UC San Diego
UC San Diego Previously Published Works

Title
Spindle assembly checkpoint activation and silencing at kinetochores.

Permalink
bttgs:ggescholarshiQ.orgéucgitemg70c3m481
Authors

Lara-Gonzalez, Pablo
Pines, Jonathon
Desai, Arshad

Publication Date
2021-09-01

DOI
10.1016/j.semcdb.2021.06.009

Copyright Information

This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-NoDerivatives License, available at
https://creativecommons.org/licenses/by-nc-nd/4.0}

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/70c3m48j
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/

Seminars in Cell and Developmental Biology 117 (2021) 86-98

Contents lists available at ScienceDirect

Seminars in

CELL & DEVELOPMENTAL
BIOLOGY

Seminars in Cell and Developmental Biology

ELSEVIER

journal homepage: www.elsevier.com/locate/semcdb
Review R
Spindle assembly checkpoint activation and silencing at kinetochores

Pablo Lara-Gonzalez ™", Jonathon Pines“ ', Arshad Desai ™"

 Ludwig Institute for Cancer Research, USA
b Department of Cellular & Molecular Medicine, University of California San Diego, La Jolla, CA 92093, USA
¢ The Institute of Cancer Research, London, UK

ARTICLE INFO ABSTRACT

Keywords: The spindle assembly checkpoint (SAC) is a surveillance mechanism that promotes accurate chromosome
Checkpoint segregation in mitosis. The checkpoint senses the attachment state of kinetochores, the proteinaceous structures
Kinetochores ) that assemble onto chromosomes in mitosis in order to mediate their interaction with spindle microtubules.
;?:g::some segregation When unattached, kinetochores generate a diffusible inhibitor that blocks the activity of the anaphase-promoting
Aneuploidy complex/cyclosome (APC/C), an E3 ubiquitin ligase required for sister chromatid separation and exit from
Catalysis mitosis. Work from the past decade has greatly illuminated our understanding of the mechanisms by which the

diffusible inhibitor is assembled and how it inhibits the APC/C. However, less is understood about how SAC
proteins are recruited to kinetochores in the absence of microtubule attachment, how the kinetochore catalyzes
formation of the diffusible inhibitor, and how attachments silence the SAC at the kinetochore. Here, we sum-
marize current understanding of the mechanisms that activate and silence the SAC at kinetochores and highlight

open questions for future investigation.

1. Introduction

Accurate transfer of genetic information encoded in DNA across
generations is a fundamental aspect of life. Eukaryotes ensure transfer of
genetic information in each cell division by first replicating their chro-
mosomes and then segregating them equally to daughter cells in mitosis.
The segregation of chromosomes is mediated by kinetochores, the pro-
teinaceous structures that assemble onto the centromeric region of
chromosomes to mediate interaction with spindle microtubules [1]. The
process of microtubule capture by kinetochores on mitotic chromosomes
is at least partially stochastic and requires time. If there is insufficient
time in mitosis, chromosomes do not connect correctly and segregate
improperly, generating daughter cells that have either gained or lost a
chromosome, a state referred to as aneuploidy. Depending on its degree,
aneuploidy can lead to inviability, developmental defects or contribute
to the genesis and progression of diseases such as cancer.

To ensure that there is sufficient time in mitosis for all chromosomes
to connect to spindle microtubules, cells employ a mechanism known as
the spindle assembly checkpoint (SAC) [2-5] (Fig. 1). When kineto-
chores are unattached, they generate a checkpoint signal that delays the
onset of anaphase. Once all kinetochores are attached, production of the

* Corresponding authors at: Ludwig Institute for Cancer Research, USA.
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checkpoint signal stops, thereby ensuring that anaphase only occurs
after all chromosomes are bound to spindle microtubules. Classical ge-
netic screens in the budding yeast S. cerevisiae identified the majority of
SAC components, which include the Mitotic Arrest Deficient (MAD) and
the Budding Uninhibited by Benzimidazoles (BUB) genes [6,7]. Other
components essential for the SAC include the Mps1 kinase, Cdc20 and,
in metazoans, kinetochore receptors such as the Rod-Zwilch-ZW10
(RZZ) complex (Fig. 2).

The efforts of many groups over the last decade have greatly
advanced understanding of the downstream events in checkpoint
signaling, namely how the SAC signal generated at kinetochores blocks
anaphase onset [8-16]. A combination of cell biology, genetics and
biochemistry and ultimately beautiful structures made possible by ad-
vances in molecular cryo-EM conducted on biochemically reconstituted
complexes, showed that the SAC generates a diffusible inhibitor that
binds and inhibits the APC/C [15,16]. By comparison, how the SAC
signal is generated specifically at unattached kinetochores is less well
understood. Recent technical advances in cellular analysis in coordina-
tion with complex biochemical reconstitutions of kinetochore compo-
nents are helping to fill this gap, by defining how kinetochores act as
catalysts for production of a diffusible anaphase inhibitor [17]. In this
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review, we focus on recent advances in understanding checkpoint signal
generation at unattached kinetochores and silencing of this signal
following microtubule attachment.

2. Overview of checkpoint signaling

The SAC works by inhibiting the activity of an E3 ubiquitin ligase
known as the APC/C [18,19] (Fig. 1). During mitosis, the APC/C is
activated by its co-activator protein Cdc20 and the resulting APC/C%420
complex ubiquitinates the anaphase inhibitors securin and cyclin B to
promote sister chromatid separation and exit from mitosis [18,19]
(Fig. 1A). When kinetochores are unattached, they produce a diffusible
signal that blocks APC/CCdc20 activity towards securin and cyclin B
[20-26]. While a single unattached kinetochore is sufficient to elicit a
SAC response [27], the strength of this diffusible SAC signal is propor-
tional to the number of unattached kinetochores present, indicating that
the SAC is not an all-or-none response but rather modulated by the
number of active signaling centers [28,29]. These properties of the SAC
enable unattached kinetochores to limit the premature segregation of
chromosomes, thereby protecting against the formation of aneuploid
progeny.

The primary action of unattached kinetochores with respect to SAC
signaling is to catalyze the formation of the Mitotic Checkpoint Complex
(MCC), a potent inhibitor of APC/C%20 5 5] (Fig. 1B). The MCC is a
tetrameric complex composed of Mad2, Cdc20, BubR1 (Mad3 in yeast
and nematodes) and Bub3 [12,30-33]; Bub3 is not part of the MCC in
organisms such as S. pombe but when present, it is reported to increase
the affinity of the MCC for the APC/C [11,34,35]. One fascinating aspect
of the SAC is that Cdc20 has dual roles, as the APC/C activator and as a
subunit of the MCC [18,19]. Thus, during a SAC-dependent mitotic ar-
rest, the APC/C is bound by two molecules of Cdc20: an activating
Cdc20 and a Cdc20 that is part of the inhibitory MCC [13] (Fig. 1B). The
ability of the MCC to bind APC/CCdc20 explains how perturbing the
spindle in metaphase to reactivate the SAC can rapidly inhibit active
APC/C [23]. The activating and inhibitory functions of Cdc20 can be
separated both in vivo and in vitro [13,15,16,36]. Consistent with the

A
APC/CCdczo

N

Unattéched
kinetochore

)
Mitotic Checkpoint
Complex (MCC)

Sister chromatid

_~7 separation

Mitotic exit

MCC-bound APC/CCdc20

K 0.t

87

Cdc20vce

Seminars in Cell and Developmental Biology 117 (2021) 86-98

MCC being a stoichiometric inhibitor of APC/CC4c20, partial reduction of
MCC components is sufficient to cause a SAC defect, whereas partial
reduction of SAC catalysts such as Mad1 has a less significant effect [37,
38].

The MCC is formed from two different subcomplexes, namely Mad3/
BubR1-Bub3 and Mad2-Cdc20 [2-5]. The Mad3/BubR1-Bub3 complex
exists throughout the cell cycle and it is not thought to be regulated [30,
39]. By contrast, the formation of the Mad2-Cdc20 complex is catalyzed
by unattached kinetochores and it is the rate-limiting reaction in
checkpoint signaling [17,40,41]. Unattached kinetochores act in two
steps to promote the formation of the Mad2-Cdc20 complex: (1) local
concentration of SAC components and (2) catalysis of Mad2-Cdc20
complex formation.

According to the highly influential Mad2 template mechanism [42],
formation of the Mad2-Cdc20 complex is promoted by the structurally
related Mad1l-Mad2 complex [43,44]. Mad2 interacts with both Madl
and Cdc20 in a similar manner through a domain in Mad2’s C-terminus
known as the “safety belt” that wraps around a Mad2-interacting motif
(MIM) in Mad1 and Cdc20 [43,44]. Whereas the Mad1-Mad2 complex is
stable and present throughout the cell cycle, formation of Mad2-Cdc20
complexes is catalyzed by unattached kinetochores during mitosis.
The initiation step in spindle checkpoint signaling is recruitment of the
Mad1-Mad2 complex to unattached kinetochores. In metazoans, this
recruitment event is not well understood and involves multiple kineto-
chore receptors, including Bub1-Bub3, the RZZ (Rod, Zwilch, ZW10)
complex and the Ndc80 complex. The activity of Mpsl, an essential
spindle checkpoint kinase, is also critical for the recruitment of
Mad1-Mad2 complexes to kinetochores [45] (see below).

Once localized, the Madl-Mad2 complex recruits free, cytosolic
Mad2; subsequent events at the kinetochore convert this recruited Mad2
into a form that is bound to Cdc20 [43,44]. The Mad2-Cdc20 dimer then
rapidly interacts with the BubR1-Bub3 complex to assemble the full
MCC, which diffuses away to bind APC/C®?° and inhibits its activity.
The ability of MCC to inhibit the APC/C®?? js achieved by a region in
BubR1/Mad3 that is composed of APC/C degrons: a D-box, a KEN box
and two ABBA motifs. These degrons organize into a D-box — ABBA —

Fig. 1. Schematic of Spindle Assembly Check-
point (SAC) - dependent control of mitosis. (A)
During mitosis, unattached kinetochores (or-
ange) catalyze formation of an inhibitor that
targets the APC/C%4?°, a ubiquitin ligase whose
activity is essential for sister chromatid separa-
tion and mitotic exit. The SAC thereby ensures
that the metaphase-anaphase transition occurs
only after all kinetochores are attached to
spindle microtubules. (B) The SAC functions by
catalyzing the formation of the Mitotic Check-
point Complex (MCC), which then binds APC/
C4e20 1 block its activity. Shown here are the
crystal structure of the MCC from S. pombe
(PDB 4aez, left) [12] and the cryo-EM structure
of human APC/C%?° bound to the MCC (PDB
Slew, right) [15]. Note that Bub3, a component
of the MCC in most species, is absent in these
structures. (For interpretation of the references
to color in this figure legend, the reader is
referred to the web version of this article.)
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KEN - ABBA cassette which wraps around the activating molecule of
Cdc20 in the APC/C and functions as a pseudosubstrate inhibitor, pre-
venting the APC/C from binding its substrates [13-16,36]. In addition,
MCC-bound APC/C%?0 js limited in its ability to engage with E2
ubiquitin conjugating enzymes [15,16].

Microtubule attachment silences SAC signaling through multiple
different mechanisms. First, microtubules promote the dynein motor-
dependent “stripping” of SAC proteins such as Mad1-Mad2 from the
kinetochore [46-49]. Second, kinetochore-localized protein phospha-
tases dephosphorylate the scaffold protein Knll, thereby removing
Bub1-Bub3 from kinetochores [50-57]. Third, microtubule binding by
Ndc80 displaces Mpsl from kinetochores [58,59]. In addition to the
above, intra-kinetochore stretching after microtubule attachment con-
tributes to SAC satisfaction [60,61]. Aside from these
kinetochore-dependent silencing mechanisms, two parallel cytosolic
pathways - one involving the Mad2-related protein p31 associated with
the AAA+ enzyme TRIP13, and one involving Cdc20 autoubiquitination
- contribute to APC/C%4? activation by catalyzing MCC disassembly
[62-68].

3. Recruitment of checkpoint components to kinetochores

The first step in spindle checkpoint signaling is the recruitment of
checkpoint proteins to unattached kinetochores. SAC proteins localize to
the outer kinetochore region, facilitated by the KMN (Knl1, Mis12 and
Ndc80) network [1]. Understanding the molecular mechanisms that
regulate the recruitment of SAC components to the kinetochore is crit-
ical to understand how the SAC is activated and how different mecha-
nisms silence the SAC once kinetochores are attached.

3.1. Bubl, BubR1 and Bub3

Pioneering work in species such as yeast has shown that Bubl is a
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critical upstream component of the SAC [69,70]. While the kinase ac-
tivity of Bub1 does not play an essential role in the SAC [71-76], Bubl’s
primary role appears to be to recruit other SAC components, such as
Madl, Mad2, Cdc20 and BubR1, and to catalyze local formation of the
Mad2-Cdc20 complex.

In the current model for checkpoint signaling, Bub1 is co-recruited to
kinetochores with its binding partner, the WD40 domain-containing
protein Bub3 [77] (Figs. 2, 3A). During mitosis, the Bub1-Bub3 com-
plex binds to the Knll component of the KMN network [78]. Knll pos-
sesses repetitive sequences in its N-terminus known as MELTs (named
after the single amino acid code) that are phosphorylated in mitosis by
Mpsl and, to a lesser extent, by Plk1 [75,78-82] (Fig. 3A). Phosphory-
lation of the Knll MELTs creates binding sites for the Bub1-Bub3 com-
plex [78-80]. Bub3 directly docks onto phosphorylated MELTs and its
partner Bubl increases the affinity of the Bub3—phospho-MELT inter-
action [83]. Depending on the organism, Knll has between 2 and 27
MELT repeats spread across its N-terminal region [84]. Other
species-specific motifs adjacent to the MELTs likely also contribute to
the affinity of Knll for Bubl-Bub3 [85]. Systematic analyses of the
different MELTs in Knll suggest that they may have different affinities
for the Bub1-Bub3 complex [75,86-89], but why a significant number of
MELTs and related motifs are present in Knll is unclear. One attractive
possibility is that this multiplicity of motifs enables tuning the stoichi-
ometry of Bubl-Bub3 complexes relative to the Knll scaffold at kinet-
ochores, in a manner dictated by the microtubule attachment status
[90].

Bubl is structurally related to the MCC component BubR1, which
also interacts with Bub3 [77] (Figs. 2, 3A). However BubR1 lacks the
Bubl loop that increases the affinity of the interaction between Bub3
and phospho-MELTs by an order of magnitude [35,91]. Instead,
BubR1-Bub3 recruitment primarily relies on formation of a hetero-
tetrameric complex with the Bub1-Bub3 complex that depends on the
presence of a region downstream of their Bub3 binding motifs [91,92]
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Fig. 3. Mechanisms for SAC protein recruit-
ment at kinetochores. (A) The Bubl-Bub3-
BubR1-Cdc20 module docks onto repetitive
motifs in the Knll N-terminus that are phos-
phorylated by the kinase Mpsl, which is
recruited to kinetochores by the Ndc80 com-
plex; PIk1 kinase activity targeting Knll also
contributes to a varying extent, depending on
the species. (B) Localization of the Mad1l-Mad2
complex to unattached kinetochores is medi-
ated by Bubl, the RZZ complex and the Ndc80-
Mps1 module. Mps1 phosphorylates Bubl CM1
to promote its interaction with Madl and may
also target the RZZ complex; the Ndc80 com-
plex may also contribute independently of
recruiting Mpsl. While not depicted here, the
RZZ complex promotes expansion of the fibrous

corona, the outermost region of the kinetochore, into crescents and rings that do not contain Bub1; thus, Bubl and RZZ may recruit spatially distinct pools of Mad1-

Mad2 complexes.

(Fig. 3A). The interaction between Bub1-Bub3 and BubR1-Bub3 can be
recapitulated in vitro, in the absence of post-translational modifications
[91], but may be subjected to post-translational control in vivo [93].
Several species express a BubR1 orthologue known as Mad3, which lacks
the C-terminal region downstream of the Bub3 binding domain and does
not localize to kinetochores [94,95]; an exception is S. pombe Mad3,
which does not interact with Bub3 but still localizes to kinetochores
through an interaction with Bubl that depends on its N-terminal TPR
region [96].

While the mechanism of BubR1 recruitment to kinetochores in
humans is clear, preventing the Bub1-BubR1 interaction does not inhibit
checkpoint signaling [91,97]. Consistent with these perturbations of
BubR1 localization in human cells, in organisms such as S. cerevisiae and
C. elegans, the BubR1 orthologue Mad3 is essential for SAC signaling as
integral component of the MCC but does not localize to unattached ki-
netochores [94,95]. These observations support the notion that kineto-
chores act primarily to catalyze the formation of the Mad2-Cdc20
complex, which then interacts with BubR1/Mad3-Bub3 to form the
MCC. While not critical for checkpoint signaling,
kinetochore-localization of BubR1 is important for regulating
kinetochore-microtubule attachments, at least in part by recruitment of
the PP2A-B56 phosphatase [98-101].

An interesting aspect of Bubl, BubR1 and Bub3 is that significant
levels of these proteins remain at kinetochores upon microtubule
attachment, unlike other SAC proteins such as Madl and Mad2 [90].
Because most of our understanding of how Bub1l, BubR1 and Bub3 are
recruited in human cells comes from studies where cells are treated with
nocodazole to prevent kinetochore-microtubule attachments, it will be
interesting to determine if these same mechanisms contribute to Bub1
localization at attached kinetochores. For instance, Mpsl is greatly
reduced at attached kinetochores in human cells but because the Bub
proteins persist, it is possible that the P1k1 kinase, which phosphorylates
a similar primary sequence as Mps1 [102], is important to maintain Bub
proteins following attachment [81,82,103]. The function of Bub pro-
teins at attached kinetochores is not clear, but could include promoting
chromosome alignment, mediating the recruitment of Aurora B to inner
centromeres, and maintaining a foundational level of SAC components
at the kinetochore in order to enable the SAC to respond rapidly if at-
tachments are lost [104].

3.2. Mpsl

The mitotic kinase Mps1 acts at multiple steps of the SAC. Among the
known functions of Mps1 kinase are (1) phosphorylation of the Knll
MELT repeats that mediate the recruitment of the Bub1-Bub3 complex to
kinetochores (see above), (2) release of the Mad1-Mad2 complex from
nuclear pores at the beginning of mitosis [105,106], (3) recruitment of
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the Mad1-Mad2 complex to unattached kinetochores [107-110], (4)
catalysis of the formation of Mad2-Cdc20 complexes [17] and (5) pro-
motion of the expansion of the outermost fibrous corona region of the
kinetochore in the absence of microtubule attachments [111,112],
presumably a means to amplify the SAC signal emanating from indi-
vidual kinetochores. Mps1 is notably absent in C. elegans, where many of
its functions are compensated for by Plk1 [82].

Mpsl is recruited to kinetochores through a direct interaction with
the Ndc80 complex [113-115], a component of the KMN network that is
essential to form load-bearing microtubule attachments [1] (Fig. 3A).
The Ndc80 complex is composed of Spc24, Spc25, Nuf2 and Ndc80
(Hecl in humans); the latter binds microtubules directly through its
N-terminal calponin-homology (CH) domain [1]. The N-terminus of
Mps1, which possesses a TPR domain, an N-terminal extension (NTE)
and a middle region (MR), is critical for kinetochore recruitment
(Fig. 2). The NTE self-interacts with the TPR domain of Mps1; during
mitosis the NTE is released from the TPR to allow for the NTE and the
TPR domain to interact with the CH domain of Ndc80 [58,59,116].
Consistent with the Mps1-Ndc80 interaction being important, deletion
of the Mps1l N-terminus prevents kinetochore targeting of Mpsl and
abolishes SAC signaling [115]. The NTE itself is part of an Mps1 kinase
autoinhibitory mechanism that is released by Mpsl autophosphor-
ylation [117], but whether relief of autoinhibition relates to Mpsl
kinetochore targeting is unclear. Interestingly, Mpsl kinase activity
negatively regulates its own targeting to kinetochores; autophosphor-
ylation of Mps1 causes its release from kinetochores whereas inhibition
of Mps1 activity with small molecule inhibitors increases the amount of
Mpsl at kinetochores [108,118,119], but the importance of this
activity-dependent regulation of localization is not clear. In vitro, the MR
of Mpsl interacts directly with the Nuf2 component of the Ndc80
complex [58]. While a fragment of Mps1 containing a repeat of the MR is
sufficient for kinetochore targeting via Nuf2, deletion of the MR does not
prevent Mps1 recruitment [58]. However, mutation of S281 within the
MR, which is phosphorylated by Cdkl, prevents Mpsl recruitment
[120]. Therefore, it is unclear how the MR contributes to Mps1 kineto-
chore recruitment. Interestingly in fission yeast, kinetochore recruit-
ment of Mph1, the orthologue of Mps1, also requires an interaction with
Ndc80 that depends on its N-terminus, even though Mphl does not
possess recognizable NTE, TPR or MR domains [121,122].

Mps1 recruitment is strongly dependent on phosphorylation by Cdk1
and Aurora B [107,123,124]. While the targets of Aurora B that promote
Mpsl recruitment have not been fully elucidated, in most organisms
Aurora B inhibition weakens but does not abolish checkpoint signaling
[125-127], an observation that is at odds with Mpsl kinetochore
recruitment being essential for the SAC. In human cells, ARHGEF17 was
also shown to contribute to Mps1 kinetochore recruitment and to spindle
checkpoint signaling, but the mechanism by which it acts is not
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understood [128].

In humans, Mpsl recruitment is observed at unattached kineto-
chores. In vitro work showed that the binding of Ndc80 to microtubules
displaces Mpsl, suggesting a direct link between microtubule binding to
kinetochores and Mpsl removal from the kinetochore to turn off
checkpoint signaling [58,59]. However, in systems such as S. cerevisiae,
Mpsl1 recruitment to kinetochores is not attachment-regulated [119,
129], indicating that other mechanisms participate in shutting off Mps1
signaling. In budding yeast, displacement of substrates from Mpsl
following attachment is the currently favored mechanism (see below).

3.3. Mad1-Mad2 complex

The recruitment of the Mad1-Mad2 complex to kinetochores is the
most important event in SAC signaling and, at the same time, the least
understood outside of yeast (Fig. 3B). Madl and Mad2 form a hetero-
tetrameric complex throughout the cell cycle [33]. In interphase, the
Mad1-Mad2 complex is localized at nuclear pore complexes, specifically
at a region known as the basket, where it interacts with Tpr/Megator
[130-133]; Tpr/Megator promotes Madl-Mad2 proteostasis in inter-
phase [133,134]. In yeast, the Mad1-Mad2 complex has a role in nuclear
transport [135] but whether this function is conserved in metazoans is
unclear. Nuclear pore-localized Mad1-Mad2 complexes may also cata-
lyze formation of Mad2-Cdc20 complexes in interphase [68,136]. Dur-
ing mitotic entry, the activities of Mps1 and Mad1-tethered Cdk1-cyclin
B displace the Mad1-Mad2 complex from the nuclear pore to promote its
recruitment to unattached kinetochores [105,106]. In most systems,
recruitment of the Madl-Mad2 complex depends on Madl alone,
although in S. cerevisiae Madl and Mad2 recruitment is co-dependent
[94].

The Mad1-Mad2 complex directly interacts with Bub1, which pos-
sesses a conserved motif (CM1) that is phosphorylated by the sequential
action of the mitotic kinases Cdk1l and Mps1 [73,137-141] (Fig. 3B).
Phosphorylated CM1 directly interacts with a C-terminal RLK motif of
Madl [137-139,142]. Recently, the crystal structure of the human
Madl C-terminus — Bubl CM1 complex was solved, revealing how
phosphorylation of T461 in the Bubl CM1 creates an interaction surface
for the RLK motif of Mad1 [143]. In yeast, the Mad1-Bub1 interaction is
sufficient for kinetochore recruitment of the Mad1-Mad2 complex [137,
144]. However, in metazoans, there are at least two other kinetochore
components aside from Bubl that contribute to the recruitment of the
Mad1-Mad2 complex: the RZZ (Rod, Zwilch, ZW10) complex and Ndc80
[113,145,146] (Fig. 3B). Moreover, the N-terminus of Mad1l also con-
tributes to the recruitment of Madl-Mad2 to kinetochores [136,147].
Therefore, the mechanisms that recruit Mad1-Mad2 to kinetochores in
metazoans have proved challenging to elucidate. In C. elegans, mutating
the Bubl CM1 does not affect the recruitment of Mad1-Mad2 to kinet-
ochores; instead, a different interaction between the Bubl kinase
domain and a region of the coiled-coil domain in Mad1 is necessary [75,
141].

Recently, the role of human Bubl in Madl-Mad2 complex recruit-
ment and/or SAC signaling was called into question, which was sur-
prising given that it is essential for SAC signaling in all other species
tested, including mice [148]. While some groups reported a SAC defect
upon Bubl depletion [73,112,149-151], others suggested that Bubl
does not contribute to the SAC in humans [152-154]. However, recent
efforts have clarified that, as Bubl is a catalytic component of the SAC,
residual levels of Bubl that remain either upon incomplete RNAi ex-
periments or through CRISPR-Cas9 edits that can be bypassed by the
RNA splicing machinery, are sufficient to support checkpoint signaling
[112,151,155]. Since other mammalian species such as mice rely on
Bub1 for the SAC [148], it is also possible that human cell lines recov-
ered after complete Bubl gene knockout may have selected for
compensatory mechanisms that bypass its requirement for the SAC [154,
156]. Thus, after some confusion, there is now a consensus that pene-
trant removal of Bubl is required to observe a functional effect on the
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SAC in human cells, in agreement with its proposed role as a catalyst in
SAC signaling.

In metazoans, the RZZ complex contributes to Mad1-Mad2 kineto-
chore localization [145,146] (Fig. 3B). The RZZ complex recruits the
coiled-coil dynein activator Spindly that in turn recruits the
dynein-dynactin complex to kinetochores to promote chromosome
capture and bi-orientation [49]. Interestingly, Spindly is required for
Mad1-Mad2 recruitment and checkpoint signaling in C. elegans but not
in human cells [157,158]. Whether RZZ interacts directly with the
Madl-Mad2 complex remains to be clarified. In addition, the relation-
ship between RZZ and Bubl-recruited pools of Madl-Mad2 at the
kinetochore has not been resolved, but interesting possibilities include
recruitment to spatially distinct kinetochore regions or in temporally
distinct mitotic stages [112,140,152]. In addition, Bubl is also partially
required for RZZ recruitment, suggesting an interplay between these two
complexes [151]. The RZZ-Spindly complex is central to expansion of
the outermost kinetochore region, the fibrous corona; in the absence of
microtubule attachment, Mad1-Mad2 localize to this expanded corona
region [159,160]. In human cells deleted for the RZZ subunit Rod,
corona expansion does not occur but Madl is still observed localizing to
the outer kinetochore, albeit only transiently [112]. Thus, it is possible
that the effect of RZZ or Spindly inhibitions on Mad1-Mad2 recruitment
is at least in part due to their contribution to corona expansion.

Finally, the Ndc80 complex is essential for Mad1l-Mad2 complex
recruitment to unattached kinetochores [113] (Fig. 3B). As the Ndc80
complex localizes Mps1 (see above), whose activity is required to recruit
the Mad1-Mad2 complex, the effect of Ndc80 depletions on Mad1-Mad2
recruitment may be indirect. However, we note that in C. elegans, where
Mpsl is absent, Ndc80 is nonetheless required for Mad1-Mad2 complex
kinetochore localization [95], suggesting a potential Mps1-independent
role for the Ndc80 complex in Mad1-Mad2 recruitment.

3.4. Cdc20

Cdc20 is both an activator of the APC/C and a checkpoint component
that promotes APC/C inhibition in the absence of kinetochore-
microtubule interactions. Cdc20 is also recruited to kinetochores
across species, from yeast to humans [161-164]. Kinetochore recruit-
ment of Cdc20 depends on Bubl and BubR1, which possess a motif
known as ABBA (also known as the Phe-box and the A motif) that binds
between blades two and three of the C-terminal WD40 domain of Cdc20
[165-169] (Figs. 2, 3A). In C. elegans, where Bubl is the sole Cdc20
kinetochore receptor, mutating the ABBA motif of Bub1 abolishes Cdc20
recruitment and SAC signaling, indicating that Cdc20 recruitment to
kinetochores is essential for the SAC [164]. However in humans, both
kinetochore-localized Bub1 and BubR1 contribute to Cdc20 recruitment
to kinetochores [167]. Whether Bubl or BubR1 is the primary Cdc20
receptor at kinetochores is a matter of controversy, although mutants in
Bubl or BubR1 that prevent Cdc20 binding abolish or weaken the
checkpoint [138,150,167,168,170].  Elucidating the role of
kinetochore-localized Cdc20 in the SAC in human cells will require
mutation of Bubl and BubR1, individually and in combination. In
S. cerevisiae, mutating the putative ABBA motif in Bubl only partially
affected the SAC [171], although it is not clear whether S. cerevisiae
Bub1 directly interacts with Cdc20. Interestingly, Cdc20 fluxes rapidly
through the kinetochore, with a half-life of 0.5-2 s depending on the
organism, which is consistent with Cdc20 transiently localizing to the
kinetochore but acting in the cytoplasm, either to activate the APC/C or
to form part of the MCC [164,172]. By comparison, both Bubl and
BubR1 exhibit slower turnover at kinetochores [35,173], indicating that
the Bub1-Cdc20 and BubR1-Cdc20 interactions are highly dynamic.

The summary above indicates that many questions about how
checkpoint proteins are recruited to kinetochores to initiate SAC
signaling remain unresolved, especially in human cells. Of critical
importance is to understand Mad1-Mad2 kinetochore recruitment at a
mechanistic and structural level, which remains a major open question
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in the field. The dynamic control of Mps1 localization - including via its
own activity - also merits further investigation. On a related note, the
difference in SAC signaling following Mps1 versus Aurora B inhibition,
despite the significant negative impact of Aurora B inhibition on Mps1
kinetochore localization, needs to be re-investigated using newer tools
such as endogenously-tagged Mpsl [124]. It will also be important to
continue efforts to define the molecular basis and significance of Cdc20
kinetochore localization across systems.

4. Catalysis of Mad2-Cdc20 complex formation

The function of kinetochores in the SAC is to catalyze the formation
of Mad2-Cdc20 complexes [17,41,174] (Fig. 4). Both Mad2 and Cdc20
are expressed throughout the cell cycle, but their ability to form a
complex is kinetically disfavored [40]. In addition, mechanisms
involving factors such as TRIP13-p31°°™¢! actively disassemble
Mad2-Cdc20 complexes throughout the cell cycle [175] (Fig. 4A),
indicating that unattached kinetochores must overcome the inherent
kinetic barrier to accelerate Mad2-Cdc20 complex formation and to win
the tug-of-war against disassembly. The mechanisms described in the
previous section to recruit Mad2 and Cdc20 to kinetochores concentrate
these proteins at kinetochores; indeed, tethering of Madl to attached
kinetochores is sufficient to trigger a constitutive SAC [176-179]. But, in
addition to recruiting checkpoint components, kinetochores facilitate
the assembly of Mad2-Cdc20 complexes that then leave the kinetochore
to form MCCs. In vitro, the addition of purified kinetochore-containing
chromosomes or catalysts such as Bubl, Mpsl and the Madl-Mad2
complex greatly accelerates the rate of Mad2-Cdc20 complex forma-
tion [17,41] (Fig. 4A).

Because the formation of the Mad2-Cdc20 complex formation is slow
[40], this is a highly regulatable step. The exact nature of the kinetic
barrier is unclear, but one proposed contributing factor is that Cdc20 is
in a conformation in which its N-terminal Mad2-interacting motif is
masked, thereby limiting interaction with Mad2 (Fig. 4A). In support of
this view, the N-terminus of Cdc20 interacts with its C-terminal WD40
domain in vitro [174] and the Cdc20 N-terminus self-interacts [180],
both of which may contribute to masking the Mad2-binding motif. In
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addition, truncations in Cdc20 that eliminate regions upstream or
downstream of the Mad2-interacting motif make Cdc20 a better ligand
for Mad2 [32,181]. These observations suggest that catalyzing forma-
tion of the Mad2-Cdc20 complex requires exposing the Mad2-binding
site on Cdc20 and placing it in a context that promotes association
with Mad2.

Central to the catalysis of Mad2-Cdc20 complex formation is the
ability of Mad2 to exist as two conformers: open (O) and closed (C) [43,
44] (Fig. 4B). O-Mad2 is free and cytosolic, whereas C-Mad2 is bound to
its ligands Madl and Cdc20. In addition, the O-Mad2 and C-Mad2
conformers associate to form what is known as the conformational dimer
(Fig. 4B). Conversion of Mad2 from an open to a closed state is also an
inherently slow process that is accelerated by both the presence of a
ligand and by dimerization [182,183]. In the first step of catalysis,
0O-Mad2 is recruited from the cytosol to unattached kinetochores by the
Mad1-Mad2 complex through O-Mad2-C-Mad2 dimerization [43,44].
Kinetochore catalysts then assist in the transfer of O-Mad2 from
Mad1-C-Mad2 to Cdc20 in order to form the Mad2-Cdc20 complex. In
vitro, both the N-terminal tail and the C-terminal WD40 domain of
Cdc20 are required to catalyze formation of the Mad2-Cdc20 complex
[180]. As described below, the C-terminal WD40 domain of Cdc20 in-
teracts with the ABBA motif of Bubl, whereas the N-terminal tail in-
teracts with Mad1 (Fig. 4C). These two interactions likely underlie the
mechanisms by which Bubl and Madl-Mad2 accelerate formation of
Mad2-Cdc20 complexes. Below we discuss current thinking on the
mechanisms promoting catalysis at kinetochores.

4.1. Bub1 positions Cdc20

Artificially targeting Madl to human kinetochores is sufficient to
activate the checkpoint, even if all kinetochores are attached [176].
Interestingly, the arrest induced in this artificial condition is dependent
on Bubl, even though Bub1l does not contribute to the localization of
tethered Mad1 [112,178]. These observations indicate that Bub1 has an
essential role in the SAC that goes beyond contributing to Mad1-Mad2
complex recruitment to unattached kinetochores. Notably, data from
S. pombe showed that even with kinetochore-tethered Madl, the

Fig. 4. Catalysis of Mad2-Cdc20 complex for-
mation at unattached kinetochores. (A) (left)
Complex formation between Mad2 and Cdc20 is
kinetically disfavored and subjected to disas-
sembly by TRIP13-p3lcomet. (right) During
mitosis, unattached kinetochores accelerate the
rate of Mad2-Cdc20 complex formation by
~200 fold. (B) Mad2 has two different confor-
mations, Open (0) and Closed (C), which
interact with each other through dimerization.
C-Mad2 is found bound to its ligands Mad1l and
Mad2, which possess Mad2-interacting motifs
(MIMs). (C) Proposed mechanism for how un-
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interaction between Madl and the Bubl CM1 motif is necessary to
generate a checkpoint signal [178]. An interesting natural parallel is
observed in C. elegans, where the Bub1 CM1 does not contribute to Mad1
kinetochore recruitment but is nonetheless essential for the SAC [141].
These cell biological data are consistent with the observation that Bubl
accelerates the rate of Mad2-Cdc20 complex formation in vitro [17].
Following phosphorylation by mitotic kinases, the Bubl CM1 motif
interacts directly with the Madl C-terminus [73,137-140,143,178]
(Fig. 4C). Phosphorylated CM1 interacts with the RLK motif, a basic
patch in the coiled-coil of Madl that precedes its C-terminal RWD
domain [142,184] (Fig. 2). The affinity of phospho-CM1 for the Madl
RLK is relatively low (2-16 pM); [138,139,143] but this low affinity may
be compensated for by local concentration of both proteins on the
kinetochore scaffold. Because the Bub1-Madl interaction contributes to
the checkpoint beyond Madl-Mad2 complex recruitment [141,178],
this interaction likely functions to constrain Bubl and Mad]1 to facilitate
the formation of the Mad2-Cdc20 complex. Interestingly, the ABBA
motif of Bubl, which is 30-50 amino acids downstream of the CM1
domain, recruits Cdc20 to kinetochores (Fig. 2). Because the
Bub1-Cdc20 interaction promotes catalysis even in an in vitro context
where kinetochore localization does not play a role [180], the simplest
explanation is that the Bubl CM1-Madl1 interaction positions Cdc20 in
close proximity to the O-Mad2 associated with the Mad1-C-Mad2 scaf-
fold [141,180] (Fig. 4C). In support of this conclusion, the CM1 and the
ABBA motif must both be present in the same Bub1 molecule to support
Mad2-Cdc20 complex formation at kinetochores in C. elegans [141].
These observations suggest that Bub1 acts as a "matchmaker", with its
CM1-ABBA motifs bringing together Cdc20 and O-Mad2. We note that
the relative importance of Bubl in catalyzing formation of the
Mad2-Cdc20 complex in vitro depends on the concentrations of the two
reactants [180], of which Cdc20 is limiting in vivo [185]. Thus, the
relative “essentiality” of Bubl in checkpoint signaling in vivo may
depend on the precise cellular concentrations of Cdc20 and Mad2.

4.2. Madl unfurls the Cdc20 N-terminal tail to expose its Mad2-
interacting motif

Aside from Bub1, the Mad1-Mad2 complex and the Mps1 kinase are
critical catalysts accelerating formation of Mad2-Cdc20 complexes in
vitro [17]. Mpsl phosphorylates the C-terminus of Mad1 that contains
the conserved RWD domain [17,138] (Fig. 2). Phosphorylation of the
Mad1 C-terminus creates a binding surface for the Cdc20 N-terminus, at
a region upstream of its Mad2-interacting motif that is known as BM1 or
Box1 [138] (Fig. 2). While Mad1l and Cdc20 are not required for each
other’s recruitment, both in vitro and in vivo data indicate that this
interaction promotes the unfurling of the Cdc20 N-terminus to expose its
Mad2 binding motif [141,180] (Fig. 4C). In support of this view,
mutating the Madl RWD domain or preventing phosphorylation of
Madl by Mpsl abrogates catalysis of Mad2-Cdc20 complex formation
[141,180]. Therefore, the Madl RWD domain provides a critical role in
promoting formation of the Mad2-Cdc20 complex. We note that, while
the RWD domain is evolutionarily conserved, the BM1 of Cdc20 is not,
which suggests existence of additional interaction surfaces in Cdc20 that
mediate binding to the Madl RWD domain.

The studies described above have led to the model that kinetochores
catalyze formation of Mad2-Cdc20 complexes by positioning Cdc20 in
close proximity to O-Mad2 and unfurling the Mad2-binding site in
Cdc20 to facilitate the coupling of O-Mad2, recruited onto the Mad1-
Mad2 scaffold, with Cdc20 (Fig. 4C). While the molecular details of
the Bubl CM1-Mad1 interaction have recently been elucidated [143],
biochemical and structural analysis of the Mad1-Cdc20 interaction and
of Cdc20 autoinhibition will be critical to understand how kinetochores
act as catalysts in the SAC. In addition to mechanistic work com-
plemented by mutational analysis in vivo, a complementary approach
being taken to understand SAC signal generation is to activate the SAC in
the cytoplasm. Early work showed that overexpressing Mps1 in yeast
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was sufficient to activate the SAC independently of kinetochores [186,
187], a result that pre-staged the success of biochemical reconstitution
efforts. Recently, artificial dimerization approaches have been devel-
oped to bring checkpoint scaffolds and catalysts, mutated to prevent
their kinetochore localization, into close proximity [129,188,189].
These efforts indicate that SAC signal activation can be achieved in the
cytoplasm independently of kinetochores and are making it feasible to
probe the quantitative features of SAC signal generation.

5. Checkpoint silencing at the kinetochore

Once microtubules are attached to kinetochores, the SAC signal must
be rapidly silenced to promote mitotic exit. Failure to silence the SAC
leads to prolonged mitotic arrest, which can result in premature loss of
sister chromatid cohesion, cell death or cell cycle arrest at the subse-
quent G1 [190-193].

Mechanisms for checkpoint silencing can be classified into two
groups: cytoplasmic and kinetochore-based. There are two cytoplasmic
mechanisms: active disassembly of Mad2-Cdc20 complex by TRIP13-
p31°°™t and Cdc20 ubiquitylation by the APC/C [62-68]. Here, we will
focus on the mechanisms that silence the SAC at the kinetochore, which
include  dynein-mediated  stripping of SAC  components,
intra-kinetochore stretching, and the actions of kinetochore-localized
phosphatases (Fig. 5).

5.1. Dynein-mediated stripping of SAC components

Soon after their initial discovery it became evident that SAC proteins
such as Madl and Mad2 localize to unattached but not to microtubule-
attached and aligned kinetochores [94,130]. Recent high resolution
live-imaging experiments have revealed that, upon the establishment of
end-on microtubule attachments, SAC components are rapidly removed
from kinetochore [194]. Moreover, end-on microtubule attachments
and not transient lateral attachments, remove SAC components from
attached kinetochores [194]. The removal of SAC proteins upon
microtubule attachment is a major mechanism for SAC silencing at the
kinetochore, a process known as “stripping”. In effect, stripping removes
Mad1-Mad2 complexes from the local environment that is required for
them to catalyze Mad2-Cdc20 complex formation.

SAC protein stripping depends on the minus-end directed motor
dynein that is recruited to kinetochores by the RZZ-Spindly complex
[46-49] (Fig. 5A). The RZZ complex is also required to promote the
recruitment of the Mad1-Mad2 complex to unattached kinetochores (see
above). The current view is that once attachments have occurred,
kinetochore-localized dynein transports cargo consisting of SAC proteins
such as Madl-Mad2, Spindly and the RZZ complex, towards spindle
poles (Fig. 5B). The fate of these proteins after they reach the spindle
poles is unknown, but they likely disassemble and are released into the
cytosol. The process of stripping can be difficult to study in vivo, but
experiments where cells are depleted of ATP have helped visualize
dynein-dependent accumulation of SAC components at spindle poles
[46,195,196]. Consistent with kinetochore-localized dynein being
required for stripping, a Spindly mutant that cannot recruit dynein re-
tains the Madl-Mad2 complex at attached kinetochores [196]. Sur-
prisingly, however, depletion of Spindly does not prevent
attachment-dependent removal of Madl-Mad2 [195,196], indicating
the existence of another mechanism for SAC protein removal that is
inhibited by Spindly at kinetochores and can only be revealed upon
depletion of Spindly. Indeed, organisms such as yeast do not require
kinetochore dynein to remove SAC proteins from attached kinetochores,
indicating that a dynein-independent mechanism might be more
ancient. Understanding the nature of this alternative pathway, how it is
inhibited by Spindly and how end-on attachments activate dynein to
transport SAC proteins towards spindle poles, are all important open
questions. Moreover, it is unknown how the cargo for removal is formed
at kinetochores because connections between RZZ-Spindly-dynein and
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Fig. 5. SAC silencing at kinetochores.
(A) At unattached kinetochores Mpsl,
anchored onto the Ndc80 complex,
phosphorylates the Knll MELT repeats,
which recruit the Bub module (Bubl,
BubR1, Bub3 and Cdc20). Bubl, along
with the RZZ complex, recruits the
Mad1-Mad2 complex. The RZZ complex
also recruits Spindly-Dynein. Phosphor-
ylation of BubR1 by Plkl promotes
recruitment of the PP2A-B56 phospha-
tase, which opposes phosphorylation of
the PP1 binding motif on Knll by
Aurora B. (B) Microtubule attachments
trigger the poleward transport of the
Mad1l-Mad2 complex by RZZ-Spindly-
Dynein - this is a critical event in
checkpoint silencing as preventing this
transport leads to an active checkpoint
despite kinetochore-microtubule attach-
ment. In addition, microtubule attach-
ment by Ndc80 causes either the
displacement of Mps1 from kinetochores
or intra-kinetochore stretching (depic-

Microtubule

ted here for illustrative purposes as extension of the Ndc80 complex; we emphasize however that the molecular effector whose stretch affects SAC signaling is not
known) which physically separates Mpsl from Knll. Finally, PP1 recruitment causes dephosphorylation of the Knll MELTs to remove the Bub module from ki-
netochores. A small pool of the Bub module remains at attached kinetochores, which we speculate requires Plk1’s ability to also phosphorylate Knl1l MELTS.

Madl-Mad2 have not been reported. Thus, an important focus for the
future will be to overcome the lack of mechanistic understanding of
Madl-Mad2 kinetochore recruitment, especially of how the RZZ com-
plex contributes to this recruitment, since this gap limits understanding
of both checkpoint activation and microtubule attachment-regulated
removal from kinetochores.

5.2. Intra-kinetochore stretching

Intra-kinetochore stretching following microtubule attachment is
correlated with cessation of SAC signaling [60,61]. Intra-kinetochore
stretching occurs when kinetochores are end-on attached to microtu-
bules and the distance between the inner and outer kinetochore regions
increase [60,61]. How intra-kinetochore stretching relates to SAC
silencing is unclear, but a clue came from studies showing that artificial
tethering of the Mps1 kinase to kinetochores can cause a constitutively
active checkpoint when targeted to Knl1, but not when tethered to outer
kinetochore components such as Ndc80 [129]. Thus, close proximity of
Mpsl to Knll is critical to activate the SAC. Because microtubule
engagement by the kinetochore may cause Ndc80 to move away from
Knll [197,198], an attractive model is that, upon attachment, Mps1
bound to Ndc80 is displaced from targets such as Knll, which in turn
contributes to checkpoint silencing (Fig. 5). Further analysis of the
relationship between intra-kinetochore stretching and SAC silencing
will benefit from perturbations designed specifically to disrupt stretch-
ing [199]. Such an effort will also require molecular definition of the
mechanically compliant component(s) at kinetochores, whose extension
under force is responsible for the relative displacement.

5.3. Kinetochore-localized phosphatases

Finally, kinetochore-localized phosphatases oppose mitotic kinases
to promote SAC silencing [50-57]. The two well-characterized kineto-
chore phosphatases are protein phosphatase 1 (PP1) and protein phos-
phatase 2 (PP2A)-B56, which are recruited by Knll and BubRl,
respectively (Fig. 5). While PP2A-B56 is specifically recruited to unat-
tached kinetochores [101], PP1 recruitment correlates with the estab-
lishment of kinetochore-microtubule attachments [52,54], indicating
that PP1 recruitment is a trigger to stop SAC signaling once attachments
are made.
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PP1 binds to Knll through canonical PP1-docking motifs known as
SILK and RRVSF [52-55] (Fig. 3A). The serine residues in these motifs
are phosphorylated by Aurora kinases and phosphorylation is thought to
reduce PP1 binding to Knll [52,200] (Fig. 5A). Interestingly, Knl1 also
possesses a basic patch motif that binds microtubules in vitro and also
contributes to SAC silencing [55]. In yeast, mutating the basic patch
motif prevents SAC silencing by impairing PP1 function at the kineto-
chore [201], although in C. elegans the basic patch appears to work
independently of PP1 [55]. Surprisingly, microtubule binding and PP1
binding to Knll are mutually exclusive in vitro [202], which highlights
the lack of consensus on whether microtubule binding to Knl1l contrib-
utes to SAC silencing at kinetochores.

PP2A-B56 is recruited to kinetochores through BubR1, whose
‘KARD’ domain contains the PP2A-B56 docking motif LxxIXE [100,203]
(Figs. 2, 5A). Recruitment of PP2A-B56 to BubR1 requires phosphory-
lation of the KARD domain by kinases such as Plk1 and Cdk1 [99,100,
203]. Because PP2A-B56 is recruited specifically to unattached kineto-
chores, its major function might be to limit SAC signaling. BubR1-bound
PP2A-B56 has also been implicated in controlling microtubule attach-
ments to ensure proper chromosome alignment by opposing the activity
of Aurora B [98-100,125].

Preventing the recruitment of either PP1 or PP2A-B56 at the kinet-
ochores causes a SAC silencing defect. Among the direct targets of
kinetochore-localized phosphatases in the SAC are Knl1 itself, which is
dephosphorylated at its MELT repeats to remove Bubl and BubR1 from
the kinetochore; the Mps1 activation loop, and Bub1l/BubR1 at motifs
that participate in Plk1 binding [56,57,103,164,204] (Fig. 5). Protein
phosphatases are known to cross-talk; for instance, PP1 can interact with
PP2A-B56 to promote its dephosphorylation and activation [205].
Conversely, PP2A-B56 dephosphorylates the PP1 docking site in Knl1 to
promote PP1 kinetochore recruitment [57]. Therefore, it has been
difficult to attribute specific phospho-substrates to specific phosphatases
at the kinetochore. Indeed, phosphatases can substitute for each other at
the kinetochore, suggesting that their roles are redundant and that they
only differ in how they respond to kinase inputs during mitosis [206].
Moreover, recent work has suggested that one of the primary functions
of kinetochore phosphatases is to oppose local Plk1l activity. Bubl and
BubR1 recruit Plkl to kinetochores in a phospho-dependent manner
(Fig. 2) and both PP1 and PP2A-B56 can dephosphorylate Bubl and
BubR1 to limit localized Plkl kinase activity, which is known to
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phosphorylate the MELT repeats in Knll [103]. The complexity of pro-
tein phosphatase action at kinetochores is an exciting area of research
with many open questions, with a major challenge being to deconvolve
the action of specific phosphatase complexes and to understand the
short linear motifs that regulate their targeting and local activities.

We note that the three mechanisms we have discussed for SAC
silencing at the kinetochore may represent different facets of a common
underlying mechanism. For instance, intra-kinetochore stretching may
promote phosphatase recruitment that activates the dynein module
[199]. Thus, in addition to work on each facet, there is also a need to
develop a more holistic picture of SAC silencing at the kinetochore, and
to account for features of the SAC such as its rapid reactivation when
perturbations occur after full attachment [23].

6. Concluding remarks

In this review, we have discussed the events occurring at kineto-
chores that initiate SAC signaling and locally silence the SAC following
microtubule attachment. The SAC represents a paradigm for highly
localized signaling in a sub-cellular domain; thus, its mechanistic
elucidation has implications not only for understanding how the SAC
acts to ensure genome integrity during mitosis but also for generally
understanding how highly localized events can control the physiological
state of the entire cell. The SAC conceptual framework is also influ-
encing analysis of HORMA domain proteins with a Mad2-like fold that
are implicated in DNA repair, meiotic recombination, autophagy, and
bacterial antiviral immunity [207].

Recent work has also revealed repurposing of mechanisms and
components central to SAC signaling in other cellular processes such as
mitotic entry [208], regulation of sister chromatid separation [209] and
insulin signaling [210]. Moreover, mutations in SAC components such as
BubR1 and TRIP13 are the cause of Mosaic Variegated Aneuploidy
(MVA), a rare genetic disease associated with microcephaly, develop-
mental delay and propensity to developing tumors [211-214]. These
findings highlighting that understanding of the SAC is likely to yield
broader insights beyond unattached kinetochore-triggered control of
mitosis. While the combination of genetics, cell biology, biochemistry, in
vitro reconstitutions, and structural biology has led to an increasingly
detailed view of how the SAC is wired, many key questions about local
events that occur at kinetochores, highlighted in the sections above,
remain unanswered. Addressing these open questions will continue to
occupy SAC enthusiasts and draw in newcomers eager to understand
how this ancient pathway ensures genome integrity during organismal
development and protects against the chromosome
missegregation-triggered genomic havoc that is a characteristic feature
of cancers [215,216].
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