagged and siRNA-resistant wild-type Ska1l (WT) or the MT-binding
deficient mutants Ska1™'%%" R236A R252 (ARG) and Ska1'"®' (AMTBD), respectively, treated for 48 h
with control or Skal siRNAs (n = 35-40 cells per condition from N = 2 independent experiments).
(C,D) Immunofluorescence images (C) and quantification (D) of relative MCAK KT intensities in cells
treated as in A (n = 17-26 cells from N = 1). Note that due to the simultaneous cell permeabilzation
and fixation spindle association of GFP-Ska1"" is not apparent in all cells. (E-G) Dominant negative
effect of the Ska1'"®' (AMTBD) mutant on H3-pS10 and MCAK KT levels. (E) Immunofluorescence
images of histone H3-pS10 levels in HelLa cells stably expressing GFP-tagged and siRNA-resistant
wild-type Ska1 (WT) or Ska1'"®' (AMTBD) treated for 48 h with control sSiRNAs. Scatter plots showing
the entire quantification of relative H3-pS10 intensities (F) and MCAK KT intensities (G) in cells treated
as in A. Horizontal lines in the scatter plots depict mean. (H) Bar graphs showing the average GFP-
Ska1 fusion protein levels at KTs in the corresponding stable cell lines. Bars represent mean + 95% CI.
Asterisks show statistical significance (Student's t-test, unpaired). **** P < 0.0001; *** P <0.001; ** P <
0.01; * P < 0.05; ns, non-significant. Scale bars, 5 ym.
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The Ska complex is necessary to maintain centromere localization of Aurora B
but promotes Aurora B activity independently of its centromere targeting

Having shown that the Ska complex depends on its MT-binding capability to promote
Aurora B activity, we next sought to determine the underlying molecular mechanism
by which the Ska complex governs Aurora B activity. Previous work suggested that
concentration of the chromosomal passenger complex (CPC) at the inner centromere
contributes to Aurora B kinase activity by transactivation (Kelly et al., 2007; 2010;
Wang et al., 2011a). We therefore asked whether the Ska complex might regulate
Aurora B activity via centromere recruitment of the CPC by facilitating its MT-
dependent transport (Banerjee et al., 2014). We found that Ska depletion in HeLa S3
cells displaced Aurora B from mitotic centromeres to a more diffuse distribution on
chromatin (Figure 21A and 21B). Notably, this was primarily seen in Ska-depleted
cells with scattered chromosomes, while cells with aligned chromosomes showed
only a minor decrease in centromeric Aurora B (Figure 21A, 21B and 21E). Similar
results were obtained for the CPC subunit Borealin, indicating mislocalization of the
entire CPC (Figure 21D and 21F). In contrast, Ska knockdown did not affect total
CPC protein levels in mitosis or CPC complex formation (Figure 22A-C).
Furthermore, CPC displacement from centromeres not only correlated with the
alignment status of Ska-depleted cells, but also with a decrease in Haspin kinase-
dependent phosphorylation of histone H3 on threonine 3 (H3-pT3, Figure 21A and
21C), a chromatin mark important to target the CPC to the inner centromere (De

Antoni et al., 2012; Wang et al., 2012).
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Figure 21. The Ska complex is necessary to maintain CPC centromere localization. (A) HeLa S3
cells treated for 48 h with control, Ska1l and Ska3, or control siRNAs and ZM447439 for 1 h were pre-
extracted, fixed and stained with the indicated antibodies. (B) Quantification of Aurora B centromere
enrichment. The signal intensity at centromeres (CEN) was divided by the intensity at chromosome
arms (CHR) (n = 66-97 cells per condition from N = 4). (C) Relative histone H3-pT3 intensities in cells
treated as in A. (D) Borealin localization in cells treated as in A. (E,F) Classification of Aurora B and
Borealin localization in cells treated as in A displaying unaligned/scattered or aligned chromosomes.
(E) Aurora B localization pattern. Bars represent mean + 95% CI (n = 250-300 cells per condition from
N = 3 independent experiments). (F) Borealin localization pattern. (n = 50—100 cells per condition from
N =1 experiment). Asterisks show statistical significance (Student's t-test, unpaired). **** P < 0.0001, *
P < 0.05. Scale bars, 5 um.
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Figure 22. CPC stability and complex formation remains intact following Ska depletion. (A)
Western blot analysis of the stability of CPC complex subunits (Aurora B, INCENP, and Survivin) and
CPC-related proteins (Bub1, PP2A-B56a) in mitotic HeLa S3 cell extracts 48 h after transfection with
control or Ska1l and Ska3 siRNAs. a-tubulin is shown as loading control. (B) Scatter plot showing the
corresponding quantification of the relative Aurora B and INCENP signal intensities from C normalized
against a-tubulin (N = 3-5). ns, non-significant. (C) Coimmunoprecipitation analysis of CPC complex
formation. Mitotic HeLa S3 cell extracts prepared from cells treated for 48 h with control or Skai and
Ska3 siRNAs were subjected to immunoprecipitation (IP) with Aurora B or control antibodies (IgG),
prior to Western blotting with the indicated antibodies. IgG LC, IgG light chain.

As chromosome scattering in Ska-deficient cells can be a consequence of
cohesion fatigue (Figure 12A) (Daum et al., 2009; Sivakumar et al., 2014) and both
Haspin and CPC centromere localization depend on cohesion (Yamagishi et al.,
2010; Carretero et al., 2013), we tested if perturbation of Aurora B activity might be a
secondary effect of cohesion fatigue. However, cohesion fatigue induced by either
proTAME (Lara-Gonzalez and Taylor, 2012) or MG132 (Daum et al., 2011) did not
decrease Aurora B activity, as determined by H3-pS10, although it caused a similar
reduction in the centromere enrichment of Aurora B as seen in Ska-depleted cells
(Figure 23A-D). Likewise, phosphorylation of the Haspin chromatin mark H3-pT3
was only mildly reduced in cells that underwent chromosome scattering upon
prolonged proTAME or MG132 treatment, when compared to Ska-depleted cells

(Figure 23B and 23D), indicating that cohesion fatigue and Ska deficiency likely
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contribute to Aurora B centromere displacement through different pathways. To rule
out that the loss of Aurora B activity in Ska-depleted cells is due to perturbation of
Haspin kinase activity, we examined the effects of intra-mitotic inhibition of Haspin
kinase on H3-S10 phosphorylation using 5-iodotubercidin (5-1Tu). Consistent with
previous reports we found that, although Haspin kinase activity is necessary for
concentration of Aurora B at centromeres (Figure 23E and 23F; 23H), it is
dispensable for maintenance of Aurora B activity towards H3-S10 (Figure 23E and
23G) (Wang et al., 2012). These results indicate that suppression of Aurora B activity
in Ska-depleted cells is not a primary consequence of CPC displacement from
centromeres by cohesion fatigue or perturbation of Haspin kinase activity. Instead,
loss of Aurora B activity in Ska-deficient cells might be the underlying cause of CPC
centromere displacement. In support of this interpretation, Aurora B activity is
required for CPC centromere enrichment through feedback regulation of Haspin
activity, as seen by centromere delocalization of Aurora B and Borealin as well as
loss of H3-T3 phosphorylation in cells treated with ZM447439 (Figure 21A-F) (Wang
et al., 2011b).

To further corroborate the notion that the Ska complex contributes to Aurora B
activity independently of its centromere targeting, we constitutively tethered Aurora B
to the inner KT through expression of a fusion protein comprising the DNA-binding
domain of centromere protein B (CENP-B''®®: CB) and a truncation of the inner
centromere protein (INCENP*®°'®) devoid of the N-terminal centromere localization
domain (CBP®P-INCENP; (Liu et al., 2009). Although CBP®P-INCENP targeted to the
inner KT and drove Aurora B accumulation at KTs in Ska-depleted cells as efficiently

as in control cells (Figure 24A and 24B), expression of CBP?P-INCENP failed to fully
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Figure 23. Suppression of Aurora B activity in Ska-deficient cells is not a consequence of
cohesion fatigue or perturbation of Haspin kinase activity. (A—D) Cohesion fatigue induced by a
prolonged metaphase arrest does not suppress Aurora B activity at chromosome arms despite its
centromere displacement. (A) Immunofluorescence images of histone H3-pS10 and Aurora levels in
HelLa S3 cells treated for 2 or 16 h with the APC/C inhibitor proTAME. (B) Quantification of the relative
Aurora B, histone H3-pS10 and histone H3-pT3 intensities in proTAME treated cells (n = 30-65 cells
per condition from N = 2). Only cells with scattered chromosome upon 16 h of proTAME treatment
were quantified. (C) H3-pS10 and Aurora B levels in HelLa S3 cells treated for 2 or 16 h with the
proteasome inhibitor MG132. (D) Quantification of the relative Aurora B, histone H3-pS10 and histone
H3-pT3 intensities in MG132 treated cells (n = 35—67 cells per condition from N = 2). Only cells with
scattered chromosome upon 16 h of MG132 treatment were quantified. (E-H) Haspin activity and
Aurora B centromere enrichment is dispensable for maintenance of Aurora B activity at chromosome
arms. HelLa S3 cells were treated with nocodazole (3.3 yM) for 50 min before MG132 was added for
10 min followed by 1.5 h treatment with DMSO (as negative control), the Haspin inhibitor 5-
iodotubercidin (5-ITu) or 5-ITu and ZM447439 (as positive control). Shown are the corresponding
immunofluorescence images (E) and scatter plots of the relative Aurora B (F) and H3-pS10 intensities
(G), respectively. (H) Validation of Haspin kinase inhibition by Western blotting. HeLa S3 cells were
synchronized in mitosis with nocodazole (3.3 yuM) for 6-8 h, treated 10 min with MG132 followed by
1.5 h with DMSO or 5-ITu and whole cell extracts were subjected to Western blotting with the indicated
antibodies. Asterisks show statistical significance (Student's t-test, unpaired). **** P < 0.0001; * P <
0.05; ns, non-significant. Scale bars, 5 ym.
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restore either MCAK centromere localization (Figure 24C and 24D), or H3-S10
phosphorylation (Figure 24E and 24F). Taken together, these data indicate that the
Ska complex is required to maintain the localization of Aurora B at centromeres, but,
in addition, governs Aurora B kinase activity at both KTs and chromosome arms

largely independently of its centromere accumulation.

A B Il Aurora B
AurB ACA
ACA DNA [ CBPEP-INC-GFP

T ;\3200' —ns
& Q \g ns
ol ? = 1507 e I
o — o Loele HE
0|8 T loofm =B E

X T s TU o o ' - —
O |2 * O P ein ¥R
< |»n zZ . i HEEAY
a W 501 E Pl
: .
O I%l x 0 T : T : T
’&
C MCAK GFP ACA
MCAK GFP ACA ACADNA DNA

o
TH
Q
=
il
(SR 1)
Z |
DI
8
m
@]

 200° F <2007 ™

(o) ~—

S 1507 .. = 1501 °

= o . o .:, .

a e 2 Z

a I 1% -

%100 £ 4 §1oo z g

X 50{5 @ ~ 501 - ¥

3 > 3 g

= 0 N % 0 N ne

& R P O PP

N ooy

Figure 24. Forcing Aurora B centromere accumulation is not sufficient for control levels of
Aurora B activity in Ska-depleted cells. (A-F) HeLa S3 cells were cotransfected with CENP-B"®°—
INCENP-GFP and control or Ska1l and Ska3 siRNAs for 48 h. ZM447439 was added to siControl cells
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1 h before fixation. (A,B) Immunofluorescence images (A) and quantification (B) of inner
KT/centromere enrichment of Aurora B and CENP-B"®°—INCENP-GFP in siControl, siSka1+3, and
ZM447439 treated cells expressing CENP-B"®"—INCENP-GFP. The KT/centromere over chromo-
some arm signal ratios were calculated as described in Figure 21B (n = 25—44 cells per condition from
N = 2). (C,D) Immunofluorescence images (C) and quantification (D) of normalized inner KT MCAK
fluorescence intensities in siControl, siSka1+3, or ZM447439 treated cells expressing CENP-B"®°—
INCENP-GFP. The MCAK signal intensities at KTs were divided by the respective GFP KT over
chromosome arm ratios to normalize for differences in the CENP-B"®"—INCENP-GFP expression
levels (n = 45-47 cells for siControl and siSka1+3 from N = 2, and n = 19 cells for ZM from N = 1).
(E,F) Immunofluorescence images (E) and quantification (F) of normalized histone H3-pS10 intensities
in siControl, siSka1+3, or ZM447439 treated cells expressing CENP-B*®°~INCENP-GFP. Cellular H3-
pS10 intensities were divided by the respective mean GFP KT over chromosome arm ratios (n = 64—
72 cells for siControl and siSka1+3 from N = 3, and n = 5 cells for ZM from N = 1). Asterisks show
statistical significance (Student's ttest, unpaired). **** P < 0.0001; ns, non-significant. Scale bar, 5 ym.
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The Ska complex stimulates Aurora B kinase activity in vitro

We next asked whether the Ska complex might directly promote the catalytic activity
of Aurora B. To test this hypothesis, full-length Aurora B, a C-terminal fragment of
INCENP containing the IN-box domain (INCENP’?°°'8) which together constitute the
catalytic core unit of the CPC (Honda et al., 2003; Sessa et al., 2005), and the Ska
complex were separately purified from E. coli (Figure 25A-C), and Aurora B
activation was examined in vitro (Figure 26A—C). Aurora B was preincubated with
INCENP”9%'? in presence of the reconstituted Ska complex or equimolar amounts of
bovine serum albumin (BSA), as negative control for molecular crowding, before y-
%P.ATP (adenosine triphosphate) and recombinant histone H3 as substrate were
added to initiate the kinase reaction. Compared to preincubation with BSA, the Ska

complex markedly enhanced histone H3 and INCENP’%9'8

phosphorylation rates
(Figure 26A and 26B) as well as Aurora B autophosphorylation (Figure 26C). Similar
results were obtained when BSA was omitted (Figure 26D) and BSA had a negligible
effect on Aurora B autophosphorylation (Figure 26E), ruling out that BSA interfered
with Aurora B activation. Likewise, incubation of the Ska complex with y->*P-ATP and
histone H3 but without Aurora B and INCENP”*°*'8 did not increase incorporation of
%P into histone H3, confirming the absence of other copurifying bacterial kinases

(Figure 26F). Together, these results show that the Ska complex is able to stimulate
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Figure 26. The Ska complex promotes the catalytic activity of Aurora B within the CPC core
complex in vitro. (A) Ska complex-dependent activation of Aurora B. Time course kinase assay with
Aurora B-His (0.5 yM) and MBP—INCENP”**®'*_Hijs (0.5 uM) pre-incubated for 30 min at 30°C with
Ska complex (1 yM) or equimolar amounts of bovine serum albumin dissolved in Ska complex dialysis
buffer (BSA, 1 uM), as control, before addition of histone H3 and y-**P-ATP. (B) Quantification of
Aurora B activity by densitometric scanning of the histone H3 p signals. Signals were normalized to
H3 protein levels monitored by Ponceau S staining (Ponc. S) and Aurora B levels detected by Western
blotting (WB). Signal intensities are expressed relative to the first time-point. Data represent mean +
95% SD from N = 3 experiments. (C) Time course assay showing Aurora B autophosphorylation after
prolonged exposure time. (D,E) BSA does not interfere with Aurora B activity. (D) Time course assay
in which BSA was omitted in the control reaction. Shown is the quantification of the relative histone H3
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2p signal intensities normalized to the histone H3 and Aurora B protein levels. (E) Aurora B—His (0.5
UM) was pre-incubated 30 min at 30°C in presence or absence of BSA (1 yuM), before incubation with
y-32P—ATP for another 30 min. Autophosphorylation of Aurora B was visualized by autoradiography
(32P) and the Aurora B levels by Coomassie (CBB) staining. The bar graph shows the quantification of
the *p autophosphorylation signals normalized to the Aurora B levels measured by CBB staining. (F)
The Ska complex preparation does not contain histone H3-directed kinase contaminants. Histone H3
was incubated with Ska complex dialysis buffer (left lane), Ska complex (1 yuM, middle lane) or Ska
complex and the Aurora B kinase inhibitor ZM447439 (1 uM and 10 uM, respectively, right lane) for 30
min at 30°C in the presence of y-**P—ATP. Incorporation of **P into histone H3 was monitored by
autoradiography (32P), levels of histone H3 and the Ska complex were visualized by Ponceau S
staining and Western blotting, respectively.

the kinase activity of Aurora B within the CPC core complex. They further suggest
that Ska directly interacts with the CPC core complex. Consistently, the Ska complex
associated with Aurora B in vitro (Figure 27A) and we reproducibly found the CPC
subunits Aurora B, INCENP and Survivin in endogenous Skal immunoprecipitates
from mitotic HeLa S3 cells (Figure 27B). However, we failed to clearly detect Ska
complex subunits in reverse immunoprecipitation assays using INCENP or Aurora B
antibodies (Figure 27C and Figure 22C), possibly because of differences in the
binding pool size representation of the two complexes. Having shown that Ska
directly associates with Aurora B, we further asked whether the Ska complex could
promote Aurora B activity independently of INCENP’?*°'8 ' phosphorylation of which
had previously been shown to be required for maximal Aurora B activation (Honda et
al., 2003; Sessa et al., 2005). Indeed, incubation of increasing amounts of the Ska
complex with Aurora B enhanced kinase autophosphorlyation in a dose-dependent
fashion. In comparison, incubation with histone H3 only led to a marginal increase in
Aurora B *2P incorporation, presumably reflecting an unspecific stimulation of Aurora
B autophosphorylation (Figure 28A and 28B). Similar results were obtained in a time-
course assay, in which histone H3 was replaced with a buffer control to exclude a

possible inhibitory effect of histone H3 on Aurora B activity (Figure 28C and 28C)
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Figure 27. The Ska complex directly interacts with Aurora B. (A) /n vitro binding of the Ska
complex and Aurora B. Aurora B—His was incubated with recombinant Ska complex before pull-down
with anti-Ska1 antibody- or control antibody (IgG)-coupled beads. Aurora B and the Ska complex
subunits Ska1l and Ska2 were visualized in the unbound (UB) and bound (B) fractions by Western
blotting. (B) Coimmunoprecipitation of Skal and the CPC from cells. Immuno-precipitates (IP) from
mitotic HeLa S3 cell extracts, obtained using anti-Ska1 antibodies or control antibodies (IgG), were
analyzed by Western blotting against the indicated proteins. (C) Immunoprecipitates obtained using
anti-INCENP antibody-coupled or control antibody-coupled (GFP) beads were analyzed by Western
blotting against the indicated proteins.

(Rosasco-Nitcher et al., 2008). We also tested whether the Ska complex can
influence the autocatalytic activity of other mitotic kinases. Specifically, we assessed
autophosphorylation of Plk1 and Mps1; the former is also able to phosphorylate the
Ska complex in vitro (Appendix Figure 33). Compared to Aurora B, incubation with
the Ska complex produced only a minor increase in the autophosphorylation of these
two kinases (Figure 28E and 28F), confirming that the effect on Aurora B
autophosphorylation is for the most part specific.

Our results imply that the Ska complex fosters an active conformation or
transactivation of Aurora B without modulating the interaction of the kinase with the
INCENP IN-box domain. To explore a role of transactivation, we tested if the
presence of soluble antibodies recognizing the N-terminal maltose-binding protein
(MBP) tag of INCENP”®*®'® whose divalent antigen binding sites are expected to

P790-91 9

force dimerization and transactivation of the Aurora B-INCEN complex (Kelly

et al., 2007), would alleviate the effect of the Ska complex on Aurora B activity.
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Consistent with our finding that ectopic concentration of Aurora B at centromeres by
a CBP"PP-INCENP fusion is not sufficient to bypass the requirement of Ska for full
Aurora B activity in intact cells (Figure 24C—F), anti-MBP antibodies did not diminish
the promoting effect of the Ska complex on Aurora B catalytic activity in vitro, arguing
against the notion that Ska facilitates Aurora B transactivation by inducing its local
proximity or dimerization (Figure 29). Notably, and contrary to a previous finding with
soluble anti-INCENP antibodies in Xenopus egg extracts (Kelly et al., 2007), anti-
MBP antibodies also did not stimulate the catalytic activity of human Aurora B per se
(Figure 29), possibly because the human CPC core complex already exists
predominantly as a dimer in solution (Elkins et al., 2012). We conclude that the Ska
complex can directly associate with Aurora B and stimulate its catalytic activity in
vitro, independently of modulating the interaction of the kinase with its primary
activator, the INCENP IN-box domain, and apparently independently of induced

proximity or dimerization.
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Figure 28. The Ska complex stimulates Aurora B autophosphorylation. (A) End-point
autophosphorylation kinase assay. Aurora B—His (0.5 yM) was pre-incubated 30 min at 30°C with the
Ska complex or recombinant histone H3, as control, at the indicated concentrations before incubation
with y-P-ATP for another 30 min. Autophosphorylation of Aurora B was detected by
autoradiography (¥*P) and the Aurora B levels were visualized by Coomassie brilliant blue (CBB)
staining. (B) Quantification of Aurora B autophosphorylation by densitometric scanning of the p
signals. Signal intensities are expressed relative to the first concentration. (C) Time-course
autophosphorylation assay. Aurora B—His (0.5 yM) was pre-incubated 30 min at 30°C with Ska
complex (1 yM) or Ska complex dialysis buffer, as control, before addition of y-32P—ATP to start the
kinase reactions. Reactions were stopped at the indicated time-points. Autophosphorylation of Aurora
B was detected by autoradiography (**P), levels of Aurora B by Western blotting (WB). (D)
Corresponding quantification of the relative Aurora B autophosphorylation signals normalized to the
Aurora B protein levels. (E) End-point autophosphorylation assay with Mps1 and Plk1. The kinases
were pre-incubated 30 min at 30°C with purified Ska complex at the indicated concentrations before
incubation with y-32P—ATP for another 30 min. Shown are autoradiographs of the autophosphorlyation
signals (32P) and Western blots of the kinase protein levels (WB). (F) Quantification of the relative
autophosphorylation signals. Bars represent mean + SEM (N = 2 experiments).
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Figure 29. The Ska complex does not stimulate Aurora B activity by dimerization/induced
proximity. Pre-incubation with soluble anti-MBP antibodies does not alleviate Ska complex-meadiated
Aurora B activation. Aurora B—His (0.5 yM) and MBP-INCENP”***"*_His (0.5 yM) were pre-incubated
30 min at 30°C with Ska complex (1 yM) or purified bovine serum albumin (BSA, 1 uM) in presence or
absence of monoclonal anti-MBP antibodies (0.25 yM), before addition of recombinant histone H3 and
v-2P—ATP. Kinase reactions were stopped after 240 s. Phosphorylation of INCENP”***" and histone
H3 was visualized by autoradiography (SZP), protein levels by Ponceau S staining (Ponc. S) and
Western blotting (WB), respectively.

PP1 protects the Ska complex from Aurora B phosphorylation to enable its
accumulation on bioriented KTs

Previous work has established that timely accumulation of the Ska complex at the
KT-MT interface following chromosome biorientation is important for stabilizing K-
fibers and that Aurora B opposes this function by lowering the binding affinity of the
complex for both its outer KT receptor, the KMN network, and MTs (Chan et al.,
2012; Jeyaprakash et al., 2012; Schmidt et al., 2012; Abad et al., 2014). The data
presented here further suggest that the Ska complex, in turn, promotes Aurora B
activity, presumably on the mitotic spindle and/or at KTs (see discussion). So, how is

the Ska complex able to accumulate at the KT-MT interface and stabilize K-fibers
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upon chromosome biorientation, if it also stimulates the Aurora B kinase that
antagonizes this function? One possibility is that KT recruitment of phosphatases
counteracting Aurora B might protect the Ska complex from Aurora B
phosphorylation. To test this hypothesis, we arrested HelLa S3 cells in prometaphase
using STLC (an Eg5 inhibitor) or in metaphase using MG132, subjected the cells to
short treatment with the protein phosphatase 1 (PP1) and protein phosphatase 2
(PP2) inhibitor okadaic acid (OA) in presence or absence of ZM447439 (ZM) and
examined KT levels of the Ska complex by immunofluorescence. In line with previous
measurements in untreated cells (Chan et al., 2012), Ska3 immunofluorescence was
about twofold higher at metaphase KTs in MG132-arrested cells than at
prometaphase KTs in STLC-arrested cells, confirming that the Ska complex
accumulates at KTs after biorientation (Figure 30A and 30B). Treatment of
prometaphase (STLC-arrested) cells with the phosphatase inhibitor OA had little
effect on the KT levels of Ska3, while coinhibition of Aurora B with ZM caused an
increase of Ska3 staining intensity to levels seen in metaphase (MG132-treated)
control cells (Figure 30A and 30B), confirming that Aurora B activity promotes the
dissociation of Ska from KTs in prometaphase. In striking contrast, phosphatase
inhibition by OA in metaphase (MG132-arrested) cells reduced staining of Ska3 at
KTs to levels similar to prometaphase (STLC-treated) control cells; furthermore,
simultaneous inhibition of Aurora B with ZM reverted this effect, indicating that
phosphatase activity balances the influence of Aurora B on Ska KT binding (Figure
30A and 30B). Notably, we did not observe that tension across the centromeres was
negatively affected in MG132-arrested cells by short OA treatment, as indicated by

inter-KT distance measurements. This suggest that the effect on Ska3 KT localization
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is not a consequence of changes in the spatial separation of Ska at the outer KT to
Aurora B at the inner centromere and indicate that Ska and Aurora B may still
functionally interact downstream of centromeric tension (Figure 30C). We conclude
that either PP2 or PP1 balances Aurora B activity at the outer KT to enable timely
enrichment of the Ska complex after chromosome biorientation.

The PP2 family member PP2A has been implicated in regulating the
establishment of initial KT-MT contacts (Foley et al., 2011), while PP1 has been
shown to stabilize attachments by opposing Aurora B activity upon biorientation (Liu
et al.,, 2010). We therefore reasoned that PP1 is most likely to reverse Aurora B
phosphorylation of the Ska complex to facilitate its KT association. To test this, we
made use of a KNL1 mutant (KNL17SFYA*%) devoid of the PP1 binding site, which
prevents targeting of PP1 to the outer KT, but is proficient in MT binding (Liu et al.,
2010). Replacement of endogenous KNL1 with KNL1"SFVAMA ragyited in a loss of
Ska3 from KTs to a similar extent as observed in OA-treated metaphase cells, while
expression of wild-type KNL1 reverted this effect (Figure 30D and 30E). These
results show that PP1 counteracts Aurora B to allow the accumulation of the Ska
complex at KTs upon biorientation. Altogether, these data prompt us to propose the
model illustrated in Figure 30F. We propose a feedback mechanism in which Ska
limits its own enrichment at KTs and/or spindle MTs by promoting Aurora B activity,
ensuring a high degree of KT-MT dynamics prior to establishment of biorientation,
while PP1 antagonizes this feedback regulation at KTs once biorientation is achieved,

allowing Ska to stabilize proper K-fiber attachments.
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Figure 30. PP1 opposes Aurora B activity to enable Ska complex enrichment on bioriented KTs.
(A) Asynchronously growing HelLa S3 cells were arrested in metaphase with MG132 (MG) or in early
prometaphase with STLC for 2-3 h and treated for 20 min with the indicated combinations of the PP1
and PP2 inhibitor okadaic acid (OA) and the Aurora B inhibitor ZM447439 (ZM). Dimethylsulfoxide
(DMSO) treatment served as negative control. Cells were fixed and stained with the indicated

69



antibodies. (B) Quantification of relative Ska3 KT intensities in cells treated as in A (n = 41-51 from N
= 2 for MG132-treated cells, and n = 18-20 cells from N = 1 experiment for STLC-treated cells) (C)
Scatter plot showing inter-KT distances in cells treated as in A (n = 110 sister-KT pairs per condition
from 10 cells). (D) HeLa S3 cells were transfected with siRNA-resistant wild-type (WT) mCherry-KNL1
or PP1-binding-deficient mCherry-KNL17VS"A*A together with GFP-PP1y, before depletion of
endogenous KNL1. (E) Quantification of relative Ska3 KT intensities in cells treated as in D (n = 8—11
cells per condition). (F) Model for the regulation of KT-MT attachment dynamics during chromosome
biorientation by the feedback loop between the Ska complex and Aurora B (see discussion for details).
The Ska complex promotes Aurora B activity at KTs and/or on the spindle, which, in turn, limits the
accumulation of Ska at these sites during establishment of biorientation. This ensures a high degree of
KT-MT attachment instability and dynamics to facilitate efficient reorientation of improper MTs through
MT turnover. Upon biorientation, PP1 KT recruitment outweighs the feedback loop between Ska and
Aurora B at KTs, enabling Ska KT accumulation and further maturation of K-fibers. Ongoing
stimulation of Aurora B on the spindle may ensure an optimal dynamic behavior of KT-MTs for
correction of merotelic attachments and chromosome movements in late mitosis.
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Discussion

In this thesis, we discovered a novel function of the Ska complex. Specifically, we
find that the Ska complex is not only a substrate of Aurora B kinase, but also
regulates the activity of this key enzyme. We show that the Ska complex interacts
with Aurora B and promotes, in a MT-dependent manner, both Aurora B substrate
phosphorylation and effector localization in cells. We also demonstrate that Ska
directly binds to Aurora B and stimulates its catalytic activity within the CPC core
complex in vitro. Furthermore, we reveal hitherto concealed phenotypic aspects of
Ska depletion, including suppressed KT-MT plus-end dynamics as well as
chromosome biorientation and segregation defects, which distinctly resemble
consequences of Aurora B partial loss-of-function. Finally, we demonstrate that PP1
antagonizes Aurora B activity at KTs to enable Ska KT accumulation once
biorientation is achieved, which allows the Ska complex to promote K-fiber

maturation.

Ska depletion phenocopies aspects of Aurora B loss-of-function

Using high-resolution time-lapse microscopy we find that the Ska complex is required
to prevent lagging chromosomes in anaphase and micronuclei formation. In
agreement with previous studies, we also confirm an implication of the Ska complex
in chromosome congression, maintenance of chromosome alignment and timely
metaphase to anaphase transition — phenotypes that are likely to be attributed to
different degrees of Ska knockdown (Gaitanos et al., 2009). Some of these

phenotypes are highly reminiscent of those previously described for Aurora B
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inhibition. Specifically, partial inhibition of Aurora B has been shown to correlate with
an increased frequency of merotely and lagging chromosomes, underlying a
decrease in KT-MT turnover (Cimini et al., 2004), while a more pronounced
impairment of Aurora B function has been linked to chromosome alignment defects
(Kallio et al., 2002; Ditchfield, 2003; Hauf et al., 2003). Our work shows that
perturbation of Ska complex function by RNAi similarly slows KT-MT turnover,
providing an explanation for the appearance of lagging chromosomes and merotelic
attachments. In addition, Ska-deficiency also causes pronounced chromosome
alignment defects. Consistently, we find that KT localization of MCAK and CENP-E —
both prominent downstream effectors of Aurora B that promote KT-MT plus-end
dynamics and chromosome alignment (Kline-Smith, 2003; Bakhoum et al., 2008;
Tanno et al.,, 2010; Murata-Hori and Wang, 2002; Ditchfield, 2003; Kapoor et al.,

2006; Maffini et al., 2009) — are perturbed upon Ska depletion.

The Ska complex regulates KT-MT dynamics through Aurora B

The selective loss of MCAK from inner KTs explains the dampening of the KT-MT
plus-end turnover and the faster MT poleward flux in Ska-deficient cells (Wordeman
et al., 2007). Reduced MCAK depolymerase activity at KTs lowers the catastrophy
frequency and leads to increased tubulin supply at the MT plus-ends. The latter, in
turn, may be compensated by upregulation of spindle pole associated depolymerase
activities, assuming that KT-MT plus-ends and minus-ends are mechanically linked.
In line with the abrogated control of KT-MT dynamics, we also observed a disruption
of regular sister KT oscillations in Ska-depleted cells. Although we cannot discount

the possibility that the latter effect may reflect a reported function of the Ska complex
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in coupling MT depolymerization to chromosome movements (Schmidt et al., 2012),
our finding that Skal MT-binding deficient mutants do not restore wild-type KT levels
of MCAK suggests that this phenotype may instead be a consequence of suppressed

Aurora B activity.

The Ska complex plays a dual role in the regulation of KT-MT dynamics and K-
fiber maturation

Our data further indicate that the Ska complex may influence KT-MT stability and
dynamics in multiple ways. Specifically, we find that Ska is not only required for KT-
MT plus-end turnover, but also for K-fibers with a normal number of MTs. The latter
may mirror a role of the Ska complex in promoting the coherence and stabilization of
MT arrays within K-fibers by laterally cross-linking the lattice of individual MTs at the
KT-MT interface. This notion is supported by the findings that the Ska complex has
the ability to bundle MTs both in cells and in vitro and that the complex becomes
enriched at the KT-MT interface upon chromosome biorientation (Welburn et al.,
2009; Chan et al., 2012). An inter-MT cross-linking function also matches the W-
shaped structure of the Ska complex, which spans a diameter of ~35 nm and thus
exceeds the diameter of ~25 nm of individual MTs (Jeyaprakash et al., 2012).
Moreover, Ska likely promotes MT recruitment during K-fiber maturation either by
providing additional MT-binding sites within the outer KT (King and Nicklas, 2000), by
enhancing the MT-binding affinity of the Ndc80 complex (Schmidt et al., 2012),
and/or by facilitating MT capture through CENP-E (McEwen et al., 2001), thereby

enabling KTs to attain and maintain a normal complement of MTs. Thus, we propose
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that the Ska complex plays a dual role in the control of KT-MT dynamics via Aurora B

and in the formation and stabilization of K-fibers.

Where does the Ska complex promote Aurora B activity?

Inner centromere localization of Aurora B prior to anaphase is a prominent and
conserved feature in eukaryotic model organisms, indicating that this localization is
crucial for kinase activation and function. However, ample evidence suggests that not
all Aurora B functions strictly rely on its centromere localization. Most strikingly, it has
been shown that impairment of centromere targeting of Aurora B in chicken DT40
cells and budding yeast does not associate with extensive chromosome biorientation
defects that cause cell inviability (Yue et al., 2008; Campbell and Desai, 2013).
Moreover, centromere accumulation of the kinase in human cells is not essential for
the establishment and maintenance of histone H3-S10 phosphorylation, although
centromere concentration of Aurora B can enhance the rate of H3-S10
phosphorylation (Wang et al., 2010; 2012). Accordingly, there must be subcellular
sites distinct to the centromere, where Aurora B activation can, at least partially,
occur. In line with this view, we find that the Ska complex that localizes to outer KTs
and spindle MTs is required for Aurora B phosphorylation of histone H3 and inner
KTs substrates, despite significant centromere levels of Aurora B (in cells with
aligned chromosomes) or forced Aurora B centromere concentration (by CBPEP-
INCENP expression). Moreover, we also observed that delocalization of Aurora B
from centromeres (by Haspin depletion or inhibition) did not alleviate the effect of Ska
knockdown on H3-pS10 (data not shown). Finally, we show that Ska depends on its

MT-binding capability to promote Aurora B activity. Together, these data support the
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hypothesis that Ska facilitates Aurora B activation either on the mitotic spindle or at
KTs in a MT-dependent manner, but not at centromeres. In agreement with this
notion, pools of Aurora B have been directly observed both on the metaphase spindle
and proximal to KTs in the presence of spindle poisons in human tissue culture cells
(Tseng et al., 2010; Bekier et al., 2015). Moreover, phosphorylated forms of Aurora B
have been detected at KTs, most apparently under conditions of low phosphatase
activity (Posch et al., 2010; DeLuca et al., 2011; Petsalaki et al., 2011). Interestingly,
at KTs, Aurora B autophosphorylation of threonine 232 within the activation loop was
shown to depend on KNL1, one of the outer KT KMN network components, which, in
turn, is an upstream requirement for Ska KT localization (Caldas et al., 2013; Chan et
al., 2012). In contrast to the Ska complex, however, KNL1 seems dispensable for
Aurora B activity towards H3-S10 (Caldas et al., 2013). This may suggest that Ska
stimulates Aurora B activity on the mitotic spindle rather than at KTs, but further
evaluation is required to provide conclusive evidence on where Ska promotes Aurora
B activity. Proximity ligation assays and Ska mutants that are selectively deficient in

KT but not MT binding could help to address this question.

Mechanism of Aurora B activation by the Ska complex

Maximal activity of Aurora B arises from several regulatory mechanisms, including
the autophosphorylation within its activation segment (Yasui et al., 2004), the binding
of the C-terminal INCENP IN-Box around the small lobe of the kinase domain (Sessa
et al., 2005), the Aurora B-dependent phosphorylation of the IN-Box on a TSS motif
(Honda et al., 2003), the phosphorylation of Aurora B by other kinases (e.g. Chk1)

(Petsalaki et al., 2011), the interaction with other proteins (e.g. TD-60) (Rosasco-
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Nitcher et al., 2008; Papini et al., 2015), as well as the interplay with phosphatases
(Sugiyama et al., 2002b; Foley and Kapoor, 2013). Furthermore, local clustering of
Aurora B on centromeric chromatin and MTs has been proposed to stimulate
autoactivation of the kinase through transphosphorylation of the IN-box TSS motif
and/or yet unknown allosteric mechanisms (Kelly et al., 2007; Tseng et al., 2010;
Kelly and Funabiki, 2009). Here we identify the Ska complex, a previously discovered
Aurora B substrate, as a novel positive regulator of Aurora B activity. We show that
Ska interacts with Aurora B within the CPC and promotes Aurora B substrate
phosphorylation in cells. We also show that the Ska complex directly binds to Aurora
B and stimulates its kinase activity in vitro. How exactly Ska binding promotes Aurora
B activity requires further investigation. Yet, we provide several lines of evidence that
the Ska complex contributes to Aurora B activity independently of a local
clustering/transactivation mechanism. First, ectopic concentration of Aurora B at
centromeres is not sufficient to restore control levels of Aurora B substrate
phosphorylation in Ska-deficient cells. Second, divalent antibodies targeted against
the IN-Box do not abolish Ska-dependent stimulation of the kinase in vitro and similar
results were obtained with antibodies against the N-terminal tail of Aurora B (data not
shown). Third, Aurora B activity in presence of the IN-Box appears to respond in a
non-cooperative manner to Ska stimulation in vitro. Finally, Ska enhances the
catalytic activity of Aurora B regardless of the presence or absence of the INCENP
IN-box domain — notably in both cases up to four fold. Together, these data support
the notion that binding of the Ska complex to Aurora B promotes the intrinsic
autoactivation capability of the kinase, presumably by an allosteric mechanism that

differs from that of INCENP.
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It is not unprecedented that substrates can regulate their corresponding
protein kinases through feedback mechanisms. In fact, this has previously been
described as a mechanism for the regulation of the activity of Aurora kinases. In case
of Aurora B, this is well exemplified by INCENP, whose direct binding to and
subsequent phosphorylation by Aurora B elicits kinase activation (Sessa et al., 2005).
In C. elegans tousled-like kinase-1 (TLK-1) appears as another example for a
substrate that can stimulate Aurora B activity. TLK-1 is reportedly phosphorylated by
Aurora B (AIR-2) and triggers, in turn, further activity of Aurora B independently of its
own kinase activity, but in an INCENP-dependent manner (Han et al., 2005).
Likewise, Aurora A kinase activity is known to be enhanced by some of its
substrates. For instance, the MT-associated protein TPX-2 has been reported as a
substrate that promotes Aurora A kinase activity (Kufer, 2002; Bayliss et al., 2003; Fu
et al.,, 2015). Thus, substrate activation may constitute an important regulatory
mechanism to control the activity and function of Aurora kinases and given their

broad range of substrates other substrate regulators may await discovery.

A speculative model for the role of the Ska-Aurora B interplay in the
regulation of KT-MT attachment dynamics during biorientation

Chromosome biorientation and accurate chromosome segregation relies on the
precise control of the attachment stability and dynamics of KT-MTs. If KT-MTs are
too dynamic, KTs fail to attain a stable grip on the KT-MT lattice and thus to generate
load-bearing K-fiber attachments with sufficient numbers of MTs that can satisfy the
SAC. If they are too static, maloriented KT-MTs cannot be replaced efficiently and

force production for chromosome movements is impaired. Likewise, an overly stable
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grip on KT-MTs prevents attachment error correction and can suppress KT-MT plus-
end dynamics, whereas a too loose grip on KT-MTs leads to weak K-fiber
attachments. Thus, there is a requirement for opposing restrictions on both the
attachment stability and dynamics of KT-MTs during mitosis. Our present data imply
a Ska—Aurora B feedback loop that may contribute to set such essential boundaries
on the dynamics of KT-MT attachments. Ska controls its own MT and KT association
via Aurora B activity and, vice versa, Aurora B activity via its levels of MT and KT
enrichment, such as to ensure that the attachment stability and dynamics of KT-MTs
fall within an optimal balance for efficient chromosome biorientation (Figure 30F). As
Ska levels rapidly rise on spindle MTs and KTs after NEBD (Hanisch et al., 2006;
Raaijmakers et al., 2009), Aurora B activity would be driven up. The rise in Aurora B
activity, in turn, would increase the phosphorylation rate of Ska, which then limits its
further spindle MT and KT accumulation, ensuring that both the concentration of the
Ska complex on spindle MTs and KTs and the activity of Aurora B level off at a

specific set point (Figure 31).
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Figure 31. Model for feedback control of KT-MT attachment dynamics by the interplay between
Ska and Aurora B. The feedback loop between the Ska complex and Aurora B would ensures that
both the levels of Ska on KTs/MTs and the activity of Aurora B level off at a specific set point (lefi)
such that KT-MT stability and dynamics fall within an optimal balance during biorientation (right).
NEBD, nuclear envelope breakdown; PM, prometaphase.
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Since the native affinity of the Ska complex for MTs is relatively high (~ 0.3 uM
in comparison to ~0.5 uM of the KMN network), the binding equilibrium is expected to
favor MT association, which might cause detrimental MT bundling if too high levels of
Ska are achieved (Welburn et al., 2009). Thus, limiting the binding of Ska along
spindle MTs could be important to achieve a proper K-fiber organization (Nixon et al.,
2015). Moreover, confining Ska-dependent MT cross-linking along spindle MTs might
facilitate MT dynamics by reducing the physical constraints on the curvature of the
GDP lattice of protofilaments. On the other hand, balancing its levels at KTs by
Aurora B helps to keep MT attachments sufficiently flexible for the release of
maloriented MTs (Chan et al.,, 2012). Furthermore, the Ska-induced increase in
Aurora B activity would promote KT localization of MCAK, which, in turn, coordinately
elevates the MT catastrophe frequencies (Wordeman et al., 2007). Together, these
mechanisms would ensure a high KT-MT turnover rate during establishment of
biorientation (when attachment errors are most frequently made), which promotes the
replacement of erroneous KT connections by exploiting the back-to-back
arrangement of sister KTs (that provides an intrinsic bias for biorientation) (Nicklas,
1997; Loncarek et al., 2007; Godek et al., 2014; Magidson et al., 2015; Zaytsev and
Grishchuk, 2015).

As bioriented attachments are made, small tension-dependent conformational
changes within the KT will allow bulk recruitment of PP1 (Wan et al., 2009; Suzuki et
al., 2014; Liu et al., 2010; Posch et al.,, 2010; Campbell and Desai, 2013;
Sarangapani and Asbury, 2014). A negative feedback loop of Aurora B on PP1 KT
localization prior to establishment of tension may help to prevent premature KT

accumulation of Ska and would enable rapid and robust switch-like shifts in the
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overall dynamics of KT-MT attachments (Liu et al., 2010). Upon its targeting to KTs,
PP1 would then outweigh (at KTs) the positive influence of Ska on Aurora B activity
and the negative influence of Aurora B on the localization of Ska, and permit Ska to
promote further maturation of K-fiber attachments through its full KT enrichment.
Given that Aurora B activity remains suppressed in Ska-deficient cells upon
chromosome alignment, stimulation of Aurora B on the spindle may be ongoing and
could contribute to sustain an appropriate dynamic behavior of KT-MTs for merotelic
error correction and chromosome movements in late mitosis. In line with this
hypothesis, we note that several previous findings suggest that Aurora B activity is
important for KT-MT attachment dynamics downstream of tension. First, inhibition of
Aurora B kinase activity greatly slows the plus-end turnover and increases the cold
stability of KT-MTs in late prometaphase/metaphase without reducing the
centromeric stretch (Cimini et al., 2006; Tanno et al., 2015). Second, prevention of
Aurora B-dependent phosphorylation of the N-terminal tail of the KMN subunit Ndc80
markedly dampens KT oscillations of bioriented sister KTs (DeLuca et al., 2011).
Third, Aurora B phosphorylation of the KMN components KNL1 and Dsn1 at KTs
diminish only modestly from early prometaphase to late prometaphase/metaphase
(DelLuca et al., 2011; Welburn et al., 2010). Further scrutinization of the functional
interplay between the Ska complex and Aurora B will be important for the
understanding of how KTs generate, correct, and maintain stable yet dynamic

connections to spindle MTs, which are fundamental to preserve genomic stability.
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Appendix

Ska1 localization during interphase is regulated by nuclear export

Previous structure-function analyses of Skal have revealed different interphase
localization patterns of Skail truncation mutants. Specifically, an N-terminal Skaft
fragment spanning amino acid 1-132 (Ska1''*?, ~15 kDa) localized predominantly to
the cytoplasm when transiently expressed in interphase cells (Figure 31A) (Abad et
al., 2014), similar to full-length Skal (~30 kDa) (Figure 31E). In contrast, the
corresponding equal sized C-terminal fragment (Ska1'%32%° ~14.5 kDa) showed
distinctive nuclear localization, hinting on a nuclear export signal (NES) in the first
132 amino acids (Figure 31A) (Abad et al., 2014). Sequence analysis confirmed the
presence of a conserved NES in Skal encompassing amino acids 52-60 (Figure
31B). Likewise, analysis of Ska2 revealed a NES spanning amino acids 98-103 (~15
kDa), whereas no apparent NES could be detected in Ska3 (~50 kDa) (data not
shown). To determine whether Skail localization in interphase is controlled by
nucleocytoplasmic shuttling, we inhibited CRM1, a major nuclear export receptor,
using leptomycin B (Kudo et al., 1999; Hutten and Kehlenbach, 2007). Leptomycin B
treatment of living HelLa K cells stably expressing GFP-Ska1 caused a clear nuclear
accumulation of the GFP fusion protein (Figure 31C). Similar results were obtained in
living RPE-1 cells expressing endogenously tagged GFP-Skal (Figure 31D),
indicating that Skal is actively exported from the nucleus in a CRM1-dependent
manner. To further corroborate this finding, we mutated five leucine/isoleucine
residues in the identified Skal NES to alanine (Figure 31B) and assessed the

localization of this mutant following its transient expression in living HelLa S3 cells
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Figure 32. Ska1 localization is controlled by CRM1-dependent nuclear export during interphase.
(A) HeLa S3 H2B-GFP cells expressing mCherry-Ska1'"®* or Ska1'®?%. This figure was reproduced
from (Abad et al.,, 2014). (B) Top, schematic representation of the 2° structure of Skal with the
predicted NES highlighted in red. Bottom, alignment of the NES sequence from different species.
(C,D) HelLa K cells stably expressing LAP-Ska1 (C) or RPE-1 cells expressing endogenously tagged
GFP-Ska1l (D) were treated for 2—3 h with leptomycin B (20 nM) before live imaging. (E) Live-images
of HeLa S3 H2B-GFP cells transiently transfected with mCherry tagged Ska1 wild-type (WT) or Skat
NES(5A).

stably expressing H2B-GFP. Whereas wild-type Ska1 was predominantly localized to
the cytoplasm, Skal NES(5A) accumulated in the nucleoplasm (Figure 31E).

Together, these data show that Skail localization is regulated by nuclear exclusion
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during interphase. The biological relevance of this regulation remains to be

determined.

Ska3 is phosphorylated by Plk1 on multiple sites in vitro

Polo-like kinase 1 (Plk1) has been implicated in the regulation of KT-MT attachment
stability and dynamics (Santamaria et al., 2007; Liu et al.,, 2012) and a prior
phosphoproteomic study performed in our lab has suggested that the Ska complex
may be regulated by Plki-dependent phosphorylation (Anna Santamaria,
unpublished data). This prompted us to screen for Plk1 target sites on Ska subunits
by combining an in silico search for the canonical Plk1 motif with a phosphopeptide
spotting array. We identified five conserved sites on Ska3 (S34, S124, T229, T328,
T342) that were directly phosphorylated by Plk1 in vitro (Figure 33A). In comparison,
Mps1, that shows a motif preference very similar to Plk1 (Dou et al., 2011; Schubert
et al., 2015), did not target any of the twenty-four spotted Ska sites, although it
phosphorylated previously established sites in MCAK and Nup98 (Figure 33A). In line
with this result, Plk1 but not Mps1 was able to phosphorylate Ska3 within the
reconstituted Ska complex (Figure 33B). Two of the identified sites in Ska3 have
been previously detected as in vivo phosphorylation sites (S34, T229) by mass
spectrometry (Nousiainen et al., 2006; Dephoure et al., 2008; Hornbeck et al., 2012).
S124, T229, T328 and T342 are all located in the unstructured C-terminal region of
Ska3, which is involved in MT binding of the Ska complex (Jeyaprakash et al., 2012).
In contrast, S34 sits at a hinge region between the two N-terminal helices of the

individual V-shaped Ska complex protomers. Site-directed mutagenesis and rescue
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experiments will be needed to explore the potential functional consequences of the

Plk1-dependent phosphorylation of Ska3.
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Figure 33. Plk1 phosphorylates Ska3 on multiple sites in vitro. (A) Selected Skal, Ska2 or Ska3
peptides containing potential Plk1 phosphorylation sites that conformed to the Plk1 consensus motif
(D/E/N/Y/Q)—X—(S/T)—(no P, @) (where X is any and ® is a hydrophobic amino acid) were synthesized
on cellulose membranes carrying either the serine or threonine (S/T) phosphoacceptor or an alanine
(A) and were used as substrate for Plk1 and Mps1 in in vitro kinase assays. As control, peptide spots
were incubated without enzymes in the presence of y-*P—ATP. Positive sites are highlighted in red.
(B) PIk1 and Mps1 in vitro kinase assay on the full-length reconstituted Ska complex. As control, the
Plk1 inhibitor TAL and the Mps1 inhibitor reversine, respectively, were included. Note that the Ska
complex was present at only half the concentration in the control reactions. Shown are Coomassie
stained gels (CBB), the corresponding autoradiographs (32P), and either the cropped Coomassie
signal or a Western blot (WB) for the kinase protein levels.
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Experimental Procedures

Cell culture, transfection and drug treatments

HelLa S3, HeLa S3 H2B-GFP (Silljé et al., 2006), and U20S cells were cultured in
DMEM-GlutaMAX supplemented with 10% heat-inactivated fetal calf serum (FCS)
and penicillin/streptomycin (100 IU/ml and 100 mg/ml, respectively) in a humified
incubator at 37°C and 5% CO.. HelLa Kyoto cells stably expressing PA-GFP-a-
tubulin/H2B—mRFP (Amaro et al.,, 2010) were further maintained in 250 ng/ml
puromycin and 500 pg/ml G418. Stable HelLa Kyoto H2B-fused Aurora B FRET
reporter (van der Waal et al.,, 2012), HeLa Kyoto CENP-B-fused Aurora B FRET
reporter (a kind gift of Daniel W. Gerlich, IMBA, Vienna, Austria), and stable HelLa
Kyoto EGFP-CENP-A cells (Jagaman et al.,, 2010) were further maintained in 500
ng/ml puromycin. Stable HeLa LAP-Ska1 cells were maintained in 2 pyg/ml blasticidin
(Welburn et al., 2009). HelLa cells stably expressing siRNA-resistant GFP-Ska1"",
GFP-Ska1R15%# R236A R245A o GFP-Ska1™™T™P (3 kind gift from lan M. Cheeseman,
Whitehead Institute, University of California, Berkeley, USA) were cultured as
previously described (Schmidt et al., 2012). MCF10A®*F cells (a kind gift of Tilmann
Brummer, ZBMZ, Freiburg i. Br., Germany), authenticated by STR profiling, were
grown as previously described (Schnerch and Nigg, 2015). hTERT-RPE-1 wild-type
cells and RPE-1 cells expressing endogenously tagged GFP-Ska1 (generated by
Anna Santamaria and Fabien Cubizolles) were cultured in DMEM/F12 supplemented
with 10% FCS, penicillin/streptomycin, L-glutamine (2 mM) and sodium bicarbonate

(0.25%).
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Cells were transfected with siRNAs (50-100 nM) using Oligofectamine
(Invitrogen) and with plasmid DNA (0.5 mg/ml) using XtremeGene HP (Roche),
according to the manufacturers’ instructions. The following siRNA duplexes were
used: siSkal-1 (5-CGCTTAACCTATAATCAAA-3’; used throughout the study unless
stated otherwise) (Hanisch et al., 2006), siSka3 (5-AGACAAACATGAACATTAA-3)
(Gaitanos et al., 2009), siSka1-2 (5-GGAGATTTGTGTCAATAAT-3’) (Hanisch et al.,
2006), siSka2 (5-GAAATCAAGACTAATCATC-3’) (Hanisch et al., 2006), siKNL1 (5’-
GGAATCCAATGCTTTGAGA-3’) (Liu et al.,, 2010). A siRNA duplex targeting
luciferase (GL2) served as control: siCtrl (5-CGTACGCGGAATACTTCGA-3’). The
pcDNAS.1 plasmids encoding Ska1 and Ska3 in frame with a single mCherry tag and
an N-terminal triple-Myc tag, respectively, were generated by Ying Wai Chan. For
rescue experiments, a Skal siRNA-resistant version was used (Chan et al., 2012),
while Ska3 was depleted with a siRNA duplex targeting the 3’ UTR (the sequence
reported above). Cells were transfected with siRNAs, arrested for 20-22 h with
thymidine 24 h after transfection, released into fresh medium for 2 h, transfected with
plasmid DNA, followed by a medium change and a second 16 h thymidine block 4 h
after transfection, before cells were released into fresh medium for 10—11 h, as
previously described (Chan et al., 2012). The mCherry-KNL1 wild type (Addgene
plasmid #45224), mCherry-KNL1"SFVAMA mutant (Addgene plasmid #45226) and
GFP-PP1y constructs were a kind gift from Michael Lampson (University of
Pennsylvania, Philadelphia, USA). Rescue experiments with these constructs were
performed as previously described (Liu et al., 2010). The plasmid encoding a fusion
protein of CENP-B'""®® to human INCENP**°'® and EGFP in pcDNA3.1 (Addgene

plasmid #45237) (Wang et al.,, 2011a) was also provided by Michael Lampson
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(University of Pennsylvania, Philadelphia, USA). The Skal NES(5A) mutant was
synthesized by GenScript and was cloned into pDEST-mCherry (a gift from Terje
Johanson, University of Tromsg, Norway) (Pankiv et al., 2007) using Gateway
cloning (Invitrogen).

The following drugs were used: 5-iodotubericidin (5-ITu, Santa Cruz) at 10 yM,
MG132 (Calbiochem) at 10 or 20 uyM, leptomycin B (Sigma-Aldrich) at 20 nM,
monastrol (Enzo Life Sciences) at 100 yM, nocodazole (Sigma-Aldrich) at 0.33 or 3.3
UM, okadaic acid (Calbiochem) at 1 yM, proTAME (BostonBiochem) at 20 uyM,
reversine (Enzo Life Sciences) at 0.5 yM, STLC (Tocris Bioscience) at 10 yuM, TAL
(Bayer Schering Pharma) at 1 pM, thymidine (Sigma-Aldrich) at 2 mM, and

ZM447439 (Tocris Bioscience) at 10 yM (except otherwise state).

Photoactivation assay

Photoactivation experiments were carried out in Lab-Tek Il chambers (Thermo Fisher
Scientific) with Leibovitz L-15 medium containing 10% FCS at 37°C. Photoactivation
was performed on bipolar late prometaphase spindles (identified by the H2B—mRFP
signal) as described previously (McHedlishvili et al., 2012). In brief, PA-GFP-a-
tubulin was activated in a thin stripe just above the chromosome mass using 150
iterations from a 405 nm laser (100%) on a Zeiss LSM 710-FCS confocal
microscope. Fluorescence images were captured every 3 seconds for 201 seconds
using a 40x/NA1.2 C-apochromat water objective. Fluorescence intensities were
measured in Image J at each time frame in circular regions defined by the size of
individually activated K-fibers. In average 3—4 high signals on different K-fibers in

each cell were measured. Background signal was subtracted for each time frame by
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measuring the same pixel area on the opposite side of the photoactivated spindle.
Cells that underwent anaphase in this period were discarded. The values were
corrected for photobleaching by determining the fluorescence loss in activated cells
treated with taxol (10 yM). The average data were fitted to a double-exponential
curve | = Prst eXp(—kiastl) + Psiow €Xp(—ksiowt), Where [ is the proportion of the initial
fluorescence intensity, P is the proportion of the fluorescence decay due to the fast or
slow process, k is the rate constant for the fluorescence decay of the fast or slow
process and tis time. Curve fitting was performed with Prism software (GraphPad).
The turnover half-life (t;,,) was calculated as In2/k for each fast and slow process.
Poleward MT flux rates were manually measured in Image J. Average cellular flux

rates were calculated from = 3 K-fibers per cell.

Kinetochore tracking assay

KT tracking experiments with HelLa cells stably expressing EGFP—CENP-A were
carried out in Lab-Tek Il chambers (Thermo Fisher Scientific) with Leibovitz L-15
medium containing 10% FCS at 37°C. Live-imaging was performed at a temporal
resolution of 7.5 seconds for a total 5 min on a DeltaVision system (GE Healthcare)
equipped with a 100x/NA1.4 objective, a Photometrics CoolISNAP HQ2 camera and a
EGFP/mRFP filter set. KT trajectories were analyzed as described previously

(Jagaman et al., 2010).

Immunofluorescence microscopy, live cell imaging and FRET
For immunofluorescence stainings, cells were grown on uncoated (HelLa, U20S) or

poly-L-lysine-coated (MCF10A, RPE-1) glass coverslips. Cells were simultaneously
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fixed and permeabilized for 10 min at room temperature in PTEMF buffer (20 mM
PIPES pH 6.8, 4% formaldehyde, 0.2% Triton X-100, 10 mM EGTA, and 1 mM
MgCly). For stainings shown in Figure 18E, 20A, 20E, 21A, 21D, 23A, 23C, and 23E
cells were pre-extracted for 2 min in PEM buffer (100 mM PIPES pH 6.8, 10 mM
EGTA, and 1 mM MgCly) with 0.4% Triton X-100 and then fixed for 10 min in 4%
formaldehyde in PEM buffer supplemented with 0.2% Triton X-100. Cells were
blocked with 3% BSA in PBS for 1 h, incubated with primary antibodies for either 12—
16 h at 4°C or 2-3 h at room temperature, washed with PBS/0.1% Tween 20, and
incubated with secondary antibodies and Hoechst dye for an additional 1 h at room
temperature. Primary antibodies used were: mouse anti-Aurora B (1:500, AIM-1, BD
Transductions, 611083, clone 6), rabbit anti-Borealin (1:3000) (Klein et al., 2006),
guinea pig anti-mCherry (1:2000, a gift from Peter Scheiffele, Biozentrum, Basel,
Switzerland), mouse anti-GFP (1:2000, Abcam, ab1218, clone 9F9.F9), rabbit anti-
GFP (1:1000, Abcam, ab290), rabbit anti-histone H3-pS10 (1:1000, Millipore, 06-570),
rabbit anti-histone H3-pS28 (1:500, Cell Signaling, 9713P), rabbit anti-histone H3-
pT3 (1:200, Cell Signaling, 9714S), rabbit anti-MCAK (1:1000, generated by Zhen
Dou against His-MCAK®®872%) mouse anti-Myc (clone 9E10) (Evan et al., 1985),
rabbit anti-Ska1 (1:1000) (Hanisch et al., 2006), mouse anti-Ska3 (1:1, generated by
Anna Santamaria; described later), mouse anti—a-tubulin—FITC (1:500, Sigma-Aldrich,
F2168, clone DM1A). KTs were identified using human anti-centromere antibodies
(1:1000, ACA, ImmunoVision, HCT-0100) and DNA was stained using Hoechst dye
(1:5000, Life Technologies).

Images were acquired as 20 ym z-stacks with a step-size of 0.4 ym on a

DeltaVision system (GE Healthcare) equipped with a 60x/NA1.42 PlanApo N oil
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objective and a Photometrics CoolSNAP HQ2 camera. Images were deconvolved
and projected (maximum intensity projection) using SoftWorx software (GE
Healthcare) and equally scaled using OMERO software. Quantifications were
performed using an automated pipeline, run by CellProfiler software, which involved
the following processing steps: manual selection of mitotic cells, generation of
KT/centromere and chromatin masks based on thresholding of pixel intensities of
stable KT and chromatin marker signals (ACA and Hoechst, respectively), generation
of secondary masks for signal and background measurements (KT/centromere
intensity, chromatin intensity), measurement of mean signal intensities per cell within
these secondary masks and export of reference images for quality control of the
image segmentation. Measurements of KT/centromere intensities were corrected by
subtraction of the mean intensity of the chromatin mask (background) and were
normalized over the mean intensity of ACA or background.

For time-lapse imaging, cells were plated in chambered slides (Lab-Tek I,
IBIDI) and filmed in a climate-controlled and humidified environment (37°C and 5%
COy). High-resolution time-lapse imaging was carried out on a DeltaVision system
(GE Healthcare) equipped with a 60x/NA1.42 PlanApo N oil objective and a
Photometrics CoolSNAP HQ2 camera. Images were captured with 10% neutral
density, 10 ms exposure times and 2x binning in 5 min intervals for 16—18 h with 20
stacks per field spaced 1.5 ym each. Long-term time-lapse imaging was performed
on a Nikon Eclipse Ti microscope equipped with a CoolLED pE-1 illumination system
and a 20x/NAO0.75 plan apochromat air objective. Images were captured with 20 ms

exposure times in 4 min intervals for 48 h with 1 stack per field.
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FRET experiments were performed on a 3i spinning disk confocal system
(Intelligent Imaging Innovations) based on a Zeiss Axio Observer stand equipped
with a Photometrics Evolve 512 back-illuminated EMCCD camera, a 63x/NA1.4 plan
apochromat oil objective and diode lasers, run by SlideBook software. CFP or TFP
was excited with a 440 nm diode laser and CFP or TFP fluorescence emission
(CFPem or TFPem) and YFP (FRETem) fluorescence emission was acquired
sequentially in z-stacks of 20-30 ym with a step-size of 2 ym. For the chromatin-
targeted sensor, mean CFP and YFP fluorescence intensities were measured in
circular regions within the chromatin mass using Image J software, and background-
subtracted CFPsn/FRET.m ratios were calculated and normalized to the mean of all
interphase cells of one experimental replicate. For the centromere-targeted sensor,
CFP and YFP emissions were aligned by minimizing the mean square difference of
intensities between the two images using the StackReg plugin in Image J, mean CFP
and YFP fluorescence intensities were measured in circular regions defined by the
size of individual centromeres using Image J, and background-subtracted
CFPem/FRET.m ratios were calculated.

For both static and live imaging analyses, statistical analyses were done with

Prism software (GraphPad)

Protein purification and kinase assays

The plasmid encoding C-terminally Hise-tagged Aurora B was a gift from Xuebiao
Yao (University of Science and Technology of China, Hefei, China). The open
reading frame for Aurora B was sequenced and a non-silent point mutation was

reverted (R278H) using QuikChange mutagenesis (Agilent Technologies). The pMAL
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plasmid encoding INCENP”?*®'8 in frame with an N-terminal maltose-binding protein
(MBP)-tag and a C-terminal Hise-tag was generated by Ulf Klein. Proteins were
expressed in E. coli BL21 (DE3) and expression was induced with 0.1 mM IPTG for
4-5 h at 20°C. Aurora B-Hiss was purified under native conditions with Ni-NTA
agarose beads (Qiagen) and eluted with 250 mM imidazole. MBP-INCENP"**"8_His
was purified under native conditions with amylose resin (New England Biolabs),
eluted with 10 mM maltose, followed by a second purification step with Ni-NTA
agarose beads and elution with 250 mM imidazole, according to standard
procedures. Proteins were dialyzed against 20 mM Tris pH 7.4, 100 mM NaCl, 1 mM
DTT, and 10% glycerol, and concentrated with Amicon Ulira centrifugal filters
(Millipore). Protein concentrations were determined by infrared spectrometry using a
DirectDetect system (Millipore). Full-length Ska complex comprising Skai-Hiss,
untagged Ska2 and Hise-Ska3 was kindly provided by Anna Santamaria and was
purified as previously described (Gaitanos et al., 2009; Chan et al.,, 2012).
Recombinant Mps1 and PIk1 were kindly provided by Conrad von Schubert and Anna
Santamaria, respectively, and were purified as previously described (Schubert et al.,
2015).

For the time-course in vitro kinase assays shown in Figure 26A, 26C, and 26D
MBP-INCENP”?*9'8_His¢ (0.5 yM) and Aurora B-Hisg (0.5 yM) were pre-incubated in
25 pl kinase buffer A (25 mM HEPES pH 7.4, 50 mM NaCl, 1 mM DTT, 5 mM MgCly,)
supplemented with EDTA-free protease inhibitor cocktail (Roche) with either
recombinant Ska complex (1 yM), bovine serum albumin (BSA, 1 yM, Sigma-Aldrich)
dissolved in Ska complex dialysis buffer (20 mM Tris pH 7.4, 100 mM NaCl, 1 mM

DTT, and 10% glycerol) or Ska complex dialysis buffer without BSA for 30 min at
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30°C. Recombinant histone H3.1 (2 yg, New England Biolabs), ATP (10 yM), and y-
P.ATP (5 pCi) were added to a final volume of 30 pl to start the kinase reactions.
Reactions were stopped after 0, 20, 60, 120, and 240 s incubation time at 30°C by
addition of 7.5 pyl 5x Laemmli buffer and heating to 95°C. The first time point was
pipetted on ice. The kinase assay shown in Figure 29 was performed as described
above with the exception that anti-MBP antibodies (0.25 yM, New England Biolabs,
E8032) were included during the pre-incubation step and the assay was stopped at a
single time-point after 240 s. The time-course in vitro kinase assay shown in Figure

28C was performed essentially as described above in absence of MBP-INCENP”®*

918_Hise and recombinant histone H3.1. For the end-point autophosphorylation kinase
assays shown in Figure 28A and 26E either the Ska complex, histone H3, or BSA at
the indicated amounts was pre-incubated for 30 min at 30°C with Aurora B-Hise in
kinase buffer A before addition of ATP (10 uM) and y-**P-ATP (5 uCi) and reactions
were stopped after 30 min at 30°C by addition of 5x Laemmli buffer and heating to
95°C. The end-point autophosphorylation kinase assays with Plk1 and Mps1 shown
in 28E were performed as described above with the exception that kinase buffer B
(20 mM Tris pH 7.4, 50 mM NaCl, 2 mM DTT, 10 mM MgCl,) was used. For the
control assay shown in Figure 26F, Histone H3 was incubated with Ska complex
dialysis buffer, Ska complex (1 yM), or Ska complex and ZM447439 (1 yM and 10
LM, respectively) in kinase buffer A for 30 min at 30°C in the presence of y->P-ATP
(5 wpCi). Kinase reactions were separated by SDS-PAGE, transferred to PVDF

membranes or stained with Coomassie Brilliant Blue, and 2P incorporation was

determined by autoradiography and densitometric analysis of the bands using the gel
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analyzer tool in Image J. Curve fittings and statistical analyses were done with Prism
software (GraphPad).

Plk1 and Mps1 kinase assays on peptide spots were performed as previously
described (Santamaria et al., 2011). Peptide arrays were synthesized on
nitrocellulose  membranes (Intavis) using standard Fmoc (N-(fluorenyl-9-
methoxycarbonyl) chemistry on a MultiPep robotic spotter according to the

manufacturer’s instructions (Intavis).

Immunoprecipitation and in vitro binding assays
HelLa S3 cells were synchronized with STLC (10 uM) for 16—18 h. Mitotic cells were
collected by shake-off and lysed for 20 min at 4°C in IP buffer (20 mM Tris pH 7.4,
0.5% Triton-X-100, 150 mM NaCl, 5 mM MgCl,, 2 mM EGTA, 1 mM DTT, protease
and phosphatase inhibitor cocktail) supplemented with 30 yg/ml DNAse and 30 pg/ml
RNAse. Cell extracts were cleared at 20’000 x g for 30 min at 4°C. The supernatants
(1—2 mg total protein) were incubated 2—3 h at 4°C with 3 pg of anti-Ska1 (Hanisch et
al., 2006), 1.5 pg anti-Aurora B (AIM-1, BD Transductions, 611083, clone 6) or
equivalent amounts of control IgG antibodies, followed by another 1 h incubation with
protein G sepharose beads (GE Healthcare). Alternatively, cell extracts were
incubated 3—4 h with chemically cross-linked anti-INCENP (Millipore, clone 58-217)
or control IgG protein G sepharose beads. The beads were washed five times with IP
buffer and boiled in 2x Laemmli buffer.

For in vitro binding assays, recombinant Ska complex (50 nM) was incubated
for 1 h at 30°C with Aurora B-Hisg (100 nM) in binding buffer (20 mM Tris pH 7.4, 100

mM KCI, 10 mM MgClz, 1 mM DTT, 1% triton-X100 and 10% glycerol) before pull-
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down with chemically cross-linked anti-Ska1 (Hanisch et al., 2006) or IgG protein G
sepharose beads for 2 h at 4°C. Beads were washed five times with PBS and boiled

in 2x Laemmli buffer.

Western blotting

Cells were synchronized in mitosis with STLC (10 yM) for 12—16 h and harvested by
shake-off. Cells were lysed in extraction buffer (20 mM Tris pH 7.4, 0.5% Triton-X-
100, 150 mM NaCl, 5 mM MgCl,, 2 mM EGTA, 1 mM DTT, 30 pyg/ml DNAse and 30
pg/ml RNAse, protease and phosphatase inhibitor cocktail) or boiled and sonicated in
nuclear lysis buffer (20 mM Tris pH 8, 10 mM EDTA, 2% SDS). Cell lysates were
resolved by SDS-PAGE and transferred to PVDF membranes. The following
antibodies were used for Western blotting: mouse anti-Aurora B (1:500, AIM-1, BD
Transductions, 611083, clone 6), mouse anti-His, (1:200, Qiagen, 34670), rabbit anti-
MCAK (1:1000, generated by Zhen Dou against His-MCAK®®®72%) ‘mouse anti-MBP
(1:10,000, NEB, E8032), rabbit anti-Skal and anti-Ska2 (1:1000) (Hanisch et al.,
2006), rabbit anti-Ska3 (1:1000) (Gaitanos et al., 2009), rabbit anti-Survivin (1:1000,
NB500-201, Novus Biological), and mouse anti—a-tubulin (1:3000, Sigma-Aldrich,

T6199, clone DM1A).

Monoclonal antibody production

Novel monoclonal antibodies against Ska3 were generated by Anna Santamaria in
conjunction with Moravian-Biotechnology (Czech Republic). The antibodies (IgG1)
were produced against His-tagged full-length human Ska complex reconstituted from

E.coli as previously described (Gaitanos et al., 2009; Chan et al., 2012). Repeated
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intraperitoneal injections of 10-50 pg of antigen into Balb/c mice were performed
using Freund’s adjuvants. Splenocytes where fused with SP2 myeloma cells.

Supernatant screening was performed by ELISA.
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Abbreviations

ACA
APC/C
ATP
AurB
BSA
C-terminal
CATD
CBB
CBDBD
CCAN
CDE
CEN
CHR

Cl

CIN
CPC
DMEM
DMSO
DNA
DTT
EDTA
EGFP
EGTA
EM
FCS
FITC
fm
FRET
GFP
GTP
H2B

H3
H3-pS10
H3-pS28
H3-pT3
HEPES
His
HPF/FS
lgG

Int.

IP
K-fiber
KMN
KT
KT-MT

Anti-centromere-antibody
Anaphase-promoting complex/cyclosome
Adenosine triphosphate

Aurora B

Bovine serum albumine
Carboxy-terminal

CENP-A targeting domain

Coomassie brilliant blue

CENP-B DNA binding domain
Constitutive centromere-associated network
Conserved DNA element

Centromere

Chromosome

Confidence interval

Chromosome instability

Chromosomal passenger complex
Dulbecco's modified eagle medium
Dimethylsulfoxide

Deoxyribonucleic acid

Dithiothreitol

Ethylene diamine tetraacetic acid
Enhanced green fluorescent protein
Ethylene glycol tetraacetic acid

Electron microscopy

Fetal calf serum

Fluorescein isothiocyanate

fibrous mat

Fluorescence resonance energy transfer
Green fluorescent protein

Guanosine triphosphate

Histone H2B

Histone H3

Histone H3 phospho-serine 10

Histone H3 phospho-serine 28

Histone H3 phospho-threonine 3
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
6x Histidine tag

High-pressure freezing/freeze substitution
Immunoglobulin G

Intensity

Immunoprecipitation

Kinetochore fiber

KNL-1-Mis12-Ndc80

Kinetochore

Kinetochore-microtubule
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LAP
MAPs
MBP
MCC
Mr
mRFP
MT
MTBD
NEBD
NES
ns
OA
PA
PBS
PIPES
Ponc. S
proTAME
PVDF
Rel.
RNAI
RzZ
SAC
SD
SDS
SDS-PAGE
SEM
SiRNA
STLC
Tris
WB
WT
ZM

Localization and affinity purification tag (GFP-protein S tag)
Microtubule-associated proteins
Maltose-binding protein tag

Mitotic checkpoint complex
Relative molecular mass
Monomeric red fluorescent protein
Microtubule

Microtubule-binding domain
Nuclear envelope breakdown
Nuclear export signal
Non-significant

Okadaic acid

Photoactivation
Phosphate-buffered saline
Piperazine-N,N’-bis(2-ethanesulfonic acid)
Ponceau S

Pro-tosyl-L-arginine methyl ester
Polyvinylidene fluoride

Relative

Ribonucleic acid interference
Rod-Zw10-Zwilch

Spindle assembly checkpoint
Standard deviation

Sodium dodecylsulfate

Sodium dodecylsulfate polyacrylamid gel electrophoresis
Standard error of the mean

Small interfering ribonucleic acid
S-trityl-L-cysteine
Tris(hydroxymethyl)aminomethane
Western blot

Wild-type

ZM447439
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