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REGULATED RECRUITMENT OF THE CHROMOSOMAL PASSENGER
COMPLEX TO CHROMATIN AND MICROTUBULES PROMOTES ACCURATE

CELL DIVISION

Michael S. Wheelock, Ph.D.

The Rockefeller University 2017

Aurora B, the kinase subunit of the chromosomal passenger complex
(CPC), promotes accurate cell division by destabilizing erroneous kinetochore-
microtubule attachments and activating the spindle assembly checkpoint (SAC).
Both functions require Aurora B activation, which is promoted by its binding to the
C terminus of the CPC subunit INCENP, and by localization to the inner
centromere, which requires the N terminus of INCENP. Inner centromere
localization also requires phosphorylation of histone 3 threonine 3 (H3T3ph).
While H3T3ph is required for CPC localization and the SAC during early mitosis,
it must be dephosphorylated at anaphase to facilitate mitotic exit. However, the
H3T3 kinase Haspin is predicted to be constitutively active, raising questions as
to how H3T3ph is regulated with the cell cycle. Additionally, a single alpha helix
(SAH) domain in INCENP is required to maintain the SAC elicited by the
microtubule stabilizing drug taxol. While the SAH domain binds microtubules and
is required for targeting the CPC to the spindle-midzone during anaphase, its role
in the SAC during early mitosis remains unknown.

Here we uncover the molecular mechanism that couples H3T3ph to the

cell cycle and elaborate how the INCENP SAH domain supports the SAC. Using



Xenopus egg extract and human tissue culture cells, we show that the kinase
domain of Haspin is autoinhibited during interphase by a previously unidentified
Haspin basic inhibitory segment (HBIS) downstream of the kinase domain. Upon
entry into mitosis, Cdk1- and Polo-dependent multisite phosphorylation of the
Haspin N terminus displace the HBIS from the kinase domain, resulting in Haspin
activation and H3T3ph during mitosis. We also demonstrate that the INCENP
SAH domain binds chromatin and supports CPC localization and stability at the
centromere. Deleting the SAH domain reduces Aurora B-dependent
phosphorylation at the kinetochore and attenuates the taxol-mediated SAC in
human cells. We show that the microtubule-binding capacity of the SAH domain,
rather than its role in localization, is required for the SAC in taxol. The
microtubule-binding affinity of the SAH domain is also regulated by Cdk1-
dependent phosphorylation in a phospho-regulatory domain (PRD) adjacent to
the SAH domain, which we demonstrate also contributes to the checkpoint.
Finally, while targeting INCENP to the centromere/kinetochore or microtubules
supports the SAC in taxol, neither activity alone is sufficient for a robust
checkpoint arrest. We propose a model wherein INCENP interacts with chromatin
and microtubules during early mitosis to support local activation of Aurora B and
the SAC. This work has implications for understanding how the CPC promotes
the checkpoint and how Aurora B activity is regulated to ensure accurate

chromosome segregation.
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Chapter 1: General Introduction

1.1 Cell Division

Cell division is a fundamental process required for organismal development,
reproduction, and homeostasis. Cell division in somatic tissues (Mitosis) is a
complex and coordinated series of events that equally partitions the genome of a
mother cell into two daughter cells. Since Walther Flemming’s seminal drawing in
the 1880’s (Figure 1-1), scientists have been fascinated with understanding the
molecular determinants that govern this dramatic and essential process.

Mitosis can be partitioned into five stages based on obvious changes in
chromosome structure and distribution within the vertebrate cell. These stages
typically occur in the following sequence in vertebrates. During prophase,
replicated genetic material begins to condense into individual chromosomes.
Additionally, a pair of centrioles located outside of the nucleus begins to nucleate
microtubules and separate towards opposite ends of the cell. This is followed by
prometaphase in which nuclear envelope breakdown (NEB) occurs and the
mitotic spindle takes shape. Chromosomes begin attaching to the spindle and
align at the center of the cell. When every chromosome has aligned, the cell is in
metaphase. These first three stages are collectively known as early mitosis
(Rieder & Khodjakov 20083).

Chromosome segregation begins in anaphase, with sister chromatids

moving towards opposite poles of the cell as the microtubules attached to each



chromatid shorten (anaphase A) and the spindle poles separate (anaphase B).
These coordinated movements equally partition the genetic material into two
separate masses at opposite ends of the mother cell. During telophase, the
spindle is disassembled and each mass of chromatids begins to decondense and
form its own nuclear envelope. These last two stages are known collectively as
late mitosis (Rieder & Khodjakov 2003).

Cytokinesis, though a distinct process from mitosis, begins concomitant with
the initiation of anaphase. A contractile ring forms at the cell cortex perpendicular
to the direction of chromosome segregation and slowly contracts to pinch the
mother cell into two daughter cells. This ultimately leads to a visible cleavage
furrow and the production of a midbody, a small bridge of proteins and
microtubules that connects the daughters. The midbody is severed during
abscission to create two independent and genetically identical cells (Rieder &

Khodjakov 2003).



Figure 1-1: Stages of mitosis

A-l) Drawings of Newt cells undergoing mitosis by Walther Flemming. A-C:
prophase: interphase chromatin compaction; D-E: prometaphase: nuclear
envelop breakdown and spindle assembly; F: metaphase, chromosomes align at
the center of the spindle/ cell; G: early anaphase (anaphase 1), sister chromatids
separate as the microtubules they’re attached to depolymerize towards opposite
poles; H: late anaphase (anaphase ll), sister chromatids continue to separate as
the spindle poles separate in opposite directions; |: cytokinesis/ telophase,
chromosomes decompact, the nuclear envelop reforms, and the cleavage furrow
ingresses; reproduced from (Rieder & Khodjakov 2003).

J) Drawing of chromosomes and the mitotic spindle in the Lilly by F. Schrader;
reproduced from (Rieder & Khodjakov 2003).



During early mitosis, the goal for each chromosome is to align and form
stable attachments to the mitotic spindle. This process is governed by the
kinetochore, a proteinaceous adaptor linking centromeric chromatin to spindle
microtubules. The kinetochore directly binds the plus-end of microtubules,
forming kinetochore-microtubule (kMT) attachments. The kinetochore’s ability
to maintain this attachment, even as the microtubule alternates between
polymerizing and depolymerizing states, helps power chromosome movement
during early and late mitosis (Santaguida & Musacchio 2009).

The kinetochore is broadly organized into at least two layers: the inner
kinetochore and outer kinetochore (Santaguida & Musacchio 2009) (Figure 1-
2). The inner kinetochore contains the constitutive centromere associated
network (CCAN) of proteins, which anchor the kinetochore to centromeric
chromatin. Two proteins important for this function are CENP-C, which interacts
with the CENP-A nucleosome (Kato et al. 2013), and CENP-T, which interacts
with CENP-S, -X, and —W and forms a histone-fold domain that may directly bind
centromeric DNA (Nishino et al. 2012). The outer kinetochore directly binds
microtubules through the Knl1/Mis12/Ndc80 (KMN) complexes (Cheeseman et
al. 2006). While components from all three complexes support microtubule
binding, it is the Ndc80 complex that is most important for end-on microtubule
binding in vertebrates. Knl1 primarily acts as a protein recruitment and signaling
platform for the spindle assembly checkpoint (SAC; see below) while the Mis12

complex recruits Knl1 and the Ndc80 complex. The inner and outer kinetochore



are connected by the N terminus of CENP-C, which binds the Mis12 complex
(Przewloka et al. 2011; Screpanti et al. 2011). Independently of the Mis12
complex, CENP-T also provides an additional recruitment site for the Ndc80

complex (Nishino et al. 2013; Malvezzi et al. 2013).
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Figure 1-2: The vertebrate kinetochore

Diagram of the vertebrate kinetochore, highlighting centromeric chromatin (blue),
the constitutive centromere associated network (CCAN, yellow),
Knl1/Mis12/Ndc80 (KMN) complexes (green), the spindle assembly checkpoint
(SAC) signaling machinery (red) and microtubules (gray). CENP-C (C) and
CENP-T bridge centromeric chromatin to the KMN complexes, which bind
microtubules. Efficient chromosome segregation requires the kinetochore to form
end-on attachments. Lateral attachments support chromosome alignment, but
must be released or converted to end-on attachment for efficient chromosome

segregation. Adapted from (Wynne & Funabiki 2015).



For accurate chromosome segregation to occur, sister kinetochores must
be oriented towards opposite poles and attached to microtubules exclusively from
that pole (Figure 1-3). This bipolar attachment ensures efficient segregation of
sister chromatids in opposite directions. However, formation of kMT attachments
occurs by a stochastic search-and-capture process and can generate
configurations prone to chromosome missegregation (Kirschner & Mitchison
1986). These include failure to form KMT attachment (unattached), attachment
of sister kinetochores to microtubules from a single pole (syntelic attachment)
or attachment of a single kinetochore to microtubules from both poles (merotelic
attachment) (Santaguida & Musacchio 2009).

The cell has a robust error correction machinery that limits the frequency
of chromosome segregation in the presence of attachment errors. In vertebrates,
this depends on the protein kinase Aurora B (Chapter 1.3) (Ruchaud et al. 2007;
Carmena et al. 2014). Aurora B phosphorylates multiple components of the KMN
network, lowering their affinity for microtubules in vitro and contributing to kMT
destabilization in vivo (Welburn et al. 2010). This process is thought to release
erroneous attachments, generating an unattached kinetochore that can reinitiate
search-and-capture. Consistent with this idea, chemical inhibition of Aurora B
stabilizes syntelic and merotelic attachments and results in chromosome
missegregation (Cimini et al. 2006; Lampson et al. 2004; Ditchfield et al. 2003;
Hauf et al. 2003). Levels of Aurora B phosphorylation are high on substrates at

unattached kinetochores and decreases following bi-orientation (Deluca et al.



2011; Welburn et al. 2010; D. Liu et al. 2009). How Aurora B-substrate
phosphorylation is regulated with microtubules attachment status remains
unclear, but this process seems critical. Failure to regulate Aurora B activity with
microtubule attachment, for example by mimicking constitutive phosphorylation of
Ndc80 with glutamic acid, destabilizes kMT attachments and impairs
chromosome alignment (Welburn et al. 2010; Guimaraes et al. 2008).
Understanding the molecular basis for Aurora B regulation is a central topic in

this dissertation.
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Figure 1-3: Configurations of kMT attachment during mitosis

Accurate chromosome segregation requires each chromosome achieve bi-
oriented (amphitelic) attachment to the spindle. Unattached kinetochores or
erroneous kMT attachment configurations (syntelic, monotelic or merotelic) can
lead to lagging chromosomes, chromosome missegregation and aneuploidy.
These aberrant states can signal the SAC (red waves) to different extents. While
unattached kinetochores generate a robust SAC signal, merotelic attachments
only weakly, if at all, activate the checkpoint. Thus, an efficient error correction
mechanism, centered on the protein kinase Aurora B, is required to prevent
chromosome segregation in the presence of erroneous attachments. Reproduced
from (Krenn & Musacchio 2015).



An additional mechanism that promotes accurate cell division is the
spindle assembly checkpoint (SAC) (Figure 1-4; Section 1.2). This signaling
cascade can be activated by a single unattached kinetochore (Rieder et al. 1994)
and is capable of delaying the onset of anaphase for over 50 hrs in certain cell
types and conditions (Gascoigne & Taylor 2008). This provides time for an
unattached kinetochore to form bipolar attachments to the spindle. The SAC
works by inhibiting the Anaphase Promoting Complex (APC), an E3 ubiquitin
ligase that targets multiple substrates for proteasome-dependent degradation,
most importantly Cyclin B and Securin. Degradation of Cyclin B decreases Cdk1-
Cyclin B activity, which initiates anaphase onset. Meanwhile degradation of
Securin activates seperase, which degrades cohesin and allows sister chromatid
separation. The major effector of the SAC that inhibits the APC is the mitotic
checkpoint complex (MCC, see below). The MCC is also generated during
interphase (Sudakin et al. 2001), which slows Cyclin B/Securin degradation
during mitotic entry (Rodriguez-Bravo et al. 2014). During mitosis, the MCC is
locally generated by unattached kinetochores to inhibit the APC (Kulukian et al.
2009). Continued production of the MCC dramatically attenuates the rate of
Cyclin B/ Securin degradation, providing time for the unattached kinetochore to
form bipolar attachments to the spindle. Once all chromosomes are bi-oriented,
the SAC signal is silenced, resulting in the cessation of MCC production,
disassembly of residual MCC, and subsequent APC activation and entry into

anaphase (Musacchio & Salmon 2007).
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Figure 1-4: The spindle assembly checkpoint prevents anaphase onset

until all chromosomes are bi-oriented on the spindle

The initiation of anaphase requires ubiquitin-mediated (Ub) degradation of Cyclin
B and Securin (top) by the 26S proteasome. This process is initiated by the E3
ubiquitin ligase Anaphase Promoting Complex/ Cyclosome (APC/C, bottom
right). Degradation of Cyclin B inactivates Cdk1, triggering anaphase, while
degradation of Securin activates Seperase, which promotes removal of
centromeric cohesion to facilitate sister chromatid separation. Unattached
kinetochores (bottom left) locally activate the spindle assembly checkpoint (SAC,
red waves) and produce the mitotic checkpoint complex (MCC, bottom middle),
which inhibits the function of the APC/C. This attenuates the degradation of
Cyclin B and Securin, maintaining cells in mitosis until the SAC signal is
exterminated by chromosome bi-orientation. Reproduced from (Krenn &
Musacchio 2015).
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1.2 The Spindle Assembly Checkpoint

Anaphase onset requires ubiquitination of Cyclin B by the E3-ubiquitin
ligase Anaphase Promoting Complex/ Cyclosome (APC/C; referred to in this
dissertation as the APC) and subsequent degradation by the 26S proteasome
(Figure 1-4). The ubiquitin ligase activity of the APC is stimulated by Cdc20,
which acts both as an allosteric activator and an APC substrate recognition
protein via interaction with the destruction box on APC substrates. Quantitatively
measuring the abundance of fluorescently labeled Cyclin B during mitosis reveals
that its rate of degradation is slow during early mitosis and accelerates after
chromosomes align at the metaphase plate (Clute & Pines 1999). Once Cyclin B
abundance dips below a threshold level, anaphase chromosome movement is
initiated regardless of chromosome alignment. Thus, degradation of Cyclin B
must be coupled to chromosome alignment to prevent anaphase onset in the
absence of bi-oriented chromosomes (Musacchio & Salmon 2007).

This coupling is accomplished by the spindle assembly checkpoint (SAC)
(Musacchio & Salmon 2007). The SAC promotes assembly of the mitotic
checkpoint complex (MCC), composed of the proteins Mad2, BubR1, Bub3 and
Cdc20 (Sudakin et al. 2001) (Figure 1-4). The MCC is the primary effector of the
SAC and inhibits APC activation in at least three ways: first, by sequestering
Cdc20 from the APC, second, by binding the APC and allosterically inhibiting it,
and finally, by acting as a pseudocomeptitive inhibitor through the interaction of a

KEN box on BubR1 with Cdc20 (Musacchio & Salmon 2007; Alfieri et al. 2016).
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By preventing full activation of the APC, the MCC decreases the rate of Cyclin B
and Securin degradation, delaying the onset of anaphase to allow time for
chromosome bi-orientation.

The SAC is activated by unattached kinetochores and silenced when all
kinetochores accomplish bi-oriented attachment. Preventing microtubule
attachment by depolymerizing microtubules with drugs such as nocodazole or
benomyl results in a robust SAC-dependent arrest from yeasts to humans.
During an unperturbed mitosis, even a single unattached kinetochore is sufficient
to induce a mitotic delay (Rieder et al. 1994). Consistent with the kinetochore
generating the SAC signal, the number of unattached kinetochores inversely
correlates with the rate of Cyclin B degradation (Clute & Pines 1999; Dick &
Gerlich 2013; Collin et al. 2013) while laser-ablation of the last unattached
kinetochore rapidly induces anaphase (Rieder et al. 1995). Many of the proteins
involved in the SAC localize to the kinetochore upon mitotic entry and are
decreased in abundance or absent when chromosome segregation initiates.
Recruiting SAC proteins to the kinetochore is critical for their function. For
example, preventing kinetochore localization of the upstream SAC activator Mps1
attenuates the checkpoint in nocodazole (Nijenhuis et al. 2013), while artificially
targeting it to the kinetochore can stimulate a SAC-dependent arrest even after
chromosome alignment (Jelluma et al. 2010). Understanding how SAC protein
recruitment and checkpoint activation is coupled to kMT attachment is a central

question in the field.
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Formation of the MCC

During mitosis, formation of the MCC occurs primarily at the kinetochore
and requires several proteins including the serine/threonine kinase Mps1, mitotic
arrest deficient 1 (Mad1) and the MCC component Mad2 (Figure 1-5A).
Formation of the MCC is complex, but a critical first step is the binding of Mad2 to
the APC activator Cdc20. This binding requires Mad2 to adopt a ‘closed’
conformation (C-Mad2), which is biochemically and structurally distinct from its
‘open’ conformation (O-Mad2) that predominates in solution (Luo et al. 2004). lis
been proposed that Mad1 at the kinetochore promotes formation of the MCC
through a templating model (Kulukian et al. 2009; De Antoni et al. 2005; Mapelli
et al. 2007; Simonetta et al. 2009). First, a 2:2 complex of Mad1/C-Madz2 is
recruited to the kinetochore. Then, Mad1/C-Mad2 acts as a template to catalyze
the production of soluble O-Mad2, which is capable of binding Cdc20 and
initiating formation of the MCC. While this model is still under investigation, it
provides an explanation for how the signal from a single kinetochore could be
amplified enough to arrest the entire cell.

Mad1 must localize to the kinetochore to support formation of the MCC.
This depends on the kinetochore recruitment and kinase activity of Mps1 (Figure
1-5B). Mps1 binds the N terminus of the kinetochore protein Ncd80 adjacent to
its microtubule-binding calponin homology (CH) domain (Ji et al. 2015; Hiruma et
al. 2015). Mps1 then phosphorylates a series of MELT motifs

(M[D/E][I/L/V/M][S/T]) on the kinetochore protein Knl1, which directly interact with

14



and recruit the proteins Bub1/Bub3 (London et al. 2012; Yamagishi et al. 2012;
Shepperd et al. 2012; Primorac et al. 2013). This complex then supports
kinetochore recruitment of the MCC components BubR1/Bub3 (Zhang et al.
2015; Overlack et al. 2015). Mps1 activity and MELTph are required for Mad1
recruitment. In C. elegans, Bub1 directly binds Mad1 to promote the SAC (Moyle
et al. 2014), while in yeast, this interaction requires Mps1-dependent
phosphorylation of Bub1 (London & Biggins 2014; Heinrich et al. 2014). It
remains to be established how Mad1 is recruited in vertebrates. It is known that
the Rod/ZW10/Zwilch (RZZ) complex is required for Mad1/Mad2 targeting to the
kinetochore (Kops et al. 2005; Buffin et al. 2005), and while the molecular details
remain unclear, its been suggested that this complex recruits Mad1/Mad2
independent of Knl1 (Silié et al. 2015). Regardless of the specific mechanism,
Mps1 supports recruitment of Mad1/Mad2 to the kinetochore to activate the
checkpoint during mitosis (Figure 1-5C). Consistent with this, constitutive
targeting of Mps1 or Mad1, or C-Mad2 to the kinetochore stimulates a mitotic
arrest even when chromosomes are aligned at the metaphase plate (Kruse et al.
2014; Maldonado & Kapoor 2011; Jelluma et al. 2010). Interestingly, inhibiting
Mps1 activity induces checkpoint silencing even when Mad1 is constitutively
recruited to the kinetochore, indicating it is required downstream of Mad1/Mad2
recruitment for the checkpoint (Maldonado & Kapoor 2011). Thus, it is still

unclear exactly how the MCC is generated during mitosis.
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Figure 1-5:Molecular details of SAC activation

A) A 2:2 heterodimer of Mad1 (dark yellow) and C-Mad2 (dark red) recruited to
an unattached kinetochore (red) initiates formation of the MCC by “templating”
the conversion of soluble O-Mad2 (light yellow) into C-Mad2. C-Mad2 binds the
APC activator Cdc20 (green), which is the first step in formation of the MCC.

B) Mps1 (dark red) binds the calponin homology (CH) domain of Ndc80 (Ndc80-
C, orange) and phosphorylates (black “P”) the N-terminal tail of Knl1 on multiple
MELT motifs (dark red circles) to recruit the SAC signaling machinery (see C).
The kinase Aurora B (AurB) phosphorylates (red “P”) multiple kinetochore
proteins to promote the SAC, including the Mis12 complex (Mis12-C) to recruit
Knl1 to the kinetochore, the N terminus of Knl1 to prevent recruitment of PP1,
and the N-terminal tail of Ndc80 (near the CH domain) to promote unattached
kinetochores and recruit Mps1.

C) The SAC signaling machinery (“Catalytic Platform”) recruited by Mps1-
dependent phosphorylation of Knl1 MELT motifs (P-MELT). Bub1/Bub3 (dark
blue) directly bind a phosphorylated MELT motif and recruits both a dimer of
BubR1/Bub3 (light blue) and the dimer of Mad1/Mad2 (at least in yeast and
nematode). This platform then generates the SAC signal (see A).

Reproduced from (Musacchio 2015).
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Figure 1-5: Molecular details of SAC activation
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Interestingly, MCC is also present during interphase (Sudakin et al. 2001),
even though Knl1 and other components important for its formation are absent
from the interphase kinetochore (Nagpal & Fukagawa 2016). Instead, it has been
shown that the nuclear pore complex (NPC) recruits Mad1 during interphase and
supports Mps1-dependent formation of the MCC (Rodriguez-Bravo et al. 2014;
Maciejowski et al. 2010). Preventing MCC formation during interphase, for
example through inhibition of Mps1, leads cells to rapidly exit mitosis after NEB
(Maciejowski et al. 2010). This suggests that MCC synthesized during interphase
defines a mitotic timer that determines the minimum amount of time a cell spends
in mitosis, measured to be between 10-20 minutes. This maybe physiologically
important to provide time to recruit mitosis-specific kinetochore components

required for microtubule attachment and SAC activation.

SAC silencing

Once chromosome bi-orientation is achieved, the checkpoint must be
silenced to promote anaphase onset (Bokros & Y. Wang 2016). SAC proteins
including Mad1 and Mad2 are absent from the kinetochore of bi-oriented
chromosomes. This is important for checkpoint silencing as constitutively
targeting any of these components to the kinetochore activates the checkpoint
even when chromosome are aligned (Kruse et al. 2014; Maldonado & Kapoor
2011; Jelluma et al. 2010). It has been demonstrated that microtubule binding by

Ndc80 directly displaces Mps1 from the kinetochore (Hiruma et al. 2015; Ji et al.
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2015), thus directly coupling checkpoint KMT attachment to silencing.
Recruitment of PP1 phosphatase to the kinetochore upon chromosome bi-
orientation has also been implicated in removing SAC proteins. During early
mitosis, Aurora B prevents PP1 recruitment by phosphorylating the PP1 binding
motif on Knl1 (RVSF and SILK) (D. Liu et al. 2010; Rosenberg et al. 2011). PP1
contributes to checkpoint silencing in part by dephosphorylating the MELT motifs
on Knl1 (London et al. 2012). Another kinetochore phosphatase is PP2A, which
binds to the MCC component BubR1 (Suijkerbuijk et al. 2012). It was recently
shown that PP2A also contributes to checkpoint silencing by dephosphorylating
the MELT and RVSF motifs on Knl1 (Espert et al. 2014; Nijenhuis et al. 2014)
and by stabilizing kMT attachment (Foley et al. 2011). How phosphatase
recruitment is coupled to KMT attachment to regulate silencing remains unclear.
Another mechanism to remove SAC proteins from the kinetochore is
Dynein-dependent ‘stripping’ along microtubules. This activity can be visualized
by depleting cellular ATP levels in metaphase cells, revealing a pool of Dynein-
associated checkpoint proteins on the spindle and at spindle poles (Wojcik et al.
2001; Howell et al. 2001). Dynein recruitment to the kinetochore is regulated
through binding the RZZ complex and Spindly (Gassmann et al. 2008; Griffis et
al. 2007; Y. W. Chan et al. 2009; Barisic et al. 2010). Given the role of Dynein in
chromosome congression and KMT attachment stability however, Dyenin’s role in

checkpoint silencing remains controversial (Y. Wang et al. 2014).
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Finally, preformed MCC must be disassembled and/or displaced from the
APC to allow APC activation once the checkpoint is silenced. In vertebrates, the
protein p31°°™®! which contains a HORMA domain similar to Mad2, forms a
dimer with Mad2 that can drive dissociation of Mad2 from Cdc20 (M. Yang et al.
2007). It has been proposed that this could have at least two roles in silencing:
first, preventing MCC production by ‘capping’ Mad2 at the kinetochore to prevent
it from templating additional C-Mad2 and second, dissociating Mad2 from Cdc20
to initiate disassembly of the MCC (Musacchio & Salmon 2007). In addition, the
APC subunit APC15 is important for releasing the MCC from its inhibitory
interaction with the APC (Mansfeld et al. 2011). Future work is necessary to

elucidate the molecular basis of MCC disassembly and APC activation.

SAC activation: Attachment versus Tension

How do unattached kinetochores activate the SAC? One hypothesis is that
the checkpoint is activated by lack of microtubule attachment to the kinetochore.
Alternatively, the checkpoint may detect the absence of tension, the microtubule-
dependent pulling force that generates an increased distance between sister
kinetochores on a bi-oriented chromosome (inter-kinetochore stretch). This
hypothesis was bolstered by Bruce Nicklas’s observation that artificially applying
tension to a chromosome with syntelic attachments could silence the checkpoint
(Li & Nicklas 1995). Distinguishing whether the SAC is activated by lack of

attachment or lack of tension is difficult to do experimentally and has been
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historically contentious (Maresca & Salmon 2010). Below, | address evidence for
each mechanism independently, concluding on more recent work that may
provide a solution to this debate.

In budding yeast, unreplicated chromatids attach to microtubules and elicit
a SAC-dependent arrest, assumed to result from inability to generate tension
(Stern & Murray 2001). Mutating subunits of cohesin leads to a similar SAC
arrest that depends on the Aurora B homolog Ipl1 (Biggins & Murray 2001).
Interestingly, Ipl1 is dispensable for the SAC arrest in nocodazole (Biggins &
Murray 2001), suggesting that Aurora B activates the checkpoint specifically in
response to defective tension, at least in this system. In vertebrates, early
arguments for tension involved studying the SAC induced by the drug taxol,
which hyperstabalizes microtubules and decreases tension, but was observed
not to affect the number of KMT attachments (McEwen et al. 1997). The SAC in
taxol also depends on Aurora B (Ditchfield et al. 2003), which at the time was
viewed as mostly dispensable for the checkpoint in nocodazole, again in line with
a specific tension-sensing pathway. Suppressing microtubule dynamics by
treating human cells with a low dose of the drug vinblastine decreased inter-
kinetochore tension and induced a SAC-dependent arrest even though kMT
attachment appeared unchanged (Skoufias et al. 2001). Subsequent work
correlated silencing of the checkpoint with increased microtubule-dependent

separation of the inner and outer layers of a single kinetochore (intra-kinetochore
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tension), rather than the distance between sister kinetochores (Maresca &
Salmon 2009; Uchida et al. 2009).

How would tension activate the checkpoint? One longstanding model is
that intra-kinetochore stretch increases the distance between Aurora B kinase,
located at the inner centromere, and its substrates at the outer kinetochore
(Lampson & Cheeseman 2011; T. U. Tanaka et al. 2002). Aurora B supports the
SAC though multiple mechanisms, (discussed in detail later) including generating
unattached kinetochores, recruiting Mps1, assembling the kinetochore and
preventing recruitment of PP1, all of which require Aurora B-dependent
phosphorylation of kinetochore proteins. Thus, physically separating Aurora B
from its substrates could trigger anaphase onset through preventing checkpoint
activation and promoting checkpoint silencing.

Arguing the importance of attachment versus tensions rests on the ability
to manipulate these states independently. However, this separation is not
achieved by treating cells with taxol. A recent study has confirmed the