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Depletion of the Anaphase-Promoting Complex/Cyclosome (APC/C) activator Cdc20
arrests cells in metaphase with high levels of the mitotic cyclin (Cyclin B) and the
Separase inhibitor Securin. In mammalian cells this arrest has been exploited for the
treatment of cancer with drugs that engage the spindle assembly checkpoint and, recently,
with chemical inhibitors of the APC/C. While most cells arrested in mitosis for prolonged
periods undergo apoptosis, others skip cytokinesis and enter G1 with unsegregated
chromosomes. This process, known as mitotic slippage, generates aneuploidy and
increases genomic instability in the cancer cell. Here, we analyze the behavior of
fission yeast cells arrested in mitosis through the transcriptional silencing of the Cdc20
homolog sip7. While depletion of sjp7 readily halts cells in metaphase, this arrest is only
transient and a majority of cells eventually undergo cytokinesis and show steady mitotic
dephosphorylation. Notably, this occurs in the absence of Cyclin B (Cdc13) degradation.
We investigate the involvement of phosphatase activity in these events and demonstrate
that PP2A-B557%°" is required to prevent septation and, during the arrest, its CDK-
mediated inhibition facilitates the induction of cytokinesis. In contrast, deletion of PP2A-
B5672"" completely abrogates septation. We show that this effect is partly due to this
mutant entering mitosis with reduced CDK activity. Interestingly, both PP2A-B5572°" and
PP2A-B56™", as well as Clp1 (the homolog of the budding yeast mitotic phosphatase
Cdc14) are required for the dephosphorylation of mitotic substrates during the escape.
Finally, we show that the mitotic transcriptional wave controlled by the RFX transcription
factor Sak1 facilitates the induction of cytokinesis and also requires the activity of PP2A-
B5672" in a mechanism independent of CDK.
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INTRODUCTION

The most fundamental goal of the cell cycle, the passing on of
genetic material from one generation to the next, requires an
exquisite control of S phase, mitosis and cytokinesis. Ordered
completion of these events is the consequence of the concerted
action of cyclin-dependent kinases (CDKs) and CDK-
counteracting phosphatases, as well as ubiquitin ligases that
bring about the degradation of key cell cycle regulators once
their functions have been fulfilled. During the metaphase to
anaphase transition, the Anaphase Promoting Complex/
Cyclosome (APC/C), together with its activator Cdc20,
coordinates chromosome segregation with CDK
downregulation, thus driving the cell out of mitosis.

From the systems-level perspective, mitosis can be divided
into a first period of rising mitotic CDK activity and low APC/C
activity, and a second period that is governed by high APC/C
activity. During the first period (prophase-metaphase),
chromosomes condense, the mitotic spindle forms, the nuclear
envelope breaks down, and mitotic CDK substrates become
extensively phosphorylated. Once all chromosomes are
correctly bioriented in the metaphase spindle, satisfaction of
the mitotic checkpoint (AKA spindle assembly checkpoint or
SAC) releases the APC/C activator Cdc20. APC/CC4? mediated
degradation of the Separase inhibitor Securin and of the mitotic
cyclin (Cyclin B) results in chromosome segregation and the
downregulation of CDK activity, respectively (Morgan, 2007).
However, inactivation of CDK on its own is not sufficient to
revert the phosphorylation events that drove the cell into mitosis,
and CDK-counteracting phosphatases become essential to lead
the cell out of mitosis and into G1 (Visintin et al., 1998; Queralt
et al, 2006; Skoufias et al, 2007; Lopez-Avilés et al., 2009;
Mochida et al., 2009; Manchado et al., 2010; Bouchoux and
Uhlmann, 2011; Touati et al., 2019).

Activation of the mitotic checkpoint is a common strategy in
the treatment of cancer. Drugs that hinder microtubule
polymerization (e.g., nocodazole and vinca alkaloids), that
prevent their dynamic depolymerization (e.g., taxol) or that
inhibit the activity of motor proteins (e.g., inhibitors of the
plus end-directed kinesin Eg5, required for spindle pole
separation) all promote a checkpoint response that results in
cell cycle arrest in mitosis with high mitotic CDK activity. Cells
arrested in mitosis for prolonged periods eventually undergo
apoptosis but, in some instances, they can slip from the arrest and
exit mitosis without dividing, a process known as mitotic slippage
(reviewed in Topham and Taylor, 2013). Whether a cell
undergoes one fate or the other seems to depend on the
balance between the level of CDK activity and the presence of
pro-apoptotic signals. Thus, if CDK activity drops below a certain
threshold before apoptosis has been effectively triggered, the cell
will exit mitosis and enter G1. Steady Cyclin B degradation during
the arrest is thought to be the main cause of mitotic slippage
(Brito and Rieder, 2006; Lee et al., 2010; Sloss et al., 2016),
although Weel-mediated inactivation of Cyclin B-CDKl1
through Tyrl5 phosphorylation is also thought to contribute
to this phenotype (Visconti et al, 2015). Cells that skip
cytokinesis become aneuploid and will either undergo
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apoptosis in G1, become senescent or continue dividing as
genomically unstable cells. This last fate contributes to the
CIN phenotype often observed in cancer cells (Hanahan and
Weinberg, 2011).

While molecules that disrupt microtubule dynamics are very
useful anti-cancer drugs, their efficacy depends on the presence of
a fully functional mitotic checkpoint. Moreover, since they do not
only disrupt microtubules in mitosis but also affect the
cytoskeleton of interphase cells, their use leads to significant
side effects.

An alternative to these drugs is the direct inhibition of the
APC/C. Deletion of CDC20 in mouse MEFs was shown to stably
arrest cells in mitosis (Manchado et al., 2010) and a combination
of drugs targeting the APC/C (Apcin and ProTAME) could slow
down mitotic exit in RPE1 cells (Sackton et al., 2014).

Similarly, in budding yeast transcriptional silencing of CDC20
(e.g., using a GAL-CDC20 allele) uniformly arrests cells in
metaphase with high CDK activity and mitotic phosphorylation.

In fission yeast, nda3 mutants [encoding beta-tubulin
(Umesono et al, 1983; Hiraoka et al., 1984)] are commonly
used to arrest cells in mitosis and overexpression of the
mitotic checkpoint proteins Mad2 or Mphl imposes a cell
cycle arrest in metaphase and prevents cytokinesis (He et al,
1997, 1998). Nevertheless, mutants of several subunits of the
APC/C depict the so-called cut (cell untimely torn) phenotype
(Hirano et al., 1986; Samejima et al., 1993; Yamashita et al., 1996,
1999; Yamada et al.,, 1997; reviewed in Yanagida et al., 1999),
where cytokinesis proceeds regardless of the fact that
chromosomes failed to segregate and decondense.

In fission yeast, cytokinesis is governed by the septation
initiation network (SIN), analogous to budding yeast mitotic
exit network (MEN) and similar to the metazoan Hippo
pathway. The SIN pathway comprises a small GTPase [Spgl
(Schmidt et al., 1997)], its bipartite GAP [Byr4:Cdcl6 (Furge
et al., 1998)], the SIN activator Etdl (Daga et al., 2005), and a
cascade of three protein kinases that function downstream of
Spgl: Cdc7, Sid1:Cdc14 and Sid2:Mobl1 [reviewed in Krapp and
Simanis (2008), Johnson et al. (2012)]. SIN signalling occurs at
the spindle pole body (SPB), where these proteins are tethered via
the scaffold formed by Cdc11 and Sid4. During interphase, Spgl
is kept in its GDP-bound form through the interaction with Byr4:
Cdcl6. As the cell enters mitosis, this interaction is dissolved,
allowing Spgl activation and subsequent recruitment of Cdc7.
Inactivation of Byr4 is brought about by the kinase Plo1 together
with the mitotic CDK complex (Cdc13:Cdc2) through
phosphorylation (Johnson and Gould, 2011; Rachfall et al,
2014). However, at anaphase onset, when CDK activity
declines, Byr4 and Cdcl6 return to the old SPB, resulting in
SIN signalling only being triggered at the new SPB (Cerutti and
Simanis, 1999). Although mitotic CDK is required for the initial
activation of the SIN through Byr4 inactivation, it also prevents
the recruitment of the PAK-related kinase complex Sid1:Cdc14,
thus precluding SIN signalling (Guertin et al., 2000; Csikasz-Nagy
etal,, 2007). Thus, high CDK licenses the SIN while preventing its
firing, so that septation only occurs in anaphase once the mitotic
cyclin Cdcl3 has been degraded and chromosomes are
segregated. Nevertheless, when problems arise during mitosis
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and the SAC is engaged, the SIN needs to be actively inhibited to
preclude cytokinesis. This inhibition is mediated by the E3
ubiquitin ligase Dmal (defective in mitotic arrest) (Murone
and Simanis, 1996), which ubiquitinates the SIN scaffold Sid4.
In its ubiquitinated form, Plo1 cannot bind Sid4 and hence Byr4
phosphorylation is abolished (Johnson and Gould, 2011).

The fact that, in the absence of Dmal, CDK inhibition of the
downstream SIN kinases is not sufficient to prevent cytokinesis
during a checkpoint-induced mitotic arrest is in agreement with
the cut phenotypes observed in mutants of the APC/C [e.g., slp1,
cut4, cut9 (Samejima et al., 1993; Matsumoto, 1997)] or the
proteasome [e.g., mts2 (Yen et al, 2003)]. In these mutants,
Cdcl3 and Securin degradation is prevented without
prompting the checkpoint.

This observation also raises the possibility that, while natural
oscillations in CDK activity during an unperturbed cell cycle are
sufficient to coordinate chromosome segregation and cytokinesis,
abnormal upregulation of CDK during a prolonged mitotic arrest
might trigger additional mechanisms to exit mitosis.

Here, we characterize the effect of the acute depletion of the
Schizosaccharomyces pombe APC/C activator Slp1 [the ortholog
of budding yeast Cdc20 (Kim et al., 1998)] in the induction and
maintenance of a mitotic arrest. In accordance with its essential
role in the degradation of Cdcl3 and Securin, transcriptional
repression of slpI halts mitotic progression in metaphase with
high levels of Cdcl3 and mitotic phosphorylation. However,
cytokinesis is only transiently blocked and cells undergo
untimely division, leading to mitotic catastrophe or unequal
chromosome segregation. We also investigate the involvement
of CDK-counteracting phosphatases and the mitotic
transcriptional wave in these events and demonstrate that
two different PP2A complexes (PP2A-B557*' and PP2A-
B56"*") play opposite roles in the induction of cytokinesis in
our experimental set up. Interestingly, we show that these
phosphatases cooperate with the Cdcl4-like phosphatase
Clpl in the reversion of mitotic phosphorylation. Finally, we
correlate mitotic escape with the expression of the mitotic
transcriptional cluster, and show the involvement of PP2A-
B56°*"! in its regulation.

RESULTS

Depletion of sip1 Arrests Cells in Metaphase

but Cannot Prevent Cytokinesis

Successful cell division relies on cytokinesis occurring only once
chromosomes have been segregated. In fission yeast this is partly
accomplished by the inhibition of Sid1:Cdc14 recruitment to the
SPB by CDK (Guertin et al., 2000). Thus, only once CDK activity
decays following APC/C™P' mediated Cdc13 degradation at the
metaphase to anaphase transition can cytokinesis take place.
However, original screens aimed at identifying proteins
involved in the onset and/or progression of sister chromatids
separation rendered a number of mutants with cut phenotype.
Further characterization of the gene products of these alleles
showed that many of them encoded conserved subunits of the
APC/C [reviewed in Yanagida et al. (1999)]. In these cut mutants,
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Cdc13 degradation is presumably prevented; still, cells undergo
cytokinesis prior to anaphase.

It was previously shown that some cut mutants represent
hypomorphic alleles and that full depletion of their products
results in a complete block of Cdc13 degradation and cytokinesis
(Chang et al., 2001). To reconcile these observations, we decided
to investigate the consequences of the depletion of the APC/C
activator Slp1 in the progression of mitosis and cytokinesis. For
this aim, we generated a yeast strain were slpl was under the
control of the thiamine-repressible p4I-nmtl promoter
(Figure 1A). This approach had been previously used to study
chromosome dynamics in metaphase-arrested cells (Petrova
et al,, 2013; Kakui et al., 2017; Hocquet et al., 2018). Addition
of thiamine to the growing medium efficiently suppressed the
expression of slpl (Figure 1B) and, in agreement with Slpl’s
essentiality in the cell, prevented colony formation (Figure 1C).
Already after 1h of slpl transcriptional repression, over 40% of
the cells were arrested in metaphase with condensed
chromosomes (Figures 1D,E). After 2h, the number of
arrested cells increased to 90%, but of those, 20% depicted
either a cut phenotype or had displaced the undivided nucleus
to one side of the cell and undergone division, giving rise to
septated cells containing an empty compartment (hereafter
referred to as unequal segregation). This phenotype worsened
over time, and after 6 h of thiamine addition, virtually all cells had
undergone septation in the presence of condensed, unsegregated
chromosomes (Figures 1D,E). Of note, cell separation did not
occur in these cells and often a second septum was placed in close
proximity to the first one. Given the role of the mitotic CDK
complex Cdc13:Cdc2 in preventing firing of the SIN, we next
tested whether leaky expression of slpl could result in Cdcl3
degradation during the arrest. However, this was not the case,
since Cdc13 increased significantly after just 1 h of slp1 repression
and stayed high for the remainder of the experiment (Figure 1F).
Interestingly, after 3 h, Cdc13 did not accumulate further as the
arrest persisted and proteomic analysis indicated that it reached a
plateau in the last time points of the experiment (Supplementary
Table S3). Indeed, the values of Cdcl3 were comparable to the
values of Cdc2, suggesting that sufficient Cdc2 was present in the
cell and that Cdc13 detected in our experiments was likely Cdc2-
bound.

In addition, inhibitory phosphorylation of Tyrl5 of Cdc2,
which prevents activation of the mitotic complex during G2
phase and is reverted as cells enter mitosis, followed the
opposite dynamic: it decreased after 1h of thiamine addition
and it was completely absent after 3 h of treatment (Figure 1F).
Cdc13:Cdc2 establishes a double-negative feedback with Weel
and a double-positive feedback with Cdc25, the kinase and
phosphatase responsible for Tyrl5 phosphorylation and
dephosphorylation, respectively (Kovelman and Russell, 1996;
Aligue et al., 1997; Sveiczer et al., 2000). Therefore, the absence of
Tyr15 phosphorylation is an indication of the activity of Cdc13:
Cdc2 in our experimental set up. In addition, we analyzed CDK-
substrate phosphorylation in whole cell extracts using an
antibody that recognizes the phosphorylated CDK consensus
P-Thr-Pro. As expected, the signal increased as Cdcl3
accumulated in the cell and was maximal after 3h of slpl
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Scale bar 5 pm. (E) The percentage of cycling cells, metaphase-arrested cells, and arrested cells that underwent cytokinesis (cut or unequal) were determined at the
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control. The numbers under the western blot indicate CDK-substrate Phosphorylation (P-T/P) quantification relative to Cdc2.
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repression. Surprisingly, the signal was not steady and decayed
from that point on, returning to the level achieved after 1h of
treatment (Figure 1F, lower panel). Importantly, septation

preceded the decline in substrate dephosphorylation,
suggesting that it was not a consequence of a decrease in CDK
activity.

All in all, these results indicate that: first, sipl silencing
efficiently blocks Cdcl3 degradation; second, septation can
take place in the presence of high CDK activity; finally, some

degree of substrate dephosphorylation occurs during a prolonged
mitotic arrest.

Protein Phosphatases Influence the
Behavior of the System During a Sustained
Mitotic Arrest

Since we were able to detect a loss of CDK-substrate
phosphorylation despite the high level of Cdcl3 in metaphase
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arrested cells, we next decided to investigate whether CDK-
counteracting phosphatases participate in the observed
phenotypes.

In metazoans, phosphatases belonging to the PP2A-B55
family have been shown to be required to revert mitotic
phosphorylation (Mochida et al., 2009; Vigneron et al., 2009;
Burgess et al., 2010; Manchado et al., 2010). In budding yeast, the
phosphatase Cdc14 was shown to be essential to dephosphorylate
CDK substrates during mitotic exit (Visintin et al, 1998).
Moreover, since those substrates include the CDK inhibitor
Sicl (Visintin et al., 1998) and the APC/C activator Cdhl
(Zachariae et al., 1998), Cdcl4 is also instrumental to sustain
the downregulation of CDK (Lopez-Avilés et al., 2009). However,
recent studies have shown that, also in budding yeast,
phosphatases from the PP2A family are required during exit
from mitosis (Touati et al., 2019).

In fission yeast, the Cdcl4-like phosphatase Clpl is not
essential for mitotic exit (Cueille et al.,, 2001; Trautmann et al.,
2001). However, its loss advances mitotic entry through the
regulation of the CDK-activating phosphatase Cdc25 (Esteban
et al., 2004; Wolfe and Gould, 2004). In addition, Clp1 lies at the
bottom of the SIN and plays a role in the maintenance of the
actomyosin ring and in the cytokinesis checkpoint, preventing
additional rounds of division after unsuccessful cytokinesis
(Mishra et al., 2005; Chen et al., 2008).

PP2A phosphatases are heterotrimeric complexes comprising
a scaffolding subunit (A), a regulatory subunit (B) and a catalytic
subunit (C) (reviewed in (Janssens et al, 2008)). Regulatory
subunits provide substrate specificity as well as control over
the spatial and temporal distribution of the complex. In fission
yeast, there is only one scaffolding subunit (Paal) which is
essential, two catalytic subunits (Ppal and Ppa2) and three
B-type regulatory subunits: Pabl (B or B55), Parl and Par2
(B' or B56). Moreover, a non-canonical complex (SIP)
containing Paal, an alternative catalytic subunit (Ppa3) and
four additional components (Cscl-4), was implicated in the
regulation of the SIN and the generation of asymmetry during
septation (Singh et al,, 2011). PP2A-B55"*"! is known to regulate
mitotic CDK activity by counteracting the CDK-mediated
inhibition of Weel and activation of Cdc25 (Kinoshita et al.,
1993; Chica et al., 2016). Moreover, elegant studies from the
Hagan laboratory proved the existence of a phosphatase relay
during mitotic exit. According to their model, step-wise
activation of PP1, PP2A-B55"*"! and, ultimately, PP2A-B56"*"
is required for orderly exit from mitosis in fission yeast (Grallert
et al,, 2015). In addition, both PP2A-B55°*"" and PP2A-B56"*"
have been shown to negatively regulate septation (Jiang and
Hallberg, 2000; Le Goff et al., 2001; Krapp et al., 2003; Lahoz
et al.,, 2010; Goyal and Simanis, 2012).

In agreement with the role of Clpl preventing premature
mitotic entry, depletion of sipI in the clpIA background led to
premature and enhanced CDK-substrate phosphorylation
(Figure 2A). In addition, we could observe a higher
proportion of cells arrested in metaphase after just 1h
following thiamine addition (Figures 2A,C). CDK-substrate
phosphorylation was more prominent than in the wild type
control but it was not sustained and started to decrease after

Mitotic Escape in Fission Yeast

3h of arrest. Deletion of ppa2 also advanced mitotic
phosphorylation of CDK substrates but, in contrast to clpIA,
phosphorylation was maintained throughout the time course
(Figure 2B). In both cases, Cdc13 behaved as in the wild type
background, and Cdc2-Tyrl5 remained low, only showing a
slight increase in the last time points in the ppa2A mutant
(Figures 2A,B). Hence, we conclude that, while both PP2A
and Clpl counteract mitotic phosphorylation, PP2A activity is
the major contributor to CDK substrate dephosphorylation
observed during a sustained mitotic arrest.

We next looked at cytokinesis induction in our mutants.
Neither deletion of clpl or ppa2 prevented septation in our
experimental set up. Similar to the slight advancement in
protein phosphorylation, the cytokinesis phenotypes (cut and
unequal segregation) were more obvious in the clpIA strain after
2 h of arrest (Figures 2C,E).

Remarkably, in the ppa2A mutant, septa could already be
observed as early as after 1h of slpl repression, and this
phenotype was exacerbated over time with many cells exhibiting
multiple septa (Figures 2D,F). Indeed, these cells were clearly
impaired in preventing cytokinesis during the arrest, as judged by
the low percentage of cells arrested in metaphase that did not
contain a septum vs. those containing one or more septa. This effect
was not solely due to an advancement in the G2/M transition in the
ppa2A mutant, since clpI1A and ppa2A cells had a similar number of
metaphase-arrested cells 1h into the arrest (approximately 60%)
but very few clpIA cells had undergone cut/unequal segregation in
comparison (compare the 1 h timepoint in Figures 2C,D).

Importantly, the sustained phosphorylation of CDK substrates
(which presumably include targets of CDK involved in
cytokinesis) was not sufficient to prevent septation in the
ppa2A mutant. Therefore, these results reinforce the idea that
cytokinesis can take place in the presence of high CDK-
dependent phosphorylation and suggest that additional
mechanisms regulated by PP2A activity are required to block
cytokinesis during a mitotic arrest.

B55°2°1 and B56"2"' PP2A-Regulatory
Subunits Have Opposite Effects in the
Induction of Septation in Metaphase

Arrested Cells

Deletion of ppa2 affects both B55"*"'- or B56"*!-containing PP2A
complexes. Therefore, we decided to investigate next the
consequences of specifically depleting individual regulatory
subunits. In the case of B56 (parl), we used the deletion mutant.
However, for B55 (pab1), we used an AID (auxin-inducible degron)-
tagged allele under the control of the p41-nmt1 promoter, since the
deletion mutant has a slower growth rate and morphology defects
(Martin et al, 2017). In this background, pabl expression was
terminated at the same time as that of slp] upon thiamine addition.
Moreover, degradation of B55"*"' was triggered upon treatment
with the plant hormone Auxin (NAA, 1-Naphthaleneacetic acid)
(Figures 3A and Supplementary Figure S1A). Only the
combination of Auxin and Thiamine resulted in the complete
depletion of Pabl and its associated phenotypes (Figure 3A and
Supplementary Figure S1B).
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Repression of slpI in the conditional pabl mutant resulted in
60% of the cells arrested in metaphase after 1h of thiamine
addition (Figure 3B). As in the wild type background, this arrest
was accompanied by Cdcl3 accumulation and Cdc2-Tyrl5

phosphorylation disappearance (Figure 3A). However, after
2h, 50% of the cells depicted a cut phenotype or had
undergone unequal segregation. After 3h, 90% presented
septation-associated phenotypes. By the end of the time
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course, all cells had undergone septation and in 50% of the cases
presented multiple septa, resembling the phenotypes observed in
the ppa2A mutant (Figures 3B,C). Although to a lesser extent
compared to the ppa2 deletion, depletion of B557*"" also resulted
in the sustained phosphorylation of CDK substrates, which
suggests that PP2A-B55"*! is partly responsible for the drop
in phosphorylation observed in the wild type background
(Figure 3A).

The deletion of parl is normally associated to a defect in cell
separation and, as a result, cycling parIA cells have a high
septation index (Kinoshita et al, 1993; Jiang and Hallberg,
2000; Stonyte et al, 2020). Nevertheless, depletion of slpl in
the parIA mutant allowed for cells to arrest in metaphase and
finalize cell separation (see the disappearance of a 4C DNA peak
in Supplementary Figure S1C). In contrast to the ppa2A or the
conditional pabl mutant, the metaphase arrest in the parlA
mutant was slightly slower, but similar to the arrest observed
in the early time points in the wild type background (compare
Figures 3D,E with Figures 1E,D). Strikingly, the deletion of parI
abrogated septation almost completely and cells remained with
condensed chromosomes and virtually no septa for the duration
of the time course (Figures 3D,E). CDK substrate
phosphorylation was also altered by the absence of parl.
These cells reached a maximal phosphorylation after 3h of
slpl repression, and this was sustained for longer, only
decaying slightly in the last timepoint (Figure 3F). As in the
wild type strain, Cdc13 accumulated and stayed constant in the
parlA mutant. However, Cdc2-Tyr15 phosphorylation was more
prominent in the mutant during the early time points
(Figure 3F). Of note, the highest degree of phosphorylation in
the parIA background was somehow lower than that attained in
the wild type background, which suggests that parIA cells might
enter mitosis with reduced CDK activity.

From these results we conclude that PP2A-B55"*"" is required
to prevent untimely cytokinesis during a prolonged arrest in
metaphase. In contrast, PP2A-B56"*"" facilitates septation during
the arrest and, in its absence, cytokinesis is blocked. In this regard,
the phenotype of the ppa2A mutant is likely to reflect the loss of
PP2A-B55"°".

Nevertheless, albeit their opposite effects in the induction of
cytokinesis, both PP2A-B557*°" and PP2A-B56"*"" contribute to
the steady decay in CDK-substrate phosphorylation that occurs
upon a prolonged arrest in metaphase.

Pabl

Septation Is Induced in
Metaphase-Arrested par1A Cells if CDK

Activity Is Enhanced

PP2A-B55"*! prevents mitotic entry by counteracting CDK-
dependent phosphorylation of Cdc25 and Weel, thus
disrupting the feedback loops that promote the abrupt
activation of Cdc2:Cdcl3 at the G2/M transition. Accordingly,
ppa2A cells are shorter due to their premature entry into mitosis.
ClpIA cells are also characterized by a semi-wee phenotype,
indicative of a short G2 phase in this mutant. In contrast,
parlA cells are slightly longer than wild type cells (Stonyte
et al, 2020), and, in our experimental set up, they retained

Mitotic Escape in Fission Yeast

Cdc2-Tyrl5 phosphorylation for longer (Figure 3F). Still, after
3 h of slpI transcriptional repression almost all parIA cells were
arrested in metaphase but, compared to the wild type strain, very
few had undergone untimely cytokinesis. Therefore, we reasoned
that a different threshold of CDK activity might be required to
induce early mitotic events (such as chromosome condensation)
but that a higher threshold needs to be exceeded to induce
cytokinesis during the arrest. In order to test this hypothesis,
we generated a p41-nmtl:sipl parlA strain containing the cdc2-
3w allele (Fantes, 1981; Enoch et al., 1992), which makes Cdc2
activation independent of Cdc25. Phosphorylation of Cdc2-
Tyrl5 in this mutant was already lower when slpI was
expressed (—Thiamine condition, Figure 4A), and it rapidly
declined upon slpl repression. Similar to the wild type and
parlA strains, Cdcl3 accumulated and remained constant
throughout the experiment. However, the maximal level of
Cdcl3 was reduced compared to the wild type strain,
suggesting that in these cells the amount of cyclin required for
mitotic-commitment is lower. In accordance, the level of CDK
substrate phosphorylation was slightly reduced and, similar to the
single parIA mutant, sustained until the end of the time course
(Figure 4A). Strikingly, in the cdc2-3w background, parl deletion
did not suppress cytokinesis and up to 60% of cells depicted cut/
unequal segregation phenotypes after 6h of slpI depletion
(Figures 4B,C). Therefore, these results suggest that the
inability of parIA cells to induce cytokinesis upon a prolonged
mitotic arrest is in part the consequence of the inefficient
activation of Cdc2:Cdc13 during mitotic entry.

Deletion of igo1 Delays Cytokinesis

The conserved Greatwall-ENSA pathway (Ppk18-Igol in fission
yeast) inhibits PP2A-B557*®" at the G2/M transition through a
mechanism of unfair substrate competition (Williams et al,
2014); the kinase Ppkl8 phosphorylates Igol, converting it in
a PP2A-B55"% substrate. However, its rate of dephosphorylation
is so slow that it blocks the access of other PP2A-B557*"! targets.

The TORCI pathway prevents Ppk18 activity and through this
regulation mitotic entry is coupled to cell growth and the
acquisition of an adequate cell size for division (Chica et al,
2016). Consequently, igol-deleted cells are unable to adjust
mitotic commitment in response to nutritional changes in the
environment.

In Xenopus laevis and mammalian systems CDKI1 activates
Greatwall, thus bringing about the inhibition of PP2A-B55 as cells
enter mitosis (Gharbi-Ayachi et al., 2010; Mochida et al., 2010;
Rata et al., 2018). Since PP2A-B55 also blocks CDK1 activation,
both complexes are thus mutually inhibitory. The same
regulation has not been proven in fission yeast, but it is also
thought to participate in the regulation of mitosis (Chica et al.,
2016).

Our previous experiments indicated that, on the one hand, a
high level of CDK activity favors untimely cytokinesis in
metaphase-arrested cells. On the other hand, PP2A-B55"*"!
prevents septation and, in consequence, depletion of B55°%"!
results in the exacerbation of the cytokinesis phenotypes
during a metaphase arrest (Figures 3B,C). Therefore, we
reasoned that the CDK mediated inhibition of PP2A-B55""!
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could account for the untimely induction of cytokinesis in our
system. An expected corollary to this idea would be that igol
deletion would ameliorate the septation phenotypes in metaphase
arrested cells. Indeed, loss of igo1 resulted in a consistent decrease
in the proportion of cells that had undergone cytokinesis during
the arrest in metaphase, and this phenotype was more
accentuated in the last time points (Figure 4E). It is worth
noting that since the experiment was done in minimal media
containing a rich source of nitrogen (EMM), we did not detect

changes in cell size (Figure 4F) or the pattern of Cdcl3
accumulation in the igoIA strain compared to the control
(Figure 4D). Similarly, Cdc2-Tyrl5 phosphorylation and
CDK-substrate phosphorylation was comparable to that
observed in the wild type strain upon depletion of slpl
(Figure 4D).

From these results we conclude that Igol-mediated inhibition
of PP2A-B55"*"! contributes to the induction of septation during
a prolonged metaphase arrest. However, we cannot exclude
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additional mechanisms, including different modes of PP2A-
B557%! inhibition, that could also participate in the observed
phenotypes.

Ppa2A Cells Depict Hyperphosphorylation
of Byr4

Septation in fission yeast is under the control of the septation
initiation (SIN) pathway. The bipartite GAP composed of Cdc16
and Byr4 prevents activation of the cascade by promoting the
conversion of GTP to GDP by the small GTPase Spgl. During
mitosis, the Polo-like kinase Plol and Cdc2:Cdc13 (Johnson and
Gould, 2011; Rachfall et al,, 2014) phosphorylate and inhibit
Byr4, hence promoting activation of the top of the SIN. However,
CDK activity prevents activation of downstream components of
the pathway by impairing the recruitment of Cdc14:Sid1 to the
spindle pole body (Guertin et al., 2000).

Given that deletion of parl completely abrogated septation
during the arrest, while ppa2 deletion exacerbated it, we next

examined the pattern of phosphorylation of Byr4 upon slpl
depletion in the different strain backgrounds.

In the wild type background (p4I-nmtl-sipl), Byr4
phosphorylation (as judged by the appearance of a slower
migrating band in the western blot) increased as cells became
arrested in metaphase. Maximal phosphorylation was achieved
after 2 h of slpI repression, coincident with the early cytokinetic
events. The level of phosphorylation was comparable to that
achieved during a metaphase arrest in a nda3-KM311 mutant.
Surprisingly, Byr4 phosphorylation was not sustained and, soon
after the peak, started decreasing, not being detectable by 5-6 h of
metaphase arrest (Figure 5A). In contrast, in the parIA as in the
parlA cdc2-3w background, Byr4 phosphorylation remained for
longer (Figure 5B). In fact, in the parIA cdc2-3w p41-nmtl:slpl
mutant the phosphorylation shift upon slp1 depletion was more
marked than in the p41-nmtl:sipI or parlA p41-nmt1:slpl strains
and it was still evident 6 h into the arrest (Figure 5B). Finally,
silencing of sipI in the ppa2A p41-nmtl:slpl mutant resulted in
the highest degree of Byr4 phosphorylation and this was
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sustained throughout the arrest (Figure 5A). In comparison, the
igolA p41-nmtl:slpl strain behaved similarly to the p4I-nmtl:
slpl strain with regard to the pattern of Byr4 phosphorylation
during the arrest (Figure 5C).

PP2A-B55°%! has been suggested to counteract Plol and
CDK-dependent phosphorylation of Byr4 (Lahoz et al., 2010),
thus repressing the SIN. Indeed, our results point in that direction
since removal of ppa2 (but not parI) led to a substantial increase
in the level of Byr4 phosphorylation. Moreover, the resemblance
between the ppa2A and parlA cdc2-3w strains reinforces the idea
that enhanced CDK activity in the latter mutant results in
suppression of PP2A-B55°%" activity and induction of septation.

Cdc13 Localization During a Prolonged

Mitotic Arrest

As mentioned above, Byr4 phosphorylation decreased in the wild
type strain as cells initiated septation. This finding was surprising,
since we expected phosphorylation to remain high in metaphase-
arrested cells with sustained CDK activity.

A possible explanation for this could be that, upon a prolonged
arrest, Cdcl3 delocalizes from the SPB and can no longer
promote the phosphorylation of Byr4. A recent work from the
Nurse laboratory has shown that cells carrying a mutated allele of
Cdcl3 which impairs its SPB localization depict defective
phosphorylation of a number of mitotic substrates (Basu et al.,
2020). Among the substrates identified in this study they found
Sid2, the last kinase in the SIN cascade.

Byr4 phosphorylation activates the SIN pathway, and
therefore one would assume that it should remain
phosphorylated for septation to occur. However, a plausible
hypothesis would be that Byr4 only needs to be transiently
inhibited to allow for the early activation of the SIN, and that
subsequent displacement of Cdc13:Cdc2 from the SPB would
facilitate recruitment of Sid1:Cdc14 and firing of the pathway.

Hence, we next investigated Cdcl3 localization during the
arrest, using an mCherry tagged allele. Cdc13-mCherry signal
accumulated in cells arrested in metaphase and, in agreement
with our western blot analysis, it reached a plateau after 3 h of
thiamine addition (Figure 5D). The localization was mainly
nuclear and we could also detect specific signal in a region
compatible with the mitotic spindle (arrowheads in
Figure 5D). Nevertheless, we did not observe obvious changes
in the pattern of localization in cells arrested in metaphase
compared to those that had undergone cytokinesis. Therefore,
we conclude that Cdc13 displacement is not the underlying cause
for untimely cytokinesis in metaphase-arrested cells.

The fact that Byr4 phosphorylation is not sustained during the
arrest is however interesting, and indicates that additional
mechanisms contribute to its tight spatial and temporal regulation.

Proteins Involved in Cytokinesis
Accumulate in Metaphase Arrested Cells
We next decided to investigate changes in the proteome
composition of metaphase-arrested cells that could explain the
induction of cytokinesis upon extended periods of slp1 depletion.

Mitotic Escape in Fission Yeast

For that, we carried out a label-free proteomic analysis of
p4l-nmtl:sipl cells, in the absence or presence of thiamine, over
a time course (Figure 6A). We chose to take samples at time 0 h
and 3 h, 4 h, 5h and 6 h since those where the time points when
the induction of septation became more prominent. Principal
component analysis (PCA) of the samples showed a high degree
of reproducibility between biological replicates with a greater
difference between non-treated and treated samples
(Supplementary Figure S2A). Upon digestion and mass
spectrometry analysis (see Methods for details) we identified
3183 proteins. A first filter was applied to select proteins for
which at least one valid measurement in each replicate, in each
condition had been identified (Figure 6B). This filter yielded
1,850 hits that were subsequently subject to ANOVA multi-
sample test. This reduced the number of hits to 1,708 proteins
that were statistically significant under a 5% FDR cut-off
(Figure 6B and Supplementary Table S1). Hierarchical
clustering of the top hits (1,403 proteins <0.1% FDR) in
which each sample was normalized to the control sample
(0h), revealed  six  different  dynamical  clusters
(Supplementary Figure S2B and Figure 6C). Proteins in
clusters 1 and 2 were enriched in cells arrested in metaphase
(+thiamine) vs. non-arrested cells (3 h-thiamine), but did not
increase further as the arrest persisted (cluster 1) or even
decreased in the last time point (cluster 2). In contrast,
proteins in cluster 5 did show a steady increase throughout
the metaphase arrest. Proteins in clusters 3, 4 and 6 showed the
opposite trend, having a higher level of expression in non-
arrested vs. arrested cells. Gene ontology analysis of the different
clusters indicated an enrichment of the terms septation, cell
signalling, vesicle-mediated transport and proteolysis for cluster
5 (Figure 6D). Finally, a protein-protein interaction (PPI)
network analysis of the top hits revealed substantial
enrichment of several functional groups involved in cell cycle
regulation, chromatin remodelling and RNA metabolism
(Supplementary Figure S2C).

In parallel, we applied a second, more relaxed filter to the
proteomic data, in order to unveil hits that were not considered in
the first analysis due to its higher astringency. In this case, we
imputed missing values for proteins with at least three valid
measurements in at least one replicate in each condition. This
treatment only entailed the imputation of 4,978 values out of a
total of 60,624 values (8.2%) in a total of 2,526 proteins. For each
timepoint in the time course, we performed a two-tailed ¢-test and
considered statistically significant proteins with a two-fold
change and FDR 1% cut-off compared to the Oh control
(Figure 6B and Supplementary Table S2). Within the group
of upregulated proteins, we detected an overrepresentation of
proteins involved in septation and cytokinesis during the time
course of slpl repression (Supplementary Figures S3B,D,E), as
well as in cell cycle, chromosome segregation and 1-3 -glucanase
activity (Figure 6E and Supplementary Figures S3A,C). In
addition, when we explored the PPI network of the
upregulated proteins, we obtained clusters of interacting
proteins involved in division site assembly, Sid2-Mobl complex,
condensin  complex, Ubiquitin-Proteasome and ubiquitin-
mediated proteolysis among others (Figure 6F). Notably, these
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groups show strong correspondence with the enriched terms
associated with the dynamics of cluster 5 (Figure 6D).

Upregulation of these proteins could be the consequence of
their altered degradation upon depletion of the APC/C activator
Slpl. Hence, we searched the list of upregulated proteins for
known degradation signals recognised by Slp1, that is, destruction
box (DB, RxxLxxxxN) and KEN box (KENxxxN). Out of the 285
proteins significantly upregulated, only 26 contained a DB (either
putative or experimentally confirmed), 2 contained a KEN box
and 1 contained both (Supplementary Figure S3F).

This analysis indicates that the metaphase arrest brings about
substantial changes in the proteome of fission yeast cells, with a
specific enrichment for proteins involved in cytokinesis and
septation, in addition to cell cycle regulators. Moreover, the
accumulation of these proteins cannot solely be alleged to a
block in their degradation upon depletion of Slp1, since many
of them lack a recognisable degron. Finally, these results suggest
that the upregulation of cytokinesis-related proteins could pave
the way for septation after a prolonged arrest in metaphase.

The Mitotic Transcriptional Wave Influences
the Behavior of Cells Arrested in Metaphase

Our proteomic analysis highlighted the induction of a number of
cytokinesis regulators in cells that had been arrested in metaphase
for long periods of time. In fission yeast, as in other organisms, cell
cycle-associated transcriptional waves accompany and are required
for adequate cell cycle progression (reviewed in McInerny, 2011).
The PBF (pombe cell cycle box-binding factor), a complex
containing the Forkhead transcription factors Fkh2 and Sepl
and the MADS box protein Mbx1 binds the promoter of genes
expressed during mitosis. Fkh2 is thought to act as a general
repressor, whereas Sepl activates transcription of its target genes.
In addition, the RFX transcription factor Sakl was shown to
positively regulate the expression of the same mitotic cluster
(Garg et al, 2015). One of the targets of these transcriptional
complexes is the transcription factor Ace2, which in turn regulates
the expression of genes required for primary septum degradation
and cell separation. Interestingly, among the proteins upregulated
in our experimental set up we could detect known targets of these
transcription factors, including Sid2, Spol2, Plol, Cdcl5, Ace2,
Engl, Gasl and Gas5 (Figure 6E and Supplementary Figures
$3A,C).

In order to test if transcriptional upregulation could lie behind
the accumulation of these proteins, we analyzed their expression
pattern during the course of our experiment by real time PCR.
Indeed, we could observe a sharp increase in the expression of
gasl, ace2 and par2 as cells became arrested in metaphase upon
depletion of slpl (Figure 7A). Interestingly, expression of the
same genes was significantly reduced in the p41-nmtl1:slp1 parlA
mutant.

Hyperactivation of Cdc2 by means of the cdc2-3w allele
resulted in the partial induction of septation in metaphase
arrested p41-nmtl:slpl parlA (Figures 4B,C). Hence, we next
tested whether the same allele could rescue the expression of
mitotic transcripts in the parIA background. Expression of this
cluster of genes depends on the achievement of a certain

Mitotic Escape in Fission Yeast

threshold of CDK activity (Banyai et al., 2016). However, we
did not observe a significant change in the expression of ace2
(hereafter our readout for mitotic transcription) upon
hyperactivation of cdc2 (Figure 7B, left panel).

Favoring the activity of PP2A-B55**! through the deletion of
igol, which partially rescued the induction of cytokinesis during
the metaphase arrest, did not result in major changes in the
transcription of ace2 (Figure 7B, left panel).

It might be possible that CDK activity in the cdc2-3w parlA
allele is not sufficient to fully activate the mitotic transcriptional
program. However, the observation that igol deletion does not
have a great impact in the expression of (at least) ace2, while being
sufficient to hinder septation to a greater extent than the
combination of the cdc2-3w and parIA alleles (compare
Figures 4B,E), argues against this possibility. Therefore, we
believe that PP2A-B56"*" is required for the activation of the
mitotic transcriptional wave and that this role is independent of
the regulation of CDK activity.

Finally, as a proof of principle, we investigated the phenotype
of a p41-nmtl:slpl sak1® allele [sakI-891 (Yuasa et al., 2004; Garg
et al., 2015)]. As expected, inactivation of Sakl at the restrictive
temperature strongly reduced the expression of ace2 (Figure 7B,
right panel). This impairment in the expression of mitotic genes
was accompanied by a higher proportion of cells that remained
arrested in  metaphase without inducing cytokinesis
(Figures 7C,D).

All in all, we conclude that mitotic transcription contributes to
the induction of cytokinesis in metaphase-arrested cells upon
depletion of slpl. In addition, we show that PP2A-B56"*" is
required for the activation of this cluster and that this function is
partially responsible for the suppression of septation in the p41-
nmtl:slpl parlA mutant.

DISCUSSION

During a normal cell cycle, mitosis and cytokinesis need to be
coupled, so that a cell does not attempt to divide unless its
chromosomes have been segregated and pulled towards
opposite ends of the cell by the mitotic spindle. In fission
yeast, this coordination is achieved because the APC/C bound
to its activator Slp1 (Cdc20) is responsible for the degradation of
the mitotic Cyclin B (Cdc13) (Yamano et al., 1996) and Securin
(Cut2), the inhibitor of Separase (Funabiki et al., 1997). The
mitotic CDK complex Cdc13:Cdc2 prevents cytokinesis by
repressing the activity of the SIN (Septation Initiation
Network) cascade (Guertin et al, 2000). Therefore, during
metaphase, before APC/C™P" activation, CDK activity is high
and prompts early mitotic events associated to the
phosphorylation ~ of  mitotic  substrates. ~ Chromosome
segregation cannot take place while APC/CSP' is not active,
since Securin-bound Separase cannot cleave the cohesin
complexes that hold sister chromatids together. The delay in
the next cell cycle transition, metaphase to anaphase, is imposed
by the mitotic checkpoint (AKA spindle assembly checkpoint or
SAC), which prevents activation of the APC/CS'P' until all
kinetochores are amphitelically attached to the spindle.
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Once this condition has been fulfilled, APC/C¥P'-mediated
degradation of Cdcl3 and Securin brings about chromosome
segregation, mitotic dephosphorylation and cytokinesis. This
regulation, which is conserved through evolution, has been
exploited for the study of mitotic progression and, in human
cells, for the treatment of cancer. In mammalian cells,
suppression of APC/C“Y?° activity following activation of the
mitotic checkpoint or after chemical inhibition with APC/
C-targeting drugs (e.g., Apcin and ProTAME) arrests cells in
metaphase. A majority of cells whose mitotic progression is
hindered eventually undergo apoptosis (Sloss et al, 2016).
However, an alternative fate is mitotic slippage, a process by
which cells skip cytokinesis and exit mitosis without an
intervening round of chromosome segregation (Brito and
Rieder, 2006). This strategy, while not optimal, prevents
apoptosis and provides the single cell with an opportunity for
survival. From the organismal point of view, mitotic slippage can
have deleterious effects since it increases the cell’s genomic
instability, a trait that contributes to the evolution of tumors.

Here, we show that fission yeast cells that have been arrested in
metaphase through the depletion of the APC/C activator Slp1 can
only remain in this state for a certain period of time. In contrast to
human cells, S. pombe cells do not skip cytokinesis before exiting
mitosis and entering G1. Fission yeast cells do not attempt to
segregate their chromosomes, which remain condensed
throughout the arrest. However, mitotic phosphorylation
progressively decays and cytokinesis is induced. This behavior
had been noticed for many years in conditional mutants of the
APC/C as well as for Separase (cutl) and Securin (cut2) (Uzawa
et al, 1990; Samejima et al, 1993). These mutants undergo
cytokinesis having failed to segregate their chromosomes,
which results in their tearing by the ingressing septum (hence
the name cut, cell untimely torn). Interestingly, in our hands, a
considerable portion of the cells that undergo cytokinesis do not
“cut” their chromosomes. Instead, the nucleus seems to be pushed
to one side of the cell, giving rise to an anucleated compartment
and a compartment retaining the undivided nucleus. Recently,
work from the Toda laboratory has uncovered a mechanism that
facilitates the drifting of the nucleus in order to prevent “cutting”
of the DNA and mitotic catastrophe (Yukawa et al., 2021). This
process, that is highly dependent on the actin cytoskeleton,
reinforces the idea that evolution has developed alternative
mechanisms to give cells a last chance of survival when the
final step in the cell cycle, mitosis, cannot be completed.
While human cells skip cytokinesis and become polyploid,
fission yeast cells attempt to displace their nucleus and
undergo cytokinesis, with more or less success.

How these mechanisms are triggered is an interesting
question. On the one hand, understanding this regulation in
human cells and how to prevent it can lead to new treatment
strategies for cancer. On the other hand, from a systems biology
perspective, it implies the presence of feed-forward mechanisms
that bring about mitotic exit if the cell has been in mitosis for a
long period of time. Given that mitotic events rely on the activity
of the mitotic CDK complex, it is likely that such feed-forward
mechanisms would also depend on this complex. That is the case
for early mitotic exit events in budding yeast, where Cdc28 is

Mitotic Escape in Fission Yeast

responsible for the release and activation of its counteracting
phosphatase, Cdc14 during the metaphase to anaphase transition
(Azzam et al,, 2004; Queralt et al., 2006). Importantly, mitotic
slippage only occurs if mitotic progression has been prevented for
a prolonged period, which would call for a delay in the
engagement of the feed-forward mechanism. Such a delay
could be imposed if a higher threshold of CDK activity was
required to bring about mitotic slippage than to promote mitotic
entry. This could be achieved through the stockpiling of mitotic
cyclin and accumulation of active mitotic CDK complex as cells
become arrested in metaphase. Alternatively, the delay could be
the consequence of the expression of proteins involved in the next
phases of the cell cycle and their sufficient accumulation in
metaphase arrested cells.

Our experiments suggest that both possibilities contribute to
the untimely induction of cytokinesis. Importantly,
demonstrate the involvement of phosphatase activity in the
regulation of this process. Cells lacking the activity of PP2A-
B56"! (parIA) enter mitosis and arrest with condensed
chromosomes and enhanced mitotic phosphorylation upon
depletion of slpl. However, CDK activity in these cells is
somewhat compromised, as judged by the retention of Cdc2-
Tyr15 phosphorylation in the early time points and a lower level
of substrate phosphorylation compared to the control strain
(Figure 4A). As a result, parl-deleted cells do not arrest as
readily as the control strain. Nevertheless, their block is
complete after 3h of thiamine addition, indicating that
sufficient CDK activity is achieved in this genetic background
to enter mitosis and carry out early mitotic events. Concomitant
mutation of cdc2 to the hyperactive allele cdc2-3w partially
rescued the parlA phenotype (compare Figures 3E, 4B). In
this mutant, Tyrl5 phosphorylation is markedly reduced,
which lowers the threshold of Cdc13 required for mitotic entry.

The behavior of the single par]A mutant during the arrest is
reminiscent of the stable intermediate prophase state reported by
Rata et al. (2018) in mammalian cells. In their model, partial
inhibition of CDK activity during the G2/M transition results in
cells arrested in a prophase-like state, with a rounded cell
morphology, partially-condensed chromosomes and
intermediate levels of Tyrl5 phosphorylation. Importantly, this
intermediate state relies on the existence of two interlinked
feedback systems involving CDK and PP2A-B55 activities. In
this model, PP2A-B55 inhibits CDK through Weel-mediated
Tyrl5 phosphorylation, whereas CDK inhibits PP2A-B55
through the activation of the Greatwall/ENSA pathway. As a
consequence, the system is bistable and shows hysteresis,
responding differently to CDK inhibition in interphase than in
mitosis. Interestingly, in their model, if Weel activity is blocked,
this intermediate state is no longer observed. In this regard, our
double mutant cdc2-3w parlA, where CDK activity cannot be
prevented through Tyrl5 phosphorylation would result in a
scenario similar to that of Weel inhibition.

How PP2A-B56"*"" impinges in CDK activation during the
G2/M transition is still an outstanding question that we aim to
address in the future. The parl deletion strain depicts a
phenotype of slow growth and, although the average cell size
of this mutant is only slightly larger compared to the wild type

we
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control, it shows a higher variability in cell size at division
(Stonyte et al., 2020). One possible explanation that could link
the cell size wvariability and increased Cdc2-Tyrl5
phosphorylation in the parl mutant could be related to
persistent presence of the NDR-kinase Pom1 in the middle of
the cell. Pom1 participates in a pathway linking cell size and
mitotic commitment. During G2 phase, a gradient of this kinase
forms, accumulating at the cell tips and dissipating at the cell
equator as the cell grows. Poml present at the cell middle
prevents mitotic entry by repressing the Weel inhibitor Cdr2.
Thus, not until its levels at this location drop below a certain
threshold after the cell has reached an adequate size can it enter
mitosis (Martin and Berthelot-Grosjean, 2009; Moseley et al.,
2009). Nevertheless, we cannot exclude a direct involvement of
PP2A-B56"*" in the pathways regulating Tyr15 phosphorylation.

Another striking parallelism between our fission yeast
model system and mammalian cells is the fact that PP2A-
B55°%"! inhibition seems to play a central role in the control of
mitotic progression. In our experimental set up, deletion of
either ppa2 (the main catalytic subunit in PP2A complexes) or
depletion of B55"*"! led to the enhancement of the cytokinesis
phenotypes. This observation indicates that PP2A-B55"*"!
plays an active role preventing cytokinesis and, in its
absence, uncontrolled septation takes place. Taking this
observation and the model of mutual inhibition between
CDK and PP2A-B55 into account, we reasoned that CDK
hyperactivation during the mitotic arrest ultimately leads to
PP2A-B557*®" blockade, contributing to the induction of
cytokinesis. In support of this idea, deletion of igol (the
fission yeast ENSA counterpart) which disrupts the PP2A-
B55°%"! negative feedback, could partially prevent the
untimely septation phenotype upon sipl depletion.

Notably, although the deletion of ppa2 results in the
downregulation of both PP2A-B55"*"" and PP2A-B56"*"
complexes, this mutant phenocopies the depletion of B55°%",
This result indicates that PP2A-B55°%*! loss is epistatic to parl
deletion. Moreover, it reinforces the idea that the absence of
cytokinesis in the parIA mutant is a reflection of its inability to
engage the CDK-mediated PP2A-B55"*"! negative feedback loop.

Both PP2A-B55%! and PP2A-B56"*" have been proposed as
negative regulators of the Septation Initiation Network (SIN) (Jiang
and Hallberg, 2000; Le Goff et al., 2001; Lahoz et al., 2010; Goyal
and Simanis, 2012). However, in our experimental conditions, only
the loss of PP2A-B55"**! activity brings about cytokinesis. The SIN
cascade is under the control of CDK activity, which promotes
activation of the upper part of the cascade (through inhibition of
Byr4) while preventing the recruitment of downstream elements.
PP2A-B55"%! was suggested as the Byr4 phosphatase, given that its
inactivation could rescue the activity of the SIN GTPase Spgl in the
absence of Etd1 (Lahoz et al., 2010). It could be reasoned that loss
of this mechanism of SIN repression upon depletion of B55"*"!
would not result in cytokinesis induction as long as CDK activity
was blocking downstream events. However, it was also shown that
PP2A-B55"*"! prevents the activation of the small GTPase Rhol, a
downstream target of the SIN whose overexpression rescues
defective SIN signalling (Alcaide-Gavilan et al., 2014). Similarly,
mutation of pabI could bypass the requirement for Sid2-Mob1 (the
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downstream kinases in the SIN) and promote septation in the
absence of Etd1 and SIN signalling.

In addition to the induction of cytokinesis, the persistent arrest
eventually led to the dephosphorylation of mitotic CDK-substrates.
Given that Cdcl13 was not degraded and the CDK complex was
presumably active  (considering that Tyrl5 remained
dephosphorylated), we decided to analyze the consequences of
impaired phosphatase activity. We tested mutants of the Cdc14
homolog, clpl, as well as of the different subunits of PP2A: the
regulatory subunits, pabl and parl, as well as the catalytic subunit
ppa2. Loss of either phosphatase resulted in a more sustained
phosphorylation of CDK substrates, suggesting cooperativity
between phosphatases. Recently, a comprehensive phospho-
proteomic study in budding yeast has shown that PP2A
subcomplexes (PP2A-B55°%*° and PP2A-B568®) together with
Cdcl4 are responsible for the dephosphorylation of substrates
during mitotic exit (Touati et al, 2019). In our hands, deletion
of ppa2 resulted in the strongest effect, suggesting that in fission
yeast as in budding yeast, PP2A subcomplexes are major
contributors to mitotic dephosphorylation. At the moment we
do not know whether high CDK activity is the trigger for the
activation of these phosphatases or whether additional events
secondary to the mitotic arrest facilitate the dephosphorylation
of substrates observed in our experiments. Mitotic CDK activity
indirectly promotes the transcription of a second B56 regulatory
subunit, par2, which is part of the mitotic cluster (Sudrez et al.,
2015; Banyai et al, 2016). In this manner, CDK could be
contributing to phosphatase activation. However, previous
studies have shown that, during a normal mitosis, high CDK
activity precludes the activities of PP1, PP2A-B55°*"" and PP2A-
B567% (Grallert et al., 2015) as well as of Clpl (Wolfe et al., 2006)
until the metaphase to anaphase transition, when Cdcl3 is
degraded. In agreement with this, our results support the idea
that cytokinesis induction during a prolonged metaphase arrest
requires CDK-mediated inhibition of PP2A-B557*"!, Nevertheless,
we also show that, even in the presence of high CDK activity,
PP2A-B55"*"" together with PP2A-B56"' and Clpl can
counteract CDK phosphorylation. How can we reconcile these
two seemingly contradictory findings? One possibility would be
that local inactivation of PP2A-B557%"! at the SPB, (where the SIN
components localise) or at the division site could account for the
induction of septation, while a separate pool of PP2A-B55""!
could still be active and able to dephosphorylate mitotic substrates.
Still, we need a more thorough understanding of the mechanisms
of phosphatase regulation to be able to respond to this question.

Finally, we show that a number of cytokinesis regulators
accumulate in the cell as the arrest persists. Whereas this could
be the direct consequence of impaired degradation due to an
inactive APC/C, we show that mitotic transcription also
contributes to this phenomenon and the induction of septation
in our system. In particular, mutation of the RFX transcription
factor Sakl, an activator of the M transcriptional wave (Garg et al,,
2015), impairs cytokinesis. Downstream of Sakl, the transcription
factor Ace2 controls the expression of genes required for cell
separation (engl, agnl, etc.) and, as mentioned above, of par2. In
addition, we show that deletion of parl hinders the expression of
these genes. Banyai et al. (2016) have shown that cell cycle-regulated
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expression of the different transcriptional clusters responds to
different thresholds of CDK activity. Hence, we thought that the
incomplete induction of these genes in the parlA background was
secondary to the lower CDK activity of this mutant. Nevertheless,
addition of the cdc2-3w allele did not ameliorate this defect,
indicating that PP2A-B56"™' plays an additional role in
promoting cytokinesis facilitating mitotic transcription.

In summary, we have shown that fission yeast cells try to escape
a prolonged mitotic arrest by inducing septation and gradually
dephosphorylating mitotic substrates (Figure 8A). Protein
phosphatases, particularly members of the PP2A family
contribute to these events in different and complementary ways.
On the one hand, PP2A-B557**! inhibition induces cytokinesis,
presumably by bypassing the SIN. In contrast, loss of PP2A-B56"*"
represses septation, and we track this phenotype down to a defect
in CDK activation and disruption of the feedback loops connecting
CDK and PP2A-B55"*"! (Figure 8B). Mitotic dephosphorylation
on the other hand requires the concerted action of both
phosphatases and of Clpl (Figure 8C). Finally, we show a
prominent role for mitotic transcription in the escape from the
arrest (Figure 8B). While some of the components influencing the
behavior of our system are specific to fission yeast, others are key
cell cycle regulators conserved across species. Seeing the striking
similarities between mitotic escape in fission yeast and mitotic
slippage in higher eukaryotes, we expect that the mechanisms here
described are also relevant in these more complex systems.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Conditions

The fission yeast strains used in this study are listed in
Supplementary Table S6. The cell culture and genetic
manipulation of fission yeast strains were performed according
to standard protocols (Moreno et al., 1991). All strains used were
prototroph and were grown on Edinburgh minimal medium
(EMM) containing NH4CI 93.5mM as the source of nitrogen
without supplements at 30°C in liquid or on solid media. For the
repression of genes from the thiamine repressible promoter (p41-
nmt1) and degradation of proteins tagged with an auxin inducible
degron (miniAID version), cells grown to mid-exponential phase
(4-6 x 10° cells/ml) were shifted to EMM containing 15 uM of
thiamine and/or 0.5 mM of NAA (1-Naphthaleneacetic acid),
respectively. For Nda3 inactivation experiments using the
temperature-sensitive allele nda3-KM311, cells were grown in
EMM at 30°C and shifted to 18°C for 6 h. For the temperature
sensitive sak1® allele, cells were grown in EMM at 25°C and then
shifted to 36°C for the time points indicated in the experiments.

Fluorescent and Confocal Microscopy and

Counting of Mitosis and Cell Division Stages
For fluorescent and confocal imaging, 200 ul of cells in the
exponential phase were filtered and fixed with 200 ul of 70%
ethanol. For permeabilization and staining, the cells were
washed with PBS pH 7.2 and resuspended in a mix of 1.5 ul of
0,1 ug/ml DAPI (Sigma-Aldrich), 2 ul of 50 pg/ml of blankophor

Mitotic Escape in Fission Yeast

(Bayer) and 1.5 pl of PBS pH 7.2. Fluorescent imaging was carried
out using a Zeiss Axio Observer fluorescent microscope equipped
with a DAPI-specific filter and an objective Zeiss Plan-Apochromat
%100/1.40 Oil. The images were captured with an AxioCam MR R3
cooled CD camera controlled by the Zen software (Carl Zeiss). The
counting of mitosis and cell division stages was carried out in more
than 200 cells per each time point using Fiji software (http://fiji.sc/).
Confocal imaging was carried out using a Zeiss LSM 710 Confocal
microscope equipped with a Diode laser (405 nm) to excite DAPI
and He-Ne laser (543/561 nm) to excite mCherry filter and an
objective Zeiss Plan-Apochromat x63/1.4 oil. The z-stacks images
were acquired throughout each slide in a uniform fashion using a
range of 4.5 um and with an optimal range of 0.45 pm within each
slice. Representative images were chosen.

Genetic Manipulation and nmt41 Strain

Constructions

Gene deletion, promoter exchange, and gene tagging were carried
out using PCR cassettes amplified from pFA6a derivative
plasmids (Bahler et al, 1998). Gene deletion and double
mutants were constructed by integration of cassettes in a wild-
type background and subsequent genetic cross and tetrad
dissection.

Protein Extraction, Immunoblotting and
Antibodies

For western blotting of fission yeast cells, 1 x 10 cells were collected by
filtration, washed with STOP buffer (150 mM NaCl, 50 mM NaF,
10 mM EDTA, 1 mM sodium azide) and frozen with liquid nitrogen
before extraction. Total protein extracts were prepared by precipitation
with trichloroacetic acid (TCA) as previously described (Foiani et al.,
1994). Following gel electrophoresis in 4-20% Criterion™ TGX™
Precast Midi (BioRad), proteins were transferred onto a PVDF
membrane using a semi-dry blotting system (Trans-Blot™ Turbo™
from BioRad). Membranes were blocked in a 5% skimmed milk
solution in TBS-0.1% Tween and antibody solutions were prepared in
TBS-Tween (0.1%) containing 5% BSA (for antibodies against
phosphorylated residues) or 5% non-fat milk (in all other
instances). Western blots were developed using Amersham ECL
western blotting detection reagents and imaged either by x-ray film
or Chemidoc MP Imaging system (Bio-Rad laboratories).

The following primary antibodies were used in this study:
mouse anti-phospho-(Thr-Pro-101) to detect Cdk substrate-
specific phosphorylations (1:1,000, Cell Signalling Technology),
rabbit anti-phospho-cdc2 (Tyrl5) to detect Cdc2-Y15-P (1:1,000,
Cell Signalling Technology), anti-Cdc13 antibody (6F11/2) (1:
1,000, Abcam), anti-Cdc2 (PSTAIR) (1:1,000, Millipore Sigma),
anti-Byr4 (a kind gift from Prof. Kathleen Gould, 1:5,000). As
secondary antibodies, we used HRP-conjugated anti mouse IgG
(SIGMA, 1:10,000) and HRP-conjugated anti rabbit IgG
(SIGMA, 1:10,000).

FACS Analysis
For FACS analysis, 10° cells were fixed in 70% ethanol and stained
with propidium iodide according to published protocols
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FIGURE 8 | Proposed model for the regulation of cytokinesis by PP2A
phosphatases and mitotic CDK complex during a prolonged mitotic arrest. (A)
Mitotic arrest was induced through transcriptional repression of the APC/C
activator Slp1 (under the control of the thiamine-repressible promoter
p41-nmt1). Silencing of sip7 resulted in the rapid accumulation of the mitotic
cyclin Cdc13, increased mitotic phosphorylation and chromosome
condensation. Upon prolonged periods of mitotic arrest, mitotic
dephosphorylation and induction of cytokinesis could be observed in the
presence of condensed chromosomes and high levels of Cdc13. (B) Mitotic
CDK both favors and represses cytokinesis by inactivating the Spg1 GAP
(activation of the top of the SIN cascade), while preventing recruitment of Sid1:
Cdc14 (repression of the bottom of the SIN cascade) (Guertin et al., 2000;
Johnson and Gould, 2011; Rachfall et al., 2014). PP2A-B557%" and PP2A-
B56"" have opposite effects in the regulation of cytokinesis: PP2A-B5572°"
represses cytokinesis and, in its absence, untimely septation in the presence
of unsegregated chromosomes occurs at high frequency in mitotically-
arrested cells (1). The mitotic CDK complex establishes a double negative
feedback loop with PP2A-B5572° through the Ppk18-Igo1 (Greatwall-ENSA)
pathway (2). In consequence, high CDK activity during a prolonged mitotic
arrest would result in PP2A-B5572°" inactivation and induction of cytokinesis.
In our experimental conditions, engagement of this double negative feedback
loop would be sufficient to overcome the repression of cytokinesis by CDK.
PP2A-B567% favors cytokinesis through different means: it participates in the
activation of the mitotic CDK complex at the G2/M transition (3). In its absence,
cells enter mitosis with residual Cdc2-Tyr15 phosphorylation. Presumably,
this hinders the repression of PP2A-B5572°" by CDK and results in septation
being prevented. The underlying mechanism of this regulation is unknown at
present, but might involve modulation of Wee1 and/or Cdc25 activities. In
addition, PP2A-B567" participates in the activation of the mitotic
transcriptional program brought about by the RFX transcription factor Sak1
(Continued)

o

FIGURE 8| (4). Loss of either Sak1 or PP2A-B567%"" impairs the expression of
cytokinetic regulators and this contributes to the absence of cytokinesis
during the arrest in these mutants. (C) Steady mitotic dephosphorylation
during the arrest requires the activities of Clp1, PP2A-B557%°! and PP2A-
B56Paﬂ.

(Sabatinos and Forsburg, 2009). The DNA content was
determined by forward scatter analysis using FACSCalibur
instrument and the data was analyzed using FlowJo software
(Tree Star Inc., Ashland, OR, United States).

RNA Extraction and Quantitative PCR
(qPCR)

For qPCR, 5 x 107 cells were collected by centrifugation, washed
in DEPC-treated water and frozen with liquid nitrogen. Total
RNA preparation was performed with MasterPure™ Yeast RNA
Purification Kit (Epicentre) following the manufacturer
instructionsé 1 ug of RNA was used for cDNA synthesis using
SuperScript III Reverse Transcriptase (Invitrogen). gPCR was
performed with SYBR” Select Master Mix (Applied Biosystems).
Analysis was done using the AACt method. Oligos are listed in
Supplementary Table S7.

Sample Collection and Preparation for

MS-Based Proteomic Analysis

All experiments were performed using label-free quantitative
proteomics. Cultures were first grown to mid-exponential phase
(5 x 10° cells/ml) and were then diluted to 2.5 x 10° cells/ml and
shifted to EMM containing 15 uM of thiamine for 6 h for inducing
p41-nmtl:sipl repression. The design of the experiment is detailed
in Figure 6A. For sampling, 2.5 x 10° cells were collected by
filtration, first washed with 100 ml of PBS pH 7.2 and then washed
with 1 ml of STOP buffer. Pellets were frozen in liquid nitrogen.
For protein extraction, cell pellets were resuspended in denaturing
lysis buffer containing 8 M urea, protease inhibitors (cOmplete™
Mini, Sigma-Aldrich) and phosphatase inhibitors (2 mM sodium
pyrophosphate, 2mM NaF, 2mM B-GP and 2mM sodium
orthovanadate). Cell disruption was performed by agitation and
homogenization with a cryogenic bead beating grénder (FastPrep®-
24 5G). After centrifugation, 250 U of Benzonase (Sigma-Aldrich)
were added to the protein extracts to remove nucleic acids and
incubated for 10 min on ice. Protein concentration was determined
by Bradford assay (Bio-Rad) (Casado et al., 2013). 400 ug of total
protein extract was reduced with 10 mM dithiothreitol (DTT) for
30 min at 37°C and prepared for peptide digestion after alkylation
with 10mM iodoacetamide and reduction of the urea
concentration to 2M using the FASP™ protein digestion kit
and following the manufacturer instructions (Expedeon).
Proteins were digested using trypsin in a ratio 1:100 w/w
(Promega-V511) dissolved in 50mM acetic acid, 50 mM
ammonium bicarbonate for 18h at 37°C. Digested peptides
were then acidified to 0.5% trifluoroacetic acid (TFA) and then
desalted with 0.1% TFA, 5% acetonitrile (ACN) using Pierce®
C18 tips-100 ul bed that were previously conditioned and
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equilibrated according to instructions (Thermo Scientific). The
eluted peptides were dried under vacuum.

LC-MS/MS Analysis

Peptide identification and abundance measurements were
performed on an Orbitrap Elite mass spectrometer coupled to
an Ultimate 3000 Rapid Separation LC system (both Thermo
Scientific). Peptide mixtures were re-suspended in 14 pl 0.1%
Formic acid (FA), 2% Acetonitrile (ACN), and injected twice (6 pul
per injection). Each run consisted of a 4-h elution gradient with
two mobile phases (solvent A: 0.1% FA in water - solvent B: 0.1%
FA in ACN). The eluting peptides from the LC-column (nC18,
75um x 50cm, 2pum particle size) were ionized in the
electrospray and analyzed by the Orbitrap Elite using Collision
Induced Dissociation (CID) as activation method.

Proteomics Data Structure, Processing,

and Analysis

The raw mass spectrometry data was processed in Max Quant
(Version 1.5.8.3) using default parameters including match
between runs for peptide identification (Cox and Mann, 2008).
The mapping of the proteins was searched against a Uniprot S.
pombe proteome fasta file and corrected to discard common
contaminant sequences using a FDR < 0.01 and a decoy revert
mode for identification of reverse sequences. Maxquant output file
was processed using Perseus (Version 1.6.12.01) (Tyanova et al.,
2016) and after removal reverse and contaminant peptides, the
LFQ intensities with >0 valid values were transformed into log2
scale, and then the repeated measurements were grouped into
biological replicates and subsequently used for the analysis
described in Figure 6B. Briefly, only protein values with >1
valid measurement per biological replicate for all conditions
were used to perform a multiple-way ANOVA to find proteins
with significant variation across all conditions. p values from the
ANOVA were subjected to a permutation-based FDR correction.
Supplementary Table S1 contains all significant proteins over 0.05
FDR cut-off. The proteins below to 0.001 FDR cut-off were used for
hierarchical clustering analysis using the R package heatmap.2.
Hierarchical clustering was performed on the log2 fold difference
values from EMM t = 0 h using as settings cluster rows, Euclidian
distance and ward.D2. The tree was cut into six groups.

In parallel, only proteins with >3 valid measurements in at
least one replicate for all conditions were used to identify other
proteins that were not consider in the first analysis. Differential
expression analysis and a PCA were performed on the resultant
protein list after imputation of missing values using Perseus
(Supplementary Table S2). The proteins with significant
differential expression between one thiamine-treated and one
untreated sample were identified using a two-tailed test and
plotted in the form of a volcano plot. Supplementary Table
S2 also contains the significant hits from all differential analysis
with permutation-based FDR adjusted p-values under a cut-off of
0.05. For the PCA, a multiple-way ANOVA was performed to
identify the proteins with significant variation using 0.05 FDR
cut-off (Supplementary Table S3).

Mitotic Escape in Fission Yeast

GO Enrichment Analysis, Annotations, and
PPl Network Analysis

GO enrichment analysis was performed using Metascape (Zhou
et al,, 2019). Default Metascape parameters including a FDR < 0.01
were used with the following adjustments: GO BP, MF and CC were
selected and Reactome and KEGG pathway unselected. For
enrichment of clusters (Figure 6D), the analysis was performed
using Supplementary Table S1 as a background dataset (n = 1,850)
and for the enrichment of the significant upregulated proteins (<0.05
FDR cut-off) in all differential expression analysis, Supplementary
Table S2 was used as background dataset (n 2,526). All
significantly enriched GO categories are listed in Supplementary
Tables $4, S5. GO annotations for volcano scatter plots were
extracted from default annotations in Perseus version 1.6.12.01.

The PPI network analysis was performed in Metascape using
MCODE algorithm to detect connectivity of the data based on
known protein complexes (Bader and Hogue, 2003) and using S.
pombe as input organism and min. size = 3 and max. size = 500 as
settings of the network. Cytoscape was used to improve
visualization and to track annotations based on adjacent words
in the networks (Shannon et al., 2003).

Quantifications and Statistical Analysis for

Other Methods

To determine the ratio of CDK-P-(T/P)/Cdc2, representative WB raw
images from x-ray film (Figures 1-3) and from digital ChemiDoc
images (Figures 4, 5) were analyzed to calculate the densitometric
values of the bands using Image lab software (Bio-Rad laboratories).
Any given ratio was normalized to the untreated control sample in
each experiment. For qPCR, all experiments were performed
independently at least three times and the data were presented as
mean + SEM. Two-way ANOVA with Tukey’s multiple comparisons
test was used to calculate significance differences in the gPCR analysis
using GraphPad Prims v 8.0. Venn Diagram was performed in R.
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