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ABSTRACT

Maintenance of genomic stability during cell division relies on the Spindle Assembly
Checkpoint (SAC), a conserved signalling pathway that monitors kinetochore-microtubule
attachment and delays anaphase onset until all chromosomes are correctly attached to
spindle microtubules. Failure in switching off the SAC in a timely manner delays cells in
metaphase, which increases the likelihood of merotelic attachments and cohesion fatigue.
These errors often result in lagging chromatids and chromatin bridges in anaphase, well-
established drivers of aneuploidy and chromosomal instability. Mps1 kinase is a well-
established upstream regulator of the SAC. Mps1 becomes active during early mitosis as a
result of its T-loop autophosphorylation. However, the mechanism controlling Mps1
inactivation once the SAC is satisfied remains less understood. Here, we demonstrate in
vitro and in Drosophila S2 cells that the serine/threonine phosphatase PP1/PP1a87B
dephosphorylates Mps1 T-loop to render the kinase inactive. Furthermore, we show that
PP1087B-mediated dephosphorylation of Mps1 occurs at kinetochores as well as at the
cytoplasm, and the inactivation of both pools of Mps1 is required for timely SAC silencing.
Thus, our findings contribute to understand how cells regulate Mps1 and expose a

requirement for its kinetochore and cytosolic inactivation to allow prompt SAC silencing.

However, the mechanisms that prevent PP1/PP1a87B from prematurely inactivating Mps1
and silencing the SAC had remained ill-defined. Here, we report that Polo phosphorylates
PP1a87B in its RVxF-binding pocket to limit the phosphatase ability to dephosphorylate
SAC substrates in Drosophila S2 cells. The phosphorylation occurs at
unattached/tensionless kinetochores and decreases as chromosomes congress to the
metaphase plate. Replacing endogenous PP1a87B with a phospho-mimetic version
prevents the inactivation of Mps1 causing a SAC-dependent metaphase delay. Conversely,
expression of unphosphorylatable PP10.87B mutant weakens the SAC response of S2 cells
in the presence of colchicine. Notably, tethering phospho-mimetic PP1a.87B to kinetochores
fails to restore timely SAC inactivation and anaphase onset in asynchronous cultured cells
or accelerate mitotic exit when incubated with spindle poisons. These observations suggest
that Polo-mediated phosphorylation of PP1a87B exerts its inhibitory effect independently
of PP1a87B kinetochore localization. We also demonstrate that fine-tuning of PP1a87B
activity by Polo during mitosis assumes critical relevance in proliferative tissues. In vivo
analysis shows that, unlike for the wild-type phosphatase, expression of phospho-mutants

PP1a87B transgenes fails to restore the fidelity of chromosome segregation and genome
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stability in larval neuroblasts of pp1a87b mutants. These results uncover Polo-mediated

phosphorylation of PP1a87B as a new strategy to regulate phosphatase activity during

mitosis to ensure a robust and timely SAC and avert aneuploidy.

Altogether, the work presented in this thesis provides fundamental knowledge on the
mechanisms controlling SAC signalling, which is instrumental to elucidate how dividing cells

maintain genome stability.
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SUMARIO

A manutengdo da estabilidade gendmica durante a divisdo celular depende em parte do
Spindle Asembly Checkpoint (SAC), uma via de sinalizagdo conservada que monitoriza a
ligacao entre cinetocoros e microtubulos e atrasa a transi¢do para anafase até que todos
0s cromossomas estejam corretamente ligados aos microtubulos do fuso mitético. Falhas
em desligar o SAC atrasam as células em metafase, o que aumenta a probabilidade de
ocorrerem ligagdes merotélicas entre cinetocoros e microtubulos e fadiga das coesinas.
Estes erros resultam frequentemente em pontes de cromatina e cromossomas atrasados
em anafase, fatores identificados como indutores de aneuploidia e instabilidade
cromossomica. A cinase Mps1 € um regulador critico do SAC. Mps1 é ativado no inicio de
mitose como resultado da auto-fosforilagdo do seu T-loop. No entanto, o mecanismo
responsavel pela inativacao de Mps1 no momento de silenciamento do SAC permanece
desconhecido. Neste trabalho, mostramos in vitro e em células S2 de Drosophila, que a
fosfatase de serina/treonina PP1/PP1087B desfosforila o T-loop de Mps1 para inativar a
cinase. Mostramos ainda que a desfosforilagdo de Mps1 mediada por PP1a87B ocorre
tanto nos cinetocoros como no citoplasma, e que a inativacdo de ambas as populagdes é
necessaria para um rapido silenciamento do SAC. Assim, 0s nossos resultados contribuem
para melhor perceber como Mps1 é regulado nas células e sugerem que a inativagao de

Mps1 citosdlico é necessaria para permitir um silenciamento atempado do SAC.

Contudo, os mecanismos responsaveis por prevenir o silenciamento prematuro do SAC
permanecem indefinidos. Aqui mostramos que Polo fosforila PP1a87B no seu local de
ligacdo a RVxF para limitar a capacidade desta desfosforilar os seus substratos mitéticos.
A fosforilagdo € prontamente detetada em cinetocoros desligados/sem tenséo de células
S2 de Drosophila e diminui & medida que os cromossomas efetuam a congresséo para a
placa metafasica. A Substituicdo de PP1a87B enddgena por uma versao fosfo-mimética
previne a inativacdo de Mps1, o que causa um atraso, dependente do SAC, em metafase.
Por outro lado, a expressdo do mutante nao-fosforilavel da PP1087B enfraquece
significativamente a resposta do SAC de células S2 tratadas com colchicina. De notar,
fundir a versdo fosfo-mimética da PP1a87B com o cinetocoro n&o reverte o atraso no
silenciamento do SAC e inicio de anafase resultantes da deplecdo de PP10.87B em células
assincronas ou na aceleracao da saida de mitose em células incubadas com farmacos que
afetam o fuso mitético. Estas observagcbes sugerem que a fosforilagdo de PP1a87B
mediada por Polo exerce o seu efeito inibitério independentemente da localizacdo de

PP1a87B no cinetocoro. Demonstramos ainda que a regulacao da atividade de PP1a878B



por Polo em mitose assume uma relevancia crucial em tecidos proliferativos. Analises in
vivo mostram que, ao contrario da fosfatase wild-type, a expressao de transgenes de
PP1a87B mutantes para a fosforilagado em estudo n&o é suficiente para a recuperacao da
fidelidade da segregagdo cromossémica e estabilidade gendmica em neuroblastos de
larvas de mutantes pp1a87b. Estes resultados permitem descobrir uma nova estratégia de
regulacéo da atividade de PP1 de modo a assegurar uma sinalizagdo atempada do SAC e

impedir aneuploidia.

Coletivamente, o trabalho apresentado nesta tese providencia conhecimento fundamental
sobre 0os mecanismos que controlam o SAC, conhecimento esse que & absolutamente
necessario para elucidar como é que células em divisdo conseguem manter a estabilidade

genomica.
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GENERAL INTRODUCTION | Mitosis and the Spindle Assembly Checkpoint 3

CELL CYCLE OVERVIEW

In 1839, Scheiden and Schwann published the Cell Theory, which establish the idea that
the cell is the fundamental building block of life. Later, in 1855, with the contribution of
Rudolf Virchow’s work, who is responsible for the famous aphorism omnis cellula e cellula

[all cells arise from other cells], the idea gained widespread acceptance.

Cell division can be responsible for either reproduction and the formation of new organisms
(for unicellular systems) or for tissue proliferation and renewal (in multicellular systems).
Additionally, the division of a cell into two new ones can occur symmetrically (formation of
two identical cells, i.e. proliferation of a certain cell type) or asymmetrically (formation of a
specialized cell and renewal of the mother cell, i.e. differentiation). In either of the cases,

the genetic content of the mother cell must be segregated equally into the daughter cells.

The life cycle of a eukaryotic cell comprises 4 phases: G1 and G2, gap phases in which cell
growth and protein synthesis take place; S phase, in which DNA replication is achieved;
and M phase, that encompasses Mitosis and Cytokinesis, which respectively correspond to
the division of the genetic material and the division of the cytoplasm of the cell in two. The
first 3 phases are collectively designated as interphase and constitute the larger portion of
the cell cycle. In 1879, Walther Flemming observed and described the process of nuclear
division and used the term mitosis (from the Greek mitos: threads) to name it. Flemming
described, in a chronological manner, the behavior of “threads” (chromosomes) during
division. Additionally, with his work on epidermal cells from salamander larvae, Flemming
also anticipated that chromosomes should divide along their longitudinal axis so that each

daughter cell receives an equal copy of the genomic content.

The mitotic process starts with the condensation of the chromatin into highly-packed
chromosomes and the separation of the previously duplicated centrosomes to opposite
poles where microtubule nucleation and polymerization starts to take place. This phase,
named prophase, is ended by the nuclear envelope breakdown (NEB), giving place to the
prometaphase in which microtubules start to interact with the chromosomes through
proteinaceous structures called kinetochores, present in each sister chromatid, to promote
its movement towards the equator of the cell in a process called chromosome congression.
Once all chromosomes achieve biorientation (each chromatid bound to microtubules of
opposite spindle poles) and position at the cell equator, the cell reaches metaphase. During
metaphase, the kinetochore-microtubule interactions are further stabilized, increasing the
interkinetochore tension and the cell prepares to segregate the sister chromatids during
anaphase. In anaphase, the protein complex Cohesin that glues the sister chromatids

together is cleaved promoting their separation and sister chromatids are then pulled apart
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towards the spindle poles. Once the chromatids reach the two poles, the nuclear envelope
starts to reassemble and the chromatin decondenses, during what is called telophase. The
process of nuclear division is accompanied by the division of the cytoplasm, which starts
during anaphase with the formation of the contractile ring. The ring contracts along with
mitotic progression and the final abscission occurs simultaneously to telophase (Figure 1)
(O'Connor, 2008).
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Figure 1 — Cell cycle. The cell division process is composed of four phases: G1, S, G2 and M. S is the phase
where the DNA replication takes place and M includes Mitosis and Cytokinesis, which correspond to the division
of the genetic material and of the cytoplasm of the cell, respectively. G1 and G2 are gap phases between the
previous two where cell growth and protein synthesis take place. Non-dividing cells can enter a quiescent state
named GO, in which the cell is waiting for appropriate conditions to resume G1 phase. The Cdk complexes
necessary for the regulation of each phase are shown. Mitosis comprises five stages: prophase, prometaphase,
metaphase, anaphase and telophase. In prophase, DNA condensation becomes visible and centrosomes begin
to separate; after nuclear envelope breakdown, the cell progresses to prometaphase and chromosomes start
to interact with spindle microtubules, moving towards the cell equator; when the cell reaches metaphase, all
chromosomes are aligned at the metaphase plate and kinetochore-microtubule are correctly attached; only after
this configuration is achieved, the cell can progress to anaphase where the sister chromatids are teared apart;
after segregation of sister chromatids to opposite poles, nuclear envelope reforms during telophase. The
resulting two daughter cells emerge at cytokinesis after constriction of a contractile ring, which separates their
cytoplasmic content. Figure created with Biorender.com.

Cell Cycle Regulation

The cell cycle is a unidirectional signalling pathway, meaning that once initiated one phase,
a cell cannot rewind to a previous one. The transitions between two phases are
accomplished in a switch-like manner as a result of the activation/inactivation of different

Cyclin-dependent kinases (Cdk), which activity, as the name indicates, is dependent on the
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presence and association to Cyclins (Figure 1). The activation status of these kinases along
the cell cycle is tightly controlled by mechanisms of protein-protein interaction,

phosphorylation and ubiquitin-dependent proteasome degradation (Poon, 2016).

The progression of the cell cycle is regulated by surveillance mechanisms named
checkpoints, to ensure proper cell division so that the genomic integrity is safeguarded.
Checkpoints are mechanisms that halt the progression to the next step of a pathway until
all conditions for the transition are verified. Cell cycle checkpoints typically entail three
components: a sensor that monitors for the presence of defects, a transducer that transmits

and amplifies the signal and an effector that blocks the transition (Poon, 2016).

When a cell in G4 lacks external mitogenic signals to continue to S phase, it will enter the
quiescent state Go. The cell can only pass the Restriction point, stay in the cell cycle and
make the transition to S phase, if the growth factors received are sufficient. Once the cell is
stimulated to progress the cell cycle, Cyclin D is synthesized, which triggers the formation
of active Cdk4/6:Cyclin D complexes (Figure 1). This will in turn allow the phosphorylation
of several substrates important for the transcription of genes necessary for the S phase.
Cyclin A/E are two of these genes and, in association with Cdk2, replace Cdk4/6:Cyclin D
in the phosphorylation of the referred substrates to amplify the signal. (Chen et al, 2009;
Henley and Dick, 2012). The G1 DNA Damage Checkpoint is responsible for monitoring the
presence of DNA damage and pause the cell cycle until the DNA can be repaired. DNA
damage triggers the activation of the protein kinases ATM and ATR, which initiate a
signalling cascade that culminates in the activation of the transcriptional factor p53, which
in turn leads to the formation of the Cdk inhibitors p21°P"WAF! and p16™K*A. The inhibitors
then bind Cdk2:Cyclin A/E and Cdk4/6:Cyclin D, shutting off the above-mentioned signalling
pathway. In the absence of DNA damage, a negative feedback loop is responsible for the
suppression of p53: one of its transcriptional targets, MDM2, inhibits p53 activity, promotes
its exclusion from the nucleus and its ubiquitin-dependent proteasome degradation (Poon,
2016).

In the transition to S phase, Cdk2:Cyclin A/E phosphorylates components from the pre-
replication complex (pre-RC), facilitating the activation of the helicase and consequent
recruitment of the DNA synthesis machinery (Poon, 2016). Cdk2:Cyclin A/E is also
responsible for the coordination, at least in part, of DNA replication initiation and the
centrosome cycle (Hinchcliffe and Sluder, 2001). Once the genome has been duplicated,
Cyclin E is targeted for proteasome degradation and Cdk2:Cyclin A phosphorylation of
specific substrates promotes the dissociation of the origin recognition complexes (ORC)
from the chromatin and diminishes the transcription of genes involved in S phase control
(Poon, 2016; Dynlacht et. a.l, 1997; Krek et al, 1995). The Replication Checkpoint monitors
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the replication process to ensure the DNA duplication is achieved without errors. Stalled
replication forks generate signals that halt cell cycle to provide the cell time to restart or
repair the stalled replication fork. This checkpoint relies on the activity of the kinase ATR
(Friedel et al, 2009). ATR is recruited to replication forks stopped by insufficient nucleotides
supply or lesions and obstacles on DNA. There, it activates a signalling cascade that
culminates in the inactivation of Cdk:Cyclin complexes involved in both DNA replication and

mitotic entry, thus resulting in cell cycle pause.

For a cell to enter mitosis, the key step is the activation of Cdk1, which despite being present
in the cell at constant levels during the cell cycle needs to associate with Cyclins (A and B)
and (de)phosphorylation events in order to become active. In mammalian, there are two
types of Cyclin A (A1 and A2) and three types of Cyclin B (B1, B2 and B3), which expression
pattern is different in somatic and germline cells. Cyclin A is expressed from late G1 and is
degraded during mitosis and Cyclin B starts to be expressed later, in the G,-M transition
and is degraded at mitotic exit. These oscillations are regulated at transcription and
degradation levels (Fung and Poon, 2005). The regulation of Cdk1:Cyclin B activity at
mitotic entry is dependent on the opposing activities of the kinases MYT1 and WEE1 and
the phosphatase Cdc25. The mitotic kinases Plk1 and Aurora A also collaborate to increase
Cdk1:Cyclin B activity (see section “Mitotic Entry: Cdc25 Phosphatases Set up the
Commitment” in the chapter “Phosphatases in Mitosis: Roles and Regulation”). Similarly to
the G4 DNA Damage Checkpoint, the G, DNA Damage Checkpoint also involves the
activation of the ATM and ATR kinases. This activation results in the activation of WEE1
and inactivation of Cdc25, leading to Cdk1 inactivation to block mitotic entry (Chen and
Poon, 2008).

For a cell to exit mitosis, the key steps are the activation of the Anaphase Promoting
Complex or Cyclosome (APC/C), and the degradation of its substrates, including Securin
and Cyclin B. During mitosis, Cdc20 binds to the APC/C to activate the complex, which is
further stimulated by Cdk1:Cyclin B phosphorylation. Although Cdk1:Cyclin B is promoting

its own destruction by phosphorylating the APC/C¢42°

, it is also ensuring that the activation
of the complex is only possible after mitotic entry. However, the APC/C®%?° cannot be
activated in the early stages of mitosis, otherwise the irreversible transition to anaphase
could occur without proper chromosome alignment and result in segregation errors leading
to aneuploidy. To ensure the APC/C is not activated prematurely, the Mitotic Checkpoint or
Spindle Assembly Checkpoint (SAC) monitors the status of kinetochore-microtubule
attachment and inhibits the transition to anaphase until all chromosomes are correctly

attached (Poon, 2016).
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SPINDLE ASSEMBLY CHECKPOINT

The SAC was first described, in 1991, as a pathway that is active in prometaphase and
prevents the precocious sister chromatids separation in the presence of drugs affecting
mitotic spindle assembly. Two different genetic screens in Saccharomyces cerevisiae
identified most of the key components, namely Mitotic-arrest deficient (Mad) and Budding
uninhibited by benzimidazole (Bub) genes (Li and Murray, 1991; Hoyt et al, 1991). These
genes are conserved in all eukaryotes (Musacchio and Salmon, 2007), with exception for
Mad3. The higher eukaryotes counterpart Bub-Related 1 (BubR1), although it does display
homology with Mad3 in the N-terminal sequence, it also contains a C-terminal pseudokinase
domain, which suggests an evolutionary relation to Bub1 (Taylor et al, 1998; Suijkerbuijk et
al, 2012a). An important hallmark for the comprehension of the SAC mechanism was the
discovery that anaphase onset in vertebrate cells can be blocked by a single unattached
kinetochore (Gorbsky and Ricketts, 1993; Rieder et al, 1994; Rieder et al, 1995; Nicklas et
al, 1995). Furthermore, SAC proteins were found to be recruited to unattached kinetochores
in a hierarchical way (Chen et al, 1996; Taylor and McKeon, 1997; Jin et al, 1998; Taylor et
al, 1998; Vigneron et al, 2004), with Mad2, BubR1, Bub3 and Cdc20 displaying high
turnover rates (Shah et al, 2004; Howell et al, 2004). These proteins were also identified as
members of complexes that inhibit APC/C activity (Kallio et al, 1998; Hwang et al, 1998;
Kim et al, 1998; Fang et al, 1998; Tang et al, 2001; Sudakin et al, 2001; Fang, 2002). All
together, these findings suggested that the SAC monitors kinetochore-microtubule
attachments, rather than spindle assembly, and led to the current SAC signalling paradigm
— SAC proteins are recruited to unattached kinetochores, which serve as catalytic platforms

for the production of a “wait-anaphase signal”.
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Figure 2 — Inhibition of APC/C by the Mitotic Checkpoint Complex prevents mitotic exit. Unattached
kinetochores serve as catalytic platforms for the formation of the Mitotic Checkpoint Complex (MCC), a
tetrameric complex composed by Bub3, BubR1, C-Mad2 and Cdc20. MCC binds to and inhibits the APC/C thus
restraining its ubiquitin-ligase activity. When APC/C becomes active, it mediates the poly-ubiquitination and
proteasome targeting of Cyclin B and Securin, which results, respectively, in the inactivation of Cdk1 and
activation of Separase. Both these events are essential for mitotic progression: Cdk1 is responsible for the
signalling necessary to maintain cells in mitosis and Separase cleaves the cohesion between sister chromatids.
Figure created with Biorender.com.

The ultimate goal of the mitotic checkpoint is the formation of a diffusible inhibitory signal
that delays anaphase onset until all kinetochores become attached to spindle microtubules.
This inhibitory signal consists of a tetrameric protein complex named Mitotic Checkpoint
Complex (MCC) and comprises Bub3, BubR1, Mad2 and Cdc20 (Figure 2). The MCC is
catalysed at unattached kinetochores and targets the APC/C inhibiting its E3 ubiquitin ligase
activity. SAC silencing terminates MCC assembly, enables Cdc20-dependent activation of
the APC/C and, consequently, poly-ubiquitination of Cyclin B and Securin, which targets
these proteins for proteasome-mediated degradation. As a result of Cyclin B destruction,
Cdk1 is inactivated, while Securin degradation activates the Separase-mediated cleavage
of Scc1, a subunit of the Cohesin complex that holds sister chromatids together. Thus,
destruction of these mitotic substrates triggers anaphase onset and mitotic exit (Figure 2)
(Joglekar, 2016; Musacchio, 2015).

Phospho-regulation of MCC assembly

Reversible phosphorylation of proteins by kinases represents a regulatory motif common to
most intracellular signalling pathways, and the SAC is no exception. The discovery of the
3F3/2 phospho-epitope, present at kinetochores lacking tension (Gorbsky and Ricketts,
1993), led to the initial suggestion that phospho-regulation of kinetochore components could
have a major role in transduction and amplification of SAC signals. There is now growing
evidence that several mitotic kinases are required at multiple points along SAC pathway to
generate the MCC. An intricate kinase network present at kinetochores connected by
multiple positive feedback loops creates a robust SAC response that is promptly silenced
upon microtubule attachments by the action of antagonizing phosphatases (Saurin, 2018;
Lara-Gonzalez et al, 2021; McAinsh and Kops, 2023).

The serine/threonine kinase Monopolar spindle 1 (Mps1, or TTK in humans) lays on the top
of the SAC signalling cascade and acts in several steps along the pathway, namely in the
recruitment of Mad1, Mad2, BubR1, Bub1 and Bub3 to unattached kinetochores (Lan and
Cleveland, 2010). Mps1 is rapidly activated slightly before nuclear envelope breakdown

(Kuijt et al, 2020), which is important for the assembly of pre-mitotic MCC at nuclear pores
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(Maciejowski et al, 2010). However, it is right after mitotic entry that Mps1 concentrates on
the outer kinetochore and becomes fully activated by trans-auto-phosphorylation of its
activating T-loop (Howell et al, 2004; Kang et al, 2007; Santaguida et al, 2010; Hewitt et al,
2010). Mps1 binds to the KMN network (Knl1, Mis12 complex and Ndc80 complex)
component Ndc80, which is also the main microtubule-binding component of kinetochores,
in an Aurora B dependent manner (Martin-Lluesma et al, 2002; Stucke et al, 2004; Vigneron
et al, 2004; Santaguida et al, 2010; Saurin et al, 2011).

When bound to Ndc80, Mps1 is ideally positioned to phosphorylate Knl1 on its MELT
(Methionine-Glutamine-Leucine-Threonine) motifs, which are then able to bind the
Bub3:Bub1 complex (Figure 3) (London et al, 2012; Shepperd et al, 2012; Yamagishi et al,
2012). Interestingly, Plk1, another essential mitotic kinase, is also able to phosphorylate,
though in a lesser extent, the MELT motifs of Knl1 in C. elegans and mammalian cells (von
Schubert et al, 2015; Espeut et al, 2015). The number of MELT motifs per Knl1 molecule
diverges from one organism to the other, varying from 2 to 27, all distributed across the
disordered N-terminal region of the protein (Vleugel et al, 2012). Systematic analyses of the
various Knl1 MELT motifs suggest that these may vary in the affinity for Bub1:Bub3 (Moyle
et al, 2014; Vleugel et al, 2013; Zhang et al, 2014; Krenn et al, 2014; Roy et al, 2020),
possibly allowing to fine-tune the stoichiometry of Bub3:Bub1 complexes per Knl1 molecule
in a way responsive to the microtubule attachment status (Etemad et al, 2019). The
Bub3:Bub1 dimers recruited to the kinetochore serve, in turn, as a platform for the
localization of additional SAC proteins including the Bub3:BubR1 dimers, the Mad1:Mad2
tetramers and Cdc20 (Figure 3) (Joglekar, 2016; Musacchio, 2015; Pachis and Kops, 2018).
Interestingly, Drosophila Spc105 (Knl1 orthologue) has specific MELT-like motifs that lack
the phosphorylatable threonine, hence making Mps1 dispensable for kinetochore
recruitment of Bub3:Bub1 and Bub3:BubR1 complexes in flies. Mps1 activity is
nevertheless required for BubR1 hyperphosphorylation, which seems to facilitate

BubR1:Cdc20 association and consequently efficient MCC formation (Conde et al, 2013).

Mad1 and Mad2 form a hetero-tetrameric complex throughout the cell cycle. The complex
localizes at nuclear pore complexes during interphase (Campbell et al, 2001; Lee, S.H. et
al, 2008; Lince-Faria et al, 2009), where it may be important for the catalysis of MCC in
interphase (Rodriguez-Bravo et al, 2014; Kim et al, 2018). Upon mitotic entry, the
Mad1:Mad2 complex is displaced from the nuclear pore and recruited to the kinetochore
where it binds Bub1, as a result of Mps1 phosphorylation (Klebig et al, 2009; London and
Biggins, 2014a; Zhang, G. et al, 2017; Cunha-Silva et al, 2020; Jackman et al, 2020; Lara-
Gonzalez et al, 2021) (Figure 3). The recruitment of the Mad1:Mad2 complex is one of the

most important events for SAC signalling, as it catalyses the assembly of the MCC at
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kinetochores. In fact, tethering Mad1 to the kinetochore is sufficient to trigger a constitutive
SAC (Maldonado and Kapoor, 2011; Ballister et al, 2014; Henrich et al, 2014; Kruse et al,
2014). The Mad1:Mad2 complex serve as a platform for the recruitment and activation of
cytosolic Mad2, which allows the formation of MCC. Mad2 can adopt two different
conformations: open (O, inactive) and closed (C, active), being the first found free in the
cytosol and the second bound to its interactors Mad1 or Cdc20 (Yu, 2006; Mapelli and
Musacchio, 2007). According to the “template model” for SAC activation, the C-Mad2
conformer constitutively bound to Mad1, rather than Mad1 itself, is the kinetochore receptor
for the cytosolic O-Mad2. In this model, C-Mad2 serves as a template for the conversion of
O- into C-Mad2 (De Antoni et al, 2005). Cdc20, which binding to Bub1 puts in the right
position, directly assists Mad2 conversion (Piano et al, 2021; Lara-Gonzalez, 2021; Fischer
et al, 2022). C-Mad2 gets entrapped in the process. This further stabilizes the interaction
between Cdc20 and BubR1 leading to a repositioning of Cdc20 from Bub3:Bub1 to
Bub3:BubR1, which completes MCC formation. Mps1 also controls this step through
phosphorylation of Mad1, which enables the unfurling of Cdc20 N-terminal to promote
interaction with Mad2 (Ji et al, 2017; Faesen et al, 2017) (Figure 3). This conformational
change process is highly energy-consuming, making this the rate-limiting step for MCC

formation (Simonetta et al, 2009).

It is worth to mention that in higher eukaryotes, Mad1:Mad2 also localizes to the fibrous
corona, an expanded structural mesh composed of several outer kinetochore proteins that
forms in the absence of microtubule attachment and contributes both to SAC signalling and
kinetochore-microtubule interactions. Mad1:Mad2 recruitment to the corona occurs via the
RZZ complex and requires Cyclin B (Allan et al, 2020). Although corona-anchored Mad1
was shown to be important for a robust SAC signalling (Allan et al, 2020; Conde and
Gassmann, 2020), the C-terminal Mps1-dependent Mad1 phosphorylation, which is
necessary for MCC catalysis, is restricted to the kinetochore, suggesting that only the Bub1-
bound Mad1 is phosphorylated at the C-terminal. Electron microscopy data shed light into
this matter: the elongated shape of Mad1 may enable its anchoring in the corona through
its N-terminal region while the C-terminal region interacts with Bub1 at the outer
kinetochore, which supports an integrated view of SAC signalling, in which the Bub1 and
corona pools of Mad1 converge on the same site of MCC production (Allan et al, 2020;
Conde and Gassmann, 2020).

Once all chromosomes become attached to spindle microtubules, the SAC is silenced, to
allow mitotic exit. Upon microtubule attachment, a significant amount of Mps1 is removed
from the kinetochore, as a result of the competition between microtubules and Mps1 for

Ndc80 binding, since microtubules and Mps1 interact with Ndc80 through partially
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overlapping domains. This suggests a direct regulation between kinetochore-microtubule
attachment and Mps1 removal to silence the SAC (Ji et al, 2015; Hiruma et al, 2015). Mps1
removal from the kinetochore prevents the continuous phosphorylation of MELT motifs and
other substrates in the SAC signalling cascade. A non-mutually exclusive alternative model
argues that, as microtubules bind, the kinetochore is stretched along the longitudinal
kinetochore-microtubule attachment axis. This result in a physical separation of Ndc80 and
Knl1, further preventing any reminiscent Mps1 from phosphorylating MELT repeats
(Aravamudhan et al, 2015). Importantly, the recruitment of opposing phosphatases is also
required to antagonize the phosphorylation of SAC substrates (for further detail see next
section “Phosphatases in Mitosis: Roles and Regulation”). In higher eukaryotes, the
removal of SAC proteins from kinetochores is facilitated by the minus-end motor protein
Dynein, which transports SAC proteins along the microtubules following attachment, in
particular the Mad1-Mad2 complex, the main catalyst for MCC assembly at kinetochores
(Musacchio, 2015).
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Figure 3 — MCC formation at unattached kinetochores. Mps1 is recruited to the Ndc80 complex at
unattached kinetochores. The local concentration increase allows Mps1 to dimerize and trans-
autophosphorylate, becoming active. Mps1 is then responsible for the phosphorylation of Knl1 MELT motifs that
serve as a scaffold for the recruitment of Bub3:Bub1 and subsequently Bub3:BubR1. Mps1 phosphorylation of
Bub1 promotes the interaction with the tetramer Mad1-C-Mad2, which after Mps1 mediated phosphorylation of
Mad1 will serve as a catalyst for the conversion of O-Mad2 into C-Mad2. The conformation alteration from O-
to C-Mad2 increases the affinity of the protein to Cdc20, facilitating the formation of the MCC (Bub3, BubR1,
Mad and Cdc20 complex). Figure created with Biorender.com.
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INTRODUCTION

Protein phosphorylation is the most profuse post-translational modification in eukaryotes. It
plays a critical role in controlling protein function, activity, and molecular interactions. The
phosphorylation state of a given protein is established by the balance of activities between
protein kinases and protein phosphatases. Kinases catalyse the transfer of a phosphate
group to tyrosine (Tyr), threonine (Thr), or serine (Ser) residues, while protein phosphatases
are responsible for the counteracting hydrolytic removal of the phosphate moiety. Phospho-
proteomic analyses revealed that protein phosphorylation occurs primarily at Ser and Thr
residues (83% and 15% of sites, respectively), with Tyr phosphorylation accounting for only
up to 2% of the total phospho-proteome (Olsen et al, 2006). The importance and regulatory
role of protein kinases is well established, whereas protein phosphatases were long
regarded as passive housekeeping enzymes. However, it is now evident that phosphatases
are also subjected to stringent control and assume equally critical roles in the regulation of
protein function and signalling responses. The human genome contains 189 known and
predicted protein phosphatase genes (Chen et al, 2017). Their evolutionary history can be
traced back to a core catalytic domain that evolved through a series of gene duplication
events and by adopting the use of regulatory subunits and/or fusion with novel functional
modules or domains (Chen et al, 2017). Thus, contrasting with kinases, whose catalytic
domains are commonly from a single protein structural fold (Manning et al, 2002), protein
phosphatase activity is associated with numerous different protein folds and catalytic
mechanisms (Andersen et al, 2001; Shi, 2009). Based on substrate specificity, protein
phosphatases are typically classified as serine/threonine phosphatases, tyrosine

phosphatases, or as dual-specificity phosphatases (Brautigan and Shenolikar, 2018).

Serine/Threonine Phosphatases

Serine/threonine phosphatases are distributed through three broad families in accordance
to their primary structure and catalytic mechanism: the phospho-protein phosphatase
(PPP), the protein phosphatase metal-dependent (PPM), and the haloacid dehydrogenases
(HAD) families (Shi, 2009). The most abundant serine/threonine phosphatases in
eukaryotic cells are protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A)
(Brautigan and Shenolikar, 2018). These phosphatases are members of the PPP family,
which also includes PP2B, PP4, PP5, PP6, and PP7. All PPPs are phospho-monoesterases
(EC3.1.3) and share a similar core catalytic domain, with two metal ions at the active site.
This bimetallic centre, typically a Zn::Fe in native enzymes or a Mn::Mn pair in recombinant

PPPs, is bridged by a water molecule that acts as a nucleophile in the hydrolysis of
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phosphorylated Ser (pSer) and pThr substrates (Mitic et al, 2014; Heroes et al, 2015;
Verbinnen et al, 2017; Brautigan and Shenolikar, 2018). The core catalytic domains of all
PPPs exhibit modest substrate specificity when assayed in vitro. Unlike most kinases, PPPs
fail to recognize a consensus sequence surrounding or adjacent to the phosphorylated
residue (Imaoka et al, 1983; Mumby et al, 1987; McNall and Fischer, 1988; Agostinis et al,
1990; Agostinis et al, 1992). Tight substrate selectivity is, however, achieved in a cellular
context through association with specific regulatory subunits, which also ensure the control
of the phosphatase subcellular localization and modulate overall activity (Andersen et al,
2001; Brautigan and Shenolikar, 2018). Despite overall similarities, PP1 and PP2A catalytic
subunits show some, albeit limited, intrinsic substrate specificity in vitro due to structural
variations in their catalytic sites. Protein phosphatase 2A, for instance, is inhibited by
subnanomolar concentrations of okadaic acid, due to hydrophobic residues in its catalytic
cleft that bind tightly to okadaic acid, whereas PP1 inhibition requires 100-fold higher
concentrations (Xing et al, 2006; Barr et al, 2011). Furthermore, isolated catalytic subunits
of PP1 and PP2A show distinct preferences for different subunits of phosphorylase b kinase
(Ingebritsen and Cohen, 1983). However, there is compelling evidence that PP1 and PP2A
do not exist as free catalytic subunits in cells but operate as multimeric holoenzyme
complexes composed of the catalytic subunit and by one or more regulatory and scaffolding

subunits that control the phosphatase specificity and activity under physiological settings.

Protein Phosphatase 1

A PP1 holoenzyme contains one of four isoforms of the PP1 catalytic subunit— PP1a, PP1p,
PP1y1, or PP1y2 (alternative splicing variant of PP1 only expressed in testis) and one or
two of the numerous regulatory subunits (Okano et al, 1997; Sinha et al, 2012; Boens et al,
2013; Sinha et al, 2013). Catalytic subunits of PP1 show extreme phylogenetic and
functional conservation. This is illustrated by the ability of any human PP1 isoform to rescue
PP1/GIc7 loss in budding yeast (Gibbons et al, 2007). Biochemically, PP1a, PP1p3, PP1y1,
or PP1y2 are identical enzymes (Alessi et al, 1993; Shi, 2009; Brautigan and Shenolikar,
2018) with extensive functional overlap, although some specific functions have been
attributed to PP1y2 in testis and to PP1p in some tissues (Sinha et al, 2012; Sinha et al,
2013; Liu et al, 2015). Protein phosphatase 1 isoforms adopt a compact o/p fold, with a
sandwich wedged between two a-helical domains (Egloff et al, 1995; Goldberg et al, 1995).
The catalytic site resides at the intersection of three potential substrate/adaptor binding
regions: the hydrophobic, acidic, and C-terminal grooves. These are shallow and converge

at the catalytic centre, forming a Y-shaped surface feature (Figure 4 A) (Shi, 2009).
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More than 200 regulatory subunits of PP1 have been described. These are generically
designated as PP1-interacting proteins (PIPs) and its diversity provides the cell with a wide
array of different PP1 holoenzymes to meet specificity and regulatory requirements (Bollen
et al, 2010; Heroes et al, 2013). PIPs are mostly structurally unrelated proteins whose
interaction with PP1 is frequently mediated by short linear motifs (SLiMs) that bind to the
surface grooves of PP1 (Figure 4 B) (Roy and Cyert, 2009; Marsh et al, 2010; Davey et al,
2012; Davey et al, 2015). Several distinct PP1-binding motifs have now been characterized,
enabling a huge combinatorial potential to generate unique PP1 holoenzymes with specific
properties (Bollen et al, 2010; Heroes et al, 2013; Brautigan and Shenolikar, 2018). The
most frequent and best characterized PP1-binding SLiM is the RVxF-motif. This motif
conforms to the consensus sequence [K/R]x(0—1)[V/Ix[F/W] and is present in nearly 70%
of identified PIPs (Wakula et al, 2003; Meiselbach et al, 2006). Structural insights revealed
that the RVxF-motif docks into a hydrophobic pocket on the PP1 surface through contacts
that are primarily mediated by the hydrophobic side-chains of valine (Val) and phenylalanine
(Phe) (Egloff et al, 1997). Additional examples of PP1-binding SLiMs include the SILK,
MyPhoNE (Myosin Phosphatase N-terminal Element), and SpiDoC (Spinophilin Docking
site for the C-terminal groove) motifs (Bollen et al, 2010; Heroes et al, 2013). The binding
of PIPs to PP1 can also occur through highly structured segments, such as leucine-rich
repeats or ankyrin repeats, respectively present on SDS22 and MYPT1 regulatory subunits
(Hirano et al, 1997; Ceulemans et al, 2002; Terrak et al, 2004). Different PP 1-binding motifs
associate with different regions of the phosphatase surface. Therefore, a given PP1:PIP
interaction might be mediated by several PP1-binding motifs to provide a higher affinity and
enhance the complex stability. Importantly, although the same PP1 surface can establish
contact with different PIPs, the interaction occurs in a highly specific manner due to the
unique combination of PP1-binding motifs in each PIP.

A B

PP1a PP1a—-RepoMan

C-terminal groove Acidic groove

KiR-SLIM

Hydrophobic groove

Figure 4 — Structure of PP1a catalytic subunit and its interaction with the regulatory subunit Repo-Man.
(A) Surface representation of the three-dimensional (3D) structure of PP1a. catalytic subunit. Manganese atoms
in the active site are represented as dark blue spheres and lie at the Y-shaped intersection of the three substrate-
binding grooves. Protein Data Bank (PDB) accession identification (ID) for the structure: 4MOV. (B) Surface
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representation of the three-dimensional structure of PP1a, catalytic subunit in complex with Repo-Man392-421,
The PP1a catalytic subunit is represented in light blue and the Repo-Man3%242! peptide is represented in yellow.
The interaction is mediated by RVxF (red), ®® (blue) and KiR-SLiM (green) motifs on Repo-Man392-42! that bind
to specific pockets on PP1a surface. PDB accession ID: 5I0H.

Crystallography studies show that binding to PIPs does not impose a discernible
conformational change on the PP1 catalytic domain. Instead, most PIPs limit PP1 activity
towards specific substrates through a combination of functional domains involved in PP1-
anchoring, PP1-inhibition, substrate-recruitment, and/or subcellular-targeting (Bollen et al,
2010; Heroes et al, 2013; Brautigan and Shenolikar, 2018). Therefore, controlled
dephosphorylation can be achieved by a multitude of mechanisms. Some PIPs, such as
spinophilin or protein phosphatase 1 nuclear-targeting subunit (PNUTS), bind to the PP1
C-terminal groove and sterically hinder the access to substrates recruited through this
region (Ragusa et al, 2010; Choy et al, 2014). Nuclear inhibitor of protein phosphatase 1
(NIPP1), on the other hand, defines PP1 substrate selectivity through a polybasic stretch in
its PP1-anchoring domain, which dramatically changes the electrostatic charge distribution
of the NIPP1:PP1 surface, and by a N-terminus forkhead-associated (FHA) domain that
mediates the recruitment of specific substrates (O’Connell et al, 2012). Other PIPs target
PP1 to specific subcellular compartments through domains that may also be involved in
substrate recruitment. This raises the local concentration of PP1 and enables the
dephosphorylation of resident substrates. The regulatory subunit inhibitor-2 (I-2) binds to
the acidic and hydrophobic grooves of PP1. This positions the IDoHA (Inhibitor-2 Docking
site for the Hydrophobic and Acidic grooves) motif in contact with the catalytic centre,
obstructing its access to substrates and causing the release of metals required for catalysis
(Hurley et al, 2007). Other PIPs, such as inhibitor-1 (I-1), CPI-17, and MYPT1, associate
with PP1 in a phospho-dependent manner and may inhibit its activity by posing as
pseudosubstrates or act as anchoring subunits (Goldberg et al, 1995; Barford et al, 1998;
Eto et al, 2007; Dumitru et al, 2017). Several heterotrimeric PP1 holoenzymes have been
identified where PP1 associates with one targeting- or substrate-specifying PIP and one
inhibitory PIP. The I-1, I-2, inhibitor-3 (I-3), and CPI-17 are examples of inhibitory PIPs that
are able to interact with various PP1-PIPs dimers. The crystallographic structure of PP1
bound to spinophilin, and to 1-2 has revealed major structural rearrangements in both
regulatory subunits to assemble the heterotrimeric complex (Terry-Lorenzo et al, 2002;
Dancheck et al, 2011). The RVxF motif of spinophilin has a higher affinity for the
hydrophobic pocket on PP1 and displaces the RVxF motif of I-2, which remains, however,
anchored to PP1 through a SILK motif. The IDoHA motif of I-2 dislodges the d-helix of

spinophilin. These rearrangements enhance the flexibility of the holoenzyme, which is
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thought to increase its ability to bind substrates or provide new protein interaction sites that
were previously concealed and thereby mediate access to additional targets. In summary,
amongst the vast repertoire of identified PIPs, there are subcellular/substrate-specifiers,
inhibitors, and substrates that also act as inhibitory regulators of PP1. Their combinatorial
association with each of the PP1 catalytic subunits provides the cell with a multitude of PP1
holoenzymes with unique structural and biochemical properties to enable the
spatiotemporally controlled dephosphorylation of specific targets under physiological

conditions.

Protein Phosphatase 2A

The PP2A catalytic subunit has two isoforms (PP2ACa and PP2ACSB) that share 97% of
their sequence identity with each other (Arino et al, 1988; Janssens and Goris, 2001). Like
other PPPs, PP2A catalytic subunits operate as members of discrete holoenzyme
complexes to achieve substrate specificity and controlled activity in cells. PP2A
holoenzymes are predominantly heterotrimers consisting of a catalytic subunit (C) bound to
a scaffold subunit (A), which in turn recruits a variety of mutually exclusive regulatory
subunits (B) with distinct substrate and subcellular specificities. The human genome

encodes two scaffolding subunits that share 87% of their sequence identity with each other

(PP2AA0 and PP2Aap isoforms), and 16 regulatory subunits grouped into four families
according to their primary sequence and structure: B55 (PR55/B), B56 (PR61/B’), B72
(PR72/B”), and Striatin (PR93/B’’) (Seshacharyulu et al, 2013; Nasa and Kettenbach,
2018).

A B

PP2A-B56 PP2A-B55
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Figure 5 — Structure of PP2Aa holoenzymes. (A,B) Surface representation of the three-dimensional (3D)
structure of the PP2Aq. catalytic subunit (light blue) in complex with the scaffold subunit and the regulatory
subunits, B56y (A) or B55a (B). The PP2A catalytic subunit is represented in light blue with manganese atoms
in the active site represented as dark blue spheres. The scaffold subunit is represented in green and the
regulatory subunits are depicted in light red. Protein Data Bank (PDB) accession ID: 2NPP (A) and 3DW8 (B).
(C,D) Surface representation of the three-dimensional structure of B56y (light red) interacting with BubR1667-676
and Repo-Man58-5% peptides (yellow). Both peptides encompass a LxxIXE motif that binds to a conserved basic
pocket at the concave surface of B56y. PDB accession ID: 5K6S (C) and 5SW9 (D).

The PP2A scaffold subunit contains 15 tandem helical HEAT (huntingtin-elongation-A
subunit-TOR, target of rapamycin) repeats assembled into an elongated, horseshoe-
shaped structure (Groves et al, 1999) (Figure 5 A). PP2A(C) specifically binds to the
conserved rim of HEAT repeats 11-15 to form the heterodimeric core enzyme (Xing et al,
2006). Although the PP2A catalytic subunit shares extensive sequence similarity with other
PPPs, the majority of the latter fail to associate with PP2AAa or PP2AApB because the
interaction is mediated by specific amino acids that have been replaced by non-conserved
residues in PP1, PP2B, PP5, and PP7 (Shi, 2009). Roughly one-third of PP2A catalytic
subunits are present in mammalian cells in the form of heterodimers with a scaffolding
subunit (Kremmer et al, 1997). Whether this PP2A heterodimeric complex is physiologically
relevant or merely represents a readily available intermediate towards holoenzyme

assembly remains unclear.

The association of a regulatory B subunit to the core enzyme provides substrate specificity
as well as spatially and temporally controlled functions (Slupe et al, 2011). Structural
analysis revealed that the B56 subunit extensively interacts with both the scaffold and the
catalytic subunit (Figure 5 A). The B56 subunit contains eight HEAT-like repeats and is
structurally similar to the scaffold subunit. The convex surface of B56 binds to HEAT repeats
2-8 of the scaffold subunit, whereas the concave surface is tilted toward the active site
pocket of the catalytic subunit to define the substrate-recognizing surface (Figure 5 A) (Cho
and Xu, 2006; Xu et al, 2006). The B55 subunit on the other hand adopts a WD40 fold. It
comprises a seven-bladed propeller and a protruding p-hairpin handle that respectively bind
to the HEAT repeats 3—7 and 1-2 of the scaffold subunit (Xu et al, 2008). Contrasting with
the B56 subunit, B55 makes few contacts with the catalytic subunit and the interaction with
substrates is mediated by the acidic central groove of the propeller (Figure 5 B). Thus,
notwithstanding evident structural differences and their specific interactions with the
scaffold subunit, both B55 and B56 generate PP2A holoenzymes in which the substrate-
binding site is located on the top face of the regulatory subunit at a position that is proximal
to the active site of the catalytic domain (Shi, 2009) (Figure 5 A,B). Different B subunits

generate different substrate-recognition interfaces. The PP2A core enzyme is only able to
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efficiently dephosphorylate the microtubule-binding protein, Tau, when in complex with the
B55 subunit (Xu et. al, 2008). Two lysine-rich sequences in Tau are predicted to bind to the
acidic groove on the top face of the propeller. The residues on B55 required for the
interaction have been mapped, but further studies will be required to establish the precise
Tau sequences that contact with B55 (Xu et. al, 2008). Additional critical insight into the B55
substrate recognition mechanism was recently provided through a combination of phospho-
proteome screens and kinetic modelling. The strategy allowed the global identification of
B55 mitotic substrates, most of which conform to the cyclin-dependent kinase 1 (Cdk1)
phosphorylation signature (Cundell et al, 2016). This specificity of B55 is provided by a
bipartite positively charged polybasic motif located upstream and downstream of the Cdk1
site that acts as a binding determinant for the acidic surface of B55 (Cundell et al, 2016).
Notably, substrates that are dephosphorylated more rapidly by PP2A:B55 are generally
more basic than substrates that are dephosphorylated at slower rates (Cundell et al, 2016).
This strongly suggests that the cooperative electrostatic interactions between the negatively
charged residues in B55 and the positively charged amino acids on the polybasic motif
control the dephosphorylation kinetics (Cundell et al, 2016; Pereira and Schiebel, 2016).
Moreover, PP2A:B55 exhibits a preference towards pThr over pSer residues that is not
determined by electrostatic interactions with B55, as it has also been observed in other
PP2A holoenzymes (Pinna et al, 1976; Deana et al, 1982; Deana and Pinna, 1988; Godfrey
et al, 2017). This preference seems to reflect instead an inherent property of the PP2A
catalytic subunit. It is possible that the additional methyl side group of threonine could affect

the binding affinity or even the catalytic reaction (Hein et al, 2017).

Recent studies shed new light on the mechanisms by which PP2A:B56 holoenzymes
engage with some of its substrates. The B56 subfamily in humans comprises five isoforms
(o, B, v, 6 and g) with no discernible differences in their substrate binding pockets (Nasa and
Kettenbach, 2018). These subunits recognize SLiMs conforming to the [LMFI]xx[ILV]xE
sequence, henceforward referred to as the LxxIXE motif (Hertz et al, 2016; Wang, J. et al,
2016; Wang, X. et al, 2016; Wu et al, 2017). Structural analysis of B56 interaction with the
kinetochore protein, BubR1, or with the nuclear scaffolding protein, Repo-Man, revealed
that the LxxIXE motif binds to a conserved basic pocket between the third and the fourth
HEAT repeats on the concave surface of B56 (Wang, J. et al, 2016; Wang, X. et al, 2016)
(Figure 5 C,D). Peptide phage display of intrinsically disordered regions of the human
proteome identified 126 ligands of B56 and confirmed substantial specificity overlap
between PP2A:B56a and PP2A:B56y holoenzymes as expected from the highly conserved
LxxIXE binding surface in all B56 isoforms (Wu et al, 2017). Nevertheless, B56 isoforms

were recently shown to bind differentially to LxxIXE motifs on mitotic proteins (Vallardi et al,
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2019). This apparent selectivity is proposed to allow B56c. and B56y to localize at discrete
subcellular compartments and control separate mitotic processes. Thus, although functional
redundancy has been attributed to B56 isoforms, some sub-functionalization appears to
occur under certain circumstances. The molecular features underlying B56 isoform-specific
interactions during mitosis are discussed in the section “Kinetochore-Microtubule
Attachments: PP1 and PP2A:B56 Keep Them Stable”.

Tyrosine Phosphatases

Although recurrently underrepresented in global phospho-proteomes, tyrosine
phosphorylation plays a critical role in numerous signal transduction pathways that underlie
a broad spectrum of fundamental physiological processes. Protein tyrosine phosphatases
(PTPs) are defined by the active-site signature motif HCX5R, in which the cysteine residue
acts as a nucleophile essential for catalysis (Tonks, 2006; Tiganis and Bennett, 2007).
Protein tyrosine phosphatases are categorized as classical tyrosine-specific phosphatases
(CTSPs) or as dual-specificity phosphatases (DUSPs) (Andersen et al, 2001; Alonso et al,
2004; Andersen et al, 2004). Contrasting with PPP catalytic subunits, PTPs are selective
enzymes that exhibit striking substrate specificity in a cellular context. Hence, instead of
occurring in vivo in complex with a multitude of regulatory subunits, PTPs comprise a range
of structurally distinct catalytic units that are encoded by nearly 100 genes in the human
genome (Tonks, 2006; Kin and Ryu, 2012; Sacco et al, 2012). The use of alternative
promoters, alternative splicing, and post-translational modifications introduce further
structural diversity (Tonks, 2006). The catalytic domain of classical PTPs (CTSPs)
comprises approximately 280 residues and is defined by the HCX5R motif that functions as
a phosphate-binding loop at the active site and by a mobile general acid/base loop (WPD)
(Andersen et al, 2001). Despite relatively large sequence variations in the X5 segment, the
P-loop conformation is strictly conserved and ensures that the cysteine and arginine
residues remain in close proximity to efficiently remove the phosphate group from the
substrate tyrosine. The sulphur atom of the cysteine thiolate serves as a nucleophile and
attacks the phosphorus of the phospho-tyrosyl target, whereas arginine contributes to
substrate binding and stabilizes the cysteine-phosphate intermediate (Barford et al, 1994;
Jia et al, 1995). This intermediate is resolved by an activated water molecule aided by an
aspartate in the WPD loop (Barford et al, 1994; Jia et al, 1995). Dual-specificity
phosphatases are the largest sub-group of PTPs with approximately 70 members (Tonks,
2006). These phosphatases also encompass a typical HCX5R signature motif in their active
site, but have smaller catalytic domains and are more structurally diverse than the CTSPs.

Notably, the active site pocket of DUSPs is wider and shallower, which allows them to
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accommodate pSer and pThr residues as well as pTyr residues (Yuvaniyama et al, 1996).
Dual-specificity phosphatases share the same catalytic mechanism as the CTSPs
(Yuvaniyama et al, 1996). Although DUSPs do not possess a WPD loop, a conserved
aspartate residue in the corresponding position is proposed to act as a general acid/base
during catalysis (Kim and Ryu, 2012). With the notable exception of the inhibitory
phosphorylation of Cdk1 on Tyr15, reversible tyrosine phosphorylation was long thought to
play a minor role in mitosis. However, SFKs, ABL1, EGFR, and PKM2 are examples of
PTPs whose inhibition was shown to compromise mitotic accuracy (Hitosugi et al, 2009;
Matsumura et al, 2012; Jiang et al, 2014; Wee et al, 2015). Furthermore, the master mitotic
regulator, polo-like kinase 1 (Plk1), was recently shown to be phosphorylated on Tyr217
during mitosis (Caron et al, 2016). This phosphorylation occurs within the kinase activation
segment and is proposed to repress the activity of selected pools of PIk1 during cell division
(Caron et al, 2016). Hence, available new evidence suggests that mitotic pTyr signalling
may be more prevalent than previously appreciated. Nevertheless, a comprehensive and
mechanistic knowledge of mitotic events controlled by tyrosine phosphorylation remains
limited and the only PTPs with well-established essential roles in mitosis are the dual-
specificity phosphatases, cell division cycle 14 (Cdc14) and cell division cycle 25 (Cdc25)
(Trinkle-Mulcahy and Lamond, 2006; Queralt and Uhlmann, 2008; Wurzenberger and
Gerlich, 2011). Phosphatases of the Cdc25 family have evolutionarily conserved functions
in controlling key transitions between cell cycle phases. Cdc14, on the other hand, is a key
mitotic exit phosphatase in budding yeast, but its relevance for mitotic exit in metazoans
remains ill-defined. Instead, a growing body of evidence indicates that mitotic exit in animal
cells relies primarily on regulatory networks orchestrated by PP1 and PP2A phosphatases
(Wurzenberger and Gerlich, 2011).

Cdc25 Phosphatases

The human genome encodes three Cdc25 phosphatases: Cdc25A, Cdc25B, and Cdc25C
(Sadhu et al, 1990; Galaktionov and Beach, 1991; Nagata et al, 1991). The three isoforms
are ~60% identical in their C-terminal catalytic domain, but diverge considerably in their N-
terminal regulatory region (Kristjansdéttir and Rudolph, 2004; Rudolf, 2007). All three
Cdc25 phosphatases act at various points of the cell cycle to control the activity of specific
Cdk:Cyclin subpopulations (Boutros et al, 2007; Aressy and Ducommun, 2008; Lavecchia
et al, 2012). Not surprisingly, Cdc25 phosphatases are often overexpressed in cancer cells
(Kristjansdottir and Rudolph, 2004). Structural characterization of Cdc25A and Cdc25B
catalytic domains revealed a near identical folding that is clearly distinct from that of any

PTP (Fauman et al, 1998; Reynolds et al, 1999). The small catalytic domains adopt a
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rhodanese-like structure with a central five-stranded parallel B-sheet sandwiched by three
a-helices from below and two a-helices from above. The active sites containing the HCX5R
signature are flat and shallow and lack auxiliary loops or obvious features for mediating
substrate recognition. Rather, this seems to rely on three hotspot residues (R488, R492,
and Y497 on Cdc25B) that form a substrate docking site remotely located from the catalytic
cysteine (Sohn et al, 2004; Rudolph, 2007; Sohn et al, 2007). In line with that, the primary
sequence surrounding the site of dephosphorylation does not seem to contribute
significantly for substrate recognition (Rudolph et al, 2001). For instance, Cdc25A and
Cdc25B phosphatases exhibit a clear preference towards phosphorylated Cdk2 (on Thr14
and Tyr15) in complex with Cyclin A (Cdk2-pThr14pTyr15:CyclinA) over artificial substrates
or phosphorylated peptides that harbour the same target sequence (Rudolph, 2007). Both
catalytic domain constructs and respective full-length phosphatases exhibit the same
affinity for Cdk2-pThr14pTyr15:CyclinA, indicating that all the elements required for
substrate recognition are in the catalytic domain. Interestingly, Cdc25C is significantly less
active towards Cdk2-pThr14pTyr15:CyclinA, but highly efficient in dephosphorylating Cdk1-
pThr14pTyr15:CyclinB (Wilborn et al, 2001). Such differential reactivity is attributed to
differences in the C-terminal tail of each Cdc25 phosphatase. The C-terminus corresponds
to the least conserved region of the catalytic domain and remains undefined in crystal
structures, presumably due to its intrinsic flexibility or disordered nature. Nevertheless, two
arginine residues present in the C-terminal tail of Cdc25A and Cdc25B, but absent from
Cdc25C were shown to dramatically enhance the affinity for Cdk2-pThr14pTyr15:CyclinA
(Rudolph, 2007). The catalytic mechanism of Cdc25 phosphatases is very similar to the
well-established mechanism of PTPs (Denu and Dixon, 1995; Denu et al, 1996; Rudolph,
2007). The cysteine in the active site forms a transient covalent phospho-cysteine.
Departure of the leaving group and formation of the intermediate are facilitated by
protonation of the oxyanion by aspartate acting as the catalytic acid. In a second chemical
step, water serves as a nucleophile in the hydrolysis of the phospho-enzyme intermediate
assisted by the aspartate, which now acts as a base to activate the water molecule.
Extensive experimental evidence confirmed this general mechanism for Cdc25
phosphatases, but the identity of the catalytic acid remains to be unambiguously established
(Chen et al, 2000; Rudolph, 2002; McCain et al, 2002; Rudolph, 2007).

ROLES OF PROTEIN PHOSPHATASES IN MITOSIS

The unidirectional transitions between the phases of the cell cycle are governed by

reversible phosphorylation and proteolysis. The highest occupancy of phosphorylation sites
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is observed in mitosis. Over 32,000 protein phosphorylation/dephosphorylation events
occur as cells go into, progress through, and exit from mitosis (Sharma et al, 2014; Kuilman
et al, 2015; McCloy et al, 2015; Burgess et al, 2017). Such an extensive network of dynamic
phosphorylations underlies the physical events that distribute one copy of the genome to
each daughter cell and their subsequent resumption to an interphase state. Mitotic entry in
animal cells involves dramatic cellular and structural reorganization, including cell rounding,
disassembly of the nuclear envelope, condensation of chromatin into tightly packed
chromosomes and formation of the microtubule-based mitotic spindle. These events occur
in concert with regulatory and surveillance pathways to enable the attachment of
chromosomes to microtubules from opposite spindle poles and are primarily driven by
elevated activity of the Cdk1:Cyclin B complex. This attachment configuration allows sister
chromatids to be pulled towards opposite poles during mitotic exit, hence providing the
same genetic content to progeny cells. To safeguard the accuracy of chromatid partitioning,
cells only commit to irreversibly exit mitosis when sister kinetochores of each chromosome
attain proper amphitelic attachments. Chromosome segregation and decondensation,
cytokinesis, and reassembly of interphase cell structures are the major events defining
mitotic exit, all of which require inactivation of Cdk1 as well as spatially and temporally
confined removal of mitotic phosphorylations to occur. These are respectively driven by the

degradation of Cyclin B and controlled activity of protein phosphatases.

Mitotic Entry: Cdc25 Phosphatases Set Up the Commitment

Activation of Cdk:Cyclin B has long been established as the trigger that drives the transition
into mitosis. The activity of Cdk1 throughout the cell cycle is regulated by the quantity and
subcellular localization of Cyclin B and by the phosphorylation status of Cdk1 itself.
Expression of Cyclin B increases during the G2 phase of the cell cycle, thus allowing
formation of the Cdk1:Cyclin B complex before mitotic entry (Pines and Hunter, 1989). The
activity of Cdk1:Cyclin B is however repressed by inhibitory phosphorylations on Cdk1
Thr14 and Tyr15 catalysed by WEE1 and MYT1 kinases (Parker and Piwnica-Worms, 1992;
Morgan, 1995). These residues are in the Cdk1 catalytic domain and their phosphorylation
induces conformational changes in the ATP-binding loop that render the kinase inactive.
Dephosphorylation of pThr1i4 and pTyr15 catalysed by Cdc25 dual-specificity
phosphatases is considered the rate-limiting step in the transition from G2 into mitosis
(Figure 6 A). In human cells, all three Cdc25 isoforms contribute for mitotic entry. The
Cdc25B isoform is responsible for the initial activation of Cdk1:Cyclin B at centrosomes
during late G2 (Gabrielli et al, 1996; De Souza et al, 2000; Lindgvist et al, 2005). The kinase

is subsequently translocated into the nucleus, where it becomes completely activated by
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Cdc25C at the onset of mitosis (Gabrielli et al, 1997). The Cdc25A phosphatase is proposed
to activate Cdk1:Cyclin B complexes that trigger chromosome condensation (Molinari et al,
2000; Mailand et al, 2002; Lindqvist et al, 2005; Boutros et al, 2006). Partially active
Cdk1:Cyclin B directly stimulates Cdc25B and Cdc25C activities and promotes the inhibition
of WEE1 and MYT1 kinases, hence establishing both a positive and a double-negative
feedback loop that drives swift and sustained Cdk1 activation and the irreversible transition
to mitosis (Figure 6 A) (Booher et al, 1997; O’Farrell, 2001; Nakajima et al, 2003; Watanabe
et al, 2004; Lindqvist et al, 2009).

In addition to Cdk1:Cyclin B, multiple other mechanisms contribute to regulate Cdc25
phosphatases (Figure 6 B). These include changes in Cdc25 protein levels and subcellular
localization, inhibitory phosphorylations, and binding to regulatory proteins. The Cdc25A
isoform is predominantly expressed in G1 and subjected to rapid turnover during interphase
as a result of SCFBTRCP ubiquitin-mediated degradation (Donzelli et al, 2002). The
phosphatase becomes, however, stabilized at the G2/M transition upon Cdk1:Cyclin B-
mediated phosphorylation on Ser17 and Ser115 (Jinno et al, 1994; Mailand et al, 2002),
thus contributing to the phosphatase pool required to fully activate Cdk1:Cyclin B. The levels
of Cdc25A decrease rapidly at the end of mitosis due to APC/C:Cdh1-mediated targeting
for proteasomal degradation (Donzelli et al, 2002). The levels of Cdc25B begin to
accumulate during mid S-phase, peak at mitotic entry, and decrease as a result of
SCFBTRCP-dependent degradation at the metaphase-anaphase transition (Gabrielli et al,
1996; Baldin et al, 1997; Garner-Hamrick and Fisher, 1998; Kanemori et al, 2005; Kieffer et
al, 2007). Contrasting with the other isoforms, Cdc25C protein levels remain constant
throughout the cell cycle (Boutros et al, 2007). However, the phosphatase is kept inactive
during interphase due to Ser216 phosphorylation. This phosphorylation can be catalysed
by a number of kinases, including Chk1, Chk2, C-Tak, CaMKIl, and PKA (Furnari et al,
1997; Kumagai et al, 1998; Peng et al, 1998; Zeng et al, 1998; Furnari et al, 1999;
Duckworth et al, 2002), and generates a binding site for the 14-3-3 family of proteins (Peng
et al, 1997; Sanchez et al, 1997; Kumagai, Yakowec and Dunphy, 1998). The interaction of
Cdc25C with 14-3-3 masks a nuclear localization signal, resulting in cytoplasmic
sequestration of the phosphatase and consequently in the inhibition of mitotic entry (Boutros
et al, 2006; Hermeking and Benzinger, 2006; Boutros et al, 2007). Moreover, studies with
Xenopus oocytes indicate that pSer216 might also directly suppress Cdc25C catalytic
activity independently of 14-3-3 binding (Margolis et al, 2006). Similarly, phosphorylation of
Cdc25B on the equivalent residue (Ser323) by p38 MAPK or pEG3 promotes binding to 14-
3-3 and thereby cytoplasmic retention of the phosphatase during interphase. Interestingly,
14-3-3 also binds to Cdc25A following phosphorylation of the latter on Thr505 by Chk1.
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This, however, does not affect the phosphatase nuclear localization but rather impairs its

interaction with Cdk1:Cyclin B to control proper timing of mitotic onset (Chen et al, 2003).
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Figure 6 — Molecular circuitry controlling mitotic entry. (A) Cdc25 phosphatases dephosphorylate and
activate Cdk1:Cyclin B to promote mitotic entry. Cdc25 activity antagonizes the inhibitory phosphorylations on
Cdk1 (Thr14 and Tyr15) catalysed by MYT1 and WEE1. Active Cdk1:Cyclin B respectively inhibits and promotes
MYT1/WEE1 and Cdc25 activities, establishing both a double negative feedback loop and a positive feedback
loop. This regulatory circuitry defines a bistable trigger that ensures irreversible transition into mitosis.
Cdk1:Cyclin B further promotes the activation of GWL kinase, which subsequently phosphorylates Ensa and
Arpp19. The phosphorylated forms of these endosulfines bind to PP2A:B55 and inhibit the phosphatase activity
towards Cdk1:Cyclin B substrates, including MYT1, WEE1, and Cdc25. (B) The Cdc25B and Cdc25C isoforms
become active during late G2 to drive Cdk1:Cyclin B activation. During interphase, Cdc25B and Cdc25C are
kept inactive by phosphorylation and are retained in the cytoplasm due to binding to 14-3-3 proteins. The activity
of Cdc25B is proposed to be responsible for the initial activation of Cdk1:Cyclin B at centrosomes. Activation of
Cdc25B is triggered by Aurora A- and Plk1-dependent phosphorylations on the phosphatase N-terminus, which
also promote Cdc25B shuttling between the cytoplasm and the nucleus. Following activation, the centrosomal
pool of Cdk1:Cyclin B is translocated to the nucleus, where it enhances Cdc25C activity, initiating an
amplification loop that drives the cell into mitosis. The inhibitory phosphorylation on Cdc25C is removed by PP1
phosphatase upon dissociation of the 14-3-3 protein. This concurs with Plk1-mediated phosphorylation of the
Cdc25C N-terminus to promote the phosphatase nuclear import and directly stimulate the phosphatase catalytic
activity.
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Mitotic kinases have also been shown to operate as active regulators of Cdc25
phosphatases (Figure 6 B). Centrosome-localized Aurora A phosphorylates Cdc25B on
Ser353 during prophase. Although the molecular underpinnings remain elusive, this
phosphorylation correlates with the re-localization of Cyclin B to the nucleus and Cdk1
activation during mitotic entry (Dutertre et al, 2004; Cazales et al, 2005). Aurora A is also
implicated in promoting timely activation of Cdc25C, though indirectly through Plk1 (Seki et
al, 2008). While the requirement of PIk1 activity for mitotic entry upon the G2 DNA-damage
checkpoint is well established, its relevance during unperturbed cell cycles has long
remained controversial (Kumagai and Dunphy, 1996; Qian et al, 1998; Karaiskou et al,
1999; Roshak et al, 2000; van Vugt et al, 2004; Lobjois et al, 2011). Recent studies have
now demonstrated that complete inhibition of Plk1 delays mitotic entry even in the absence
of DNA-damage events. Plk1 is rapidly activated in late G2 shortly before Cdk1:Cyclin B
and is dependent on Aurora A and Cdk1:Cyclin A activities (Gheghiani et al, 2017; Qi et al,
2018; Vigneron et al, 2018). Polo-like kinase 1 subsequently phosphorylates the Cdc25C
N-terminal region on multiple sites, promoting its nuclear import (Toyoshima-Morimoto et
al, 2002; Lobjois et al, 2009) and possibly directly stimulating the phosphatase catalytic
activity (Kumagai and Dunphy, 1996; Roshak et al, 2000). Therefore, Aurora A- and Plk1-
mediated control of Cdc25 phosphatases represent critical events in the molecular circuitry

that ensures robust Cdk1:Cyclin B activation and mitotic commitment (Figure 6 B).

Data from Xenopus oocytes revealed that prompt Cdc25C activation further requires the
activity of PP1 phosphatase (Figure 6 B). During mitotic entry, Cdk2 activity promotes the
dissociation of 14-3-3 protein from Cdc25C, exposing the inhibitory phosphorylation on
Ser287 (corresponding to Ser216 in the human Cdc25C orthologue) for PP1-mediated
removal (Margolis et al, 2003). This enables the initial activation of Cdc25C and a
consequent increment in Cdk1:Cyclin B activity. Cdk1:Cyclin B subsequently
phosphorylates Cdc25C on Ser285 and enhances the recruitment of PP1 to Cdc25C, hence
accelerating S287 dephosphorylation and thereby warranting prompt and sustained

phosphatase activation (Margolis et al, 2006).

Along with increased Cdk1:Cyclin B activity, the inhibition of PP2A:B55 phosphatase is
essential for mitotic compliance (Figure 6 A). B55-type regulatory subunits confer specificity
of PP2A towards Cdk1 phospho-sites, which suggests that PP2A:B55 holoenzymes might
represent a critical opposing activity to Cdk1:Cyclin B (Xu et al, 2008). Accordingly,
PP2A:B55 mediated removal of numerous Cdk1-generated phosphorylations was shown to
be critical for mitotic exit (Clarke et al, 1993; Mayer-Jaekel et al, 1994; Mochida et al, 2007;
Castilho et al, 2009; Mochida et al, 2009; Schmitz et al, 2010; Cundell et al, 2013; Cundell
et al, 2016; Godfrey et al, 2017). In order to prevent premature dephosphorylation of
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Cdk1:Cyclin B substrates and ensure mitotic commitment, PP2A:B55 activity is repressed
by the Ser/Thr kinase Greatwall (GWL) at the G2/M transition (Figure 6 A). Two key studies
using Xenopus egg extracts uncovered the underlying biochemical pathway. GWL
phosphorylates Arpp19 and ENSA, two small and unstructured proteins of the Endosulfine
family. Phosphorylation occurs on specific serine residues (Ser62 in Arpp19 and Ser67 in
ENSA) within a highly conserved FDSpGDY motif and allows Arpp19 and Ensa to bind
PP2A:B55 in a highly specific manner, causing its near-complete inhibition (Gharbi-Ayachi
et al, 2010; Mochida et al, 2010). This mechanism was also shown to be essential for mitotic
entry in flies, starfish oocytes, and in human cultured cells (Yu et al, 2004; Archambault et
al, 2007; Burgess et al, 2010; Lorca et al, 2010; Voets and Wolthuis, 2010; Hara et al, 2012).
A notable exception was observed in mouse embryonic fibroblasts, where the control of
PP2A:B55 by GWL seems to be dispensable for the G2/M transition, but nevertheless
required after nuclear envelope breakdown to prevent mitotic collapse (Alvarez-Fernandez
et al, 2013; Diril et al, 2016). As expected, and by opposition to PP2A:B55, GWL activity is
undetectable throughout interphase, abruptly increases at the G2/M transition, and remains
elevated until anaphase onset (Yu et al, 2006; Voets and Wolthuis, 2010; Hara et al, 2012).
Activation of GWL is triggered by Cdk1:Cyclin B-mediated phosphorylation of two
conserved residues located in the kinase presumptive activation loop. This primes GWL to
intramolecularly autophosphorylate its C-terminal tail and stabilize the kinase in its active
conformation (Yu et al, 2006; Vigneron et al, 2011; Blake-Hodek et al, 2012). In frame of
the G2/M signalling circuitry, the inhibition of PP2A-B55 orchestrated by GWL has been
proposed to increase the levels of activating phosphorylation events on Cdc25
phosphatases and inhibitory phosphorylation events on WEE1 and MYT1 (Zhao et al, 2008;
Wurzenberger and Gerlich, 2011) (Figure 6 A).

Sister Chromatid Cohesion: PP2A:B56 Holds Them Together

Mitotic entry is accompanied by the condensation of DNA into chromosomes, each
comprised of two sister-chromatids held together from DNA replication until anaphase onset
by proteinaceous ring-like cohesin complexes (Peters et al, 2008; Nasmyth et al, 2009)
(Figure 7 A). These are composed by heterodimers of Smc1 and Smc3 bound to the a-
Kleisin subunit, Scc1/Mcd1/Rad21, forming a closed tripartite structure that encircles the
replicated DNA (Haering et al, 2002). The Kleisin subsequently binds to Scc3/SA, which
when associated with the heterodimer, Wapl-Pds5, forms a subcomplex that regulates the
maintenance of cohesion on chromatin (Gandhi et al, 2006; Kueng et al, 2006) (Figure 7
B). During prophase, cohesin is displaced from chromosome arms by Wapl, possibly
through disruption of the Smc3-Scc1 interface (Figure 7 A,B) (Peters et al, 2008; Buheitel
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and Stemmann, 2012; Chan et al, 2012; Chatterjee et al, 2013; Eichinger et al, 2013;
Ouyang et al, 2013). Prior to mitotic entry, however, cohesin rings are insensitive to Wapl
as a result of Smc3 acetylation by Eco1/2 acetyltransferases (Ben-Shahar et al, 2008;
Rowland et al, 2009; Sutani et al, 2009; Unal et al, 2008; Zhang et al, 2008). Acetylation of
Smc3 during DNA replication promotes the recruitment of Sororin, which antagonizes Wapl
by impairing its binding to Pds5 (Lafont et al, 2010; Nishiyama et al, 2010). Notably, loss of
protection against Wapl during early mitosis does not involve Smc3 deacetylation. It is
instead elicited through extensive phosphorylation of Sororin and Scc3/SA2 by Aurora B,
Cdk1, and PIk1 (Losada et al, 2002; Sumara et al, 2002; Giménez-Abian et al, 2004; Hauf
et al, 2005; Dreier and Bekier, 2011; Zhang et al, 2011; Liu et al, 2013; Nishiyama et al,
2013). Aurora B- and Cdk1-dependent phosphorylation of Sororin causes its dissociation
from Pds5, hence consenting Wapl binding to Pds5 (Figure 7 A,B) (Liu et al, 2013;
Nishiyama et al, 2013). Moreover, Wapl-mediated removal of cohesin further requires
phosphorylation of Scc3/SA2 by Plk1. The underlying mechanism remains, however,
unknown. Loss of cohesion from chromosome arms in prophase seems to occur exclusively
in metazoan cells, where is thought to facilitate sister DNA decatenation and allow timely
cohesin reloading in the subsequent cell cycle (Wang et al, 2010; Deardorff et al, 2012;
Haarhuis et al, 2013; Tedeschi et al, 2013). Cohesion must, however, persist at
centromeres until the kinetochores of all chromosomes are correctly attached to
microtubules of opposite spindle poles. Centromeric cohesin facilitates this process by
promoting the back-to-back arrangement of sister kinetochores and grants resistance to
microtubules pulling forces so that separation can only occur upon mitotic checkpoint
silencing (Nicklas, 1997; Tanaka et al, 2000; Haarhuis et al, 2014; Morales and Losada,
2018).

Centromeres are protected against Wapl-dependent cohesin removal by the activity of
Sgo1-associated PP2A:B56 (McGuinness et al, 2005; Kitakima et al, 2006; Riedel et al,
2006; Tang et al, 2006; Liu et al, 2013). Recruitment of PP2A:B56 to centromeres of
mammalian cells is mediated both by Sgo1 and Sgo2 (Rivera and Losada, 2009; Xu et al,
2009; Tanno et al, 2010). Although Sgo2 is required for cohesion protection during meiosis,
it seems to be dispensable for this function in mitotic cells, where instead Sgo1 assumes
primary relevance (Kitajima et al, 2005; McGuinness et al, 2005; Kitajima et al, 2006; Tang
et al, 2006; Huang et al, 2007; Lee, J. et al, 2008; Llano et al, 2008; Rivera and Losada,
2009; Tanno et al, 2010; Gutiérrez-Caballero et al, 2012). Structural analysis of an N-
terminal fragment of human Sgo1 bound to PP2A:B56y reveals a bipartite interaction
between Sgo1 and the regulatory and catalytic subunits of the PP2A:B56y holoenzyme (Xu

et al, 2009). Sgo1 N-terminus forms a parallel coiled-coil homodimer whose N- and C-
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terminal ends bind to PP2AC and B56y, respectively. Each binding interface contains a
hydrophobic core as well as peripheral hydrogen bonds and salt bridges. Binding of Sgo1
to PP2A:B56y does not seem to impose significant alterations in PP2AC structure or
catalytic activity. In a cellular context, this interaction likely places PP2A:B56y in close
proximity to Sororin and Scc3/SA2 to counteract Aurora B, Cdk1, and PIk1 destabilizing
phosphorylations and thereby prevent the dissociation of centromeric cohesin complexes
(Figure 7 B). Several lines of evidence concur in support of this model: binding of
PP2A:B56y to Sgo1 is required for protection of centromeric cohesion (Tang et al, 2006; Xu
et al, 2009), Sgo1 physically interacts with cohesin complexes during mitosis through
Scc1:Scc3/SA2 heterodimers, and an unphosphorylatable version of Sororin prevents

chromatid separation that would normally follow Sgo1 depletion (Liu et al, 2013).
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Figure 7 — PP2A:B56 maintains centromeric cohesion until anaphase onset. (A) Following DNA replication,
sister chromatids are held together by cohesin-ring complexes. During prophase, Cdk1, Plk1, and Aurora B
trigger Wapl-mediated removal of cohesin from chromosome arms. Centromere cohesion is protected from
Wapl by the activity of PP2:B56 bound to Sgo1. Centromeric PP2:B56 antagonizes the phosphorylations
catalysed by the mitotic kinases, hence maintaining cohesion at centromeres until kinetochores of all
chromosomes are correctly attached to microtubules of opposite spindle poles. At this stage, Separase
catalyses the proteolytic degradation of cohesin complexes, abolishing cohesion and enabling sister chromatid
separation in anaphase. (B) During G2, cohesin rings are insensitive to Wapl by Sororin recruited to acetylated
Smc3. The presence of Sororin prevents Wapl binding to Pds5. Following mitotic entry, Aurora B- and Cdk1-
dependent phosphorylation of Sororin causes its dissociation, thus consenting Wapl binding to Pds5. Wapl-
mediated removal of cohesin also requires phosphorylation of Scc3 by Plk1. At centromeres, PP2A:B56 in
complex with Sgo1 counteracts Aurora B, Cdk1, and Plk1 destabilizing phosphorylations and thereby prevents
the dissociation of cohesin complexes by Wapl.

To Build a Spindle: A PP1, PP2A, PP4 and PP6 Groundwork

Accurate segregation of chromosomes relies on the formation of a bipolar spindle structure
(Wittmann et al, 2001). This requires the maturation and separation of duplicated
centrosomes to originate two independent microtubule-organizing centres correctly
positioned at opposite poles of the cell. Centrosome maturation occurs when cells prepare
to enter mitosis and results from a dramatic expansion in the organized matrix of
pericentriolar material (PCM) surrounding mother centrioles and a concomitant increase in
its microtubule nucleation capacity (Mennella et al, 2014; Woodruff et al, 2014; Conduit et
al, 2015). Expanded PCM serves as a catalytic scaffold for y-tubulin ring complexes (y-
TuRC) to mediate microtubule nucleation (Stearns and Kirschner, 1994; Sunkel et al, 1995)
and its assembly involves the recruitment of numerous PCM proteins orchestrated by Plk1
and Aurora A kinases (Conduit et al, 2015; Lattao et al, 2017). The Ser/Thr phosphatase
PP4 is predominantly enriched at mitotic centrosomes of metazoan cells and its activity was
shown to be required for y-tubulin accumulation and microtubule nucleation in Drosophila
and Caenorhabditis elegans embryos, as well as in human cultured cells. The mechanism
by which PP4 promotes the maturation of centrosomes remains unknown, but the
phosphatase appears to be necessary for proper centrosomal localization of Plk1
(Sumiyoshi et al, 2002) and activation of the Aurora A-CEP192 complex (Martin-Granados
et al, 2008). Conversely, disruption of PP4 in MEFs has no impact on y-tubulin levels, but
leads to unstable contacts between PCM and microtubules minus-ends (Toyo-oka et al,
2008).

Regulation of microtubule dynamics at the centrosomes and spindle poles relies in part on
the activity of the microtubule-severing Katanin complex (McNally and Vale, 1993; McNally,
2000), whose centrosomal localization is mediated by the interaction of its p60 subunit with
the Dynein-motor regulator Ndel1 (Toyo-oka et al, 2005). Binding of p60 Katanin to Ndel1

increases during mitotic entry as a result of Ndel1 phosphorylation at Ser198, Thr219, and
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Ser231 by Cdk1:Cyclin B (Toyo-oka et al, 2005). These phospho-sites are directly
antagonized by PP4 phosphatase, which limits the accumulation of Katanin activity at
centrosomes and thereby promotes the stabilization of microtubule connections (Toyo-oka
et al, 2008). This is important to enable organized outgrowing of microtubules into a
functional mitotic spindle, a process that additionally requires discrete activities of PP2A
and PP6 phosphatases. Interestingly, in C. elegans, PP4 directly dephosphorylates the
Katanin catalytic subunit homologue MEI-1 to promote microtubule-severing activity in
meiosis (Han et al, 2009; Gomes et al, 2013).

Plus-end growth of microtubules emanating from centrosomes relies on the activity of the
microtubule-polymerase ch-TOG/XMAP215/MSPS (Srayko et al, 2005), whose mechanism
was recently uncovered in Xenopus egg extracts (Thawani et al, 2018). The C-terminus of
XMAP215 directly interacts with y-tubulin whereas the N-terminus TOG domains bind to
soluble a/B-tubulin dimers to endorse their assembly onto y-TuRCs (Thawani et al, 2018).
The number of microtubules that grow out from centrosomes is limited by the activity of the
microtubule depolymerizing kinesin MCAK/XKCM1/KLP-7 (Srayko et al, 2005; Hinoshita et
al, 2005). In C. elegans embryos, the regulatory subunit, PR72/RSA-1, targets PP2A to
centrosomes through a direct interaction with the PCM-associated RSA-2 protein.
Centrosomal PP2A-PR72/RSA-1 promotes microtubule outgrowth and spindle stability by
controlling KLP-7 and the spindle assembly factor, TPX2/TPXL-1. The PP2A-PR72/RSA-1
complex restricts the levels of KLP-7 through an unknown mechanism and directly mediates
the accumulation of TPX2/TPXL-1 at centrosomes, thus increasing the rate of microtubules’
nucleation as well as the length of centrosomal microtubules (Schlaitz et al, 2007). No
obvious RSA-2 orthologues have been identified so far and the requirement of PP2A-PR72
for spindle formation in other metazoans remains to be demonstrated. In fact, TPX2 displays
limited centrosomal localization in vertebrate cells, accumulating preferentially on spindle
microtubules (Kufer et al, 2002; OzIU et al, 2005), where it plays a critical role in recruiting
and promoting Aurora A activity required for chromatin-driven spindle assembly (Wittmann
et al, 2000; Meunier and Vernos, 2016). Following nuclear envelope breakdown, the
RanGTP that is produced by the chromatin-associated GEF RCC1 relieves TPX2 from
inhibitory interactions with Importin-a./p (Gruss et al, 2001; Kalab and Heald, 2008; Cavazza
and Vernos, 2016). This licenses TPX2 to bind and allosterically activate Aurora A (Kufer
et al, 2002; Bayliss et al, 2003; Eyers et al, 2003; Tsai et al, 2003). The TPX2-Aurora A
complex oligomerizes and binds to the RHAMM-y-TuRC complex, which becomes
competent for microtubule nucleation after Aurora A-mediated phosphorylation of the y-
TuRC adaptor subunit, Nedd1 (Groen et al, 2004; Pinoyl et al, 2013; Scrofani et al, 2015).

Interestingly, microtubule-associated TPX2-Aurora A is more active in the purlieu of spindle
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poles. This is owed to the spatially controlled activity of PP6 phosphatase and is critical for
the stability of the assembling spindle (Zeng et al, 2010). In addition to allosteric regulation
by TPX2 binding, dimerization-mediated T-loop autophosphorylation (Thr288) further
enhances Aurora A activation (Zorba et al, 2014; Cyphers et al, 2017; Ruff et al, 2018).
Moreover, the interaction with TPX2 protects the activating phosphorylation from the
antagonizing action of several phosphatases, including PP1 and PP2A (Andrésson and
Ruderman, 1998; Walter et al, 2000; Bayliss et al, 2003; Eyers et al, 2003; Tsai et al, 2003).
The Ser/Thr phosphatase, PP6, is, however, able to recognize and dephosphorylate the T-
loop of the TPX2-complexed form of Aurora A and its depletion was shown to impair proper
spindle assembly (Zeng et al, 2010; Rusin et al, 2015). Although PP6 is uniformly distributed
through the cytoplasm of mitotic cells, its activity towards TPX2-Aurora A is inhibited in the
vicinity of centrosomes by action of Plk1 (Kettenbach et al, 2018). Following Cdk1-
dependent priming, Plk1 binds to and phosphorylates the PP6-regulatory subunit, PP6R2,
at multiple sites (Kettenbach et al, 2018). These phosphorylations repress PP6 activity
possibly by preventing its interaction with substrates. Because Plk1 is particularly enriched
at centrosomes, PP6-mediated dephosphorylation of TPX2-Aurora A complexes located on
proximal microtubules is repressed, thus ensuring maximal Aurora A activation at spindle
poles and moderate activation on distal spindle microtubules (Dodson and Bayliss, 2012;
Joukov and Nicolo, 2018; Ruff et al, 2018). This enhances Aurora A-catalysed
phosphorylation of transforming acidic coiled-coil (TACC) proteins at spindle poles, which
enables TACC-ch-TOG complexes to efficiently bind to and stabilize the minus-ends of
nascent microtubules and, in this way, promote growth of microtubules from the centrosome
(Tournebize et al, 2000; Lee et al, 2001; Gergely, 2002; Giet et al, 2002; Gergely et al,
2003; Barros et al, 2005; Kinoshita et al, 2005; Peset et al, 2005; LeRoy et al, 2007; Burgess
et al, 2018; Peset and Vernos, 2008). Hence, coordinated activities of Plk1, PP6, and
Aurora A favour the centrosomes as dominant sites of spindle assembly in mitosis.
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Figure 8 — PP1 prevents premature separation of centrosomes. Centrosome splitting during late G2 involves
the dissolution of the Rootletin/CEP68 linker that holds duplicated centrosomes together. This process is
orchestrated by Nek2A-mediated phosphorylation of C-Nap1 and of linker proteins. Phosphorylation of C-Nap1
abrogates its interaction with CEP135 docked on the proximal ends of parental centrioles, thus causing C-Nap1
displacement from centrosomes. Phosphorylation of Rootletin and of associated proteins disrupts the linker
structure and enables centrosome disjunction. PP1y suppresses Nek2A activity up until late G2, thereby
preventing premature resolution of centrosomes. During interphase, PP 1y bound to Nek2A in complex with Mst2
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is able to efficiently antagonize phosphorylations catalysed by the kinase. Increasing activity of Plk1 in late G2
results in Mst2 phosphorylation and consequential dissociation of PP1y from the complex. This renders Nek2A
phosphorylations unopposed, hence allowing pre-mitotic resolution of centrosomes.

Setting two independent microtubule-organizing centres at opposite poles of a mitotic cell
requires the separation of duplicated centrosomes, which typically occurs before nuclear
envelope breakdown in organisms that undergo an open mitosis (Tanenbaum and
Medema, 2010). Centrosome splitting during late G2 involves the dissolution of a fibrous
proteinaceous linker that holds the duplicated centrosomes together, a process elicited by
an increase in Nek2A kinase activity and controlled by PP1 phosphatase (Ghosh et al, 1998;
Meraldi and Nigg, 2001; Agircan et al, 2014; Wang et al, 2014) (Figure 8). The primary
target of Nek2A is C-Nap1, which is docked to the proximal ends of parental centrioles
through the centriolar protein, CEP135, and serves as a platform for the assembly of
Rootletin/CEPE8 fibres (Fry et al, 1998; Yang et al, 2002; Bahe et al, 2005; Yang and
Adamian, 2006; Graser et al, 2007). Data from STED microscopy and 3D-STORM analysis
suggest that Rootletin/CEP68 filaments coming from each centriole are entwined into a
web-like structure that probably underpins the flexible nature of the centrosomal linker (Vlijm
et al, 2018). Multisite phosphorylation of C-Nap1 by Nek2A abrogates C-Nap1 interaction
with CEP135, hence causing its displacement from centrosomes (Hardy et al, 2014). This
concurs with Nek2A-mediated phosphorylation of Rootletin and of associated proteins to
ultimately disrupt the linker structure and enable centrosome disjunction (Figure 8) (Fry et
al, 1998; Faragher and Fry, 2003; Bahmanyar et al, 2008; He et al, 2013; Hardy et al, 2014).
The kinase activity of Nek2A is tightly regulated to prevent premature centrosome
separation, whose occurrence was shown to result in aberrant nuclear positioning and
incorrect spindle orientation (Zhang, Y. et al, 2012; Nam and Deursen, 2014; Decarreau et
al, 2017). Activation of Nek2A occurs through homodimerization-induced
autophosphorylation of the activation loop (Fry et al, 1999; Rellos et al, 2007; Croasdale et
al, 2011). The kinase is also phosphorylated in its non-catalytic domain by sterile-20 like
kinase Mst2, which significantly enhances its localization at centrosomes (Mardin et al,
2010). However, Nek2A activity towards C-Nap1, and possibly other substrates, is kept at
residual levels up until late G2 by action of PP1y, which binds to the Nek2A-Mst2-hSAV1
complex through an RVxF motif on the Nek2A C-terminus (Helps et al, 2000; Eto et al,
2002; Mardin et al, 2011). Within the complex, PP 1y antagonizes Nek2A phosphorylations
on C-Nap1, thus maintaining the linker integrity and, consequently, the centrosomes
tethered (Mardin et al, 2011). Whether PP1y or PP1a dephosphorylates the Nek2A T-loop
to directly inactivate the kinase remains unclear (Eto et al, 2002; Mi et al, 2007). Loss of

centrosome cohesion is triggered by the activation of Plk1, which subsequently
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phosphorylates Mst2 on Ser15, Ser18, and Ser516, and disrupts PP1y from the complex
(Figure 8) (Mardin et al, 2010). The mechanism by which these phosphorylations abolish
PP1y interaction with Nek2A is currently unknown. The absence of PP1y leaves Nek2A-
mediated phosphorylations of linker proteins unopposed, thereby allowing pre-mitotic
resolution of centrosomes and consequently minimizing the rate of erroneous interactions
that the mitotic spindle might establish with chromosomes (Hames et al, 2001; Magidson et
al, 2011; Kaseda et al, 2012; Silkworth et al, 2012).

Phosphatases not only control the assembly of the mitotic spindle, but also its orientation.
The position that the spindle assumes in mitosis defines the axis of cell division and plays
a key role in cell fate determination in tissues. Depletion of PP4 from progenitor cells of the
mouse neocortex causes premature differentiation into neurons and severe defects in
cortical layering and brain cytoarchitecture (Xie et al, 2013). Biochemical and functional
studies demonstrated that PP4-mediated dephosphorylation of Ndel1 at Cdk1 sites
promotes its binding to Lis1-Dynein to efficiently generate microtubule pulling forces that
orient the spindle in parallel to the neuroepithelial surface (Xie et al, 2013). This mechanism
was shown to be critical at the onset of neurogenesis to ensure extensive symmetric cell
division required for the expansion of the progenitor pool (Xie et al, 2013). The orientation
of the mitotic spindle is also regulated upstream by the distribution of the conserved Gai-
LGN-NuMA module at the cell cortex (Siller and Doe, 2009; di Petro et al, 2016; Bergstralh
et al, 2017; Seldin and Macara, 2017). Cortical NuMA recruits Dynein complexes that
interact with the plus ends of astral microtubules and generate pulling forces to orient the
spindle apparatus (Nguyen-Ngoc et al, 2007; Kotak et al, 2012; Laan et al, 2012). Hence,
the localization of NuUMA must be tightly controlled, as both insufficient and excessive levels
at the cortex impair accurate spindle orientation (Du and Macara, 2004; Kotak et al, 2012).
The association of NUMA with the cell cortex is dynamically modulated by concerted action
of Cdk1:Cyclin B, Aurora A, PIk1, and several phosphatases. Prior to anaphase onset,
phosphorylation of NUMA by Aurora A directs it from the spindle poles to the cortex (Gallini
et al, 2016; Kotak et al, 2016), whereas phosphorylation by Plk1 and Cdk1:Cyclin B
displaces NuMA from the cortex (Kotak et al, 2013; Sana et al, 2018). Importantly,
phosphorylation of Thr2055 by Cdk1 is continuously antagonized by PP2A activity. This
results in moderate levels of cortical NUMA during metaphase to ensure accurate spindle
positioning and contributes to the enhancement of its cortical recruitment following Cdk1
inactivation, which is required to sustain robust spindle elongation in anaphase (Kotak et al,
2013; Zheng et al, 2014). Protein phosphatase 1-a in complex with its regulatory subunit
Repo-Man also promotes cortical accumulation of NuMA in anaphase. This occurs,

however, through a separate pathway that is kept in check during metaphase by
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p37/UBXN2B, a cofactor of the p97 AAA ATPase (Lee et al, 2018). Although exactly how
p37/UBXN2B limits PP1a-Repo-Man activity towards NuMA is unknown, this balance is
critical to prevent excessive Dynein-dependent forces and concomitant spindle orientation
defects. Future studies are also expected to cast new light on the mechanism by which
PP1a-Repo-Man controls NuMA cortical localization. Moreover, at least in C. elegans, PP6
was also shown to positively regulate pulling forces during anaphase by promoting the
cortical localization of LGN and NuMA homologues (Afshar et al, 2010; Kotak et al, 2016).

However, the underlying mechanism remains elusive.

Kinetochore-Microtubule Attachments: PP1 and PP2A:B56 Keep Them Stable

To ensure faithful genome partitioning, sister kinetochores must become attached to
microtubules emanating from opposite spindle poles. This attachment configuration is
termed amphitelic or bioriented and enables the dividing cell to segregate sister chromatids
towards opposite sides during anaphase and in this way distribute one copy of each
chromosome per daughter nucleus. Amphitelic attachments assume an end-on
arrangement with the plus-end of microtubules embedded within the kinetochore. This is
believed to provide sufficient stability to sustain the force released by the depolymerisation
of kinetochore-associated microtubules during anaphase (Musacchio and Desai, 2017).
However, the initial contacts occurring between kinetochores and the spindle microtubules
are asynchronous and stochastic, which implies that amphitelic attachments are often
preceded by immature or erroneous microtubule interactions. Following nuclear envelope
breakdown, kinetochores might establish lateral (kinetochores interact with the side of
microtubules), syntelic (both kinetochores bind microtubules from the same spindle pole),
or merotelic attachments (one kinetochore binds microtubules that originate from both
spindle poles) (Cimini et al, 2001; Tanaka, et al, 2005; Kapoor et al, 2006; Magidson et al,
2011; Thompson and Comptom, 2011; Foley and Kapoor, 2013; Barisic et al, 2014).
Consequently, accurate chromosome segregation requires the destabilization of the
inadequate kinetochore-microtubule interactions and the formation of robust amphitelic
end-on attachments, events that are orchestrated by the coordinated activities of molecular
motors, kinases, and phosphatases (Bakhoum, Genovese et al, 2009; Bakhoum,
Thompson et al, 2009; Zaytsev and Grishchuk, 2015).

A central player in the formation of stable end-on attachments is the Ndc80 complex at the
outer-kinetochore, which directly binds microtubules through the CH domain and the N-
terminal tail of Ndc80/Hec1 (Cheeseman et al, 2006; Wei et al, 2006; Ciferri et al, 2008).

The CH domain encompasses several positively charged residues that contact both o and
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BTubulin at the intra- and inter-tubulin interfaces (Wei et al, 2006; Ciferri et al, 2008; Alushin
et al, 2011). The highly basic nature of the structurally disordered N-terminal tail further
increases the affinity for microtubules by directly interacting with negatively charged E-
hooks of tubulin subunits (Alushin et al, 2011). This binding arrangement and the
oligomerization of the Ndc80 complex confers the kinetochore the capacity to maintain a
processive association with dynamic microtubules and in this way couple chromosome
movement to microtubule depolymerization/polymerization (Alushin et al, 2011; Foley and
Kapoor, 2013). The interaction between Ndc80 and tubulin is, however, destabilized by
Aurora B-mediated phosphorylation of multiple residues on the Ndc80 N-terminal tail. The
negatively charged phosphates neutralize the intrinsic positive charge of the Ndc80 N-
terminus, significantly reducing its binding affinity for microtubules (Cheeseman et al, 2006;
Deluca et al, 2006; Wei et al, 2006; Ciferri et al, 2008; Guimaraes et al, 2008; Miller et al,
2008; Alushin et al, 2011; Zaytsev et al, 2014; Zaytsev et al, 2015). Notably, this
destabilization mechanism acts preferentially on incorrect kinetochore-microtubules
attachments. Although the basis for this selectivity is not fully understood, the prevailing
model is that the level of tension across centromeres and/or kinetochores plays an
important role in controlling the capacity of Aurora B to phosphorylate Ndc80 (Tanaka et al,
2002; Liu et al, 2009; Lampson and Cheeseman, 2011; Krenn and Musacchio, 2015).
Aurora B is the catalytic subunit of the chromosome passenger complex (CPC) that also
comprises INCENP, Survivin, and Borealin as scaffold subunits. Survivin and Borealin
mediate CPC recruitment to centromeres, which subsequently promotes Aurora B T-loop
activation through trans-autophosphorylation (Bishop and Schumacher, 2002; Honda et, al,
2003; Yasui et al, 2004; Sessa et al, 2005; Kelly et al, 2007; Wang et al, 2011; Zaytsev et
al, 2016; Ruppert et al, 2018). Microtubules responsible for amphitelic attachments impose
tension or alterations on the kinetochore architecture so that the distance between
centromeric active Aurora B and the outer kinetochore increases enough to preclude Ndc80
phosphorylation (Figure 9 A-D) (Maresca and Salmon, 2009; Uchida et al, 2009; Wan et al,
2009; Maresca and Salmon, 2010). On the other hand, erroneous attachments fail to
produce sufficient tension, thus leaving Ndc80 within reach of Aurora B activity to ultimately
cause microtubule detachment (Lampson et al, 2004; Pinsky et al, 2006; Liu et al, 2009;
Welburn et al, 2010). Because unattached kinetochores are tensionless, this error
correction mechanism might seemingly represent a problem for the formation of initial end-
on microtubule attachments (Figure 9 A). In that respect, it is important to consider that the
early contacts that kinetochores establish with microtubules are predominantly lateral and
that PP2A:B56 at outer-kinetochores was shown to play a critical role in antagonizing
Aurora B dependent phosphorylations (Figure 9 B). The interaction of kinetochores with the

side of microtubules is mediated by the molecular motors Dynein and CENP E and are
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therefore impervious to the phosphorylation state of Ndc80 (Tanaka et al, 2005; Kapoor et
al, 2006; Magidson et al, 2011; Foley and Kapoor, 2013; Barisic et al, 2014; Shrestha et al,
2017). Dynein minus-end motor activity transports chromosomes towards the spindle pole,
exposing the kinetochores to a higher density of microtubules that might favor direct end-
on capture (Li et al, 2007; Yang et al, 2007; Vorozhko et al, 2008; Monda and Cheeseman,
2018). As spindle microtubules become more stable and detyrosinated, CENP E motility
increases to promote the movement of the persisting laterally attached chromosomes
towards the equator (Kapoor et al, 2006; Cai et al, 2009; Barisic, 2015; lemura and Tanaka,
2015; Barisic and Maiato, 2016; Itoh et al, 2018). Once it reaches microtubule ends, CENP
E converts from a lateral transporter into a microtubule tip-tracker that tethers kinetochores
to the dynamic microtubule tips, thus directly contributing for the formation and stability of
end-on attachments (Lombillo et al, 1995; Gudimchuk et al, 2013; Shrestha and Draviam,
2013). Importantly, lateral attachments exert intermediate levels of tension that increase the
distance between Aurora B and the outer-kinetochore. This concurs with the
dephosphorylation of the Ndc80 N-terminal tail by PP2A:B56y to allow the formation of
stable end-on attachments (Suijkerbuijk et al, 2012b; Kruse et al, 2013; Xu et al, 2013;
Shrestha et al, 2017) (Figure 9 B-D). The recruitment of PP2A:B56y to the outer-kinetochore
is directly mediated by a LxxIXE motif within the KARD domain of BubR1 (Suijkerbuijk et al,
2012b; Kruse et al, 2013; Xu et al, 2013; Wang, J. et al, 2016; Vallardi et al, 2018). A
conserved pocket in the B56y regulatory subunit recognizes and binds to the LxxIXE motif
(Hertz et al, 2016; Wang, J. et al, 2016; Wang, X. et al, 2016; Wu et al, 2017) (Figure 5 C).
Phosphorylations within and around the LxxIXE motif, respectively catalysed by Cdk1 and
Plk1, significantly strengthen the interaction (Elowe et al, 2007; Huang et al, 2008;
Suijkerbuijk et al, 2012b; Kruse et al, 2013; Wang, J. et al, 2016; Wang, X. et al, 2016).
Notably, although the binding pocket is conserved in all B56 isoforms, BubR1 binds
preferentially to B56y and possibly to B566 and presents limited association with B56a and
B56¢, which instead display preference for centromeric Sgo2 (Rivera et al, 2012; Nijenhuis
et al, 2014; Meppelink et al, 2015; Vallardi et al, 2018). Similarly, several other mitotic
proteins harboring LxxIXE motifs were shown to bind preferentially to B56y over B56a
(Vallardi et al, 2019). A possible explanation for B56 differential binding, and therefore
localization, was recently attributed to specific differences in a small loop at the C-terminus
of each B56 isoform. The identity of four critical amino acids within the loop seems to
modulate its capacity to repress or allow binding to LxxIXE motifs (Vallardi et al, 2018). The
residues (Glu405, Pro409, Val412, and Ala413) define the EPVA loop of B56a and B56¢
subunits, which not only hampers binding to LxxIXE motifs, but is also critical to enable

B56a. and B56¢ interaction with Sgo2. Remarkably, replacing the EPVA signature amino
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acids by the corresponding residues of the B56y isoform (Thr405, Lys409, His412, and
Gly413) enhanced B56a ability to bind BubR1 and other LxxIxE-containing proteins
(Vallardi et al, 2019). Although structural details on how the C-terminal loop controls B56
specificity remain unknown, these observations clearly demonstrate sub-functionalization
between the B56 isoforms. Whether such specialization allows PP2A activity to be
differently regulated in specific subcellular compartments represents an alluring possibility

that could be addressed in future studies.

Because BubR1 associates with Knl1 in the absence of microtubules, the binding of
PP2A:B56y to BubR1 places the phosphatase in the close proximity of Ndc80 to efficiently
counteract Aurora B destabilizing activity and enable initial end-on microtubule interactions
(Foley et al, 2011; Suijkerbuijk et al, 2012b; Kruse et al, 2013; Xu et al, 2013) (Figure 9
A,B). As microtubule occupancy increases, the outer-kinetochore is further pulled away
from Aurora B zone of influence and attachments stability concomitantly increases. At this
point, PP1 activity at kinetochores increases to silence the mitotic checkpoint (as discussed
in the following section) and ensure that mature end-on microtubule attachments remain
stabilized (Liu et al, 2010; Shrestha et al, 2017; Vallardi et al, 2017; Saurin, 2018) (Figure
9 C,D). Recruitment of PP1 to kinetochores is mediated in part by SILK and RVSF motifs
on Knl1 N-terminus (Liu et al, 2010). At tensionless kinetochores, both PP1-docking motifs
are phosphorylated by Aurora B, which significantly represses their ability to interact with
PP1 (Liu et al, 2010) (Figure 9 A). As end-on attachments mature, Knl1 N-terminus is no
longer accessible to Aurora B and PP2A:B56y dephosphorylates SILK and RVSF to allow
PP1 binding (Figure 9 B-D).

The PP1y-Knl1 complex further suppresses kinetochore Aurora B activity, hence enhancing
the stability of amphitelic attachments (Posch et al, 2010; Wurzenberger et al, 2012).
Disrupting the PP1-Knl1 interaction destabilizes kinetochore-microtubule attachments on
metaphase-aligned chromosomes while failing to cause a discernible impact on
chromosome congression (Liu et al, 2010; Shrestha et al, 2017). Thus, although PP1y:Knl1
activity seems to be dispensable for initial microtubule binding, it does contribute to preserve
attachment stability following biorientation. In that respect, PP1y:Knl1 antagonizes the
activating T-loop autophosphorylation of Aurora B (Murnion et al, 2001; Rosasco-Nitcher et
al, 2008; Posch et al, 2010) and enables the recruitment of the Ska complex to the KMN
network (Cheerambathur et al, 2017; Janczyk et al, 2017) (Figure 9 C,D). The Ska complex
at the kinetochore-microtubule interface is proposed to enhance the microtubule-binding
affinity and end-tracking ability of the Ndc80 complex (Schmidt et al, 2012). This increases
the stability of attached microtubule bundles and maintains the kinetochore associated with

dynamic microtubules, thus enhancing the ability of end-on attachments to sustain load-
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bearing force and couple chromosome movement to microtubules plus-end dynamics
(Hanisch et al, 2006; Gaitanos et al, 2009; Raaijmakers et al, 2009; Welburn et al, 2009;
Jeyaprakash et al, 2012; Schmidt et al, 2012; Auckland et al, 2017; Cheerambathur et al,
2017; Monda et al, 2017; Helgeson et al, 2018). Aurora B-mediated phosphorylation of the
Ska complex reduces its binding affinity for Ndc80, which might provide a safety strategy to
minimize premature stabilization of erroneous attachments during early prometaphase
(Chan et al, 2012; Jeyaprakash et al, 2012; Schmidt et al, 2012; Abad et al, 2014;
Cheerambathur et al, 2017). As chromosomes congress and PP1y-Knl1 activity increases,
Ska recruitment is triggered and the complex becomes maximally enriched at amphitelically
attached kinetochores (Raaijmakers et al, 2009; Chan et al, 2012; Jeyaprakash et al, 2012;
Redli et al, 2016). In C. elegans, timely association of the Ska complex with bioriented
kinetochores is facilitated by dephosphorylation of the Ndc80 N-terminal tail
(Cheerambathur et al, 2017). Whether PP1y:Knl1 cooperates with PP2A:B56y to
dephosphorylate Aurora B phospho-sites on the Ndc80 tail remains unclear, as well as
PP1y:Knl1 aptitude to directly target Aurora B-mediated phosphorylations of the Ska
complex. Interestingly, the Ska complex directly binds PP1y through the C-terminal domain
(CTD) of its Ska1 subunit and independently of Knl1, thus representing an additional
pathway to increment PP 1y at kinetochores of bioriented chromosomes (Sivakumar et al,
2016). Although PP1y:Ska significantly contributes to timely inactivation of the mitotic
checkpoint, its role in kinetochore-microtubule attachments is unclear (Sivakumar et al,
2016). The accumulation of PP1 on bioriented kinetochores can be further endorsed by
spindle motors. The budding yeast Kinesin 5, CIN8, associates with PP1/GL7 through a
canonical RVxF motif (Suzuki et al, 2018). Kinetochore localization of CIN8 dramatically
increases during metaphase in a microtubule-dependent manner and is mediated by a
direct interaction with the Dam1 complex, a functional analogue of the Ska complex in
vertebrates (Gaitanos et al, 2009; Welburn et al, 2009; Suzuki et al, 2018). Binding to Dam1
places the PP1/GL7:CIN8 complex near the N-terminus of Ndc80, likely resulting in
dephosphorylation of its N-terminal tail. This increases the affinity of Ndc80 for
microtubules, and consequently, the stability and tension required for robust attachments
(Suzuki et al, 2018). Human cells engage in a similar strategy, but differ in the choice of
motor, as the human Kinesin-5 orthologue does not localize at kinetochores. Instead, PP1y
binds to RVxF motifs on the plus-end directed motors, Kif18A (De Wever et al, 2014; Hafner
et al, 2014) and CENP E (Kim et al, 2010). Pools of PP1y:Kif18A and PP1y-CENP E
accumulate at the ends of kinetochore-attached microtubules as cells progress from
prometaphase to metaphase, thus providing a localized delivery of PP1 to oppose Ndc80

phosphorylation and promote attachment stability (Kim et al, 2010; Kim and Stumpff, 2018).
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Importantly, Aurora A-mediated phosphorylation of CENP E on its PP1-docking motif averts
premature binding of PP1. This phosphorylation is maximal on polar chromosomes and is
required for CENP E-powered congression along kinetochore-microtubule bundles (Kim et
al, 2010). As chromosomes move away from Aurora A, dephosphorylation of CENP E takes
place, enabling PP1 recruitment. Although it is presently uncertain which phosphatase pool
dephosphorylates the PP1-docking motif on CENP E, this was shown to be essential for
the formation of stable end-on attachments and biorientation of chromosomes that

congressed from the spindle poles (Kim et al, 2010).

Several other PIPs have been shown to act as important kinetochore-targeting factors of
PP1, but their precise impact on microtubule attachment has been difficult to discern. For
instance, PP1 bound to MYPT1 was shown to antagonize the phosphorylated T-loop of
PIk1, which consequently renders the kinase inactive (Totsukawa et al, 1999; Yamashiro et
al, 2008). Contrasting with the previously described PP1-PIP complexes, MYPT1-PP1
associates with kinetochores preferentially during early mitosis and depends on
Cdk1:Cyclin A activity (Dumitru et al, 2017). Cdk1:Cyclin A-mediated phosphorylation of
MYPT1 promotes its interaction with Plk1, hence dampening PIk1 activity and therefore the
stability of kinetochore-microtubule attachments (Dumitru et al, 2017). This is thought to
generate a temporally-defined microtubule-destabilizing environment to facilitate the
correction of erroneous attachments typically produced during early prometaphase
(Kabeche and Compton, 2013). The observation that Plk1 activity is suppressed prior to
chromosome biorientation seems somehow difficult to reconcile with its requirement for
initial end-on attachments. However, it is becoming increasingly clear that Plk1 modulates
the stability of kinetochore-microtubule interactions through multiple
kinetochore/centromere pools and possibly responding to different inputs (Nishino et al,
2006; Elowe et al, 2007; Lénart et al, 2007; Li et al, 2010; Bader et al, 2011; Hood et al,
2012; Liu et al, 2012; Maia et al, 2012; Moutinho-Santos et al, 2012; Suijkerbuijk et al,
2012b; Amin et al, 2014; Kakeno et al, 2014; Shao et al, 2015; Lera et al, 2016; Ehlen et al,
2020). The conserved regulatory subunit, Sds22/PPP1R7, has been reported to be
essential for the activity of multiple PP1 isoforms at kinetochores. Depletion of
Sds22/PPP1R7 in human cells perturbs kinetochore-microtubule attachments and results
in chromosome alignment defects (Posh et al, 2010; Wurzenberger et al, 2012).
Paradoxically, Sds22/PPP1R7 does not seem to localize at kinetochores and PP1 fails to
dephosphorylate its kinetochore substrates while bound to Sds22/PPP1R7 (Eiteneuer et al,
2014). Critical insight into this apparent discrepancy came from the observation that Sds22
and I3 transiently act as chaperones during PP1 biogenesis (Weith et al, 2018). Binding of

Sds22 and 13 stabilizes newly-synthetized PP1 in an inactive state until it is under control
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of substrate specifier PIPs (Lesage et al, 2007; Eiteneuer et al, 2014; Cheng and Chen,
2015; Weith et. a., 2018). The p97 AAA-ATPase complex subsequently catalyses the

disassembly of the heterotrimeric complex, which enables PP1 to associate with one of its

numerous adaptor subunits and form a functional holoenzyme (Weith et al, 2018).

A
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Figure 9 — Kinetochore PP2A:B56 and PP1 promote the stability of microtubule attachments and
efficient Spindle Assembly Checkpoint silencing in animal cells. (A,B) In the absence of microtubules,
Mps1 kinase efficiently accumulates at kinetochores through direct binding to the Ndc80 complex. This enables
Mps1 trans-autoactivation and instates SAC signalling. Mps1 phosphorylates several MELT motifs on Knl1,
generating docking sites for the hierarchical recruitment of SAC proteins required for MCC assembly. This also
enables the recruitment of PP2A:B56y to kinetochores, following Plk1-mediated phosphorylation of BubR1
KARD motif. PP2A:B56y bound to BubR1 has critical roles in allowing the initial binding of microtubules to Ndc80
and in establishing SAC responsiveness. The activity of PP2A:B56y:BubR1 antagonizes microtubule-
destabilizing phosphorylations on the Ndc80 N-terminal tail. These phosphorylations are catalysed by
centromeric Aurora B and predominate at tensionless kinetochores to enable the correction of erroneous
attachments. Dephosphorylation of the Ndc80 N-terminal tail by PP2A:B56y:BubR1 provides Ndc80 an
opportunity to bind microtubules. (C,D) As microtubules occupancy increases, kinetochore tension or alterations
on the kinetochore architecture place outer-kinetochore proteins further apart from the Aurora B zone of
influence. This renders PP2A:B56y:BubR1 activity largely unopposed, which ultimately results in complete
dephosphorylation of Ndc80 and in the formation of stable end-on attachments. At this point, several pools of
PP1y accumulate at the kinetochore to preserve the stability of bioriented attachments and promote prompt
SAC silencing. The recruitment of PP1 is mediated in part by its interaction with PP1-binding motifs on the Knl1
N-terminus. PP1y:Knl1 dephosphorylates phospho-MELTSs, causing the dissociation of SAC proteins from
kinetochores and consequently ceasing MCC assembly. Binding of PP1y to Knl1 is limited at unattached or
tensionless kinetochores due to Aurora B-mediated phosphorylation of both PP1-docking motifs, which
significantly represses their ability to interact with the phosphatase. These phosphorylations are counteracted
by the activity of PP2A:B56y bound to BubR1. Thus, as end-on attachments are established, the Knl1 N-
terminus becomes inaccessible to Aurora B and PP2A:B56y ensures efficient recruitment of PP1y. Increasing
levels of PP1y:Knl1 further suppress Aurora B activity at kinetochores, hence enhancing the stability of
microtubule attachments. PP1y-Knl1 is also proposed to directly antagonize the activating T-loop
autophosphorylation of Aurora B, which likely favours the recruitment of the Ska complex to dephosphorylated
Ndc80. The Ska complex directly binds PP1y through its Ska1 subunit and independently of Knl1, thus
representing an additional pathway to deliver PP1y to kinetochores of bioriented chromosomes. Importantly,
because Mps1 and microtubules have partially overlapping binding surfaces on the Ndc80 complex, the
formation of stable end-on attachments imposes a substantial reduction in the amount of Mps1 at kinetochores.
Residual Mps1 molecules remaining on bioriented kinetochores are dephosphorylated and inactivated by PP1.
These mechanisms concur to efficiently avert SAC function at the top of the signalling cascade.

Silencing the Spindle Assembly Checkpoint: PP1 and PP2A:B56 Shut It Up

To ensure that each daughter nucleus receives one copy of the genome, chromosome
segregation can only occur after all sister-kinetochore have established stable amphitelic
attachments. Timely control of anaphase onset is achieved through the spindle assembly
checkpoint (SAC), a conserved signalling pathway primarily instated by
unattached/tensionless kinetochores that inhibits the ubiquitin-dependent proteolysis of
Securin and Cyclin B. Degradation of Securin triggers the cleavage of centromeric cohesion
by the protease Separase to enable sister chromatid separation, whereas reduced levels of
Cyclin B lead to inactivation of Cdk1, which consequently reverts the cell into an interphase
state. According to the prevailing mechanistic model of SAC signalling,
unattached/tensionless kinetochores catalyse the assembly of a diffusible protein tetramer
known as mitotic checkpoint complex (MCC) that binds to the E3 ubiquitin ligase anaphase
promoting complex/cyclosome (APC/C) and thereby prevents it from targeting Securin and
Cyclin B for degradation (London and Biggins, 2014b; Musacchio, 2015; Joglekar, 2016;
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Corbett, 2017). A weakened SAC signalling was shown to allow anaphase onset in the
presence of one or few unattached chromosomes, which resulted in varied levels of
aneuploidy (Michel et al, 2001; Dai et al, 2004; Iwanaga et al, 2007; Schvartzman et al,
2010). On the other hand, failing to switch off the SAC in a timely manner delays the cells
in metaphase, thus increasing the likelihood of merotelic attachments and cohesion fatigue,
errors that often lead to lagging chromosomes and chromatin bridges (Schvartzman et al,
2010; Gorbsky, 2013). Hence, to safeguard against genome imbalances, the SAC must be
robust enough so that a single unattached kinetochore is sufficient to halt the transition to
anaphase, but also highly responsive to allow swift mitotic exit upon formation of stable
microtubule attachments (Rieder et al, 1995; Dick and Gerlich, 2013; Saurin, 2018).
Activation and strength of SAC signalling is driven by the activity of multiple mitotic kinases,
with monopolar spindle 1 (Mps1) assuming the leading role (Liu and Winey, 2012; Pachis
and Kops, 2018). Unsurprisingly, counteracting phosphatases play a critical role in

extinguishing the checkpoint signal and ensure timely cell cycle progression.

Mps1 associates with unattached kinetochores and phosphorylates Knl1 on its MELT
repeats, creating docking sites for the hierarchical recruitment of additional SAC proteins
necessary for MCC assembly (London et al, 2012; Shepperd et al, 2012; Yamagishi et al,
2012; Primorac et al, 2013; Vleugel et al, 2015) (Figure 9 A). Heterodimers of Bub1-Bub3
bind to phosphorylated MELTs and recruit BubR1:Bub3 through hetero-dimerization
(Overlack et al, 2015). Mps1 phosphorylates Knl1-associated Bub1 to promote the binding
of Mad1-Mad2 complexes (London and Biggins, 2014a; Mora-Santos et al, 2016; Faesen
et al, 2017; Ji et al, 2017; Qian et al, 2017; Zhang, G et al, 2017). Subsequently, Mps1-
mediated phosphorylation of Mad1 dramatically accelerates the structural conversion of
Mad2 into a conformer that binds to Cdc20, the rate-limiting step for MCC assembly
(Faesen et al, 2017; Ji et al, 2017). These multi-target phosphorylations along the SAC
signalling cascade render the checkpoint highly responsive to variations in Mps1 activity
(Ciliberto and Hauf, 2017). Activation of Mps1 is triggered during early mitosis by T-loop
trans-autophosphorylation. The CH domains of Ndc80 and Nuf2 directly mediate the
recruitment of Mps1 to unattached kinetochores (Hiruma et al, 2015; Ji et al, 2015), which
likely favors the kinase trans-autoactivation (Kang et al, 2007; Mattison et al, 2007; Jelluma
et al, 2008a; Tyler et al, 2009; Wang et al, 2009; Hewitt et al, 2010). Kinetochore tethering
of Mps1 and its activity are enhanced by Aurora B, Plk1, and Cdk1, but the underlying
mechanisms remain largely unknown (Santaguida et al, 2011; Saurin et al, 2011; Morin et
al, 2012; Conde et al, 2013; Nijenhuis et al, 2013; von Schubert et al, 2015; O’Connor et al,
2016; lkeda and Tanaka, 2017). On the other hand, Mps1 promotes centromeric

accumulation of Aurora B via the Bub1:H2A:Sgo1 axis and was shown to directly foster
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Aurora B activity, thus setting a positive feedback loop that ensures prompt and robust
activation of both kinases at the onset of mitosis (Jelluma et al, 2008b; van der Waal et al,
2012).

Once all kinetochores attach to microtubules and become stably bioriented, the SAC must
be silenced to permit APC/C activation and initiate anaphase. This primarily entails
mechanisms that prevent and revert the phosphorylations catalysed by Mps1. The region
of the Ndc80 CH domain that interacts with Mps1 partially overlaps with the microtubule
binding interface (Hiruma et al, 2015), which significantly restrains Mps1 ability to associate
with kinetochores at a high microtubule occupancy. This biochemical competition imposes
a severe reduction on the amount of Mps1 present at kinetochores once stable end-on
attachments are established (Hiruma et al, 2015; Ji et al, 2015) (Figure 9 A-D). This concurs
with increased kinetochore localization of PP1, which in Drosophila cells was shown to
dephosphorylate the T-loop of Mps1 to ensure the inactivation of residual Mps1 molecules
remaining at kinetochores and thereby efficiently avert the phosphorylation of SAC
substrates during metaphase (Moura et al, 2017) (Figure 9 C,D). PP2A:B55 was also shown
to dephosphorylate Mps1 in MEFs (Diril et al, 2016), but the functional relevance of the

targeted residue remains unclear (Tyler et al, 2009; Morin et al, 2012).

Suppressing Mps1 activity at bioriented kinetochores is not sufficient to promptly silence
the SAC, as the phosphorylations carried out to instate the checkpoint still need to be
reversed. This task has been almost consensually attributed to PP1 (Bloecher and Tatchell,
1999; Sassoon et al, 1999; Pinsky et al, 2009; Vanoosthuyse and Hardwick, 2009;
Meadows et al, 2011; Rosenberg et al, 2011; Espeut et al, 2012; London et al, 2012;
Nijenhuis et al, 2014). Several PP1-PIP complexes were shown to contribute for SAC
silencing. PP1ybound to Knl1 is particularly well positioned, as it lies adjacent to the site of
MCC production. Impairing PP1y interaction with Knl1 prevents the dephosphorylation of
MELT motifs and delays exit from mitosis in different organisms (Meadows et al, 2011;
Rosenberg et al, 2011; Espeut et al, 2012; London et al, 2012; Nijenhuis et al, 2014; Zhang
et al, 2014). Human cells lacking the PP1y.Knl1 complex and incubated with microtubule
depolymerizing drugs were able to remain in mitosis even after Mps1 inhibition, suggesting
that PP1 directly targets the phospho-MELTSs to cease the recruitment of SAC proteins and
consequently silence the SAC (Nijenhuis et al, 2014). Efficient binding of PP1yto Knl1 relies
on the dephosphorylation of SILK and RVxF motifs by PP2A:B56yin complex with BubR1,
which is itself indirectly recruited to Knl1 upon MELT phosphorylation (Liu et al, 2010;
London et al, 2012; Shepperd et al, 2012; Yamagishi et al, 2012; Nijenhuis et al, 2014)
(Figure 9 A-C). This negative feedback loop enables the checkpoint to prime its own

inhibition, thus rendering signalling quenching highly responsive to microtubule binding
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(Meppelink et al, 2015). Prompt SAC silencing following end-on attachment is further
ensured by pools of PP1y delivered to kinetochores through microtubules (Meadows et al,
2011; Tang and Toda, 2015; Sivakumar et al, 2016) (Figure 9 C,D). In fission yeast,
Dis2/PP1 bound to the kinesin-8 motor Klp5:Klp6 heterodimer cooperates with Spc7/Knl1-
associated Dis2/PP1 in switching off the SAC (Meadows et al, 2011). However, the kinetics
of checkpoint silencing mediated by each pathway differs considerably, with Dis2:Spc7
acting firstly under low microtubule occupancy, while Dis2:Klp5:Klp6 appears to operate
during later time points as attachments stabilize (Meadows et al, 2011; Tang and Toda,
2015). Preventing PP1y binding to the KIF18A orthologue in human cells delays the
transition to anaphase, but whether this is caused by inefficient SAC silencing is unclear as
the activity of PP1yKif18A is required for the stability of kinetochore-microtubule
attachments (Hafner et al, 2014; Kim and Stumpff, 2018). Likewise, disruption of the
interaction between PP1y and Ska1 through deletion of Ska1 CTD results in a prolonged
metaphase delay (Sivakumar et al, 2016). Notably, replacing the CTD by a PP1-binding
motif or by a direct fusion to PP1ylargely restores timely anaphase onset, suggesting that
the recruitment of PP1y mediated by the Ska complex is important to efficiently silence the
SAC at bioriented kinetochores (Sivakumar et al, 2016). However, Ska1 CTD has been
shown to be required for the stability of kinetochore-microtubule attachments (Schmidt et
al, 2012; Abad et al, 2014), which calls for some caution in ascribing a direct role for
PP1y.Ska1 in switching off the SAC. It is possible that PP15.Ska1 might instead counteract
destabilizing phosphorylations on Ndc80 and thereby indirectly promote SAC silencing by
increasing the stability of end-on attachments (Saurin, 2018). In line with that, the Ska
complex was shown to directly interact with multiple regions of Ndc80 (Zhang, G. et al,
2012; Cheerambathur et al, 2017; Janczyk et al, 2017; Zhang, Q. et al, 2017; Helgeson et
al, 2018; Zhang et al, 2018). On the other hand, this also means that PP1y is favourably
positioned to dephosphorylate and inactivate Mps1 when robust microtubule attachments
are established (Saurin, 2018). It is therefore important to determine which specific
phosphorylations are targeted by each pool of PP1y present at kinetochores. This will be
critical to better understand their role and how the activities of PP1yKnl1 and PP1y
complexes recruited through microtubules are coordinated to ensure efficient SAC
silencing. In that respect, recent structural data have shown that PP1-docking motifs in Knl1
overlap extensively with domains that also mediate binding to microtubules, and, at least in
vitro, these are mutually exclusive (Bajaj et al, 2018). This hints that in mammalian cells, as
described for fission yeast (Meadows et al, 2011; Tang and Toda, 2015), PP1yKnl1
operates mainly at a low microtubule occupancy earlier in mitosis and sets up the

recruitment of microtubule-dependent pools of PP1yto bioriented kinetochores. This would
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be consistent with the observation that Knl1 mutants defective in PP1y binding fail to switch
off the SAC in nocodazole (Nijenhuis et al, 2014), while exhibiting only a modest metaphase
delay under unperturbed conditions (Saurin et al, 2011), whereas loss of the PP1.Ska1
complex results in a prominent SAC-dependent metaphase arrest, but only marginally
affects mitotic exit when Mps1 is inhibited in the absence of microtubules (Sivakumar et al,
2016; Saurin, 2018).

Interestingly, PP2A:B56 bound to BubR1 might also directly contribute to dephosphorylate
phospho-MELT motifs (Espert et al, 2014) and was recently shown to antagonize Mps1-
mediated phosphorylation of Bub1 Thr461 (Qian et al, 2017). This phosphorylation
stimulates Mad1 binding (Ji et al, 2017; Qian et al, 2017; Zhang, G. et al, 2017) and appears
to be only transiently required for SAC initiation immediately upon nuclear envelope
breakdown (Qian et al, 2017). Dephosphorylation of Bub1 Thr461 is triggered during early
prometaphase concomitantly with the recruitment of PP2A:B56 yto BubR1. Phosphorylation
of Bub1 Thr461 is virtually undetectable in metaphase or after a drug-elicited prometaphase
arrest, suggesting that Bub1 dephosphorylation by PP2A:B56y is impervious to kinetochore
attachment status (Qian et al, 2017). Thus, Mps1 and PP2A:B56y.BubR1 establish an
incoherent feedforward loop that restricts Bub1 Thr461 phosphorylation to the period of time
required to assemble PP2A:B56.BubR1 at kinetochores (Qian et al, 2017). Because this
transient pulse in Bub1 Thr461 phosphorylation is not affected by microtubule occupancy,
it was proposed to function as a biochemical timer defining the minimum length of time the
cell spends in mitosis (Qian et al, 2017). Bub1 further promotes APC/C inhibition through
an MCC-independent mechanism. Kinetochore Bub1 acts as a scaffold for PIk1-mediated
phosphorylation of the APC/C co-activator, Cdc20. Although the mechanistic underpinnings
remain elusive, this phosphorylation was shown to inhibit Cdc20 ability to bind and activate
the APC/C (Jia et al, 2016). The inhibitory phosphorylation was proposed to be removed by
PP2A:B56y.BubR1 (Jia et al, 2016). However, Cdc20 phosphorylation remained more
stable in cells incubated with okadaic acid than in cells depleted of all B56 isoforms,
suggesting that PP1 or additional phosphatases might contribute to dephosphorylate Cdc20
and enable APC/C activation (Labit et al, 2012; Craney et al, 2016). Further inhibition of
Cdc20 is promoted by Cdk1:Cyclin B, which paradoxically also phosphorylates the APC/C
to ensure its proper ubiquitination activity (Labit et al, 2012; Craney et al, 2016; Hein et al,
2017; Kim et al, 2017; Lee et al, 2017). PP2A:B55 has been implicated in opposing the
inhibiting and activating Cdk1 phosphorylations on Cdc20 and APC/C, respectively (Hein et
al, 2017). The intrinsic preference of PP2A:B55 towards pThr over pSer is proposed to
provide a short period of time in which dephosphorylated Cdc20 is able to interact with
phosphorylated and functional APC/C (Hein et al, 2017). However, the APC/C-Cdc20 is
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known to be active prior to reactivation of PP2A:B55 (Nilsson, 2018), which in fact requires
APC/C-Cddc20 dependent repression of Gwl activity. Hence, removal of Cdk1 inhibitory
phosphorylations on Cdc20 likely relies on the activity of other phosphatases, an

undertaking recently attributed to PP1,-Knl1 in C. elegans (Kim et al, 2017).

Mitotic Exit: PP1 and PP2A:B55 Clear the Way

Once the SAC is switched off and APC/C:Cdc20-dependent degradation of Securin and
Cyclin B occurs, the cell becomes irreversibly committed to exit mitosis. Resumption of an
interphase state requires remodeling of the spindle architecture, reassembly of the
functional nuclear envelope, and decondensation of chromatin (Wurzenberger and Gerlich,
2011). This extensive structural reorganization relies not only on the inactivation of Cdk1,
but also on the removal of mitotic phosphorylations, an assignment that in animal cells is
primarily led by PP2A:B55 and PP1 phosphatases (Wurzenberger and Gerlich, 2011;
Cundell et al, 2016). A key event during anaphase is the reorganization of spindle
microtubules into a structure referred to as the central spindle. This is assembled between
the segregating chromosomes to define the position of the cleavage furrow, thus ensuring
spatial and temporal coordination of cytokinesis with genome partitioning (Neef et al, 2007;
Petronczki et al, 2007; Santamaria, et al, 2007; Wolfe et al, 2009; Wurzenberger and
Gerlich, 2011). Formation of the central spindle requires PRC1, a microtubule-bundling
protein that stabilizes and organizes microtubules in an antiparallel overlapped fashion and
promotes anaphase spindle elongation (Walczak and Shaw, 2010). Phosphorylation of
PRC1 by Cdk1:Cyclin B prevents its microtubules’ bundling activity before anaphase (Jiang
et al, 1998; Mollinari et al, 2002; Mishima et al, 2004; Zhu et al, 2006). Timely PRC1
dephosphorylation is catalysed by PP2A:B55 (Cundell et al, 2013) to enable PRC1
interaction with the kinesin motor Kif4 and its consequent translocation to the plus ends of
antiparallel interdigitating microtubules (Zhu et al, 2005; Walczak and Shaw, 2010) (Figure
10 A). Furthermore, PP2A:B55-mediated dephosphorylation promotes PRC1
homodimerization that is required for its microtubule bundling activity and thereby for the
assembly of the central spindle (Zhu et al, 2006; Bieling et al, 2010; Subramanian et al,
2010; Cundell et al, 2013) (Figure 10 A).

Reformation of the nuclear envelope and associated nuclear pore complexes around
chromatin occurs at the end of mitosis to establish functional interphase nuclei (de Castro
et al, 2016; Schellhaus et al, 2016; LaJoie and Uliman, 2017). Disassembly of the nuclear
envelope and of nuclear pore complexes at mitotic entry is triggered by a myriad of

phosphorylations catalysed by several mitotic kinases (Figure 10 B). Phosphorylation of
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Lamins by Cdk1 promotes depolarization of the nuclear lamina, the filamentous protein
meshwork underlying the nuclear membranes (Heald and McKeon, 1990; Peter et al, 1990).
Cdk1 further cooperates with Plk1 in the phosphorylation of several nucleoporins to elicit
disintegration of nuclear pore complexes (Macaulay et al, 1995; Favreau et al, 1996;
Mansfeld et al, 2006; Glavy et al, 2007; Laurell et al, 2011; de Castro et al, 2017; Linder et
al, 2017; Martino et al, 2017). Moreover, phosphorylation of the chromatin binding protein
BAF by VRK reduces its affinity for chromatin and towards the LEM family of inner nuclear
membrane proteins interacting with the nuclear lamina (Nichols et al, 2006; Gorjanacz et
al, 2007; Margalit et al, 2007). Loss of the BAF-mediated link between chromatin and the
inner nuclear membrane at mitotic entry is proposed to contribute to nuclear envelope
disassembly. Phosphorylations on BAF are however removed during mitotic exit by action
of PP2A:B55 (Figure 10 B). This restores BAF interaction with chromatin and with
components of the nuclear periphery, which was shown to be required for timely nuclear
envelope reformation in worms, flies, and human cells (Asencio et al, 2012; Mehsen et al,
2018). Furthermore, recent findings in Drosophila cells suggest that PP2A:B55 might also
target Lamin and Nup107 to direct their assembly into the nuclear envelope during mitotic
exit (Mehsen et al, 2018). Further evidence supporting PP2A:B55 involvement in nuclear
pore reformation come from the observation that the phosphatase dephosphorylates
Nup153 (as well as Nup107) to promote its recruitment to chromatin in human cells (Cundell
et al, 2016) (Figure 10 B).

Several findings indicate that PP1 is equally important for reassembly of functional nuclear
envelopes. Binding to AKAP 149 localizes PP1 on the assembling nuclear envelope, where
it dephosphorylates Lamin B to promote its polymerization and accelerates nuclear lamina
assembly (Thompson et al, 1997; Steen et al, 2000; Steen et al, 2003) (Figure 10 B). The
regulatory subunit, Repo-Man, targets PP1y to the periphery of late anaphase
chromosomes, where the initial reassembly events take place (Guttinger et al, 2009;
Vagnarelli et al, 2011; LaJoie and Ullman, 2017; Ungricht and Kutay, 2017). There, the N-
terminus of Repo-Man directly mediates the recruitment of Importin-f to control early
nuclear envelope formation and nucleoporin deposition (Zhang et al, 2002; Harel et al,
2003; Walther et al, 2003; Clarke and Zhang, 2008; Rotem et al, 2009; Vagnarelli et al,
2011) (Figure 10 B). Binding of Importin-p to Repo-Man does not require PP1y catalytic
activity and is repressed during mitosis by Cdk1 phosphorylations on the Repo-Man N-
terminus (Vagnarelli et al, 2011). Localized activity of PP1 seems, however, to be required
for later steps of nuclear pore complex formation. One subset of the nucleoporins that is
controlled by Importin-p is the Nup107—Nup160 complex (Hoelz et al, 2011), which is

recruited to chromatin by the nuclear pore complex assembly factor, ELYS/MEL-28
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(Fernandez and Piano, 2006; Galy et al, 2006; Rasala et al, 2006; Franz et al, 2007;
Gillespie et al, 2007). This requires RanGTP-dependent relief of Nup107:Nup160
nucleoporins from an inhibitory association with importin-3, most likely docked at the vicinity
of ELYS/MEL-28 by Repo-Man (Guttinger et al, 2009; Vagnarelli et al, 2011; Ungricht and
Kutay, 2017). This results in the formation of chromatin-bound pre-pores onto which
additional nucleoporins are subsequently assembled, a process that in C. elegans was
recently shown to require the contribution of PP1c/GSP-2 bound to ELYS/MEL-28
(Hattersley et al, 2016). However, direct evidence for dephosphorylation events catalysed

by PP1¢c/GSP-2 and a mechanistic understanding of its role in the reassembly of nuclear

pore complexes are still missing.

A

Central Spindle Assembly

o

AKAP149

Figure 10 — PP2A:B55 and PP1 activities orchestrate mitotic exit. (A) Formation of the central spindle during
anaphase relies on the activity of PRC1. Phosphorylation of PRC1 by Cdk1:Cyclin B precludes its microtubule
bundling activity. Dephosphorylation of PRC1 is catalysed by PP2A:B55 during anaphase and enables PRC1
interaction with the kinesin motor Kif4, its consequent translocation to the plus ends of antiparallel interdigitating
microtubules, and the protein homodimerization required for its microtubule bundling activity and thereby for the
assembly of the central spindle. (B) Reformation of the nuclear envelope and associated nuclear pore
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complexes around chromatin occurs at the end of mitosis. This requires removal of the multiple phosphorylations
that were catalysed during mitotic entry to promote the disassembly of the nuclear envelope and of nuclear pore
complexes. During late anaphase/telophase, PP2A:B55-mediated dephosphorylation of BAF restores its
interaction with chromatin and with components of the inner nuclear membrane (INM). PP2A:B55 might also
target Lamin and several nucleoporins to direct their assembly into the nuclear envelope. Multiple pools of PP1
cooperate with PP2A:B55 to promote nuclear envelope reformation. AKAP149 localizes PP1 on the assembling
nuclear envelope, where it dephosphorylates Lamin B to promote its polymerization and accelerate nuclear
lamina assembly. Repo-Man targets PP 1y to the periphery of late anaphase chromosomes. The N-terminus of
Repo-Man directly mediates the recruitment of Importin-p to control early nuclear envelope formation and
nucleoporin deposition.

As the nuclear envelope reassembles, the segregated chromatin decondenses to re-
establish an interphase structure compatible with DNA replication and transcription (Antonin
and Neumann, 2016). This relies on the activity of PP 1y, which, prior to its accumulation at
the periphery of late anaphase chromosomes, is homogenously distributed over chromatin
during early stages of anaphase. This initial recruitment of PP1y to chromatin is also
mediated by the regulatory subunit, Repo-Man, although through a separate C-terminal
module that is dispensable for the peripheral localization (Trinkle-Mulcahy et al, 2006;
Vagnarelli et al, 2006; Vagnarelli et al, 2011). Analogously to inhibitory phosphorylations on
the Repo-Man N-terminal domain, phosphorylation of the C-terminus chromatin-binding
module by Cdk1 and Aurora B prevents Repo-Man binding to histones before anaphase
onset (Vagnarelli et al, 2011; Qian et al, 2013). PP1y:Repo-Man antagonizes the mitotic
phosphorylation of Thr3 and Ser10 on histone H3, respectively catalysed by Haspin and
Aurora B (Qian et al, 2011; Vagnarelli et al, 2011; Qian et al, 2015). Dephosphorylation of
Thr3 allows the translocation of the CPC from chromosomes to the central spindle, whereas
dephosphorylation of Ser10 triggers decondensation and enables the re-association of HP1
to H3K9me3 after mitosis (Fischle et al, 2005; Qian et al, 2011). Intriguingly, depletion of
Repo-Man fails to cause a dramatic impairment of chromatin decondensation (Vagnarelli et
al, 2011). Because the recruitment of PP1y to anaphase chromatin is also mediated by Ki-
67 (Booth et al, 2014; Kumar et al, 2016), it is possible that the pool of PP1y:Ki-67
compensates for the loss of Repo-Man (Antonin and Neumann, 2016). However, the exact
contribution of PP1y:Ki-67 holoenzyme for chromatin decondensation remains to be
demonstrated. Another chromatin targeting factor for PP 1y is the regulatory subunit PNUTS.
Binding of PP1y to PNUTS through a canonical RVxF motif was shown to enhance
chromatin decondensation in vitro (Landsverk et al, 2010). However, the association of
PP1y:PNUTS with chromatin is only detected during telophase, after H3 Ser10
dephosphorylation and nuclear envelope reformation (Landsverk et al, 2010). Therefore,
the precise targets of PP1y:PNUTS and its relevance for chromatin decondensation are still

elusive.
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SPATIOTEMPORAL CONTROL OF PHOSPHATASE ACTIVITIES

The accuracy of mitosis requires tight spatiotemporal control of phosphatase activities.
Although PP1 does contribute to mitotic exit progression, the bulk of Cdk1-mediated
phosphorylations is removed by PP2A when in complex with B55 (Cundell et al, 2016).
Thus, PP2A:B55 must be kept inhibited from nuclear envelope breakdown to anaphase
onset for the sake of mitotic compliance, becoming then reactivated to orchestrate the major
events underlying anaphase and mitotic exit. As mentioned before, repression of PP2A:B55
is triggered by Cdk1-mediated activation of Gwl, which subsequently phosphorylates Ensa
and Arpp19 to promote their inhibitory binding to PP2A:B55 (Gharbi-Ayachi et al, 2010;
Mochida et al, 2010; Blake-Hodek et al, 2012; Vigneron et al, 2011) (Figure 6 A). Both
inhibitors are high affinity substrates of PP2A:B55, but because their dephosphorylation
rate is orders of magnitude lower than Cdk1-phosphorylated targets, this efficiently restrains
PP2A:B55 activity in what is known as “unfair competition” (Williams et al, 2014).
Degradation of Cyclin B upon transition into anaphase initiates the cascade that activates
PP2A:B55. Decreasing Cdk1:Cyclin B activity is proposed to render PP1 active to
dephosphorylate and partially inactivate Gwl (Heim et al, 2015; Ma et al, 2016; Rogers et
al, 2016; Ren et al, 2017) (Figure 6 A). This means that the phosphorylations that are
ultimately removed from Ensa and Arpp19 by PP2A:B55 now fail to be efficiently replaced,
hence allowing PP2A:B55 to target Cdk1-phosphorylated substrates (Williams et al, 2014).
In that respect, PP2A:B55 further dephosphorylates Gwl to ensure its complete inactivation
and thereby maintain elevated PP2A:B55 activity to promote mitotic exit (Heim et al, 2015;
Ma et al, 2016; Rogers et al, 2016; Ren et al, 2017) (Figure 6 A).

Importantly, active PP2A:B55 seems to follow a timely defined dephosphorylation program
so that events in anaphase, telophase, and cytokinesis are carefully coordinated and
regulated to ensure a successful cell division (Cundell et al, 2013; Cundell et al, 2016). It is
absolutely critical that dephosphorylation of PRC1 and of other spindle proteins occurs
before the dephosphorylation of Lamins and of nucleoporins, so that the nuclear envelope
and nuclear pores can only assemble and import proteins once chromosomes are
successfully segregated (Cundell et al, 2016; Pereira and Schiebel, 2016). The timing of
substrate dephosphorylation during mitotic exit is determined by the net basic charge of the
two polybasic regions upstream and downstream of the Cdk1-phosphorylated site. Spindle
proteins have pronounced polybasic regions and are therefore readily selected and
dephosphorylated by PP2A:B55 early in anaphase, whereas nuclear envelope proteins
comprise an inferior number of basic residues and are therefore dephosphorylated at lower
rates. This differential catalytic efficiency enables PP2A:B55 to achieve temporal

dephosphorylation of Cdk1 sites during mitotic exit and, thereby, coordinate the segregation

Margarida Moura MCBiology Doctoral Programme 2023



GENERAL INTRODUCTION | Phosphatases in Mitosis: Roles and Regulation 54

of chromosomes with nuclear envelope reformation (Cundell et al, 2016). Moreover, the
intrinsic preference of the PP2A catalytic subunit towards pThr over pSer residues provides
an additional regulatory element to ensure ordered dephosphorylation of substrates during
mitotic exit (Godfrey et al, 2017; Hein et al, 2017). Early anaphase events seem to be
predominantly driven by pThr dephosphorylation, whereas pSer-bearing substrates are
dephosphorylated with slower dynamics, thus contributing for sequential execution of the

mitotic exit program (Hein et al, 2017).

The mechanism controlling PP 1-mediated inactivation of Gwl remains, however, somewhat
contentious. It has been proposed that PP1 activity is globally repressed in mitosis by a
Cdk1 inhibitory phosphorylation on its C-terminus (Dohadwala et al, 1994; Kwon et al, 1997;
Grallert et al, 2015) and by binding to I-1, an inhibitory PIP whose interaction with PP1 is
promoted by a PKA-dependent phosphorylation residue (Wu et al, 2009). Notably, both
phosphorylations are targeted by PP1 itself. Thus, declining Cdk1:Cyclin B activity following
SAC silencing is thought to be sufficient to allow PP1 autodephosphorylation and I-1
dephosphorylation, thereby resulting in increased activation of PP1 to levels that drive
mitotic exit (Wu et al, 2009; Heim et. a., 2015; Ma et al, 2016; Rogers et al, 2016; Ren et
al, 2017). This sequential activation of PP1 and PP2A:B55 occurring in animal cells
resembles a phosphatase relay reported in fission yeast, which also operates as a timer for
the orderly dephosphorylation of mitotic substrates at the end of division (Grallert et al,
2015). Interestingly, not all PP1 molecules are inhibited by Cdk1 during mitosis (Olsen et
al, 2010) and, therefore, are likely to be involved in the phosphatase relay. In fact, the
activity of multiple PP1 holoenzymes is known to be required for the stability of kinetochore-
microtubule attachments and efficient SAC silencing, events that occur before APC/C-
Cdc20-triggered degradation of Cyclin B. It would be interesting to identify which specific
pools of PP1 are under control of Cdk1:Cyclin B to understand the mechanism that
selectively renders some PP1 holoenzymes impervious to this inhibition. The activity of
PP1-PIP complexes operating in mitosis is, however, locally regulated, frequently by
controlling PP1 interaction with regulatory subunits or substrates. This generally entails the
phosphorylation of RVxF PP1-binding motifs by Aurora B, which abrogates the PIP ability
to bind PP1 (Nasa et al, 2018). This regulatory strategy enables the cell to tightly control
the levels of PP1 at centromeres and at kinetochores in response to microtubule attachment
status (Hengeveld et al, 2017; Nasa et al, 2018) (Figure 9 A-D). The inhibitory
phosphorylations on the Knl1 PP1-docking motif are removed by BubR1:PP2A:B56, which
allows PP1 to associate with Knl1. This comprises another phosphatase relay, now at

kinetochores and required for efficient SAC silencing and timely anaphase onset.
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The activity of PP2A:B56 at kinetochores is modulated to avert deleterious
dephosphorylation during early mitosis, when correction of erroneous attachments is often
required. This is accomplished by Bod1, a small protein that shares sequence similarity with
Ensa and Arpp19, and that specifically binds to PP2A:B56 when phosphorylated by Cdk1
(Porter et al, 2013). Bod1-mediated inhibition of PP2A:B56 is maximal at early
prometaphase, possibly to prevent premature dephosphorylation of the Ndc80 N-terminus
and of Knl1 PP1-docking motifs (Schleicher et al, 2017). As the cell progresses through
mitosis, relief of PP2A:B56 from the inhibitory interaction with Bod1 is essential for the
formation and stabilization of end-on attachments. The mechanism responsible for Bod1

dephosphorylation remains, however, undetermined.

CONCLUDING REMARKS AND FUTURE DIRECTIONS

In the past decades, we have witnessed the emergence of protein phosphatases as critical
regulators of mitosis. In recent years, the list of identified substrates and regulators has
increased considerably, as has our understanding of phosphatases’ roles in mitotic

progression.

Structural and biochemical determinants of phosphatase holoenzyme assembly and
specificity have been unveiled. Research has made important advances in the functional
characterization of protein phosphatases and has generated critical molecular knowledge
to better understand their spatiotemporal control. Importantly, these achievements have
provided new and renovated perspectives on the regulation of mitotic events, whose

accurate execution is absolutely critical for genomic stability.

Nonetheless, enduring unanswered questions deserve further investigation. It remains
relevant to dissect the regulatory network underlying the activity of Cdc25 isoforms. The
field will also benefit from a comprehensive identification of the precise substrates that are
targeted by specific Ser/Thr phosphatase holoenzymes and of the upstream signalling
inputs controlling the subcellular localization and activity of the different holoenzymes.
These have been hampered by the inability to routinely tackle specific interactions of
phosphatases with substrates or regulators. Further structural insights into SLiM-mediated
interactions might reveal critical mechanisms to enable the disruption of specific
phosphatase complexes in a way that is compatible with systematic studies. Furthermore,
the development of specific inhibitors targeting phosphatase-SLiM contacts should also fuel
their potential use as therapeutic strategies in disease. This might represent a valuable
alternative, or complement, to protein kinase inhibitors that are often associated with on-

target resistance.
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To efficiently guard against chromosome mis-segregation the SAC must be robust but also
highly responsive to microtubule attachments. A defective SAC or a failure to switch it off in
a timely manner has been shown to cause aneuploidy, a hallmark of cancer. Hence, the
main aim of this PhD thesis was to unravel how cells establish robust and timely SAC
signalling. This requires a comprehensive understanding of how the activities of Mps1 and
PP1, master SAC orchestrators, are regulated during mitosis. In that respect, the work

presented here addressed the following specific questions:
(1) How is Mps1 inactivated to ensure timely SAC silencing and mitotic exit?

(2) How is PP1 controlled during mitosis to avoid premature SAC silencing and anaphase

onset?

Mps1 recruitment to kinetochores is thought to cease upon microtubule attachment.
However, this appears to be insufficient to completely silence the checkpoint as a population
of Mps1 is still present in attached kinetochores and cytosolic Mps1 may also contribute for
mitotic arrest. Given the spatiotemporal profile of PP1 activity, and its prominent role in SAC
silencing, we hypothesized that PP1 could dephosphorylate Mps1 T-loop at metaphase
kinetochores and contribute to ensure efficient Mps1 inactivation and thereby prompt SAC
silencing. Experimental results testing this hypothesis are described and discussed in
Chapter I.

PP1 phosphatase activity towards SAC substrates plays a critical role in switching off the
SAC in metaphase. Thus, PP1 activity must be tightly regulated throughout mitosis to allow
robust SAC activation at prometaphase kinetochores but also timely SAC silencing
following amphitelic attachments. However, exactly how PP1 is regulated so that SAC
signalling is coordinated with kinetochore-microtubule attachment status remains elusive.
Chapter Il delves into this matter and sheds new light on our understanding of PP1 mitotic

regulation, which is instrumental to elucidate how timely SAC signalling is established.

These issues were addressed using Drosophila melanogaster as a model organism. Both
Drosophila S2 cultured cells and tissue cells from 3rd instar larvae were used in the
experiments presented in this work. Recombinant proteins were used in in vitro assays.
Collectively, the findings reported in this thesis represent fundamental knowledge on the
mechanisms controlling SAC signalling, thus advancing our understanding of how dividing

cells prevent aneuploidy.
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S2 CELL CULTURES, RNAi AND DRUG TREATMENTS

Drosophila S2 cells were cultured at 25°C in Schneider’s Insect Medium (Sigma-Aldrich)
supplemented with 10% fetal bovine serum (FBS). The Drosophila S2 — DGRC cell line
(stock#006A9) was acquired from the Drosophila Genomics Resource Center, Indiana
University, and was not independently authenticated. The cell lines were routinely tested

negative for mycoplasma contamination.

For each depletion, 10° S2 cells/mL of Schneider’s Insect Medium (Sigma-Aldrich) were
plated in twelve-well plates (0.5 mL) and 30 ug of the respective dsRNAi were added. After
one hour at 25°C, cells were supplemented with 1 mL of Schneider’s Insect Medium (Sigma-
Aldrich) + 10% FBS. The incubation period was 120 hours. At selected time points, cells
were collected and processed for immunofluorescence, time-lapse microscopy or
immunoblotting. When required, cells were subjected to several drug treatments before
being collected and processed for the desired analysis. In order to promote microtubule
depolymerisation, cells were incubated with 30 mM Colchicine (Sigma-Aldrich) for 2-12 h.
To inhibit Aurora B activity, selected concentrations of Binucleine 2 (Sigma-Aldrich) were
added to cultured cells for two hours. To inhibit Cdk1:Cyclin B activity, 10 mM RO-3306
(Sigma-Aldrich) were added to cultured cells for one hour. To inhibit Polo activity, 100 nM
BI2536 (Boehringer Ingelheim) were added to cultured cells for two hours. When required,

20mM MG132 (Calbiochem) were added to cultured cells to inhibit the proteasome.

Expression of EGFP-Mps1"T, EGFP-Mps1K®AF234A  EGFP-PP1087B"", EGFP-
PP1087B™%* and EGFP-PP1a.87B"®%" transgenes was induced by treatment of the S2
transfected cells with 100 uM CuSO, at least eight hours before analysis. To induce
expression of Polo"-EGFP, Polo""®?°-EGFP, Mis12-EGFP-PP1087B"", Mis12-EGFP-
PP1087B™%* and Mis12-EGFP-PP1087B"™P, under regulation of Hsp70 promoter, cells

were incubated for 30 minutes at 37°C at least eight hours prior to cell processing.

Table 1 - List of primers used for dsRNA synthesis

Target Primer sequence

5 — TAATACGACTCACTATAGGGAGCTTTTTAAATCGACACAGGG -3’

BubR1
5 — TAATACGACTCACTATAGGGAGTAGATGCTTAGTTCCGACGC - 3’

5 — TAATACGACTCACTATAGGGGTGTAGTTTTAGCGAAATAAG - 3’

CENP C
5 — TAATACGACTCACTATAGGGCTGCAGCGGATTTTC -3’
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5 — TAATACGACTCACTATAGGGTCTTCCAAACACCTATGACCG -3’

Mps1 (CDS)
5 — TAATACGACTCACTATAGGGCGTTTAGATATCCCTGCACCA — 3
5 — TAATACGACTCACTATAGGGGGTCACACTTGAATA — 3
vpst 5~ TAATACGACTCACTATAGGGCTTGCAACCCGATTT -3
(UTRS) 5 _ TAATACGACTCACTATAGGGGCACGAAAGCTCA — 3
5 — TAATACGACTCACTATAGGGAAGGATTTATGATGT — 3
5 — TAATACGACTCACTATAGGGTTTGATCCGGATGTTTTGTTGTAG — 3
e 5 — TAATACGACTCACTATAGGGTTTTTTAATTTGAAAACAAAGAATACTCTT — 3
5' — TAATACGACTCACTATAGGGAGACGGCAGTGTGGCAACATCAGCTA — 3
oproars 5 - TAATACGACTCACTATAGGGAGAGTTTGCGTGCGAAAGTGTGGATCTG - 3
(UTRS) 5 _ TAATACGACTCACTATAGGGAGATATCACACAACTGCAGCACCAC — 3
5' — TAATACGACTCACTATAGGGAGAGTTTCATGCATCATTTGATGTGTTG — 3
5 — TAATACGACTCACTATAGGGTCAGATCACATGAAGCTCATCC — 3
e 5 — TAATACGACTCACTATAGGGCTATAGCGCACTACGAACGC — 3
5 — TAATACGACTCACTATAGGGCCAATCTGGAAAAGCTGGAA — 3
Sds22

5 — TAATACGACTCACTATAGGGCAACGCCGTGGATTAGTCTT -3

Note: The underlined sequence corresponds to the T7 RNA polymerase promoter site.

CONSTRUCTS AND S2 CELL TRANSFECTION

The pCaSpeR4 harbouring EGFP-Mps 1" under control of Mps1 cis-regulatory region was
a gift from Christian Lehner (Althoff et al, 2012). Mad1-EGFP construct under regulation of
Mad1 native promoter cloned in the pMT backbone (Invitrogen) was a gift from Thomas
Maresca (University of Massachusetts, Amherst). pMT-Cyclin BNP® construct was a gift from
Hélder Maiato (i3S, Porto). The constructs pMT-EGFP-Mps1"T, pAC-H2B-GFP, pAC-
mCherry-o-Tubulin, pMT-EGFP-Cyclin B"T, pHWG-Polo"" and pHWG-Polo'?® were

already available in the lab and have been previously described (Conde et al, 2013).

All the other constructs were cloned according to Table 2. PCR reactions were performed
with Phusion polymerase (New England Biolabs). For cloning with restriction enzymes (RE),
PCR products were digested with the appropriate RE (New England Biolabs) for at least
two and a half hours. PCR product and destination vector were purified (NucleoSpin Gel

and PCR Clean-up, Macherey-Nagel) and roughly 75 ng of the insert were mixed with 25
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ng of the digested plasmid and incubated with T4 DNA ligase (New England Biolabs) at
16°C for four hours. Afterwards, the ligation reaction was used to transform competent
DH5a bacteria and selected for positives. For site directed mutagenesis and Fast Cloning
(Li et al, 2011), PCR products were digested with Dpnl restriction enzyme (New England
Biolabs), used to transform competent DH5a bacteria and selected for positives. To
produce the pH-Mis12-GW-PP1a87B construct, pENTR-PP1087B was recombined with
pH-Mis12-GW using Gateway LR Clonase Il (Invitrogen), according to the manufacturer’s

instructions.

Stable cell lines expressing the indicated constructs were obtained by co-transfection with
pCo-Blast or pAC-mCherry-a-Tubulin[Blast] and selection in medium with 25 ug/mL
Blasticidin. Transfections of recombinant plasmids and pCoBlast or pAC-mCherry-a-
Tubulin[Blast] into Drosophila S2 cells were performed using Effectene Transfection
Reagent (Qiagen), according to the manufacturer’s instructions. The S2 cell line expressing

CID-mCherry and GFP-a-Tubulin was a gift from Hélder Maiato.

Table 2 - List of primers used for cloning

Construct Template Primer sequence
RE Cloning
OMT-EGFP- 5'- GACGGTACCATGGGCGACGTGATGAATATCGAC - 3'
PP1a87B SOmA 5'- GATCCCGGGTTACTTTTTACGCTTGTCGGCTGG - 3
Fast Cloning

5 — GAGAAGCCCGCCACCATGGACTTCAATAGCCTAGC -3’
Mis12 cDNA
1) 5 — GCCCTTGCTCACCATAAGCTTGAGCTCGAGATCAGTCTCCTTCT -3’

H-Mis12-GW : )
P pHGW 5 —ATGGTGAGCAAGGGCGA -3
(Gateway) 5 _ GGTGGCGGGCTTCTCTAG — 3
OMT.EGFP. 5 — GCCTGCTCCATTTACAATGGGCGACGTGATGAATA - 3
DENTR. PP1a87B 5 . AGCGCGTCCACCTTTTTACTTTTTACGCTTGTC - 3
PP1087B : )
DENTR 5~ TeTAAATGGAGCAGCCGCGGAGC - 3
(Gateway) 5 _ AAAGGTGGACGCGCTGACCCAGCTTTCTT — 3’
. DAC-mCherry- 5~ GAGACCCCGGATCGGATGGTGAGCAAGGGCGA-3'
a-Tubulin . i
OAC-mCherry- 5- CTTACCTTCGAACCGCTTAGTACTCCTCAGCGCCCTC-3
a-Tubulin 5- CCGATCCGGGGTCTCTGGATTAGAC- 3°

[Blast] pACI[Blast]
5- GCGGTTCGAAGGTAAGCCTATCCC- 3

Margarida Moura MCBiology Doctoral Programme 2023



MATERIALS AND METHODS 66

Site directed Mutagenesis

3) 5' - ATTTCCGTGCGCAGGCAGTGCTCGCCCAAACAC - 3'

Mps1"IAKZEA - Mpst™ 5 cTGCGCACGGAAATCATTCGACACCGC - 3'
¥ 5'- GTCGACTCGGCGAGCATCATCAAATTCTC - 3'

MpS1 K231A/K234A

K231A/K234A
/T490A Mps1

5' - CGAGTCGACAGCGATATTGCTGGCTATGC - 3'
" 5' - ATGTCCGTGGACGATGCGCTGATGTGC - 3
PP1087B™"  PP1a87BYT 5 GTCCACGGACATCATTGCGCCGGCATT - 3'
" 5' - ATGTCCGTGGACGATGATCTGATGTGCTCG - 3

PP1a87BT%  PP1aB7B" 5 _ GTCCACGGACATCATTGCGCCGGCATT - 3

Notes: The RE recognition sites are underlined and the point mutations introduced in the primers are shown in
bold. 1) this construct was made by Mariana Osswald; 2) this construct was made by Sofia Cunha-Silva; 3)
these primers were used for pMT-EGFP-Mps1 and pCaSpeR-EGFP-Mps1 constructs; 4) these primers were
used for pMT-EGFP-PP1087B and pENTR-PP1a.87B constructs.

FLY STOCKS

All fly stocks used in this work are described on the table below. To produce the pUASg-
PP1a87B-HA-attB (WT, T286A or T286D) constructs, pENTR-PP1a87B (WT, T286A or
T286D) were recombined with pUASg-HA-attB using Gateway LR Clonase Il (Invitrogen),
according to the manufacturer’s instructions. The constructs were sent to BestGene to inject

embryos and create stocks carrying the transgenes. The stock used for injection was #9748.

Table 3 — Drosophila stocks used for immunofluorescence analysis and live imaging

Fly stock Origin Reference
w1118
aldt4422 Bloomington Stock Center #30079
inscutableGal4 Bloomington Stock Center #8751
UAS-PP1087BRNAI Bloomington Stock Center #32414
gEGFP-Mps1WT Gift from Christian Lehner
gEGFP-Mps1KP (D478A) Gift from Christian Lehner
UAS-GFP-a-Tubulin Bloomington Stock Center #7374
His2Av-mRFP Bloomington Stock Center #23651
PP1087B878g3 Bloomington Stock Center #23696
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PP1a87B' Bloomington Stock Center #6207
UAS-PP1087B"T-HA BestGene 26205-2-M3-M
UAS-PP1087BT286A-HA BestGene 26205-3-M2-M
UAS-PP1a87BT286D_HA BestGene 26205-4-M4-M

RECOMBINANT PROTEINS

To generate pFastBac-Mps"™ P for expression of Drosophila Mps1"" (Wild type) and
Mps1XP (Kinase-dead, D478A) in the baculovirus/Sf21 system, pMT-EGFP-Mps1"VTKD
(Conde et al, 2013) and pFastBac HT A were digested with EcoRI and Xbal restriction
enzymes (New England Biolabs). A 1414 bp fragment harboring Mps1""® coding region

WT/KD was

was cloned into the destination vector. The obtained recombinant pFastBac-Mps
used to transform DH10EMBacY competent cells in order to generate recombinant bacmid
His6-Mps1VTKP  Positive clones were identified by blue/white screening and baculoviral
DNA was isolated with QlAprep Spin Miniprep Kit (QIAGEN) and used to transfect 10° Sf21
cells in 6-well plate. Forty-eight hours after transfection, the supernatant was collected (Vo)
and used to infect Sf21 cells. Cell cultures in shaker flasks were split every twenty-four h
until proliferation arrest. Protein expression was monitored by YFP fluorescence and
confirmed by SDS-PAGE. Cells were harvested forty-eight h post infection and lysed in 50
mM Tris-HCI pH 7.5, 500 mM NaCl and 10 mM Imidazole. Lysates were sonicated and
clarified by centrifugation at 4°C. Recombinant His6-Mps1V"KP were purified by affinity
chromatography in a His-Trap™-HP nickel-column (Amersham). The protein was eluted
with 250 mM Imidazole and dialysed against 20 mM Hepes pH 7.5, 150mM NacCl, 10mM
MgCI2 and 1mM DTT. [The production of recombinant proteins in the baculovirus/Sf21

system was performed by Carlos Conde and Mariana Osswald].

To generate the MBP-PP1a87B construct for expression in bacteria, PCR products
harbouring PP1a87B coding sequence were cloned into Stul/Xbal sites of pMal-c2 (New
England Biolabs) vector. The recombinant construct was used to transform BL21-star
competent cells and protein expression induced with 0.1 mM IPTG at 15°C, overnight.
Lysates were sonicated and clarified by centrifugation at 4°C. Recombinant MBP-
PP1087B"" was purified with amylose magnetic beads (New England Biolabs) and eluted
with 10 mM Maltose, 200 mM NaCl, 20 mM Tris-HCI pH 7.4, 1 mM EDTA and 1 mM DTT.
To generate 6xHis-N-Mps1"T and 6xHis-N-Mps1K23'AF234A constructs for expression in

bacteria, PCR products with the coding sequence corresponding to N-terminus 104-330

1WT and MpS1 K231A/F234A

amino acids from Mps were cloned into Kpnl/Xhol sites of pET30a
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(+) vector (Novagen). Recombinant constructs were used to transform BL21-star competent
cells and protein expression induced with 0.05 mM IPTG at 15°C, overnight. Lysates were
sonicated and clarified by centrifugation at 4°C. Recombinant 6xHis-N-Mps1"™ and 6xHis-
N-Mps1K2314 F234A \were purified with Novex Dynabeads (Invitrogen) and eluted with 50 mM
Imidazole, 200 mM NaCl, 20 mM Tris-HCI pH 7.4, 1 mM EDTA and 1 mM DTT.
Recombinant human Mps1/TTK, PP1-y and A-Phosphatase were purchased from
SignalChem, MRC-PPU Reagents (University of Dundee) and New England Biolabs,

respectively.

S2 CELL LYSATES, PULL-DOWNS, IMMUNOPRECIPITATION AND
WESTERN BLOTTING

For preparation of S2 cell lysates used in pull-down and immunoprecipitation experiments,
S2 cultured cells overexpressing EGFP-Mps1"T and EGFP-Mps1¥2¥'AF234A yere treated
with Colchicine for twelve hours. Overexpression of EGFP-Mps1"T and EGFP-
Mps1K231AF234A \was induced with 0.1 mM CuSOys during twelve hours. Cells were harvested
through centrifugation at 5000 rpm for 10 min at 4°C and afterwards washed with 2 mL PBS
supplemented with protease inhibitors cocktail (Roche). Cell pellet was resuspended in lysis
buffer (150 mM KCI, 75 mM HEPES, pH 7.5, 1.5 mM EGTA, 1.5 mM MgClI2, 15% glycerol,
0.1% NP-40, 1x protease inhibitors cocktail (Roche) and 1x phosphatase inhibitors cocktail
3 (Sigma-Aldrich)) before disruption through freezing in liquid nitrogen. Cell lysates were
then clarified through centrifugation at 8000 rpm for 10 min at 4°C and quantified by
Bradford protein assay (Bio-Rad). EGFP-Mps1"T and EGFP-Mps1K2¥'AFZ34A  \were
immunoprecipitated from 0.5 mg of total cell lysates using the GFP-Trap_MA system
(Chromotec GmbH) according to the manufacturer’s instructions. For pull-down assays
using S2 cell protein extracts, 0.5 mg of total cell lysates were diluted in a final volume of
500 mL of column buffer (250 mM NaCl, 20 mM Tris-HCI pH 7.4, 1 mM EDTA, 1 mM DTT,
0.05% Tween-20, 1x protease inhibitors cocktail (Roche) and 1x phosphatase inhibitors
cocktail 3 (Sigma-Aldrich)) and incubated with 5 mL of MBP or MBP-PP1a87B bound to
amylose magnetic beads (New England Biolabs) for 90 min at room temperature with
rotation. The magnetic beads and bound protein fraction were collected and washed 3 times
with 750 mL of column buffer. For pull-down assays with purified recombinant proteins, 5
mL of 6xHis-N-Mps1"T or 6xHis-N-Mps1K2314F234A were incubated with 3 mL of MBP or MBP-
PP1a87B bound to amylose magnetic beads (New England Biolabs) in a final volume of 30
mL of column buffer (250 mM NacCl, 20 mM Tris-HCI pH 7.4, 1 mM EDTA, 1 mM DTT) for

60 min at room temperature with rotation. The magnetic beads and bound protein fraction
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were collected and washed 3 times with 100 mL of column buffer. Magnetic beads and
bound protein were resuspended in Laemmli sample buffer and boiled for 5 min at 95°C.
After removal of the magnetic beads, samples were resolved by SDS-PAGE and probed for
proteins of interest through western blotting. For western blot analysis, resolved proteins
were transferred to a nitrocellulose membrane, using the iBlot Dry Blotting System
(Invitrogen) according to the manufacturer’'s instructions. Transferred proteins were
confirmed by Ponceau staining (0.25% Ponceau S in 40% methanol and 15% acetic acid).
The membrane was blocked for one hour at room temperature with 5% powder milk in PBS-
Tween20 0.05%. All the primary and secondary antibodies were diluted in PBST20
containing 5% powder milk (exception for anti-pMps1 which was diluted in PBST20
containing 1% powder milk) and the membranes were incubated overnight at 4°C under
agitation, then washed three times 10 min with PBST20 and immediately incubated with
secondary antibodies for one hour at room temperature under agitation. Detailed
information about the primary antibodies used can be found in table 4. Secondary
antibodies conjugated to Horseradish peroxidase (Jackson ImmunoResearch) were used
at 1:5000. Blots were developed with Clarity Western ECL Substrate (BioRad) according to

manufacturer’s protocol and detected on X-ray film (Fuji Medical X-Ray Film).

IN VITRO KINASE AND PHOSPHATASE ASSAYS

For in vitro kinase assays, 6xHis-DmMps1™"T, 6xHis-DmMps1%®, HsMps1/TTK (0.25 mg)
(SignalChem) or immunoprecipitated EGFP-Mps1 were incubated for 30 min in a total
volume of 15-30 mL kinase reaction buffer (5 mM MOPS, pH 7.2, 2.5 mM B-glycerol-
phosphate, 5 mM MgCI2, 1 mM EGTA, 0.4 mM EDTA, 0.25 mM DTT and 100 uM ATP).
Reactions were carried out at 25°C for His6-DmMps1"", His6-DmMps1X® and
immunoprecipitated EGFP-Mps1 and at 30°C when using HsMps1/TTK. For inhibition of
HsMps1/TTK activity, AZ3146 (Tocris) was added to the reaction at a final concentration of
10 mM. For phosphatase assays, recombinant human PP1-y was added either to the kinase
reaction at t0 or after Mps1/TTK inhibition. Reactions were carried out at 30°C for 30 min in
PMP buffer (New England Biolabs) containing 50 mM HEPES pH 7.5, 100 mM NaCl, 2 mM
DTT, 0.01% Brij 35 and 1 mM MnCI2. Reactions were stopped by addition of Laemmli
sample buffer (4% SDS, 10% B-mercaptoethanol, 0.125 M Tris-HCI, 20% glycerol, 0.004%
bromophenol blue) and heated for 5 min at 95°C. Peptides were resolved in 8% SDS-PAGE.
The activating autophosphorylation on T676 or T490 (for human Mps1/TTK and Drosophila
Mps1, respectively) was detected by western blotting with a phospho-specific antibody

provided by Geert Kops (Jelluma et al, 2008a).
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IMMUNOFLUORESCENCE ANALYSIS

For immunofluorescence analysis of S2 cells, 10° cells were centrifuged onto slides for 5
min, at 1500 rpm (Cytospin 2, Shandon), and simultaneously fixed and extracted in 3.7%
formaldehyde (Sigma-Aldrich), 0.5% Triton X-100 in PBS for 10 min followed by thee
washing steps in PBS-Tween20 0.05% (PBST20) for 5 min each. PBST20 was replaced by
PBS for the immunofluorescence with pMps1 and pMad1 antibodies presented in Chapter
Il. For immunofluorescence analysis of Drosophila neuroblasts, third-instar larval brains
were dissected in PBS and incubated with 50 uM Colchicine for one and a half hours at
25°C. The larval brains were transferred to coverslips (1 brain per coverslip) and fixed for
5min in 1.8% formaldehyde + 45% acetic acid. After fixation, a slide was placed over the
coverslip and the brain was squashed in the middle. After the squash, slides were freeze in
liquid nitrogen, the coverslips were removed and the slides with the squashed brains were
incubated in cold ethanol (100%) for 10 min and washed for 10 min in PBS with 0.1% Triton
X-100.

Fixed cells were blocked for one hour in PBST20 supplemented with 10% FBS at room
temperature and then incubated overnight at 4°C with primary antibodies (prepared in
blocking solution). After three five-minute washes in PBST20, cells were incubated with
fluorescent-labelled secondary antibodies diluted in PBST20 + 10% FBS for one hour at
room temperature. Lastly, cells were washed thrice with PBST20 for 5 minutes and slides
were mounted with Vectashield mounting medium for fluorescence with 1 mg/mL of DAPI
(Vector Laboratories). Detailed information about the primary antibodies used can be found
in table 4. Secondary antibodies Alexa 488 and 568 (Invitrogen) were used at 1:2000 and
Alexa 647 (Invitrogen) was used at 1:1000.

Images presented on Chapter | were collected in Leica TCS SP5 Il laser scanning confocal
microscope (Leica Microsystems). Images presented on Chapter Il were collected in Leica
SP8 laser scanning confocal microscope (Leica Microsystems). Data stacks were analysed
and projected using ImagedJ software (http://rsb.info.nih.gov/ij/). For immunofluorescence
quantification, the mean pixel intensity was obtained from maximum projected raw images
acquired with fixed exposure acquisition settings. For kinetochore proteins, the mean
fluorescence intensity was quantified for individual kinetochores, selected manually by CID
or Spc105 staining. The size of the region of interest (ROI) was predefined so that each
single kinetochore could fit into it. After subtraction of background intensities, estimated
from regions of the cell with no kinetochores, the intensity was determined relative to CID

or Spc105 reference and averaged over multiple kinetochores.
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Table 4 - List of antibodies used for immunofluorescence and western blotting

Antibody name

Dilutions used

Species Origin Reference
(target and code) IF WB
BubR1 Rb666 Rabbit 1:3000 1:3500 In house AB_2566989
CENP C Rb1 Rabbit 1:5000 1:8000 In house
CID Rat4 Rat 1:250 In house
Santa Cruz
GST B-14 Mouse 1:2000 )
Biotechnology
Mad1 Rb1 Rabbit 1:2500 In house
New England
MBP Mouse 1:5000 ) AB_1559738
Biolabs
Gift from Scott
Mps1 Gp15 Guinea Pig 1:250 1:5000 AB_2567774
Hawley
NT clone o
Mps1 Mouse 1:5000 Milipore AB_309903
3-472-1
Gift from Michael
Ndc80 Rb272 Rabbit 1:5000
Goldberg
Phosphorylated
Rabbit 1:1000 Rockland,
Thr232-Aurora B
Phosphorylated ) .
p-H3 Rabbit 1:5000 Milipore, AB_565299
ser10-Histone H3
Phosphorylated Gift from Adrien
Rabbit 1:1000 .
Thr716-Mad1 Saurin
Phosphorylated Gift from Geert
T676 Rabbit 1:10000 1:2000
Thr676-Mps1 Kops
Phosphorylated
Rabbit 1:500 Eurogentec
Thr288-PP1y
MRC-PPU
PP1087B Sheep 1:5000
Reagents
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Spc105 Rat 1:250 In house
a-Tubulin B512 Mouse 1:4000 Sigma-Aldrich AB_86546
a-Tubulin DM1A Mouse 1:10000 Sigma-Aldrich AB_477593
LIVE IMAGING

For live imaging of S2 cells, cells were plated onto dishes with coverslip bottoms (MatTek
Corporation) previously treated with 0.2 mg/mL concanavalin A (Sigma-Aldrich). For time-
lapse recording of Drosophila neuroblasts, brains from third-instar larvae were dissected in
PBS and placed on a drop of PBS in a coverslip. The preparation was gently squashed
using a smaller coverslip and excess media was removed. The sample was sealed with
Halocarbon oil 700 (Sigma-Aldrich). 4D datasets were collected at 25°C with a spinning disc
confocal system (Revolution; Andor) equipped with an electron multiplying charge-coupled
device camera (iXonEM+; Andor) and a CSU-22 unit (Yokogawa) based on an inverted
microscope (IX81; Olympus). Two laser lines (488 and 561nm) were used for near-
simultaneous excitation of EGFP and mCherry or mRFP. The system was driven by iQ
software (Andor). Time-lapse imaging of z stacks with 0.8 nm steps covering the entire
volume of the cell were collected and image sequence analysis and video assembly done
with Imaged and iQ software. For quantification of EGFP-Mad1 fluorescence at
kinetochores, the mean intensity was calculated within the area corresponding to
kinetochores and corrected for cytosolic signal. The changes in fluorescence intensity with
time were plotted as normalized signal relative to the signal measured at NEB. For
quantification of EGFP-Cyclin B"", EGFP-Cyclin B"°® and Mad1-mCherry fluorescence at
kinetochores, the mean intensity was calculated within the area corresponding to

kinetochores and corrected for cytosolic signal and plotted against the time in mitosis.

ANALYSIS OF MICROTUBULE DYNAMICS BY [INDUCIBLE
FLUORESCENT SPECKLE MICROSCOPY

Inducible speckle imaging (ISI) was used to measure spindle microtubule turnover in
Drosophila S2 cells as previously described (Pereira et al, 2016). Speckle patterns were
imprinted using ~200- to 500-ms-long pulses with a bleaching strength (y) between 1.5 and
2, a regime which maximizes speckle fluorescence amplitude. A rectangular ROl was
defined enclosing a significant portion of the spindle area. Intensity contrast was then

determined at each time point of the acquired sequence after the subtraction of a mean
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dark reference level from each frame. The microtubule turnover half-time was calculated by
fitting a double-exponential curve (yO + A1*exp[-(t - t0)/t1] + A2%exp[-(t - t0)/ 12]) to the
mean intensity squared-contrast from independent cells for each time point. Before
averaging, contrast curves were normalized to a 0-to-1 contrast change defining the pre-

and post-ISI transition.

FRAP EXPERIMENTS

FRAP experiments were performed in S2 cells expressing EGFP-Mps1"", EGFP-Mps1XP
or EGFP- Mps1K&14F234A \When required, Colchicine was added to cultures at least 2 h prior
FRAP experiment. Datasets were collected at 25°C with a Leica TCS SP5Il scanning
confocal microscope (Leica Microsystems). The EGFP tag was excited using the 488 nm
laser line set to 10% and bleached with the 405 nm laser line. Single kinetochores were
bleached for three iterations once the EGFP fluorescence signal had become stable.
Fluorescence intensity in the bleached area was acquired every 537 ms, 555 ms or 777 ms
before and after bleaching. FRAP data analysis was performed with ImagedJ. For each
measurement the average fluorescence intensity in the bleached area was corrected for
background and the ratio to average fluorescence in the cytoplasm determined. Average
values before bleaching were set to 100%. The exponential kinetics of FRAP were analysed
by calculating the normalized unrecovered fluorescence at each time point (Finf-F(t))/(Finf-
F(0)) where Finf is the value reached at the plateau, F(0) is the value observed in the first
frame after bleaching and F(t) is the value at a given time point. FRAP kinetics parameters
were determined by one phase exponential association curve fitting to normalized data

using GraphPad Prism software.

STATISTICAL AND KINETICS ANALYSIS

All statistical and enzyme kinetics analysis was performed with GraphPad Prism V6.0f
(GraphPad Software, Inc.).

SUPPLEMENTARY INFORMATION

The phospho-antibody that recognizes human Mps1 T676 autophosphorylation can be
used to detect the conserved activating T-loop autophosphorylation on Drosophila Mps1
(T490). The phospho-antibody generated against human Mps1 T676 autophosphorylation

readily detected in immunoblots the autophosphorylation of a recombinant wild type version
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of Drosophila Mps1 (His6-Mps1"T) contrasting with the absence of evident phosphorylation
on a catalytically inactive version of the kinase (His6-Mps1*P) (Figure 1.4 — supplementary
figure 1 B). Moreover, immunofluorescence analyses of 3rd instar larval neuroblasts
revealed a significant decrease in Mps1 T490 phosphorylation at kinetochores of ald®44??
strong hypomorphic Mps1 mutants (Figure 1.4 — supplementary figure 1 C, D). Importantly,
a similar reduction was observed following the expression of kinase dead EGFP-Mps1 in
ald®*?2 background when compared to mutants expressing the Mps1 wild-type transgene
(Figure 1.4 — supplementary figure 1 E,F). Taken together, these data validate the phospho-
antibody as a read-out for the activation status of Drosophila Mps1. The phospho-antibody
that recognizes human Mps1 phosphorylation on Mad 1 T716 can be used to detect the
conserved residue on Drosophila Mad1 (T726). Immunofluorescence analyses of S2 cells
revealed a significant decrease in Mad1 T726 phosphorylation at prometaphase
kinetochores of Mps1 depleted cells (Figure 11.4 — supplementary figure 1), indicating that

the phospho-antibody can be used as a read-out for Drosophila Mps1 activity.
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CHAPTER |

PP1 inactivates Mps1 to ensure efficient

Spindle Assembly Checkpoint silencing

This chapter is based on the following published paper: Moura M, Osswald M, Leca N, Barbosa J,
Pereira AJ, Maiato H, Sunkel C and Conde C* (2017) Protein Phosphatase 1 inactivates Mps1 to
ensure efficient Spindle Assembly Checkpoint silencing. eLife 6: e25366. DOI:
http://dx.doi.org/10.7554/eLife.25366.001






CHAPTER | | PP1 inactivates Mps1 to ensure efficient Spindle Assembly Checkpoint silencing 77

INTRODUCTION

Accurate chromosome segregation depends on the Spindle Assembly Checkpoint (SAC),
a conserved signalling pathway that monitors the attachment of kinetochores to
microtubules and prevents sister chromatid separation until all chromosomes are attached
to microtubules emanating from opposite spindle poles (Musacchio and Salmon, 2007;
Foley and Kapoor, 2013). Mps1 kinase is a master regulator of SAC function (Liu and
Winey, 2012). Mps1 phosphorylates MELT motifs on Spc105/Knl1 creating docking sites
for the hierarchical recruitment of additional SAC proteins required for the assembly of the
Mitotic Checkpoint Complex (MCC), a tetrameric protein complex that inhibits the Anaphase
Promoting Complex (APC/C) and thereby prevents anaphase onset (Shepperd et al, 2012;
Primorac et al, 2013; Vleugel et al, 2015; London et al, 2012; Yamagishi et al, 2012).
Moreover, Mps1-mediated phosphorylation of Mad1 dramatically accelerates the structural
conversion of Mad2 into its closed conformer, the rate-limiting step for MCC assembly and
thus, of SAC activation (Faesen et al, 2017; Ji et al, 2017). The recruitment of Mps1 to
unattached kinetochores is directly mediated by the Ndc80 complex and promoted by
Aurora B kinase (Santaguida et al, 2011; Saurin et al, 2011; Conde et al, 2013; Nijenhuis
et al, 2013). This localized accumulation of Mps1 is thought to potentiate its trans-
autophosphorylation on the T-loop to ensure full kinase activity and robust SAC signalling
(Kang et al, 2007; Sacristan and Kops, 2015).

The events that underlie SAC inactivation are less well understood. The phosphatases
PP1y and PP2A:B56 appear to play an important role in this process by dephosphorylating
Knl1-MELT motifs (London et al, 2012; Espert et al, 2014; Nijenhuis et al, 2014), which
contributes to the removal of SAC proteins from kinetochores following microtubule
attachments (Etemad and Kops, 2016). Furthermore, elegant in vitro studies demonstrated
that binding of Mps1 to the calponin homology (CH) domains of Ndc80 and Nuf2 is inhibited
by microtubules (Hiruma et al, 2015; Ji et al, 2015). Although this competition mechanism
precludes the recruitment of Mps1 to bioriented kinetochores, it is however insufficient to
remove all Mps1 from kinetochores even after the formation of stable end-on attachments
(Aravamudhan et al, 2015; Hiruma et al, 2015; Ji et al, 2015). Work in budding yeast
proposes that end-on attachments physically separate residual Mps1 from the Spc105/Knli1
phospho-domain, hence disrupting MELT phosphorylation at metaphase kinetochores
(Aravamudhan et al, 2015). While this may contribute to silence the SAC in yeast, this model
does not account for the highly dynamic behaviour of active Mps1 that has been observed
in human cells (Jelluma et al, 2010). The association of Mps1 with the Ndc80 complex is
very transient and the kinase diffuses rapidly into the cytoplasm, which is likely to allow

Mps1 to overcome the increased spatial separation between its kinetochore receptor and
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Spc105/Knl1 MELT motifs. Moreover, kinetochore recruitment of Mad1:Mad2 in metazoa is
also mediated through a Spc105/Knl1-independent pathway (Schittenhelm et al, 2009;
Caldas et al, 2015; Sili6 et al, 2015). This is known to rely on the recruitment of the
Rod:ZW10:Zwilch (RZZ) complex to unattached kinetochores, an event that is also
controlled by Mps1 kinase (Santaguida et al, 2010). Importantly, in addition to its role at
unattached kinetochores, Mps1 also contributes to SAC signalling in the cytoplasm. Soluble
Mps1 is required for the assembly of pre-mitotic MCC that determines the peak time of
anaphase onset in the absence of kinetochore—microtubule attachment problems
(Rodriguez-Bravo et al, 2014). Moreover, Mps1 lacking its kinetochore-binding domain is
sufficient to delay mitotic exit in mouse embryonic fibroblasts and RPE1 cells challenged
with spindle poisons (Foijer et al, 2014; Maciejowski et al, 2010) and cytosolic Mps1 was
shown to be required to support SAC arrest caused by kinetochore-tethered Mad1
(Maldonado and Kapoor, 2011). Therefore, in addition to the control exerted on Mps1
kinetochore recruitment and to alterations on kinetochore architecture, other mechanisms

must contribute to disrupt SAC signalling upon stable end-on microtubule attachments.

RESULTS

Depletion of PP1a87B results in a metaphase delay with stable kinetochore-

microtubules attachments

In yeast and human cells, Knl1-bound PP1y antagonizes Mps1 signalling at kinetochores
through dephosphorylation of MELT motifs, which leads to a reduction in Bub and Mad
proteins at metaphase kinetochores (London et al, 2012; Zhang et al, 2014; Nijenhuis et al,
2014). Since Drosophila Spc105/Knl1 inherently lacks phospho-regulatable MELTs
(Schittenhelm et al, 2009; Conde et al, 2013) but PP1 is still required for timely mitotic exit
in flies (Chen et al, 2007), we resorted to this model organism to uncover novel SAC-
silencing mechanisms that might have been overlooked in other systems. Live cell-imaging
analysis showed that depletion of PP1a87B orthologue from Drosophila S2 cells results in
an abnormal accumulation of Mad1 at aligned kinetochores and a pronounced extension of

the metaphase duration (Figure 1.1; Figure 1.2 A).

Co-depletion of Mps1 prevented the anaphase onset delay, indicating it is due to active
SAC signalling (Figure 1.1; Figure 1.2 A). Aurora B phosphorylates KMN proteins to
destabilize erroneous kinetochore-microtubules interactions (Liu et al, 2009; Welburn et al,
2010; Lampson and Cheeseman, 2011). Since in human cells PP1 was shown to modulate
Aurora B activity by antagonizing its activating T232 autophosphorylation (Liu et al, 2010;
Posch et al, 2010; Wurzenberger et al, 2012), the metaphase delay observed in PP1a87B
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depleted cells could be caused by labile kinetochore-microtubule attachments continuously
engaging the SAC. We found that depletion of PP1a87B from Drosophila S2 cells increased
Aurora B activation at centromeres/kinetochores of prometaphase and metaphase
chromosomes, as expected (Figure 1.2 C,D). However, the inter-kinetochore distances on
aligned chromosomes were similar to those measured in control cells (Figure 1.2 E),
indicating that kinetochores are under mechanical tension compatible with stably attached
microtubules (Li and Nicklas, 1995; Akiyoshi et al, 2010; Khodjakov and Pines, 2010; Ye et
al, 2016). In agreement, PP1a087B depleted cells revealed the presence of cold stable
kinetochore-fibers, as observed in control cells (Figure 1.2 F,G).

Mad1-EGFP
mCherry-Tubulin

Anaphase Onset

Control

PP1087B RNAI

Anaphase Onset

PP1a87B+Mps1 RNAI

Figure 1.1 — Mad1-EGFP localization pattern during mitosis in S2 cells depleted of PP1a87B.
Representative mitotic progression of control, PP1087B depleted or Mps1 and PP1087B co-depleted
Drosophila S2 cells co-expressing Mad1-EGFP and mCherry-aTubulin. Mitotic progression was monitored by
time-lapse microscopy. (NEB) nuclear envelope breakdown. Time is in min:sec.

Furthermore, we quantified the stability of kinetochore-microtubule attachments by
measuring microtubule turnover rates with inducible speckle imaging (ISI) (Pereira et al,
2016). Briefly, a speckled laser beam imprints a bleaching pattern on GFP-aTubulin that
dissipates (by fade-out of the bright spots and fade-in of the dark spots) in a timescale
indicative of microtubule lifetime. In contrast to conventional photobleaching experiments,

ISI imprinting is 3D and immune to aberrations.
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Figure 1.2 — Depletion of PP1087B results in a SAC-dependent metaphase delay despite stable
kinetochore-microtubule attachments. (A,B) Kymograph analysis of mitotic progression monitored by live-
cell imaging (A) and corresponding quantification of Mad1-EGFP kinetochore levels (B) of control, PP10.87B
depleted or Mps1 and PP1a 87B co-depleted Drosophila S2 cells expressing mCherry-aTubulin and Mad1-
EGFP under control of Mad1 promoter. The mean time from nuclear envelope breakdown to anaphase onset
for each condition is displayed in the corresponding kymograph. Mad1-EGFP fluorescence intensities at
kinetochores were corrected for cytosolic signal (n > 9 cells for each condition). Vertical dashed line indicates
the frame corresponding to nuclear envelope breakdown. Horizontal scale bar: 5 min. Vertical scale bar: 5 um.
(C,D) Representative immunofluorescence images (C) and corresponding quantifications (D) of inter-
kinetochore distances and relative levels of Aurora B T232 phosphorylation (AurBT232°") at unaligned and
aligned chromosomes in control and PP1a087B depleted S2 cells. AurB™32Ph relative levels were plotted over
the inter-kinetochore distance measured as the distance between centroids of CID pairs. AurBT232Ph
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fluorescence intensities were determined relative to CID signal (n > 58 kinetochore pairs for each condition).
Scale bar: 5 um. (E) Quantification of inter-kinetochore distances measured in chromosomes aligned at the
metaphase plate of control and PP1087B depleted S2 cells. Inter-kinetochore distances were measured as the
distance between centroids of identified CID pairs (n > 86 kinetochores for each condition). (F,G)
Representative immunofluorescence images (F) and corresponding quantification (G) of cold-stable kinetochore
fibres in control, PP10.87B and Ndc80 depleted S2 cells. CID immunolocalization was used as kinetochore
reference. The insets display magnifications of the outlined regions. The graph represents the % of kinetochores
attached to cold-stable microtubules per cell (n > 10 cells for each condition). (H,I) Analysis of microtubules
turnover rates by speckle contrast fadeout of GFP-aTubulin. (H) Contrast fadeout—time curves of GFP-a.Tubulin
fluorescent speckles (lines) and their time point means (dots) measured in rectangular areas enclosing the
spindle of control and PP10.87B-depleted S2 cells in prometaphase and metaphase. The rate of speckle contrast
fadeout was calculated to obtain microtubule turnover rates. (I) Table showing microtubules half-lives of non-
kinetochore- (non-KT-MTs) and kinetochore-microtubules (KT-MTs) of control and PP1a87B-depleted S2 cells
determined by inducible speckle imaging in prometaphase and metaphase. The average speckle intensity
squared-contrast at each time point was fit to a double-exponential curve A1*exp(-k1*t)+A2*exp(-k2*t), in which
t is time, A1 represent the less stable population (non-KT-MTs) and A2 the more stable population (KT-MTs)
with decay rates of k1 and k2, respectively. The turnover half-life for each population was calculated as In2/k (n
> 7 metaphase cells for each condition). Data information: in (A), (B), (E), (G) and (H) data are presented as
mean * SD.

Depletion of PP1a87B fails to cause significant changes in the stability of kinetochore-
microtubule attachments in metaphase cells and there are no significant differences in the
fractions of microtubules in the stable (KT-MT) versus unstable (non-KT-MT) populations
when compared to control cells (Figure 1.2 H,I; Figure 1.3). Taken together, these results
clearly show that Mad1 accumulation at metaphase-aligned kinetochores and the delayed
anaphase onset observed in PP1a87B-depleted cells are not caused by unattached

kinetochores transiently generated as a result of increased Aurora B activity.

ISI imprinting
pulse

05.34 sec 45.55 sec 173.56 sec
. 05.34 sec 49.54 sec 173.56 sec

Figure 1.3 — Analysis of microtubule turnover in control and PP1087B depleted metaphase cells by
speckle contrast fade-out. Representative inducible speckle imaging (ISI) imprinting and progressive contrast
fade-out of GFP—aTubulin in control and PP1a.87B depleted metaphase S2 cells. The observed speckle contrast
fadeout is due to microtubule turnover. Time is sec.
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PP1a87B antagonizes Mps1 T-loop autophosphorylation at kinetochores

The results described in the previous section suggest that the metaphase delay evoked by
PP1a87B depletion results from problems in SAC silencing. Although Mps1 is dispensable
for kinetochore localization of Bub1 and BubR1 in flies (Schittenhelm et al, 2009; Conde et
al, 2013), its activity is nonetheless required for Mad1 and Mad2 recruitment and therefore
for SAC signalling (Althoff et al, 2012; Conde et al, 2013). In accordance, co-depletion of
Mps1 with PP1a87B abolished Mad1 kinetochore recruitment and led to a premature
anaphase onset, demonstrating that Mps1 is required for the SAC-dependent metaphase
delay observed in PP1087B RNAI (Figure 1.2 A,B).
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Figure 1.4 — PP1087B antagonizes Mps1 T-loop autophosphorylation at kinetochores of prometaphase
and metaphase cells. (A,B) Representative immunofluorescence images (A) and corresponding quantifications
(B) of Mps1 T490 phosphorylation (Mps1T9P") and Mps1 relative levels at prometaphase kinetochores of
control and PP1a87B depleted Drosophila S2 cells. The insets display magnifications of the outlined regions.
Mps1T4%Ph and Mps1 fluorescence intensities were determined relative to CID signal (n > 252 kinetochores
from at least 10 cells for each condition). Scale bar: 5 um. (C,D) Representative immunofluorescence images
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(C) and corresponding quantifications (D) of Mps1 T490 phosphorylation (Mps1™%Ph) and Mps1 relative levels
at metaphase kinetochores of control and PP1a87B depleted S2 cells. The insets display magnifications of the
outlined regions. Mps1™9Ph and Mps1 fluorescence intensities were determined relative to CID signal (n>217
kinetochores from at least 15 cells for each condition). Scale bar: 5 um. (E,F) FRAP analysis of EGFP-Mps1VT
(wild type) and EGFP-Mps1XP (kinase dead) at unattached or metaphase-aligned kinetochores of control and
PP1087B depleted S2 cells. To generate unattached kinetochores, S2 cells were treated with colchicine (30
puM) for 2h prior to FRAP experiments (E) Graph displays recovery-time curves of EGFP-Mps1 fluorescence
(lines) and their time point means (dots) after bleaching of individual kinetochores in the indicated conditions.
(F) Table showing the recovery half-lives and the % of mobile EGFP-Mps1 population obtained after fitting the
average fluorescence intensity at each time point to a single-exponential one-phase association curve (n>9
cells for each condition). Data information: in (B), (D) and (E) data are presented as mean + SD. Asterisks
indicate that differences between mean ranks are statistically significant, ****p<0.0001 (Mann-Whitney U test).
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Figure 1.5 — PP1087B antagonizes the T-loop autophosphorylation of Mps1 that remains associated with
metaphase kinetochores stably attached to spindle microtubules. (A) Detailed analysis of mitotic
progression of Drosophila S2 cells expressing mCherry-aTubulin and EGFP-Mps1. Mitotic progression was
monitored by time-lapse microscopy. The insets display magnifications of the outlined regions. Time is in
min:sec. (B) Quantification of EGFP-Mps1 kinetochores levels from (A). The average fluorescence intensity at
kinetochores was corrected for the average EGFP-Mps1 signal in the cytoplasm. Time 0 min corresponds to
nuclear envelope breakdown (NEB). Metaphase duration was defined by the length of time between the first
still in which all kinetochore pairs were perfectly aligned at the cell equator (Metaphase) and anaphase onset.
Dashed lines indicate the time from NEB to metaphase and to anaphase onset. (C,D) Representative
immunofluorescence images (C) and corresponding quantifications (D) of Mps1 T490 phosphorylation
(Mps1T4%0Phy Jevels at metaphase kinetochores attached to cold-resistant microtubules bundles of control and
PP1a87B depleted Drosophila S2 cells. The insets display magnifications of the outlined regions. Mps1T4%Ph
and Mps1 fluorescence intensities were determined relative to CID signal (n > 270 kinetochores from at least
12 cells for each condition). Scale bar: 5 ym. Data information: in (B) and (D) data are presented as mean +
SD. Asterisks indicate that differences between mean ranks are statistically significant, ****p<0.0001 (Mann-
Whitney U test).
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Therefore, we sought to examine Mps1 kinetochore recruitment and activation in S2 cells
depleted of PP1a87B. Immunofluorescence analysis showed that depletion of PP1a87B
has no significant impact on Mps1 kinetochore localization. Mps1 accumulates at
prometaphase kinetochores and its levels decrease significantly as microtubules attach,
with a fraction of Mps1 persisting at kinetochores of metaphase chromosomes (Figure 1.4
A-D). This residual pool of Mps1 is retained at bioriented kinetochores until anaphase onset,
even after establishment of inter-kinetochore tension, as revealed by live imaging of S2
cells expressing EGFP-Mps1 (Figure 1.5 A,B). To evaluate Mps1 activation status we used
a phospho-specific antibody that recognizes the conserved activating autophosphorylation
(T490Ph) on Mps1 T-loop (Jelluma et al, 2008a). Interestingly, we found that depletion of
PP1a87B resulted in a substantial increase of Mps1 T-loop autophosphorylation during
prometaphase and on metaphases kinetochores stably attached to microtubule bundles

(Figure 1.4 A-D; Figure |.5; Figure 1.4 — Supplementary figure 1).
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Figure 1.6 — Depletion of Sds22 affects Mps1 T-loop autophosphorylation. (A,B) Representative
immunofluorescence images (A) and corresponding quantifications (B) of Mps1 T490 phosphorylation
(Mps1T4%0Phy and Mps1 relative levels at prometaphase kinetochores of control and Sds22 depleted S2 cells.
The insets display magnifications of the outlined regions. Mps174%"" and Mps1 fluorescence intensities were
determined relative to CID signal (n > 177 kinetochores from at least 8 cells for each condition). Scale bar: 5
um. (C,D) Representative immunofluorescence images (C) and corresponding quantifications (D) of Mps1 T490
phosphorylation (Mps17#°°"") and Mps1 relative levels at metaphase kinetochores of control and Sds22 depleted
S2 cells. The insets display magnifications of the outlined regions. Mps17#%P" and Mps1 fluorescence intensities
were determined relative to CID signal (n > 186 kinetochores from at least 8 cells for each condition). Scale
bar: 5 um. Data information: in (B) and (D) data are presented as mean + SD. Asterisks indicate that differences
between mean ranks are statistically significant, ****p<0.0001 (Mann-Whitney U test).
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Moreover, depletion of PP1 noncatalytic subunit Sds22/ PPP1R7, which positively regulates
the phosphatase activity at kinetochores (Posch et al, 2010; Wurzenberger et al, 2012;
Heroes et al, 2013), mimicked PP1a87B RNAI by increasing Mps1 T490 phosphorylation
both at unattached and aligned kinetochores (Figure 1.6). Mps1 association with
prometaphase kinetochores in human cells is highly transient (Jelluma et al, 2010).
Likewise, Drosophila Mps1 exhibits a fast turnover rate at unattached kinetochores that
relies in part on its kinase activity, as revealed by FRAP measurements of wild type (WT)
and kinase-dead (KD) versions of EGFP-Mps1 expressed in S2 cells (Figure 1.4 E,F). In
line with the observed reduction in Mps1 T490 autophosphorylation, both the half-life and
stable population of Mps1 increase at metaphase kinetochores (Figure 1.4 E,F). However,
in the absence of PP1a87B, Mps1 displays a faster dynamic exchange at aligned
kinetochores, as expected from enhanced kinase activity (Figure 1.4 E,F). Collectively,
these results demonstrate that PP1a87B activity is required to represses the activating

autophosphorylation of Mps1 that remains associated with metaphase kinetochores.

PP1a87B/PP1y dephosphorylates Mps1 T-loop

To evaluate whether PP1 directly antagonizes Mps1 T-loop activating autophosphorylation,
we started by assessing in vitro the capacity of PP1y to dephosphorylate the kinase T-loop.
Simultaneous incubation of PP1y with recombinant versions of human (Mps1/TTK) and
Drosophila Mps1 orthologues led to a concentration-dependent decrease of T676 (T676Ph)
and T490 (T490Ph) autophosphorylation, respectively (Figure 1.7 A,C). Moreover, PP1y was
able to dephosphorylate the T-loop of Mps1/TTK that had been previously activated by
autophosphorylation (Figure 1.7 B). In contrast, A-phosphatase failed to antagonize to the
same extent the autophosphorylation of human Mps1/TTK T676 and of Drosophila Mps1
T490 (Figure 1.7 C; Figure 1.8), indicating a higher specificity of PP1y towards Mps1 T-loop

in vitro.

We then sought to examine whether PP1 directly dephosphorylates Mps1 T-loop in a
cellular context and determine its implications for SAC silencing. Because PP1 has
numerous mitotic substrates acting on a multitude of pathways, its depletion results in
pleiotropic phenotypes that preclude a clear and direct analysis of individual events. To
circumvent this, we devised a strategy to specifically prevent Mps1 dephosphorylation
without impacting the remaining PP1a87B cellular activity. The association of PP1 with the
majority of its interactors is mediated by short motifs that bind to the phosphatase
hydrophobic groove (Egloff et al, 1997; Wakula et al, 2003). Drosophila Mps1 N-terminus
contains a clear match for a PP1-docking motif of the [R/K]VxF type (Figure 1.7 D). To
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assess the relevance of Mps1 KVLF%'2* for the interaction with PP1087B, we converted
K231 and F234 to alanine and expressed both the wild type (EGFP-Mps1"") and mutant
versions (EGFP-Mps1%21A F2344) of Mps1 in S2 cells.
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Figure 1.7 - PP1a87B/PP1y dephosphorylates Mps1 T-loop in vitro and in vivo. (A,B) Western blot analysis
of Mps1/TTK T676 autophosphorylation. Recombinant human Mps1 was incubated during 30 min with
increasing concentrations of recombinant human PP1y (A) or PP1y (42.7 nM) was added to previously active
Mps1 and phosphorylation of Mps1 T676 (Mps17676Ph) monitored over time (B). (C) Western blot analysis of
Drosophila Mps1 T490 autophosphorylation. Recombinant Drosophila Mps1 was incubated during 30 min with
10 nM of recombinant human PP1y or A-PP and phosphorylation of Mps1 T490 (Mps1T4%Ph) monitored. (D)
Clustal W alignments of amino acid residues of indicated Mps1 orthologues. Red boxes highlight putative PP1-
docking motifs identified in silico by the Eukaryotic Linear Motif (ELM) resource. (E) MBP-PP1a.87B pull-downs
from total cell lysates of S2 cells expressing EGFP-Mps1WT or EGFP-Mps1X2314F234A or EGFP-Mps1WT upon
depletion of Sds22. Immobilized MBP was used as negative control. Input, beads and flow-through (FT) were
probed by western blotting for the indicated proteins. (F) Quantification of Mps1 binding to PP1a87B from the
pull-downs in (E). The chemiluminescence signal intensity of EGFP-Mps1 was determined relative to the signal
of MBP-PP1087B beads. The graph represents the quantification of relative levels of EGFP-Mps1 in MBP-
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PP1a87B pull-downs from at least two independent experiments. The values obtained for EGFP-Mps1"T from
control cells were set to 1. (G) MBP-PP1a.87B pull-downs of purified recombinant Mps1 N-terminus region (104—
330 amino acids) harbouring the wild-type (6xHis-N-Mps1W¥T) or mutated PP1-docking motif (6xHis-N-
Mps1K231A4F234A)  Immobilized MBP was used as negative control. Input, beads and flow-through (FT) were
probed by western blotting for the indicated proteins. (H) Western blot analysis of EGFP-Mps1W“T and EGFP-
Mps1K231AF234A - T.loop dephosphorylation by PP1y. EGFP-Mps1%T and EGFP-Mps1K231AF234A  \ere
immunoprecipitated from mitotic S2 lysates and incubated with ATP for 30 min to allow Mps1 T-loop
autophosphorylation. Increasing concentrations of recombinant GST-PP1y were subsequently added to the
reaction mixture and Mps1 T490 phosphorylation (Mps1749°Ph) assessed after 30 min. Immunoprecipitates were
probed by immunoblotting (IB) for the indicated proteins. (I) Quantification of Mps1T#°Fh levels from the
dephosphorylation assay in (H). The chemiluminescence signal intensity of Mps174%°Ph was determined relative
to the corresponding signal of EGFP-Mps1 immunoprecipitates. The values obtained for each control reaction
were set to 100%. The graph represents the quantification of Mps1T4%Ph relative levels from two independent
experiments. (J-L) Representative immunofluorescence images (J,K) and corresponding quantifications (L) of
Mps1 T490 phosphorylation (Mps1T49%0Ph) at kinetochores of unaligned (J) and aligned (K) chromosomes from
S2 cells expressing EGFP-Mps1WT or EGFP-Mps1K2314F234A gnd from PP1087B depleted S2 cells expressing
EGFP-Mps1WT. Mps1T4%%Ph fluorescence intensities were determined relative to EGFP-Mps1 signal (n > 150
unaligned kinetochores from at least 8 cells for each condition and N > 111 aligned kinetochores from at least
7 cells for each condition). Scale bar: 5 um. Data information: in (F), (I) and (L) data are presented as mean +
SD. Asterisks indicate that differences between mean ranks are statistically significant, ****p<0.0001 (Kruskal-
Wallis, Dunn’s multiple comparison test).

The interaction between Mps1 and PP1a87B was confirmed in pull-down assays in which
EGFP-Mps1"T from S2 cell lysates bound efficiently to recombinant MBP-PP10.87B but not
to the MBP used as negative control (Figure I.7 E). Conversely, mutating Mps1 KVLF?31-2%
to AVLAZ'24 markedly decreased the ability of EGFP-Mps1 to interact with MBP-
PP1a87B, hence validating KVLF as a PP1-binding motif (Figure 1.7 E,F). To demonstrate
that PP1a87B directly interacts with Mps1 via the KVLF motif, we performed pull-down
assays with MBP-PP1a87B and bacterially purified fragments of Mps1 N-terminus (104—
330 aa) harboring the wild-type (6xHis-N-Mps1"T) or mutated PP1-docking motif (6xHis-N-
Mps1K&1AF2348) “While 6xHis-Mps1"¥T bound efficiently to MBP-PP1087B, the fragment
6xHis-N-Mps 1¥2314F234A did not (Figure 1.7 G), thus confirming that the KVLF motif mediates
a direct interaction between Mps1 N-terminus and PP1a87B. In accordance, in vitro assays
with EGFP-Mps1 immunoprecipitated from mitotic S2 cell lysates showed that recombinant
PP1y antagonized with discernible less efficiency the T-loop autophosphorylation of EGFP-
Mps1K#1WF234A in comparison to EGFP-Mps1VT (Figure 1.7 H,1).

APP(MM): - - 10 20 40 85 100 -\PP PP
ATP: -+ +  + 4+ o+ Time (min): 0 15 30 45 15 30 45

e L e e T
MPS1~---- - Mps1 [rp——

Figure 1.8 — Specificity of Mps1 T-loop dephosphorylation in vitro. (A,B) Western blot analysis of Mps1T676
autophosphorylation. Recombinant human Mps1 was incubated during 30 min with increasing concentrations
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of recombinant human A-phosphatase (APP) (A) or A-PP (42.7 nM) was added to previously active Mps1 and
phosphorylation of Mps1 T676 (Mps17676P") monitored over time (B).

Collectively, these results indicate that Mps1 T-loop is a direct substrate of PP1a87B/PP1y.
However, we found that MBP-PP1087B failed to pull-down EGFP-Mps1™"" from S2 cells
depleted of Sds22/PPP1R7 (Figure 1.7 E,F), which suggests that in addition to the KVLF
motif on the kinase N-terminus, the Sds22/PPP1R7 regulatory subunit is also required for
competent binding of full-length Mps1 to PP1a87B in cell extracts. To analyse the impact
of diminished PP1a87B binding on cellular Mps1 activation and SAC signalling, we
monitored Mps1 T-loop phosphorylation and mitotic progression in S2 cells expressing
EGFP-Mps1"T and EGFP-Mps1¥?*'A/F234A (Figure 1.7 — Supplementary figure 1).
Phosphorylation of T490 at unaligned kinetochores was significantly higher for EGFP-
Mps1KZ1AF234A relative to EGFP-Mps1™T (Figure 1.7 J,L). A similar increment in the T-loop
activation status was observed for EGFP-Mps1"T
PP1087B (Figure 1.7 J\L). Notably, the mutation KVLF?*'"2** prevented the

dephosphorylation of Mps1 T-loop also at bioriented kinetochores, mimicking the result

of prometaphase cells depleted of

obtained in metaphase cells expressing EGFP-Mps1"" in the absence of PP1a87B (Figure

1.7 K,L). As expected from increased T490 autophosphorylation, EGFP-Mps1X231AF234A

exhibits faster dynamics than EGFP-Mps1""

at aligned kinetochores (Figure 1.9). From
these results, we conclude that PP1a87B directly controls Mps1 T-loop dephosphorylation

at kinetochores during prometaphase and metaphase.
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Figure 1.9 — Mps1WT and Mps1K231AF234A dynamics at kinetochores. (A,B) FRAP analysis of EGFP-Mps1WVT
and EGFP-Mps1X231A4F234A gt prometaphase and metaphase kinetochores. (A) Graph displays recovery-time
curves of EGFP-Mps1 fluorescence (lines) and their time point means (dots) after bleaching of individual
kinetochores in the indicated conditions. (B) Table showing the recovery half-lives and the % of mobile EGFP-
Mps1 populations obtained after fitting the average fluorescence intensity at each time point to a single-
exponential one-phase association curve (n > 10 cells for each condition).
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PP1-mediated dephosphorylation of Mps1 T-loop inactivates the kinase and

promotes SAC silencing

Live-cell imaging revealed that expression of EGFP-Mps1K#3'4F23A caused a pronounced

1WT

metaphase delay when compared to EGFP-Mps expressing cells (Figure 1.10 A,B).

Depletion of BubR1 prevented this delay showing it is SAC-dependent (Figure 1.10 A,B).
A EGFP-Mps1WT B

mCherry-Tub

105 min © Prometaphase
. -'_{ # fits faig L 500 © Metaphase
* %
Metaphase 400 Ii
EGFP-Mps1K231AFF234A °
‘é rnCherry -Tub ] i E 300 °
s 150 min 175 min =
o - . g 2004 ©
w3 : y 5 =
)
w | Metaphase 100 G )
s - - - - % )
5 0 2 oL
N h
x - L BubR1RNAi - -
J8] EGFP-Mps1: WT K231A/F234A
C 3.0r Metah D EGFP-Mps1WT EGFP-Mps1K231AF234A EGFP-Mps1WTNdc80 RNAI
etaphase
o 25k : CID EGFP-Mps1  CID Tubulin CID EGFP-Mps1  CID Tubulin CID EGFP-Mps1  CID Tubulin
o
= 2.0f
@Q
g¢e %,
X @©
52 15 $
< i O EGFP-Mps1WT
1.0H " © EGFP- Mps1K23WF23“"
|
Time (m|n)

E EGFP-Mps1 Mad1 F G

CID DNA Mad1 EGFP-Mps1 Mad1 EGFP-Mps1 20.0r 151 -@- EGFP-Mps1WT

ool -@- EGFP-Mps1K231AF234A
8 15.0F 0° 9
= = 8 10t \=_<}
» o c | ENDS
T £ J -
g 5% 10.0 &9 S / N N
= 4 ¢ ° Ji -=
i S s S ll \\
w |3 T 50 = \(}
(O B <
w [ |
< 0.0 N
g Colchicine: = + + + + +
¥ EGFP-Mpst: W KZ31A - &
F234A  Bin2@M):- - 1 5 10 20
H Mps1T490Ph Mad1 I weny O ECTPMpSIYT
CID DNA Mps1T490Ph EGFP-Mps1 CID DNA Mad1 EGFP-Mps - © EGFP-Mps1
Q.3~0' * kK ok
e £
; o
[T
E G}
- y 0
o« . £ K
o .43
a 3
Y -
c
< |3 :
oS s
g B
5 g
g el
v £
MpS1T490Ph Mad1

——— Binucleine 2 Binucleine 2 —m8 —

Figure 1.10 — PP1087B-mediated dephosphorylation of Mps1 T-loop renders the kinase inactive and is
required for timely SAC silencing. (A,B) Mitotic progression (A) and prometaphase and metaphase duration
(B) of S2 cells expressing mCherry-aTubulin and EGFP-Mps1WT, EGFP-Mps1K231AF234A or EGFP-
Mps1K2314F234A in 3 BubR1-depleted background. Mitotic progression was monitored by time-lapse microscopy.
The metaphase duration was defined by the length of time measured between the first still in which all
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kinetochore pairs were perfectly aligned at the metaphase plate (Metaphase) and anaphase onset (AO) (n >
14 cells for each condition, from at least two independent experiments). (C) Quantification of inter-kinetochore
distances throughout mitosis in S2 cells expressing EGFP-Mps1WT and EGFP-Mps1X2314F234A |nter-kinetochore
distances were measured as the distance between centroids of identified EGFP-Mps1 pairs at selected
prometaphase and metaphase time frames. Time 0 min corresponds to the first metaphase frame. (D)
Representative immunofluorescence images of cold-stable kinetochore fibers in S2 cells expressing EGFP-
Mps1WT, EGFP-Mps1X2314F234A or EGFP-Mps1™T upon Ndc80 depletion. CID immunolocalization was used as
kinetochore reference. The insets display magnifications of the outlined regions. Scale bar: 5 um. (E,F)
Representative immunofluorescence images (E) and corresponding quantifications (F) of Mad1 levels at
metaphase kinetochores of S2 cells expressing EGFP-Mps1"T or EGFP-Mps1K2314F234A Mad1 fluorescence
intensities were determined relative to EGFP-Mps1 signal (n > 162 kinetochores from at least 10 cells for each
condition). Scale bar: 5 um. (G-I) Mitotic index (G), representative immunofluorescence images (H) and
quantification of Mps1™°"h and Mad1 levels at unattached kinetochores (1) of colchicine treated S2 cells
expressing EGFP-Mps1WT or EGFP-Mps1K2314F234A in the presence of Aurora B inhibitor, binucleine 2 (Bin2) for
2h. Mitotic index in (G) was determined through p-H3 staining of cultured cells incubated in the absence or
presence of colchicine (30 uM) for 12h. Increasing concentrations of Bin2 were added to cultures 10h after
colchicine and mitotic index determined 2h later. In (H and 1) Mps1™9Ph and Mad1 fluorescence intensities were
determined relative to EGFP-Mps1 signal in cells treated with Bin2 (20 uM) and colchicine as in (G). Proteasome
inhibitor MG132 (20 uM) was added to cultured cells 1h prior to Bin2 incubation to prevent mitotic exit (n > 185
kinetochores from at least 9 cells for each condition). Scale bar: 5 um. Data information: in (B), (C), (F), (G) and
(I) data are presented as mean + SD. Asterisks indicate that differences between mean ranks are statistically
significant, **p<0.05, ****p<0.0001 (Mann-Whitney U test).

However, the delay is not caused by unstable kinetochore-microtubule interactions, since
the inter-kinetochore distances monitored throughout metaphase and the attachments of

1 K231A/F234A cells

bioriented kinetochores to cold-resistant microtubule bundles in EGFP-Mps
were similar to those observed in metaphase cells expressing the wild-type kinase (Figure
.10 C,D; Figure 1.11 A). Nevertheless, cells expressing EGFP-Mps1%21AF234A retained
higher levels of Mad1 at aligned kinetochores (Figure 1.10 E,F; Figure 1.11 B,C), which is
consistent with lasting Mps1 activation and SAC signalling in metaphase. These results
strongly suggest that impairing PP1-mediated dephosphorylation of the residual pool of
Mps1 that remains associated with kinetochores of bioriented chromosomes is sufficient to
delay SAC silencing and prevent anaphase onset despite normal chromosome attachment
and high inter-kinetochore tension. To further confirm the increment in Mps1 activity in
EGFP-Mps1¥231AF234A 3nd its impact on SAC signalling, we treated cells with colchicine to
generate unattached kinetochores and monitored their capacity to arrest in mitosis. As
expected for SAC competent cells, this led to an evident increase in the mitotic index of

both EGFP-Mps1"T and EGFP-Mps1¥2*1AF234A expressing cells (Figure 1.10 G).

Consistent with the role of Aurora B in potentiating Mps1 activation and SAC signalling,
inhibition of the former with increasing concentrations of Binucleine 2 (Smurnyy et al, 2010)
weakened the SAC in EGFP-Mps1"T cells, as revealed by the gradual reduction in the
mitotic index of colchicine incubated cultures (Figure 1.10 G). In accordance, Aurora B

inhibition negatively affected Mps1 T-loop autophosphorylation and Mad1 accumulation at
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unattached kinetochores. Strikingly, expression of EGFP-Mps1¥21A4F234A pnartially rescued
Mps1 T490 phosphorylation, Mad1 kinetochore recruitment and consistently attenuated the
decline of SAC function following Aurora B inhibition (Figure 1.10 G-I). Collectively, these
results demonstrate that compromising Mps1 T-loop dephosphorylation is sufficient to delay
SAC silencing and mitotic exit. Thus, we conclude that PP1-mediated dephosphorylation of

Mps1 T-loop is required for efficient Mps1 inactivation and consequently for prompt SAC

silencing.
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Figure 1.11 — Stable attachments and Mad1 levels at metaphase kinetochores of S2 cells expressing
EGFP-Mps1WT and EGFP-Mps1K231AF234A " (A) Quantification of cold-stable kinetochore fibers in S2 cells
expressing EGFP-Mps1WT, EGFP-Mps1K2314F234A gnd EGFP-Mps1YT upon Ndc80 depletion. The graph
represents the % of kinetochores attached to cold-stable microtubules per cell (n > 9 cells for each condition).
(B,C) Quantifications of EGFP-Mps1WVT, EGFP-Mps1K2314F234A (B) and of Mad1 (C) levels at metaphase
kinetochores of S2 cells expressing EGFP-Mps1WT or EGFP-Mps1X2314F234A  EGFP-Mps1 and Mad1
fluorescence intensities were determined relative to CID signal (n > 162 kinetochores from at least 10 cells for
each condition). Scale bar: 5 um. Data information: in (A—C) data are presented as mean + SD. Asterisks
indicate that differences between mean ranks are statistically significant, ****p<0.0001 (Mann-Whitney U test).

Preventing PP1-mediated inactivation of cytosolic Mps1 delays mitotic exit

Mps1 T-loop activation is first detected in the nucleoplasm and on pre-kinetochores during
prophase (Figure 1.12 A). Interestingly, kinetochore-null S2 cells engendered through CENP
C knockdown retain high levels of nucleoplasmic Mps1 T490 phosphorylation (Figure 1.12
A,B), indicating that Mps1 activation at mitotic entry can occur through kinetochore-
independent mechanisms. Since previous studies have shown that cytosolic Mps1 also
contributes for SAC function (Maciejowski et al, 2010; Maldonado and Kapoor, 2011;
Rodriguez-Bravo et al, 2014), we reasoned that the activation status of soluble Mps1 must
be tightly controlled during mitosis to allow timely anaphase onset. This prompted us to
examine whether PP1a87B also represses cytoplasmic Mps1 activation and whether this
is relevant for SAC signalling. To assess the impact of PP1-mediated dephosphorylation

specifically on cytosolic Mps1 and completely avert contributions from kinetochore-
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generated MCC, we monitored mitotic progression in CENP C depleted cells (Figure 1.12

C; Figure .12 — Supplementary figure 1).
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Figure 1.12 — PP1-87B-mediated inactivation of cytosolic Mps1 is required for efficient SAC silencing
and timely anaphase onset. (A,B) Representative immunofluorescence images (A) and corresponding
quantification (B) of Mps1T4%Ph |evels in the nucleoplasm of control and CENP C depleted cells in prophase.
Mean values for control cells were set to 100% (n > 40 cells for each condition from four independent
experiments). Scale bar: 5 um. (C,D) mitotic progression (C) and mitotic timing (D) of CENP C depleted S2 cells
expressing mCherry-aTubulin and EGFP-Mps1WT, EGFP-Mps1K2314F234A or EGFP-Mps 1K231A/F234ATT490A - Mitotic
progression was monitored through time-lapse microscopy and the mitotic timing was defined by the length of
time between nuclear envelope breakdown (NEB) and anaphase onset (AO) (n > 11 cells for each condition
from at least two independent experiments). Scale bar: 5 um. Data information: in (B) and (D) data are presented
as mean + SD. Asterisks indicate that differences between mean ranks are statistically significant, *p<0.05
(Mann-Whitney U test).

Live-cell imaging revealed that in the absence of kinetochores, cells expressing EGFP-
Mps1"T rapidly progressed through mitosis, whereas expression of EGFP-Mps1X231AF234A
markedly delayed anaphase onset (Figure .12 C,D). Importantly, preventing MCC
assembly through BubR1 co-depletion or expressing Mps1¥2AF234A  harbouring
unphosphorylatable T490 (EGFP- Mps1X231AF234ATT4%04) “failed to cause an obvious increase
in the mitotic timing indicating that the delay in mitosis observed in kinetochore-null

Mps1 K231A/F234A

cells is SAC-dependent and requires Mps1 activating T-loop
autophosphorylation (Figure 1.12 C,D). These results show that impairing T-loop
dephosphorylation of cytosolic Mps1 prolongs mitosis in a SAC-dependent manner even in
the absence of a kinetochore-generated ‘wait anaphase’ signal. Therefore, timely transition
to anaphase requires that SAC extinction at stably attached kinetochores coincides with the

inactivation of cytosolic Mps1. These results allow us to conclude that PP1-mediated
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dephosphorylation of non-kinetochore Mps1 is a critical mechanism to efficiently silence the

SAC and ensure prompt anaphase onset.

Regulation of PP1 activity during mitosis

The activity of PP1 must be tightly regulated to allow robust Mps1 activation during early
mitosis and to ensure its inactivation and SAC silencing when all kinetochores become
stably attached to spindle microtubules. Immunofluorescence analysis of S2 cells revealed
that PP1a87B preferentially accumulates on kinetochores when chromosomes are

bioriented at the metaphase plate (Figure 1.13 A,B).
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Figure 1.13 — Regulation of PP1087B activity during mitosis. (A,B) Representative immunofluorescence
images (A) and corresponding quantifications (B) of PP1a.87B levels at kinetochores of unaligned and aligned
chromosomes in S2 cells. PP1a087B fluorescence intensities were determined relative to Spc105 signal (n =
241 unaligned kinetochores and N = 110 aligned kinetochores from at least 6 cells). Scale bar: 5 um. (C,D)
Representative immunofluorescence images (C) and corresponding quantifications (D) of PP1a87B levels at
unattached kinetochores of control and Binucleine 2-treated S2 cells. Cells were treated with MG132 (20 uM)
for 1h followed by a 2h incubation with colchicine (30 uM) to generate unattached kinetochores. Binucleine 2
(20 uM) was added to cultures 30 min prior to colchicine treatment. PP1a87B fluorescence intensities were
determined relative to Spc105 signal (n > 282 kinetochores from at least 12 cells for each condition). Scale bar:
5 um. Data information: in (B) and (D) data are presented as mean + SD. Asterisks indicate that differences
between mean ranks are statistically significant, ****p<0.0001 (Mann-Whitney U test).

Kinetochore recruitment of PP1 in human cells is mediated in part by SILK and RVSF motifs
present on Knl1 N-terminus. Aurora B-dependent phosphorylation of both motifs prevents

the binding of PP1 during prometaphase (Liu et al, 2010). As Drosophila Spc105/Knl1 also
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contains a RVSF motif in its N-terminus, we examined whether a similar mechanism
operates in S2 cells to control PP1a87B kinetochore localization. Cultured cells were
incubated with Aurora B inhibitor Binucleine 2 in the presence of colchicine and of the
proteasome inhibitor MG132, which respectively generate unattached kinetochores and
prevent mitotic exit resulting from SAC abrogation. Inhibition of Aurora B led to an increase
of PP1a87B levels at unattached kinetochores (Figure 1.13 C,D), suggesting that similarly
to the described for human cells, Aurora B activity limits the association of PP1a87B with
unattached/ unaligned kinetochores in flies. In addition to the control exerted by Aurora B
on PP1 kinetochore localization, Cdk1 phosphorylation of PP1 C-terminus was shown to
repress the phosphatase activity during early mitosis (Dohadwala et al, 1994; Yamano et
al, 1994; Wu et al, 2009; Grallert et al, 2015).

DISCUSSION

How the SAC is rapidly extinguished allowing anaphase to proceed when the last
chromosome becomes bioriented has remained a key unanswered question. The present
study shows that efficient SAC silencing requires the inactivation of its most upstream
regulator, Mps1 kinase. We demonstrate in vitro and in vivo that PP1 directly antagonizes
Mps1 T-loop autophosphorylation rendering the kinase inactive at metaphase kinetochores
and in the cytoplasm. In Drosophila this relies on a [R/K]VxF motif that is present on Mps1
N-terminus and requires the PP1 regulatory subunit Sds22. Importantly, Mps1 orthologues
encompass several other PP1-binding motifs within different regions of the kinase, such as
SILK signatures in the C-terminus of human and mouse Mps1. This suggests that despite
the diversification in type and localization of PP1-docking motifs among Mps1 orthologues,

the dephosphorylation of the kinase T-loop by PP1 is likely to be conserved.

The calponin homology (CH) domains of Ndc80 and Nuf2 directly mediate Mps1
accumulation at unattached kinetochores, which is proposed to promote the kinase
activation required for efficient SAC signalling (Kemmler et al, 2009; Santaguida et al, 2011;
Saurin et al, 2011; Nijenhuis et al, 2013). Because microtubules bind to the same surface
of the CH domains that interacts with Mps1, microtubules forming end-on attachments
outcompete Mps1 for Ndc80 binding (Hiruma et al, 2015; Ji et al, 2015). This competition
mechanism is consistent with the reduction of Mps1 from metaphase kinetochores but is,
however, insufficient to dislodge all Mps1 molecules. As in human and budding yeast
(Vazquez-Novelle and Petronczki, 2010; Aravamudhan et al, 2015), Drosophila
kinetochores retain a fraction of Mps1 even after the formation of end-on attachments that

exert proper kinetochore tension. Intriguingly, although low levels of Mps1 were shown to
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be sufficient to delay anaphase onset (Herriott et al, 2012; Foijer et al, 2014), the residual
pool of Mps1 at metaphase kinetochores does not prevent SAC silencing. Work in budding
yeast proposes that this is due to changes on kinetochore architecture imposed by end-on
attachments. Stably bound microtubules exert mechanical tension on kinetochores, which
increases the distance between the CH domains of the Ndc80 complex and the MELT
motifs on Spc105/Knl1, thus preventing phosphorylation of the latter by Mps1 and allowing
SAC silencing (Aravamudhan et al, 2015). However, since in higher eukaryotes
kinetochore-localized Mps1 dynamically exchanges with the cytoplasmic pool (Jelluma et
al, 2010), free diffusion of Mps1 is expected to overcome the physical separation between
the kinase receptor and its substrates at metaphase kinetochores. Moreover, the
recruitment of Mad1:Mad2 to budding yeast kinetochores occurs exclusively through a
linear pathway in which Mps1-phosphorylated MELTs function as docking sites for the
binding of Bub1:Bub3 complexes, which in turn act as a loading platform for Mad1:Mad2
localization (London and Biggins, 2014a). In Drosophila and in human cells, however, a
Spc105/Knl1- and Bub1-independent pathway also recruits Mad1:Mad2 to unattached
kinetochores (Schittenhelm et al, 2009; Caldas et al, 2015; Sili6 et al, 2015). This relies on
the localization of the RZZ complex at kinetochores, which is itself regulated by Mps1
activity (Santaguida et al, 2010) and is sufficient to activate the SAC in response to
unattached kinetochores, even in the absence of Knl1 (Schittenhelm et al, 2009; Sili6 et al,
2015). Hence, in addition to the physical separation between the Ndc80 complex and
Spc105/Knl1 phospho-domain, other mechanisms must operate in metazoans to limit the
activity of kinetochore-associated Mps1 and extinguish SAC signalling in metaphase. Here
we demonstrate that this is accomplished by PP1-mediated dephosphorylation of Mps1 T-
loop. We found that depletion of PP1a.87B or preventing its interaction with Mps1 increases
the activation status of the residual fraction of Mps1 that persists at kinetochores of
bioriented chromosomes. This correlates with higher levels of Mad1 retained on
kinetochores and a prolonged metaphase delay that is caused by chronic SAC engagement
despite stable end-on attachments and establishment of kinetochore tension. Thus, we
reason that intra-kinetochore tension or alterations on kinetochore architecture, which also
correlate with SAC satisfaction in Drosophila and human cells (Maresca and Salmon, 2009;
Uchida et al, 2009), are important not only to disrupt the interaction of Mps1 with its
kinetochore substrates but also to increase the recruitment of PP1 to metaphase
chromosomes. Similarly to human cells (Liu et al, 2010), kinetochore levels of PP1a87B in
Drosophila S2 cells are significantly higher at bioriented chromosomes. The association of
PP1y with human kinetochores is directly mediated by SILK and [R/K]VxF motifs on
Spc105/Knl1 N-terminus and by the Spindle- and Kinetochore-Associated (Ska) complex
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(Sivakumar et al, 2016). At tensionless kinetochores, the recruitment of PP 1y is limited due
to the phosphorylation of Spc105/Knl1 N-terminus and of the Ska complex by Aurora B,
which respectively inhibits the binding of PP1y to Spc105/Knl1 and Ska (Liu et al, 2010;
Chan et al, 2012). As microtubules bind to kinetochores and tension is established, the
spatial repositioning of the KMN network decreases Aurora-B mediated phosphorylation of
the Ska complex and of Spc105/Knl1 N-terminus (Welburn et al, 2010), hence allowing bulk
accumulation of PP1y, which then catalyses the dephosphorylation of Mps1 T-loop. This
provides a mechanism to ensure the complete inactivation of any vestigial Mps1 residing at

microtubule-attached kinetochores during late stages of mitosis.

In addition to the MCC generated at unattached kinetochores in prometaphase, APC/C
inhibitory complexes are also assembled at the nuclear pore and in the cytoplasm during
late interphase and prophase (Sudakin et al, 2001; Lopes et al, 2005; Lince-Faria et al,
2009; Maciejowski et al, 2010; Schweizer et al, 2013; Rodriguez-Bravo et al, 2014). This
pre-mitotic MCC defines the minimum length of time a cell will spend in mitosis as it ensures
APC/C inhibition until newly assembled kinetochores are able to generate an efficient SAC
response. Interestingly, inhibition of Mps1 causes a substantial decrease in pre-mitotic
MCC levels and a consequent reduction in Cyclin B levels already in G2 and prophase
(Maciejowski et al, 2010; Rodriguez-Bravo et al, 2014). Moreover, a truncated form of Mps1
unable to localize at kinetochores failed to promote the recruitment of Bub1 to unattached
kinetochores but was nevertheless sufficient to sustain the assembly of mitotic APC/C
inhibitory complexes and delay anaphase onset (Maciejowski et al, 2010). In addition,
cytosolic Mps1 activity was shown to be critical to maintain the metaphase arrest caused
by Mad1 constitutively tethered to stably attached bioriented kinetochores that were
stripped from Mps1 (Maldonado and Kapoor, 2011). These observations indicate that the
activity of soluble Mps1 is required to generate the MCC and/or prevent its disassembly
during mitosis, further strengthening the idea that removing the kinase from kinetochores is
not sufficient for efficient SAC silencing. Therefore, determining how cytosolic Mps1 is
inactivated after the SAC signal is extinguished at stably attached kinetochores becomes
essential to understand the mechanism that allows timely mitotic exit. Here we show that
PP1 directly controls Mps1 activation, not only at kinetochores but also in the cytoplasm.
We demonstrate that preventing PP1-mediated dephosphorylation of soluble Mps1
maintains the kinase active in the cytosol and that this is sufficient to significantly delay
mitotic exit even in the absence of kinetochore-generated MCC. Although kinetochore
recruitment of Mps1 substantially increases the cell capacity to sustain a prolonged mitotic
arrest when challenged with spindle poisons (Nijenhuis et al, 2013), during an unperturbed

mitosis in which MCC production at kinetochores is minimal (Collin et al, 2013; Dick and
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Gerlich, 2013), controlled activity of soluble Mps1 is expected to be particularly relevant.
We envisage that the inactivation of cytosolic Mps1 is critical to ensure SAC responsiveness
at kinetochores during late mitosis so that transition to anaphase occurs without delay after

the last unattached kinetochore forms stable attachments.

Prometaphase Metaphase
Unattached kinetochores Attached kinetochores

KNLl

Ndc80C NchOC ‘

Active Mps1 Inactive Mps1
SAC ON SAC OFF

Figure 1.14 — A model for regulation of Mps1 activation/inactivation in mitosis. Proposed model for
regulation of soluble- and kinetochore-Mps1 activation in mitosis. During prometaphase, Aurora B potentiates
the recruitment of Mps1 to unattached kinetochores and phosphorylates Knl1/Spc105 to limit PP1 kinetochore
association. This allows the accumulation of active Mps1 at unattached kinetochores to instate efficient MCC
assembly. In parallel, high levels of active Cdk1 repress PP1 activity in the cytoplasm, which prevents the
dephosphorylation and consequently inactivation of soluble Mps1. Active Mps1 in the cytoplasm promotes the
assembly and/or prevents the disassembly of APC/C inhibitory complexes through mechanisms that are yet to
be described. Cytoplasmic- and kinetochore generated-MCC orchestrated by Mps1 cooperate to ensure
efficient APC/C inhibition during unperturbed early mitosis. End-on attachment of microtubules mediated by the
Ndc80 complex and Knl1 prevent the recruitment of Mps1 and exert tension across kinetochores and/or impose
alterations on kinetochore architecture. Under these conditions, phosphorylation of Knl1 by Aurora B is minimal,
and PP1 becomes enriched at bioriented kinetochores, where it dephosphorylates and inactivates the remaining
residual pool of Mps1. Declining levels of active Cdk1 allow PP1 to auto-activate and repress Mps1 activity in
the cytoplasm, hence ensuring efficient SAC silencing and prompt anaphase onset.

Taking our results together with previously reported work (Dohadwala et al, 1994; Yamano
et al, 1994; Liu et al, 2010; Mochida and Hunt, 2012; Grallert et al, 2015; Qian et al, 2015;
Rogers et al, 2016), we propose a model that controls Mps1 activation in a timely manner
and perfectly coordinated with mitotic progression. Elevated Cdk1 and Aurora B activities
during prometaphase, respectively repress PP1 activity and avert the phosphatase

localization at unattached kinetochores. This ensures high levels of active kinetochore- and
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cytosolic Mps1 and, therefore, robust SAC signalling in early mitosis (Figure 1.14). As
kinetochores become stably attached to spindle microtubules, Mps1 levels drastically
decrease whereas PP1 accumulation increases. This occurs concomitantly with a drop in
Cyclin B (and Cyclin A) that allows prompt PP1-mediated inactivation of Mps1 at
kinetochores and in the cytoplasm (Figure 1.14). We propose that this coincides with the
dephosphorylation of Mps1 substrates, with the removal of other SAC proteins and with
modifications on kinetochore organization. As Mps1 promotes MCC assembly through
multi-target phosphorylations along the SAC signalling cascade, the checkpoint is highly
responsive to changes in Mps1 activity (Faesen et al, 2017; Ji et al, 2017). Inactivation of
Mps1 by PP1 prevents the kinase from counteracting the dephosphorylation of its
substrates, thus avoiding futile cycles and ensuring efficient and rapid SAC silencing. This

guarantees a swift anaphase onset following chromosome biorientation.
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ANNEXES

Figure 1.4 — Supplementary figure 1
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Figure 1.4 — Supplementary figure 1 — Validation of a phospho-specific antibody against Drosophila Mps1
activating T-loop autophosphorylation. (A) Conservation among Mps1 T-loop residues. Clustal W alignments
of T-loop residues of indicated Mps1 orthologues. The conserved Mps1 activating autophosphorylation
threonine is highlighted in grey shading. The red numbers note specific residues for human Mps1/TTK (Thr676)
and Drosophila Mps1 (Thr490), and P indicates phosphorylation. (B) In vitro autophosphorylation of Drosophila
Mps1 detected by western blotting. Recombinant wild type (WT) and kinase dead (KD) versions of recombinant
Drosophila Mps1 were incubated with ATP for 30 min and phosphorylation of T490 (Mps1T4°Ph) probed with a
phospho-specific antibody. The chemiluminescence signal intensity of Mps1T#°Ph was determined relative to
the signal of total Mps1. (C,D) Representative immunofluorescence images (C) and corresponding
quantifications (D) of Mps1 T490 phosphorylation (Mps1T4°%Ph) at prometaphase kinetochores of third instar
larval neuroblasts from w1118 and ald®*4??2 homozygous (ald/ald). Mps1T4%°Ph fluorescence intensities were
determined relative to Spc105 signal and the mean values for control w1118 neuroblasts were set to 100% (n
> 135 kinetochores from at least 12 neuroblasts for each condition from two independent experiments). Scale
bar: 5 um. (E,F) Representative immunofluorescence images (E) and corresponding quantifications (F) of Mps1
T490 phosphorylation (Mps1T4%9Ph) at prometaphase kinetochores of third instar larval neuroblasts from ald®+42
homozygous expressing EGFP-Mps1"T (wild type) or EGFP-Mps1KP (kinase dead). The insets display
magnifications of the outlined regions. Mps1T#%P" fluorescence intensities were determined relative to Spc105
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signal and the mean values for neuroblasts expressing EGFP-Mps1"T were set to 100% (n > 87 kinetochores
from at least 10 neuroblasts for each condition from two independent experiments). Scale bar: 5 um. Data
information: in (D) and (F) data are presented as mean + SD. Asterisks indicate that differences between mean
ranks are statistically significant, ****p<0.0001 (Mann-Whitney U test).

Figure 1.7 — Supplementary figure 1
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Figure 1.7 — Supplementary figure 1 — Western blotting analysis of S2 cells expressing EGFP-Mps1"T and
EGFP-Mps1X2314F234A - \Western blot of analysis of BubR1 depletion and of EGFP-Mps1"T and EGFP-
Mps1K231AF234A expression in Drosophila S2 cells used in the studies described in Figure 1.7 J-L. aTubulin was
used as loading control.

Figure 1.12 — Supplementary figure 1
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Figure 1.12 — Supplementary figure 1 — Western blotting analysis of EGFP-Mps1"T, EGFP-Mps1K2314/F234A
and EGFP- Mps1X231AF234ATT490A gxnression in CENP C depleted S2 cells. Western blot of analysis of CENP C
and BubR1 depletion and of EGFP-Mps1WT, EGFP-Mps1K231AF234A gnd EGFP-Mps1K231A/F234AT490A gxpression
in S2 cells used in the studies described in Figure 1.12 C. aTubulin was used as loading control. Expression of
EGFP-Mps1 transgenes was under control of Mps1 cis-regulatory region.
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INTRODUCTION

To ensure accurate genome partitioning during cell division, eukaryotic cells evolved a
surveillance mechanism known as the Spindle Assembly Checkpoint (SAC) that halts
anaphase onset until all the kinetochores are correctly bound to spindle microtubules
(Musacchio and Salmon, 2007; Foley and Kapoor, 2013; Lara-Gonzalez et al, 2021). The
downstream target of the SAC is the Anaphase Promoting Complex/Cyclosome (APC/C),
an E3 ubiquitin ligase that targets Securin and Cyclin B for proteasome-mediated
proteolysis. Degradation of Securin and Cyclin B cause sister chromatid separation and
Cyclin-dependent kinase 1 (Cdk1) inactivation, respectively, events required for
chromosome segregation and mitotic exit (London and Biggins, 2014b; Musacchio, 2015;
Joglekar, 2016; Corbett, 2017). A weakened or an overactive SAC can lead to chromosome
segregation errors and thereby to aneuploidy, a condition frequently associated with
tumorigenesis (Michel et al, 2001; lwanaga et al, 2007; Morais da Silva et al, 2013; Resende
et al, 2018). To avoid such errors, the SAC must be tightly regulated: it must be strong
enough so that a single unattached kinetochore can delay anaphase onset but also highly
responsive in a way that mitotic exit is triggered as soon as all the kinetochores become
attached to microtubules. This equilibrium between strength and responsiveness of the
SAC results, in part, from the balance of kinases and phosphatases activities at
kinetochores (Saurin, 2018; Moura and Conde, 2019). The ability to timely silence the SAC
relies largely on the Protein Phosphatase 1 (PP1), a serine threonine phosphatase whose
activity at metaphase kinetochores drives the dephosphorylation of Knl1 MELT motifs
(London et al, 2012; Zhang et al, 2014; Nijenhuis et al, 2014) and of Mps1 T-loop (Moura
et al, 2017). These events lead to limited accumulation of SAC proteins at kinetochores and
to a complete inactivation of Mps1, which culminate in the switching off of the SAC and

anaphase onset.

Despite its importance for the control of SAC signalling, it is still unclear how PP1 is
regulated so that its SAC-antagonizing activity is low during early mitosis and elevated when
biorientation is achieved. Aurora B has been shown to limit the recruitment of PP1 to
unattached or tensionless kinetochores by phosphorylating PP1-receptor Knl1 on its RVxF
and SILK motifs at unattached or tensionless kinetochores (Liu et al, 2010; Rosenberg et
al, 2011; Bajaj et al, 2018; Nasa et al, 2018). However, nocodazole-treated cells expressing
a phospho-mimetic version of Knl1 (DSILK and RVDF) are able to accumulate at
kinetochores up to 50% of the PP1 levels that are detected when unattached kinetochores
harbour unphosphorylatable Knl1 SILK and RVxF motifs (ASILK and RVAF) (Nijenhuis et
al, 2014). This suggests that a significant pool of PP1 might already be present at

kinetochores in prometaphase, thus leaving room to question whether additional
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mechanisms are necessary to dampen PP1 activity during early mitosis and prevent
premature SAC silencing. Additional layers for control of PP1 activity may involve the
formation of specific holoenzymes through its association with regulatory interactors of
protein phosphatase one (RIPPOs) (Bollen et al. 2010; Cao et al, 2022) and the
phosphorylation of a conserved threonine residue in the disordered C-terminal tail of PP1.
This threonine (T320 in PP1a, T316 in PP13 and T311 in PP1y) is targeted by Cdk2 and
Cdk1 and has been associated in vivo with an inhibitory effect on PP1 during the G1/S
transition and mitosis, respectively (Dohadwala et al, 1994; Yamano et al, 1994; Kwon et
al, 1997; Liu et al, 1999; Wu et al, 2009; Grallert et al, 2015; Qian et al, 2015). Structural,
semisynthetic and biochemical data support the hypothesis that phosphorylation of
T320/316/311 inhibits PP1 function by mediating protein complex formation rather than by
direct structural changes or substrate competition (Salvi et al, 2020). However, the
mechanism through which phosphorylation of PP1 C-terminal tail controls holoenzyme
assembly to reduce PP1 activity and its relevance for SAC signalling remains unclear. SAC
silencing precedes APC/C-mediated ubiquitination of Cyclin B, thus implying that PP1-
dependent dephosphorylation of Knl1 and Mps1 occurs when Cdk1 is still active.
Furthermore, PP1 also triggers prompt APC/C-dependent degradation of Cyclin B
downstream of the SAC through the dephosphorylation of Cdc20 N-terminus (Kim et al,
2017; Bancroft el al, 2020). This event contributes to accelerate the metaphase to anaphase
transition and, as for the dephosphorylation of Knl1 and Mps1, takes place when the C-
terminus threonine is phosphorylated in a significant fraction of cellular PP1 (Bancroft el al,
2020). These observations challenge the involvement of Cdk1:Cyclin B-mediated inhibition

of PP1 in controlling timely anaphase onset.

Here, we set out to investigate the regulation of PP1 in mitosis by using Drosophila as a
model organism. Fruit flies have four loci encoding PP1 isoforms, of which PP1a87B is the
most abundant and responsible for the bulk of PP1 activity in mitosis (Axton et al, 1990;
Dombradi et al. 1990; Moura et al, 2017; Audett et al, 2022). Importantly, PP1a87B is
inherently truncated in its C-terminal tail thereby lacking the regulatory Cdk1-targeted
threonine. Hence, we took advantage of this naturally occurring simpler system to uncover
whether and how additional mechanisms control PP1 activity in mitosis to ensure a timely

SAC and accurate chromosome segregation.
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RESULTS

Cdk1 and Aurora B-mediated mechanisms do not fully account for the control of

PP1a87B activity during early mitosis

We started by testing in Drosophila S2 cells the relevance of PP1-anatagonizing
mechanisms previously described in other systems. PP1 is recruited to kinetochore through
its interaction with RVxF and SILK motifs of Knl1. Aurora B phosphorylation of these motifs,
which is maximal at unattached/tensionless kinetochores, decreases the binding affinity to
PP1. This limits PP1 recruitment to kinetochores before these become stably attached to
spindle microtubules (Liu et al, 2010; Rosenberg et al, 2011; Bajaj et al, 2018; Nasa et al,
2018). Several lines of evidence suggest that this mechanism also operates in S2 cells:
Aurora B phosphorylates Spc105 (Knl1) PP1-binding motifs in the absence of intra-
kinetochore stretch (Drpic et al, 2015; Barbosa el al, 2020); inhibition of Aurora B activity
enhances the accumulation of PP1a87B at unattached kinetochores (Moura et al, 2017)
and live-cell imaging of S2 cells stably expressing EGFP-PP1a87B shows an evident
increase of PP1a87B recruitment to aligned kinetochores (Figure Il.1A). Nevertheless,
discrete puncta of EGFP-PP1a87B could be observed during early mitosis (Figure II.1 A)
and immunofluorescence analysis confirmed that, albeit at lower levels, EGFP-PP1a87B

also localizes to prometaphase kinetochores in S2 cells (Figure 11.1B).
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Figure Il. 1 — Forced accumulation of PP10.87B at the kinetochore does not promote premature anaphase
onset. (A) Mitotic progression of S2 cells expressing mCherry-a-Tubulin and EGFP-PP1a87BWT. Mitotic
progression was monitored by time-lapse microscopy. Nuclear envelope breakdown (NEB), Metaphase and
Anaphase Onset (AO) are identified. Insets show the accumulation of EGFP-PP1a.87B in discrete puncta. (B)
Representative immunofluorescence images of EGFP-PP1a87B localization throughout mitosis in S2 cells
expressing EGFP-PP1a87B"WT. Scale bar: 5um. (C) Mitotic duration of S2 cells expressing the indicated
transgenes in the indicated conditions. Mitotic progression was monitored by time-lapse microscopy. The mitotic
duration was defined by the length of time measured between NEB and AO or NEB and chromatin
decondensation in the case of colchicine-treated cells (n > 20 cells for each condition). Data information: data
in (C) is shown as median plus interquartile range.

To test whether Aurora B-controlled recruitment of PP1a87B is sufficient to prevent
premature SAC silencing, we constitutively tethered PP1a87B to the outer-kinetochore by
fusing it to Mis12 and monitored mitotic progression by live cell imaging. Compared to
Mis12-EGFP, expression of the Mis12-EGFP-PP1a87B transgene did not accelerate
anaphase onset in asynchronous cultured cells and marginally affected the capacity of cells
to arrest in mitosis following microtubule depolymerization induced by colchicine (Figure
11.1C). Importantly, expression of Mis12-EGFP-PP1a87B restored timely mitotic exit in S2
cells depleted of endogenous PP1a87B, thus indicating that the kinetochore-tethered
phosphatase is functional (Figure I1.1C). These results show that bypassing the phospho-
regulation of PP1-docking motifs on Spc105 is not sufficient to silence or significantly
weaken the SAC, which suggests that additional mechanisms contribute to repress

PP1a87B activity and consequently prevent premature dephosphorylation of SAC

substrates.
A ~9.00 min
: . 1251 -2.00
=3 %
£1.00 s
5 100 41752
S S 3
0 [Madi-mCherry || L0751 E
£ 3 0] 150 &
g . .‘_."t g g
3 2 5 0.50 g
d 8 4125Q
o = 0251 5
m e -1.00 =
0.00 . : L
45 <10 5 0 5 10
Time (min)
B o 125 200
z £
[31] 17}
5 1.00 g
s 1 175 §
8 S S
4 o =
o | & 075 g
c | O -1.50
= e 2
S 5 2
[ @ 0.50 ~ 6
a o +1.25 2
w 2 5
G 5 0.25 3
“ = -1.00 =
0.00 - 1 L 1 " 1 L 1 L | L 1
45 <10 5 0 5 10
Time (min)

Figure Il. 2 — The Spindle Assembly Checkpoint is silenced under high CyclinB:Cdk1 activity. Mitotic
progression of S2 cells expressing Mad1-mCherry and EGFP-Cyclin BYT (A) or EGFP-Cyclin BNPG (Non
degradable Cyclin B) (A,B). Mitotic progression was monitored by time-lapse microscopy. The fluorescence
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intensities of Mad1-mCherry and EGFP-Cyclin B at the kinetochores were corrected to the cytoplasm and
plotted against the time in mitosis. Time = Omin represents anaphase onset (n > 8 cells for each condition).

Phosphorylation of PP1 C-terminal tail by Cdk1 has been proposed to negatively regulate
PP1 activity in mitosis (Wu et al, 2009; Grallert et al, 2015; Qian et al, 2015). This seems
however implausible in S2 cells, as the naturally truncated PP1a87B lacks the regulatory
Cdk-targeted threonine. Nevertheless, and despite inconspicuous mitotic roles, the
Drosophila paralogues PP1B9C and PP1096A do have disordered C-terminal tails
harbouring conserved proline-rich PxXTPP sequences (Figure 1.2 — Supplementary figure
1), which prompted us to test whether Cdk1 could be contributing to reduce overall PP1
function in mitotic S2 cells. We started by establishing S2 cell lines stably co-expressing
Mad1-mCherry and EGFP-tagged wild type (WT) or non-degradable (NDG) Cyclin B (Sigrist
et al, 1995), and monitored the kinetochore localization of Mad1-mCherry as a readout for
active SAC signalling. In EGFP-Cyclin B"™-expressing cells, Mad1-mCherry signal at
kinetochore pairs begins to fade as these align to the metaphase plate (~10 minutes before
anaphase onset) and equals background intensity ~4 minutes prior to anaphase onset,
when ~75% of EGFP-Cyclin B"T levels are still present in the cell (Figure 11.2A). This
supports the notion that the SAC is switched off (Mad1 absent from kinetochores) under
elevated Cdk1:Cyclin B activity (indirectly inferred from EGFP-Cyclin B"" levels), a premise
that was confirmed in cells expressing EGFP-Cyclin B°¢, where the kinetics of Mad1-
mCherry disappearance from bioriented kinetochores was completely unaffected by the

lack of Cyclin B proteolysis (Figure 11.2B).

To interrogate if SAC silencing in the presence of high Cdk1:Cyclin B relies on PP1a87B,
we used a phospho-specific antibody (Jelluma et al, 2008a) to assess the phosphorylation

of Mps1 T-loop (Mps17490Ph)

at kinetochores, which we have previously established as a
PP1a87B substrate and whose dephosphorylation during metaphase is required for Mps1
inactivation and SAC silencing in Drosophila cells (Moura et al, 2017). Immunofluorescence
analysis demonstrated that expression of EGFP-Cyclin BNP®, or treatment with MG132 to
prevent proteasome-mediated degradation of Cyclin A and Cyclin B, did not preclude Mps1
inactivation in metaphase, as revealed by the substantial decrease in Mps1 T-loop
autophosphorylation as cells progress from prometaphase to metaphase (Figure 11.3).
Dephosphorylation of Mps1™9°P" at metaphase kinetochores was however prevented when
PP1087B was depleted. These data show that the dephosphorylation of Mps1 T-loop in
MG132-treated and EGFP-Cyclin BNP®-expressing cells mirrors the observed in untreated

control cells and is mediated by PP1a87B (Figure 11.3).
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Figure Il. 3 - PP1087B-mediated dephosphorylation of Mps1 T-loop in metaphase occurs in the presence
of Cyclin B or Cyclin A:Cdk1 activity. Representative immunofluorescence images and corresponding
quantifications of Mps1T4%Ph |evels at the kinetochores of control and PP1a87B depleted S2 cells in
prometaphase and metaphase. Cells were either untreated, expressing a non-degradable version of Cyclin B
or treated with MG132 for 2 hours, as indicated. Mps1T#°°Ph fluorescence intensity was determined relative to
CID signal. Scale bar: 5um. Data information: data is shown as median plus interquartile range; asterisks
indicate that differences between mean ranks are statistically significant, ****p<0.0001 (Kruskal-Wallis, Dunn’s
multiple comparison test).

In line with Mps1 activation status, the phosphorylation of Mad1 C-terminus on T726 (T716
in human Mad1), which is catalysed by Mps1 (Figure 1.4 — Supplementary figure 1) and
rate-limiting for SAC signalling (Faesen et al, 2017; Ji et al, 2017; Ji et al, 2018; Allan et al,
2020; Fischer et al, 2022), also decreases at metaphase kinetochores of cells impaired in
Cyclin A and Cyclin B degradation, unless PP1a87B is depleted (Figure 11.4). Collectively,
these results indicate that PP1a87B-mediated inactivation of Mps1 can still occur in the
presence of Cyclin A and Cyclin B, thus showing that Cdk1 activity, at most, contributes

marginally to prevent PP1a87B from prematurely silencing the SAC in Drosophila S2 cells.
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Figure Il. 4 — PP1087B-dependent dephosphorylation of Mad172¢ in metaphase occurs in the presence
of Cyclin B or Cyclin A:Cdk1 activity. Representative immunofluorescence images and corresponding
quantifications of Mad17726Ph |evels at the kinetochores of control and PP1a87B depleted S2 cells in
prometaphase and metaphase. Cells were either untreated, expressing a non-degradable version of Cyclin B
or treated with MG 132 for 2 hours, as indicated. Mad1772Ph fluorescence intensity was determined relative to
CID signal. Scale bar: 5um. Data information: data is shown as median plus interquartile range; asterisks
indicate that differences between mean ranks are statistically significant, *p<0.05, ****p<0.0001 (Kruskal-Wallis,
Dunn’s multiple comparison test).

Polo phosphorylates PP1a87B at unattached/tensionless kinetochores

PP1a87B is impervious to Cdk1, and yet, its forced accumulation at kinetochores (fusion
with Mis12) fails to prematurely silence the SAC (Figure II.1 C). Therefore, we hypothesized
that other mechanisms operate during prometaphase to restrain PP1a87B activity. The
presence of a conserved consensus sequence for Polo/Plk1 phosphorylation at the C-
terminus of PP1a87B (T286, Figure I1.5 A) prompted us to interrogate whether Polo could
directly regulate PP1a87B activity in mitosis. To address this, we first assessed Polo
capacity to phosphorylate PP1a87B in S2 cells. We raised an antibody against
phosphorylated T286 (T288 in human PP1y) and performed immunofluorescence analysis
(Figure I1.5). Phosphorylation of PP1a87B on T286 (T286Ph) was uniformly detected at
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kinetochores of colchicine-treated cells (Figure 11.5 B,C). However, kinetochore levels of
T286Ph were severely reduced following RNAi-mediated depletion of Polo or
pharmacological inhibition of its kinase activity with BI2356 (Figure 1.5 C,E). Depletion of
PP1a87B (Figure 11.5 B,D) or replacing the endogenous protein with a kinetochore-tethered
unphosphorylatable mutant for T286 also compromised T286Ph staining (Figure 1.5 F,G),
which further validates the specificity of the antibody. Collectively, these results support the

notion that Polo phosphorylates PP1a87B T286 in a cellular context.
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Figure Il. 5 — Polo phosphorylates PP10.87B at unattached kinetochores. (A) Clustal W alignments of the
C-terminus of indicated PP1 orthologues. The conserved Cdk and Polo/Plk1 consensus motifs are highlighted
in grey shading. (B,D) Representative immunofluorescence images (B) and corresponding quantifications (D)
of PP1a87B T286 phosphorylation (PP1a087BT2%P") at kinetochores of colchicine-treated cells in the indicated
conditions. PP1a87BT28%Ph fluorescence intensity was determined relative to CID signal(n > 307 kinetochores
from at least 17 cells for each condition). (C,E) Representative immunofluorescence images (C) and
corresponding quantifications (E) of PP1a87B T286 phosphorylation (PP1a87BT2%P") at kinetochores of
colchicine-treated cells in the indicated conditions. PP1a087B™%P" fluorescence intensity was determined
relative to CID signal (n > 338 kinetochores from at least 19 cells for each condition). (F,G) Representative
immunofluorescence images (F) and corresponding quantifications (G) of PP1a87B T286 phosphorylation
(PP1a0.87BT28Ph) at prometaphase kinetochores of cells in the indicated conditions. PP1a87BT28¢h fluorescence
intensity was determined relative to EGFP signal(n > 286 kinetochores from at least 13 cells for each condition).
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Scale bar: 5um. Data information: data in D and G is shown as median plus interquartile range; asterisks indicate
that differences between mean ranks are statistically significant, ****p<0.0001 (Mann-Whitney U test); data in E
is shown as median plus interquartile range; asterisks indicate that differences between mean ranks are
statistically significant, ****p<0.0001 (Kruskal-Wallis, Dunn’s multiple comparison test).
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Figure Il. 6 — PP1087B T286 phosphorylation decreases with mitotic progression. (A,B) Representative
immunofluorescence images (A) and corresponding quantifications (B) of PP1a87BT2%Ph |evels at the
kinetochores of S2 cells throughout mitosis. PP1a87B7%¢" fluorescence intensity was determined relative to
CID signal. (C,D) Representative immunofluorescence images (C) and corresponding quantifications (D) of
PP1a87BT28¢Ph |evels at prometaphase and metaphase kinetochores of S2 cells expressing Mis12-EGFP-
PP1a87B"T. PP1087BT2%" fluorescence intensity was determined relative to EGFP signal. Scale bar: 5um.
Data information: data is shown as median plus interquartile range; asterisks indicate that differences between
mean ranks are statistically significant, ****p<0.0001 (Kruskal-Wallis, Dunn’s multiple comparison test).

We then assessed the phosphorylation of PP1a87B T286 in unperturbed mitosis of
asynchronous cultured S2 cells. The kinetochore signal of T286Ph was readily detected in
prophase and prometaphase cells, but becomes significantly reduced in metaphase and
virtually undetectable in cells undergoing anaphase (Figure 11.6 A,B). Because the
kinetochore recruitment of PP1a87B increases as chromosome biorientation is established
(Figure 1.1 A,B, Audet et al, 2022; Moura et al, 2017), the decrease in the phosphorylation
of T286 at metaphase kinetochores cannot be explained by reduced phosphatase levels at

kinetochores. To confirm this, we assessed the phosphorylation of PP1a.87B T286 in S2
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cells expressing the outer kinetochore-tethered version of the phosphatase (Figure 11.6
C,D). Kinetochore levels of Mis12-EGFP-PP1a87B remain constant throughout mitosis,
thus allowing us to monitor PP1087B™%¢"" relative to the amount of PP1a.87B. Detailed
analysis showed that, for any given cell, the phosphorylation of T286 is kept elevated at
tensionless kinetochores of unaligned chromosomes, but was strikingly reduced at
kinetochore pairs of chromosomes that have already congressed to the metaphase plate
and exhibit inter-kinetochore tension (Figure 1.6 C). These results indicate that PP1a87B
T286 phosphorylation is regulated throughout mitosis and is responsive to the status of

kinetochore attachment/chromosome alignment.

This phosphorylation pattern of PP1a87B in its T286 correlates with the activation status of
Polo at kinetochores throughout mitosis (Conde et al, 2013; Barbosa et al, 2020). Notably,
in contrast with S2 cells expressing endogenous Polo or a wild-type Polo transgene (Polo"'-
EGFP), preventing Polo inactivation through the expression of a constitutively active version
of the kinase (Polo""®?P-EGFP) was sufficient to retain elevated levels of PP1a.87B72¢"" gt
metaphase kinetochores (Figure 11.7). Collectively these data demonstrate that PP1a87B
phosphorylation on its T286 is driven by Polo activity and suggests that this occurs

preferentially at unattached kinetochores.
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Figure Il. 7 — Expression of constitutively active Polo maintains PP10.87B T286 phosphorylated at
metaphase kinetochores. (A,B) Representative immunofluorescence images (A) and corresponding
quantifications (B) of PP1a87BT28"" |evels at metaphase kinetochores of S2 cells expressing Polo"WT-EGFP or
Polo™82P-EGFP. PP1a087B™%¢" fluorescence intensity was determined relative to CID signal. Scale bar: 5um.
Data information: data is shown as median plus interquartile range; asterisks indicate that differences between
mean ranks are statistically significant, ****p<0.0001 (Mann-Whitney U test).

Phosphorylation of PP1a87B T286 is required for robust SAC signalling

To dissect the relevance of Polo-mediated phosphorylation of PP1a87B on T286, we
established S2 cell lines expressing EGFP-tagged wild type (WT), unphosphorylatable
(T286A) and phospho-mimetic (T286D) versions of PP1a87B. We first assessed the
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activation of Mps1 in prometaphase cells. As expected, immunofluorescence analysis
demonstrated that phosphorylation of Mps1 T-loop is enhanced at prometaphase
kinetochores in PP1a87B depleted cells (Moura et al, 2017; Figure 11.3; Figure 11.8). This
effect was rescued by the expression of EGFP-PP1087B"" and less efficiently by EGFP-
PP1087B™%P (Figure 11.8). Importantly, the kinetochore levels of Mps1™%"" were
significantly reduced in EGFP-PP1087B"®"-expressing cells when compared to control
parental cells or cells expressing the wild type transgene (Figure 11.8), which indicates that
preventing the phosphorylation of PP1a87B T286 renders Mps1 less active at

prometaphase kinetochores.
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Figure Il. 8 — Preventing PP10.87B T286 phosphorylation decreases Mps1 T-loop phosphorylation at
prometaphase kinetochores. (A,B) Representative immunofluorescence images (A) and corresponding
quantifications (B) of Mps1T4%Ph |evels at the kinetochores of prometaphase S2 cells in the indicated conditions.
Mps1™9%h and EGFP fluorescence intensities were determined relative to CID signal. (n > 300 kinetochores
from at least 10 cells for each condition). Scale bar: 5 um. Data information: data in B is shown as median plus
interquartile range; asterisks indicate that differences between mean ranks are statistically significant, **p<0.01,
****p<0.0001 (Kruskal-Wallis, Dunn’s multiple comparison test).

Given the upstream role of Mps1 in SAC activation, we hypothesized that the
phosphorylation of PP1a87B T286 could be required for proper SAC signalling. To address
this, we examined by live cell imaging the effect of EGFP-PP1-87B™%" on mitotic
progression. Depletion of endogenous PP1a87B caused a significant extension of the time
from nuclear envelope breakdown (NEB) to anaphase onset (AO) (Figure 11.9). EGFP-
PP1087B™%* and EGFP-PP1087B"" were indistinguishable in their ability to restore
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normal mitotic duration as measured for control parental S2 cells (Figure 11.9), thus
suggesting that lack of PP1a87B T286 phosphorylation does not accelerate mitotic exit in

otherwise unperturbed S2 cells.
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Figure Il. 9 — Mimicking constitutive phosphorylation of PP10.87B T286 extends the metaphase duration.
(A-C) Mitotic progression (A) and prometaphase (B) and metaphase duration (C) of S2 cells expressing
mCherry-a-Tubulin and EGFP or the indicated transgenes of EGFP-PP1087B in an endogenous PP1087B
depleted background. Mitotic progression was monitored by time-lapse microscopy. The prometaphase duration
was defined by the length of time measured between the nuclear envelope breakdown (NEB) and the first still
in which all kinetochore pairs were perfectly aligned at the metaphase plate (Metaphase). The metaphase
duration was defined by the length of time measured between Metaphase and anaphase onset (AO) (n > 39
cells for each condition, from at least two independent experiments). Data information: data in (B) and (C) is
shown as mean plus standard deviation, mean value is shown above each column, asterisks indicate that
differences between mean ranks are statistically significant, **p<0.01, ****p<0.0001 (Kruskal-Wallis, Dunn’s
multiple comparison test).

To specifically evaluate the importance of PP1a87B T286 phosphorylation for SAC
signalling, we assessed by live-cell imaging the capacity of PP1a87B phospho-mutants to
arrest in mitosis when incubated with colchicine (Figure 11.10 A). In line with SAC
proficiency, cells expressing EGFP-PP1a87B"" or EGFP-PP1087B™®" significantly
delayed the transition to anaphase in the presence of colchicine (~469 min and ~454 min,
respectively). In contrast, EGFP-PP1a87B"™%" cells, although able to halt mitotic
progression to some extent in response to unattached kinetochores (~369 min), failed to

BWT

sustain this arrest as efficiently as EGFP-PP1a87 cells (Figure 11.10 A). This weakened

SAC correlates with the observed reduction in Mps1 activation (Figure 11.10 B) and Mps1-
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mediated phosphorylation of Mad1 T726 at unattached kinetochores (Figure 11.10 C), which
is critical for catalysis of MCC assembly and consequently for a functional checkpoint.
Therefore, we concluded that the phosphorylation of PP1a87B T286 by Polo is required for

efficient Mps1 activation at kinetochores and robust SAC signalling.
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Figure Il. 10 — Preventing the phosphorylation of PP1087B T286 weakens Mps1 activation and SAC
signalling at unattached kinetochores. (A) Mitotic duration of S2 cells incubated in colchicine and expressing
the indicated transgenes. Mitotic timing was monitored by time-lapse microscopy. The mitotic duration was
defined by the length of time measured between the nuclear envelope breakdown and the mitotic exit, defined
as the still where the DNA starts to decondense (n > 23 cells for each condition). (B) Quantifications of
Mps1T4%Ph |evels at the kinetochores of S2 cells treated with colchicine for 7 hours and expressing the indicated
transgenes. Mps1T%" fluorescence intensity was determined relative to CID signal. (n > 440 kinetochores from
at least 20 cells for each condition). (C) Quantifications of Mad17726"" |evels at the kinetochores of S2 cells
incubated with colchicine for 7 hours and expressing the indicated transgenes. Mad1772%Ph fluorescence intensity
was determined relative to CID signal. (n > 242 kinetochores from at least 15 cells for each condition). Data
information: (A) data is shown as mean plus standard deviation. Mean value is shown above each column.
Asterisk indicates that differences between mean ranks are statistically significant, *p<0.05 (Mann-Whitney U
test). (B,C) data is shown as median plus interquartile range; asterisks indicate that differences between mean
ranks are statistically significant, *<p0.05, ****p<0.0001 (Kruskal-Wallis, Dunn’s multiple comparison test).

Mimicking constitutive phosphorylation of PP1087B T286 delays SAC silencing

The above results imply that phosphorylation of PP1a87B on T286 attenuates its capacity
to dephosphorylate Mps1 and possibly other SAC substrates. Therefore, we next assessed
the impact of mimicking PP1a87B T286 permanently phosphorylated. Immunofluorescence
analysis of metaphase kinetochores showed that expression of EGFP-PP1087B"" and
EGFP-PP1087B"%" were able to rescue the increase of active Mps1 (Mps1™°%"") caused
by the depletion of endogenous PP1a87B (Figure I1.11). On the other hand, cells
expressing the phospho-mimetic version EGFP-PP1087B™%P failed to efficiently
dephosphorylate Mps1-T loop (Figure 11.11). In line with permanently active Mps1, EGFP-
PP1087B"%P expressing cells were delayed in the transition to anaphase (~36 min), when
compared to cells expressing EGFP-PP1-87B"" (~16 min) or EGFP-PP1-87B™%%%* (~17
min), which fully rescued the prolonged metaphase duration caused by the depletion of
endogenous PP1a87B (~82 min) (Figure 11.9). Based on these results we concluded that

mimicking PP1a87B constitutively phosphorylated on T286 impairs timely inactivation of
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Mps1 and thereby delays SAC silencing and anaphase onset despite normal chromosome

attachment and biorientation.
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Figure Il. 11 — Mimicking constitutive phosphorylation of PP1a87B T286 impairs Mps1 T-loop
dephosphorylation at metaphase kinetochores. (A,B) Representative immunofluorescence images (A) and
corresponding quantifications (B) of Mps1T4°Ph |evels at the kinetochores of metaphase S2 cells in the indicated
conditions. Mps1T9" and EGFP fluorescence intensities were determined relative to CID signal. (n > 229
kinetochores from at least 10 cells for each condition). Scale bar: 5 um. Data information: data is shown as
median plus interquartile range; asterisks indicate that differences between mean ranks are statistically
significant, ****p<0.0001 (Kruskal-Wallis, Dunn’s multiple comparison test).

Kinetochore-tethering of PP1a87B does not bypass the control exerted by T286
phosphorylation

Next, we set out to dissect how phosphorylation of T286 by Polo negatively affects
PP1a87B-mediated inactivation of kinetochore-localized Mps1. We hypothesized that T286
phosphorylation might affect PP1a87B dynamics at kinetochores (turnover rate) in a way
that precludes its interaction with Mps1 and other SAC substrates. To test that, we fused
PP1a87B"", PP1a87B™% and PP1087B"™*" with Mis12 to render all versions of
PP1a87B constitutively tethered to the outer-kinetochore and in this way ensure similar
phosphatase abundance and dynamics at kinetochores. Also under these conditions, and
again contrasting with the wild type or unphosphorylatable Mis12-EGFP-PP1a.87B"%*, the
phospho-mimetic version Mis12-EGFP-PP1a87B™%¢P failed to efficiently dephosphorylate
the T-loop of Mps1 and the C-terminus of Mad1 present on metaphase kinetochores (Figure
11.12; Figure 11.13).
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Figure Il. 12 — Mimicking constitutive T286 phosphorylation on kinetochore-tethered PP1087B impairs
Mps1 T-loop dephosphorylation at metaphase kinetochores. (A,B) Representative immunofluorescence
images (A) and corresponding quantifications (B) of Mps1T4%P" [evels at the kinetochores of metaphase S2 cells
in the indicated conditions. Mps174%°" and EGFP fluorescence intensities were determined relative to CID signal.
(n > 295 kinetochores from at least 11 cells for each condition, from at least two independent experiments).
Scale bar: 5 um. Data information: data is shown as median plus interquartile range; asterisks indicate that
differences between mean ranks are statistically significant, ****p<0.0001 (Kruskal-Wallis, Dunn’s multiple
comparison test).
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Figure II. 13 — Mimicking constitutive T286 phosphorylation on kinetochore-tethered PP1087B impairs
Mad1 T726 dephosphorylation at metaphase kinetochores. (A,B) Representative immunofluorescence
images (A) and corresponding quantifications (B) of Mad1772%" levels at the kinetochores of metaphase S2 cells
in the indicated conditions. Mad17726" and EGFP fluorescence intensities were determined relative to CID signal.
(n > 373 kinetochores from at least 13 cells for each condition, from at least two independent experiments).
Scale bar: 5 um. Data information: data is shown as median plus interquartile range; asterisks indicate that
differences between mean ranks are statistically significant, ****p<0.0001 (Kruskal-Wallis, Dunn’s multiple
comparison test).

Accordingly, S2 cells in which endogenous PP1a87B was replaced by Mis12-EGFP-
PP1087B"%P exhibited a prolonged metaphase delay (~46 min), whereas expression of
Mis12-EGFP-PP1087B"" or Mis12-EGFP-PP1087B"™* could promptly restore timely
anaphase onset in a PP1a87B RNAIi background. The metaphase delay observed in Mis12-
EGFP-PP1087B™%P_cells was SAC-dependent, as it could be readily averted by depletion
of Mps1 (Figure 11.14).
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Figure Il. 14 — Mimicking constitutive T286 phosphorylation on kinetochore-tethered PP1087B delays
S2 cells in metaphase. (A-C) Mitotic progression (A) and prometaphase (B) and metaphase (C) duration of S2
cells expressing mCherry-o-Tubulin and Mis12-EGFP or the indicated transgenes of Mis12-EGFP-PP1a87B in
a PP1a87B endogenous depleted background. Mitotic progression was monitored by time-lapse microscopy.
The prometaphase duration was defined by the length of time measured between the nuclear envelope
breakdown (NEB) and the first still in which all kinetochore pairs were perfectly aligned at the metaphase plate
(Metaphase). The metaphase duration was defined by the length of time measured between Metaphase and
anaphase onset (AO) (n > 23 cells for each condition, from at least two independent experiments). Data
information: data is shown as mean plus standard deviation, mean value is shown above each column, asterisks
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indicate that differences between mean ranks are statistically significant, **p<0.01, ***p<0.001, ****p<0.0001
(Kruskal-Wallis, Dunn’s multiple comparison test).

We then evaluated the impact of the kinetochore-tethered PP10.87B phospho-mutants on
SAC strength by monitoring their ability to delay mitotic exit in the presence of colchicine.
Although producing a less robust mitotic arrest than their untethered counterparts (Figure
1.10), cells expressing Mis12-EGFP-PP1a87B"" or MIS12-EGFP-PP1087B™%P were still
able to significantly extend the mitotic duration (~353 min and ~412 min), thus retaining
considerable SAC proficiency despite PP1a87B forced accumulation at unattached
kinetochores (Figure 11.15). On the other hand, preventing T286 phosphorylation of
kinetochore-tethered PP1087B (Mis12-EGFP-PP1087B"%%) significantly accelerated
mitotic exit (~221 min), which was symptomatic of a compromised SAC. Hence, despite
similar outer-kinetochore localization of the different Mis12-EGFP-PP1a87B versions at
unattached kinetochores, Mps1 inactivation and subsequent SAC silencing, do not occur

as long as T286 remains phosphorylatable or is rendered phospho-mimetic.

Collectively, the results obtained with the kinetochore-tethered transgenes strongly suggest
that phosphorylation of T286 can inhibit PP1a87B-mediated SAC silencing through
mechanisms other than a possible impact on PP1a87B kinetochore recruitment or

dynamics.

Time in mitosis (min)

Mis12-EGFP-PP1a878B:

Figure Il. 15 — Kinetochore-tethered PP10.87B harbouring a T286A mutation weakens the SAC. Mitotic
duration of S2 cells expressing mCherry-a-Tubulin and the indicated transgenes and treated with Colchicine.
Mitotic progression was monitored by time-lapse microscopy. The mitotic duration was defined by the length of
time measured between the nuclear envelope breakdown and the mitotic exit, defined as the still where
chromatin decondensation starts (n > 23 cells for each condition). Data information: data is shown as mean plus
standard deviation; mean value is shown above each column; asterisks indicate that differences between mean
ranks are statistically significant, ***p<0.001 (Mann-Whitney U test).

Phospho-regulation of PP1a87B on T286 in required for genome stability in vivo

The results obtained so far with cultured S2 cells demonstrate that Polo phosphorylates

PP1a87B at T286 during early mitosis to limit the phosphatase activity towards kinetochore-
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associated Mps1 and thereby ensure a robust SAC signalling. Conversely, the
phosphorylation status of PP1a87B T286 at kinetochores concomitantly decreases with
chromosome biorientation to enable SAC silencing and timely anaphase onset. To
investigate if this phospho-regulation occurs in vivo and whether it is relevant for genome
stability, we analysed the impact of PP1a87B"%¢ phospho-mutants on dividing neuroblasts
of 3" instar larvae. All UAS-PP1087B-HA transgenes (WT and phospho-mutants T286A
and T286D) were expressed at similar levels in a pp71a87B knockdown background
(bp1a87B%9%pp1a87B") and Mps1 activation status assessed upon colchicine treatment.
Similarly to what is observed for S2 cells, loss of endogenous pp1a87B led to an increase
of Mps1-T-loop phosphorylation at unattached kinetochores, which was efficiently
prevented by the expression of PP1a87B“'-HA (Figure 11.16 A,B). Notably,
unphosphorylatable PP1a87B"™%A-HA reduced even further the kinetochore levels of
Mpx1T9%Ph \whereas phospho-mimetic PP1a087B"™%P-HA failed to rescue Mps1 hyper-

activation (Figure 11.16 A,B).
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Figure Il. 16 — Phospho-regulation of PP1a87B T286 is required to control Mps1 T-loop phosphorylation
in Drosophila neuroblasts. (A,B) Representative immunofluorescence images (A) and corresponding
quantifications (B) of Mps174°%" |evels at the kinetochores of 3rd instar larval neuroblasts treated with colchicine
and in the indicated conditions. Mps1T%Ph and HA fluorescence intensities were determined relative to Spc105
signal. (n > 121 kinetochores from at least 9 cells for each condition, from at least two independent experiments).
Scale bar: 5 um. Data information: data is shown as median plus interquartile range; asterisks indicate that
differences between mean ranks are statistically significant, ****p<0.0001 (Kruskal-Wallis, Dunn’s multiple
comparison test).
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We then monitored by live imaging neuroblasts undergoing anaphase to evaluate the
accuracy of genome partitioning. Approximately 55% of the trans-heterozygous pp1a87b
mutant neuroblasts displayed chromosome segregation defects, which were readily averted
if PP1087B""-HA was expressed (Figure 11.17 A). However, both phospho-mutants failed
to restore the fidelity of chromosome segregation as efficiently as the wild-type transgene,
with PP1a87B™%-HA neuroblasts exhibiting lagging chromosomes in approximately 27%
of anaphases and asynchronous segregation of chromosomes being scored in 25% of
PP1087B™3P-HA neuroblasts (Figure 11.17 A). In line with the observed segregation
defects, the % of aneuploid neuroblasts in the larvae brain increases significantly when the

phospho-regulation of PP1a87B T286 is compromised (Figure 11.17 B,C).
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Figure Il. 17 — Phospho-regulation of PP1087B T286 is required for faithful chromosome segregation
and genome stability in Drosophila neuroblasts (A) Quantifications of the percentage of neuroblasts that
undergo anaphase with chromosome segregation errors in the indicated conditions (n > 27 cells for each
condition). (B,C) Representative immunofluorescence images (B) and corresponding quantification (C) of the
percentage of aneuploid neuroblasts in the indicated conditions. Each dot represents an independent
experiment. A total of at least 184 neuroblasts from 14 brains were quantified for each condition. Scale bar: 5
pm. Data information: data in (C) is shown as median plus interquartile range.

Collectively, these results strongly support that timely phosphorylation/ dephosphorylation
of PP1a87B at T286 in mitosis is critical for faithful chromosome segregation, and

consequently, for genome stability in vivo.
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DISCUSSION

Protein Phosphatase 1 (PP1) plays a critical role in silencing the SAC to allow timely
anaphase onset and mitotic exit. Knl1-bound PP1 promotes the dephosphorylation of the
Knl1 MELT motifs, which drives the removal of SAC proteins from microtubule-attached
kinetochores (Meadows et al, 2011; Rosenberg et al, 2011; Espeut et al, 2012; London et
al, 2012; Nijenhuis et al, 2014; Zhang et al, 2014). Similarly, PP1 recruited to kinetochores
via the Ska complex was shown to oppose Knl1 MELT phosphorylation at kinetochores of
bioriented chromosomes (Sivakumar et al, 2016). Moreover, in Drosophila, the orthologue
PP1a87B dephosphorylates the T-loop of Mps1, rendering the kinase inactive in metaphase
cells (Moura et al, 2017). Hence, by switching-off the upstream SAC orchestrator (Mps1)
and by antagonizing its downstream phosphorylations, PP1 ensures prompt SAC silencing
at kinetochores following chromosome biorientation and thereby avoids unnecessary and
potentially genome-menacing delays (Orth et al, 2012; Shindo et al, 2021; Jain and Tran,

2023) in cell cycle progression.

Additionally, and despite being dispensable for initial kinetochore-microtubule interactions,
PP1 has been proposed to enhance the stability of end-on attachments (Posch et al, 2010;
Wurzenberger et al, 2012; Conti et al, 2019). PP1 activity antagonizes the activating T-loop
autophosphorylation of Aurora B (Murnion et al, 2001; Rosasco-Nitcher et al, 2008; Posch
et al, 2010;) and enables the recruitment of the Ska complex to the KMN network
(Sivakumar and Gorbsky 2017). Interestingly, the Knl1:PP1y holoenzyme does not seem to
contribute to this process (Shrestha et al, 2017). Instead, it is a pool of PP1y delivered onto
microtubule-end tethered kinetochores by Astrin that ensures the stabilisation of end-on
attachments, as soon as they form (Conti et al, 2019). Additional PP1y:Kif18A and
PP1y:CENP E holoenzymes have been identified at the outer-kinetochore as cells progress
from prometaphase to metaphase, thus providing a localized delivery of PP1 that might also
contribute to promote attachment stability and faithful chromosome segregation (Kim et al,
2010; Kim and Stumpff, 2018).

Despite the well-established importance of PP1 for genome stability, how its activity is
regulated during mitosis had remained ill-defined. In this work, we specifically interrogated
how PP1 is regulated so that SAC signalling is coordinated with kinetochore-microtubules
attachment status. In our view, a unifying model of how PP1 activity is repressed during
early mitosis to ensure robust SAC function and becomes increasingly active in metaphase

to drive SAC silencing was still missing.

One possible mechanism concerns the controlled recruitment of PP1 to SAC substrates. At

unattached or tensionless kinetochores, Aurora B phosphorylates Knl1 RVxF and SILK
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motifs, which decreases the binding affinity for PP1 and thereby limits its accumulation (Liu
etal, 2010; Rosenberg et al, 2011; Nasa et al, 2018). BubR1-bound PP2A:B56 continuously
dephosphorylates these docking sites, thus rendering the recruitment of PP1 responsive to
end-on microtubule attachments, in which Aurora B activity at the outer-kinetochore is
reduced (Nijenhuis et al, 2014). Intriguingly however, structural studies show that PP1 and
microtubules bind Knl1 via overlapping binding sites and co-sedimentation assays suggest
that microtubules and PP1 binding to Knl1 is mutually exclusive, with preferential formation
of the Knl1:PP1 holoenzyme in the presence of PP1, at least in vitro (Bajaj et al, 2018).
Furthermore, a significant pool of PP1 can still be detected at prometaphase kinetochores
of human HelLa (Nijenhuis et al, 2014) and Drosophila S2 cultured cells (Moura et al, 2017;
Figure 11.1 B) and in this work we show that premature and constitutive kinetochore
accumulation of PP1a87B, achieved by fusing it to Mis12, fails to silence or dramatically
weaken the SAC in S2 cells (Figure 11.1 C). These observations suggest that, in addition to
phospho-regulation of PP1-docking to Knl1/Spc105, other mechanisms must contribute to
dampen PP1a87B activity at prometaphase kinetochores and consequently prevent

untimely dephosphorylation of SAC substrates.

Phosphorylation of PP1 C-terminal tail by Cdk1 has been proposed to inhibit PP1 in mitosis
(Dohadwala et al, 1994; Yamano et al, 1994; Kwon et al, 1997; Wu et al, 2009; Grallert et
al, 2015; Qian et al, 2015). However, paradoxically, PP1-dependent SAC silencing typically
occurs when cellular levels of Cyclin B are still elevated (Figure 11.2A). Here, we confirmed
that preventing Cyclin A or Cyclin B degradation in Drosophila S2 cells, fails to avert PP1
activity in metaphase (Figure 11.2B; Figure 11.3; Figure I1.4). Furthermore, the main PP1
isoform in flies, PP1a87B, which lacks the C-terminal tail and consequently the Cdk
phospho-site, is still kept in check throughout prophase/prometaphase. These observations
suggest that inhibition of PP1 by Cdk1:Cyclin B plays a minor role in restraining PP1-
mediated SAC silencing, which is somewhat expected, given that APC/C targeting of Cyclin
B for proteolysis is only efficiently triggered following SAC inactivation, which itself requires
PP1 activity.

Hence, in the present study we investigated whether alternative mechanisms operate
during mitosis to control PP1 activity towards SAC substrates. We demonstrate in
Drosophila S2 cells that phosphorylation by Polo kinase of a conserved residue (T286)
close to the RVxF binding pocket of PP1a87B is essential to promote robust SAC signalling
(Figure 11.10) and dephosphorylation of this site is required for timely checkpoint silencing
and anaphase onset (Figure 11.9). Phosphorylation of this site hinders PP1a87B ability to
efficiently antagonize Mps1 activation at kinetochores (Figure 11.8; Figure 11.11), thereby

maintaining the downstream MCC-promoting phosphorylation of Mad1 C-terminus (T726)
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elevated (Figure 11.13). Polo-mediated phosphorylation of PP1a87B T286 is highest on
kinetochores that are unattached or tensionless and becomes residual following
chromosome biorientation in metaphase (Figure 11.6). This pattern mirrors the activation
status of Polo at kinetochores (Conde et al, 2013; Barbosa et al, 2020) and it is in line with
the SAC-promoting function of PP1a87B T286 phosphorylation.

Despite our efforts, the mechanistic details of how T286 phosphorylation inhibits PP1a.87B
capacity to dephosphorylate Mps1 T-loop and switch off the SAC remain unclear. We first
confirmed that phosphorylation of T286 does not directly impair the phosphatase catalytic
activity. For that, we purified the wild-type and phospho-mutant versions of bacterially-
produced PP1a87B; PP1a (obtained from Mathieu Bollen) and PP 1y (obtained from Jakob
Nilsson) and assessed their capacity to dephosphorylate 8-difluoro-4-methylumbelliferone
phosphate (DiFMUP), an artificial fluorogenic substrate lacking PP1-interacting SLiMs. We
did not observe significant changes in DiIFMUP dephosphorylation rate between the wild-
type and the phospho-mimetic or phospho-defective versions of the phosphatases, nor a
measurable impact caused by Plk1-mediated phosphorylation of T288 on the wild-type
PP1y (data not shown). Conversely, all phosphatases were consistently inhibited by
okadaic acid, a well-established inhibitor of PP1 and PP2A phosphatases (Garcia et al,
2002), thereby confirming that the purified recombinant proteins used in the assay
contained phosphatase activity. These results show that the in vitro enzymatic activities of
PP1a87B/PP1 are not affected by the phosphorylation of T286/T288. These results fit with
the lack of obvious structural changes or catalytic impairments in PP1a87B/PP1y when
T286/T288 is converted to aspartate (T286D/T288D) or to alanine (T286A/T288A), as
predicted by AlphaFold2 (AF2) in the variant Colabfold (Jumper et al, 2021; Mirdita et al,
2022). We conclude that the phosphorylation of T286/T288 does not directly inhibit
PP1a87B/PP1 catalysis, which is not unanticipated, considering that T286/T288 is located
in a small loop at the surface of the protein and considerably distant from the catalytic

center.

Because T286 is positioned at the entrance of the PP1a87B pocket that binds to RVxF
motifs, and in some cases, directly contributes to the interaction (Ragusa et al, 2010;
Fedoryshchak et al, 2020), we hypothesised that T286 phosphorylation could impair
PP1a87B binding to Spc105 and thereby prevent its enrichment or dynamics at unattached
kinetochores, known to be required for SAC silencing in Drosophila S2 cells (Audett et al,
2022). We find that unlikely, as constitutive tethering of phospho-mimetic PP1a87B T286D
to the outer-kinetochore (fusion with Mis12) failed to rescue the SAC silencing defects

caused by the loss of endogenous PP1a87B (Figure 11.12; Figure 11.13; Figure 11.14). It is
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however possible that fusing PP1a87B"™" to Mis12 fails to deliver the phosphatase to
Mps1 and to other SAC substrates as efficiently as the recruitment of PP1a87B to Spc105
N-terminus does. Nevertheless, cells expressing Mis12-PP1a87B"" are able to
dephosphorylate Mps1 T-loop and inactivate the SAC in a timely manner, thus suggesting
that phosphorylation of T286 by Polo inhibits PP1a87B activity through mechanisms
beyond, or in addition to, its potential impact on PP1a87B kinetochore recruitment or
dynamics. At this point, one cannot exclude that T286 phosphorylation negatively impacts
the ability of PP1a87B to interact with Spc105 and/or other SAC substrates, such as Mps1,
in a way that precludes SAC inactivation. It is possible that phosphorylation of T286 by Polo
increases/decreases PP1a87B affinity to specific RIPPOs to control holoenzyme assembly
and modulate substrate accessibility and/or phosphatase activity in mitosis (Bollen et al.
2010; Cao et al, 2022).

Previous studies have shown that Plk1 directly enhances Mps1 catalytic activity (von
Schubert et al, 2015). Here we demonstrate that robust activation of Mps1 at unattached
kinetochores further requires Polo-mediated inhibition of its antagonizing phosphatase. This
two-pronged regulation of Mps1 by Polo is required for sustained SAC signalling, as
indicated by the reduced capacity of S2 cells expressing unphosphorylatable PP1087B
T286A to prolong a mitotic arrest when treated with colchicine (Figure 11.10A). Notably,
artificially forcing the outer-kinetochore accumulation of unphosphorylatable PP1a87B
T286A (Mis12-PP1a.87B"2%%*) weakened the SAC even further (Figure 11.15), indicating that
phosphorylation of PP1a87B T286 by Polo synergizes with Aurora B-mediated
phosphorylation of Spc105 SILK and RVxF motifs to efficiently downregulate PP1a87B
activity at unattached kinetochores and ensure robust SAC function. Yet, expression of
PP1087B™%", or of the tethered counterpart Mis12-PP1087B™%*, does not prematurely
inactivate the SAC nor accelerate the transition to anaphase under, otherwise, unperturbed
conditions (asynchronous cultured cells). This observation supports the notion that Polo-
mediated phosphorylation of PP1a87B T286 promotes SAC robustness required for
sustained checkpoint signalling, but is dispensable for SAC establishment at the onset of
mitosis. Conversely, mimicking constitutive phosphorylation of T286 precludes efficient
Mps1 inactivation at metaphase kinetochores and consequently delays SAC silencing and
timely anaphase onset. Hence, “activation” of PP1a87B following dephosphorylation of
T286 is not sufficient, per se, to completely switch off the SAC, but it is required to render it
responsive to end-on microtubule attachments and enable prompt cell-cycle progression.

The molecular mechanisms responsible for dephosphorylation of T286 remain elusive.
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Figure Il. 18 — Polo inhibits PP1 to ensure timely Spindle Assembly Checkpoint signalling. Proposed
model for regulation of PP1a87B activity in mitosis. During prometaphase, Polo phosphorylates PP1087B on
its T286 to render the phosphatase less active towards Mps1 T-loop and allow robust SAC signalling. Once
biorientation is achieved, Polo activity drops, which in combination with PP1a87B™%¢ dephosphorylation
(through an unknown mechanism) results in increased phosphatase activity at metaphase kinetochores. This
allows PP1087B to efficiently dephosphorylate Mps1 T-loop (and possibly other SAC substrates), resulting in
checkpoint silencing and prompt anaphase onset. Figure created with Biorender.com.

Thus, we propose a model in which phospho-regulation of T286 by Polo fine-tunes
PP1a87B activity to ensure SAC robustness and responsiveness (Figure 11.18). This
mechanism operates in concert with Aurora B-controlled recruitment of PP1a87B to the
outer-kinetochore, and we show here, to be required for genome stability in vivo. Preventing
or constitutively mimicking T286 phosphorylation in dividing Drosophila neuroblasts leads
to chromosome segregation errors and to a concomitant accumulation of aneuploid cells in
larvae brains. Neuroblasts expressing unphosphorylatable PP1087B™3* exhibit a high
frequency of anaphases with lagging chromosomes, whereas expression of PP1a87B72¢P
causes asynchronous migration of segregating chromosomes towards the spindle poles. In
light of these defects, we speculate that in the absence of Polo-mediated phosphorylation
of T286, PP1a87B is not efficiently repressed during prometaphase and may therefore

prematurely stabilize kinetochore-microtubule interactions. This can preclude efficient
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correction of merotelic attachments, which often lead to lagging chromosomes in anaphase
(Thompson and Compton, 2008; Thompson and Compton, 2011; Holland and Cleveland,
2012). Alternatively, and even though the mitotic timing is not affected when T286 is not
phosphorylated, the weakened SAC in PP1a87B"%¢A neuroblasts can enable anaphase
onset before eventual syntelic and merotelic interactions are converted into amphitelic
attachments. The underlying reason for asynchronous anaphases in PP1087B2%P
neuroblasts is less clear. Whether these result from a prolonged metaphase duration
imposed by SAC silencing defects, or from unstable kinetochore-microtubule attachments,
are possibilities that need to be explored. Nevertheless, our in vivo analysis of proliferating
larval brains demonstrates that timely phosphorylation/dephosphorylation of PP1a.87B at
T286 is critical for faithful chromosome segregation, and consequently, for the maintenance

of genome stability.
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ANNEXES

Figure 1l.2 — Supplementary figure 1
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Figure 1.2 — Supplementary figure 1 — A Cdk consensus site can be found in the majority of PP1
orthologues but not in D. melanogaster PP1087B. Conservation among Cdk consensus motifs. Clustal W

alignments of the C-terminus of indicated PP1 orthologues. The conserved Cdk consensus motif is highlighted
in grey shading.

Figure 1l.4 — Supplementary figure 1
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Figure Il.4 — Supplementary figure 1 — Supplementary figure 1 — Mad17726Ph antibody validation in D.
melanogaster. Conservation among Mps1 phospho-site residues. Clustal W alignments H. sapiens and D.
melanogaster Mad1 orthologues. The conserved Mps1 phosphorylation threonine is highlighted in grey shading.
Representative immunofluorescence images and corresponding quantifications of Mad1 T726 phosphorylation
(Mad17726Ph) at prometaphase kinetochores of control or Mps1-depleted S2 cells. Mps1T4%Ph and Mps1
fluorescence intensities were determined relative to CID signal(n > 326 kinetochores from at least 18 cells for
each condition, from at least two independent experiments). Scale bar: 5 um. Data information: data is shown
as median plus interquartile range; asterisks indicate that differences between mean ranks are statistically
significant, ****p<0.0001 (Mann-Whitney U test).
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To ensure accurate transfer of genetic information encoded in DNA in each cell division,
eukaryotic cells rely on the Spindle Assembly Checkpoint (SAC). This surveillance
mechanism delays the onset of anaphase until all kinetochores are bound to spindle
microtubules. Unattached kinetochores catalyse the formation of the Mitotic Checkpoint
Complex (MCC), a diffusible tetrameric complex, composed of Bub3, BubR1, Mad2 and
Cdc20, which targets the APC/C, inhibiting its E3-ubiquitin ligase activity. Once all
kinetochores are bound to spindle microtubules, the SAC is silenced and MCC production
ceases, thus allowing APC/C activation and consequent degradation of Cyclin B and
Securin, which respectively lead to inactivation of Cdk1 and Separase-mediated cleavage
of the Cohesins complexes that hold sister chromatids together (Lara-Gonzalez e al, 2021;
McAnish and Kops, 2023).

The balance between SAC robustness and responsiveness is pivotal for the maintenance
of genome stability. A weak checkpoint can lead to a premature anaphase onset, which
leads to segregation errors. On the other hand, a non-responsive or an overactive SAC
delays cells in metaphase, which can cause the uncoordinated loss of sister chromatid
cohesion prior to anaphase onset, a phenomenon known as “cohesion fatigue” (Daum et
al, 2011; Stevens et al, 2011; Gorbsky, 2013). Hence, both a weak SAC or the inability to
switch it off in a timely manner often result in aneuploidy, which is intimately associated with
tumorigenesis (Michel et al, 2001; lwanaga et al, 2007; Morais da Silva et al, 2013; Resende
et al, 2018). Therefore, it is of upmost importance to understand how SAC signalling is
initiated and maintained when kinetochores are unattached but also how it is silenced

shortly after microtubule attachment.

The SAC is highly responsive to changes in Mps1 activity, the orchestrator of the signalling
pathway (Faesen et al, 2017; Ji et al, 2017). At unattached kinetochores, Mps1
phosphorylates multiple targets to promote the recruitment of SAC proteins and MCC
assembly (Figure 3). Mps1-mediated phosphorylation of Knl1 MELT motifs promotes the
recruitment of the Bub3:Bub1 complex (London et al, 2012; Shepperd et al, 2012;
Yamagishi et al, 2012), which in turn serve as a platform for the binding of additional
checkpoint proteins: Bub3:BubR1 dimers, Mad1:Mad2 tetramers and Cdc20 (Joglekar,
2016; Musacchio, 2015; Pachis and Kops, 2018). To promote Mad1:Mad2 complex
localization to the kinetochore, Mps1 phosphorylates Bub1, which enables its interaction
with Mad1 (London and Biggins, 2014a; Zhang, G. et al, 2017; Fischer et al, 2021).
Phosphorylation of Mad1 by Mps1 allows Cdc20 (bound to Bub1) to interact with Mad1,
promoting a conformational change on the former necessary for its role in assisting the
conversion of O-Mad2 to C-Mad2 (Ji et al, 2017; Faesen et al, 2017). In addition to the MCC

assembled at unattached kinetochores, other APC/C inhibitory complexes are thought to
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be generated during late G2 and prophase at the nuclear pores and in the cytoplasm
(Sudakin et al, 2001; Lopes et al, 2005; Lince-Faria et al, 2009; Maciejowski et al, 2010;
Schweizer et al, 2013; Rodriguez-Bravo et al, 2014; Cunha-Silva et al, 2020). This pre-
mitotic pool of MCC gives the cell the minimum time of APC/C inhibition until newly
assembled kinetochores are able to generate an efficient SAC response. Mps1 inhibition
results in a substantial decrease in pre-mitotic MCC levels and a consequent reduction in
Cyclin B levels already in G2 and prophase (Maciejowski et al, 2010; Rodriguez-Bravo et
al, 2014). Given the relevance of Mps1 for the SAC, it is critical to dissect the molecular

underpinnings of its regulation during mitosis.

Consistent with its role in assisting pre-mitotic MCC assembly, Mps1 activity starts to be
detected in the nucleus 9-12min prior to nuclear envelope breakdown (NEB), in a
kinetochore-dependent manner. After NEB it also starts to be detected at the cytoplasm
(Kuijt et al, 2020). To become active, Mps1 is recruited to the outer kinetochore, where it
dimerizes and is able to frans-autophosphorylate the T-loop. This recruitment is mediated
by the calponin homology (CH) domains of Ndc80 and Nuf2, subunits of the Ndc80 complex
(Hiruma et al, 2015; Ji et al, 2015). Mps1 inactivation at mitotic exit is thought to be
associated with Mps1 removal from the kinetochores upon microtubule binding, which also
interact with Ndc80 via CH domains (Hiruma et al, 2015; Ji et al, 2015). Despite the clear
reduction on the kinetochore-localization of Mps1 in metaphase, a fraction of Mps1 is still
retained at the kinetochore after the formation of end-on attachments (Vazquez-Novelle and
Petronczki, 2010; Aravamudhan et al, 2015). Nonetheless, and although low levels of Mps1
were shown to be sufficient to delay anaphase onset (Herriott et al, 2012; Foijer et al, 2014),
the residual pool of Mps1 at metaphase kinetochores does not prevent SAC silencing. On
the other hand, the activity of Mps1 in the cytoplasmic pool is also required to generate
and/or prevent the disassembly of MCC, further strengthening the idea that the removal of
Mps1 from the kinetochore is insufficient to terminate SAC signalling efficiently. The activity
of cytosolic Mps1 was shown to be critical to sustain the arrest in metaphase caused by
Mad1 constitutively tethered to stably attached bioriented kinetochores that were stripped
from Mps1 (Maldonado and Kapoor, 2011). Moreover, a truncated version of Mps1 that
does not localize to the kinetochore was unable to promote the recruitment of Bub1 to
unattached kinetochores but could still sustain the assembly of mitotic APC/C inhibitory
complexes and delay anaphase onset (Maciejowski et al, 2010). Altogether, these data
strongly suggest that other mechanisms must operate in metazoans to limit Mps1 activity,
both at kinetochores and in the cytoplasm, and thus extinguish SAC signalling in

metaphase.
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In Chapter | of this Thesis, we present in vitro and cellular evidence that PP1a87B directly
dephosphorylates Mps1 activating T-loop, which decreases the kinase activity at
metaphase kinetochores and in the cytoplasm of Drosophila cells. Depleting PP1a87B or
preventing it to interact with Mps1 increases the activity of a pool of Mps1 that persists at
kinetochores of bioriented chromosomes (Figure 1.4; Figure 1.7), despite stable end-on
attachments and inter-kinetochore tension (Figure 1.2; Figure 1.5). Moreover, preventing the
dephosphorylation, and consequent inactivation of soluble Mps1 by PP1a87B is sufficient
to significantly delay mitotic exit even in the absence of kinetochore-generated MCC (Figure
1.12). In flies, PP1a.87B binding to Mps1 relies on a [R/K]VxF motif present on the disordered
N-terminus of the kinase (Figure 1.7; Figure 1.10). Although this motif is poorly conserved
among Mps1 orthologues, other PP1-binding motifs, such as the SILK signature, can be
found in the C-terminal region of human and mouse Mps1, which suggests that the
dephosphorylation of Mps1 T-loop by PP1 is likely to be conserved, despite the

diversification in type and localization of the PP1-docking motifs.

To allow timely SAC signalling, PP1 activity is regulated throughout mitosis, regarding both
its recruitment to the kinetochore and its capacity to dephosphorylate substrates. PP1
binding to RVxF and SILK motifs of Knl1 is decreased by Aurora B phosphorylation at
tensionless kinetochores (Liu et al, 2010; Rosenberg et al, 2011; Nasa et al, 2018) and
enhanced by PP2A:B56 counteracting dephosphorylation as microtubules attach to
kinetochores (Nijenhuis et al, 2014). However, this mechanism is unlikely sufficient to
completely repress PP1 activity since a significant pool of the phosphatase still resides at
prometaphase kinetochores (Nijenhuis et al, 2014) and its forced and premature
accumulation at kinetochores does not significantly accelerate SAC silencing nor mitotic
exit (Figure 11.1). In addition, Cdk1 phosphorylates the C-terminus tail of PP1, decreasing
its activity in mitosis (Dohadwala et al, 1994; Yamano et al, 1994; Kwon et al, 1997; Wu et
al, 2009; Grallert et al, 2015; Qian et al, 2015). However, this regulatory mechanism albeit
important for mitotic exit following anaphase onset, is not expected to contribute for SAC
signalling, as the SAC must be silenced before Cdk1 inactivation. In fact, if Cyclin B
degradation is prevented in Drosophila S2 cells, PP1a87B is still able to dephosphorylate
Mps1 T-loop and promote SAC silencing (Figure 11.3; Figure [1.4). PP1 activity is further
regulated by other regulatory interactors of protein phosphatase one (RIPPOs), which form
specific holoenzymes with the phosphatase and act as substrate specifiers or modulate
PP1 activity in different ways (Bollen et al 2010; Cao et al, 2022; Weith et al, 2018).
However, the mechanisms controlling the association of PP1 with these RIPPOs during

mitosis are still not fully understood.
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The work reported in Chapter Il of the present Thesis provides new knowledge to better
understand how PP1 activity at kinetochores is coordinated with their attachment status in
order to ensure a robust and timely SAC. We demonstrated that Polo-mediated
phosphorylation of PP1a.87B on T286 decreases the phosphatase ability to inactivate Mps1
and antagonize the checkpoint. In line with this inhibitory role on PP1a87B-driven SAC
silencing, phosphorylation of T286 occurs predominantly at unattached kinetochores and at
kinetochores of uncongressed chromosomes. In fact, replacing endogenous PP1a.87B with
a phospho-mimetic version prevents the inactivation of Mps1 causing a SAC-dependent
metaphase delay. Conversely, expression of an unphosphorylatable PP1a87B T286A
mutant significantly weakens the SAC response of S2 cells in the presence of colchicine
(Figure I1.9; Figure 11.10; Figure 11.11). These data show that phosphorylation of PP10.87B
on T286 promotes SAC robustness, and its dephosphorylation is required for timely SAC
silencing. Importantly, this phospho-regulation is critical to maintain genome stability of
dividing cells in vivo. Drosophila larval neuroblasts expressing PP1087B™% phospho-
mutants show an increased frequency in anaphases with chromosome segregation errors,

which correlates with significant levels of aneuploidy in the developing brain (Figure 11.17).

The mechanism by which T286 phosphorylation inhibits PP1a87B-mediated
dephosphorylation of Mps1 T-loop remains unclear. Our in vitro assays with recombinant
PP1a87B and human PP1 orthologues produced in bacteria showed that the phosphatase
catalytic activity is not affected by T286/T288 phosphorylation or by the phospho-mimetic

mutation to aspartate (data not shown).

Given that T286 is positioned at the entrance of the RVxF-binding pocket, it is possible that
the phosphorylation impacts PP1a87B ability to interact with Mps1 RVxF or to bind to
Spc105 and thus, limit the phosphatase recruitment to kinetochores. However, we
performed pull-down experiments that show that, at least in vitro, the binding of PP1a87B
to Mps1 and of PP1y to Knl1 RvxF is impervious to T286/T288 phosphorylation.
Furthermore, tethering PP1087B™%P to the outer kinetochore does not restore its ability to
dephosphorylate Mps1 (Figure 11.12; Figure 11.14), thus suggesting that phosphorylation of
T286 by Polo inhibits PP1a87B activity through mechanisms beyond its potential impact on
PP1a87B kinetochore recruitment or dynamics. One possibility is that phosphorylation of
T286 may hinder PP1a87B activity or impair the interaction with SAC substrates in a cellular

context by controlling holoenzyme assembly during mitosis.
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Figure 11 — Phospho-regulation of the Spindle Assembly Checkpoint. In the absence of microtubule
attachments, Mps1 efficiently accumulates at kinetochores through direct binding to the Ndc80 complex, which
enables Mps1 trans-autophosphorylation and consequent activation. This initiates SAC signalling, by
phosphorylation of several MELT motifs on Knl1, which generates docking sites for the hierarchical recruitment
of SAC proteins required for MCC assembly. Centromeric Aurora B catalyses the phosphorylation of Ndc80 N-
terminal, counteracted by PP2A:B56 bound to BubR1. This phosphorylation is important for error correction
mechanisms as it destabilizes the interaction between Ndc80 and the microtubules. Aurora B also
phosphorylates Knl1 on RVxF and SILK motifs to decrease PP1 recruitment to the kinetochore. In coordination
with the recruitment impairment, Polo and Cdk1 also phosphorylate PP1 to decrease its potential to
dephosphorylate mitotic substrates, thus preventing premature mitotic exit. As microtubules occupancy
increases, kinetochore tension or alterations on the kinetochore architecture place outer-kinetochore proteins
further apart from the Aurora B zone of influence. This allows a shift on the (de)phosphorylation balance between
Aurora B and PP2A:B56, which results in increasing stabilization of Ndc80-microtubule interactions and PP1
recruitment to the kinetochore. Increasing levels of PP1 bound to Knl1 further suppress Aurora B activity at
kinetochores, hence enhancing the stability of microtubule attachments. Since Mps1 and microtubules compete
for Ndc80 binding, the kinase is gradually removed from the kinetochore as kinetochore-microtubule
attachments increase. The local accumulation of PP1 and the inactivation of Polo result in decreased PP1 T286
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phosphorylation, which in turn results in increased Knl1 MELT motifs and Mps1 T-loop dephosphorylation and
SAC silencing. Figure created with Biorender.com.

In addition to the roles that kinetochore-localized Polo/Plk1 plays on kinetochore-
microtubule attachments, the kinase also acts as an important SAC regulator, alongside
Mps1. Although the molecular mechanisms are poorly understood, Polo/Plk1 is important
for Mps1 recruitment and activation at the kinetochore (Conde et al, 2013; von Schubert et
al, 2015). Moreover, it has been shown that Plk1 shares some checkpoint substrates with
Mps1, including Knl1 MELT motifs and phosphorylation sites on Mps1 (von Schubert et al,
2015). Polo-mediated phosphorylation of PP1a87B impairs the phosphatase ability to
inactivate Mps1, at unattached kinetochores. Thus, this two-pronged regulation of Mps1 by
Polo triggers a rapid and robust Mps1 and consequently SAC activation at mitotic
commitment. When kinetochores become attached to microtubules, the kinetochore
recruitment of Polo/Plk1 is decreased. Importantly, it was shown that PP1 and PP2A:B56
cooperate to promote Polo/Plk1 removal from the kinetochore, possibly by
dephosphorylation of its receptors Bub1 and BubR1 (Cordeiro et al, 2020; Benzi and Piatti,
2020). In a SAC-induced mitotic arrest (e.g., upon microtubule depolymerization),
kinetochore phosphatases are already partially active, specially PP2A:B56, which results in
partial displacement of Polo/Plk1 from the kinetochores. This leaves Mps1 inactivation as
the main trigger for SAC silencing and contributes for the responsiveness of the checkpoint.
In addition, the kinase activity of Polo/Plk1 is also regulated along mitotic progression.
Although the molecular mechanism remains elusive, PP1 was proposed as the Plk1
counteracting phosphatase, dephosphorylating the kinase activating loop in vitro and in vivo
(Yamashiro et al, 2008; Bruinsma et al, 2012). This negative feedback loop allows prompt
Mps1 and SAC inactivation following chromosome biorientation. Altogether, the mechanism
we propose defines a molecular switch that ensures timely SAC activity and perfect

coordination with mitotic progression.
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