Inhibiting the inhibitor: how the Spindle
Assembly Checkpoint gets silenced

Introduction

For all living creatures on earth it is essential that cells multiply themselves. In order to multiply, cells
go through a cell cycle which generally consists of four phases. In the G1 phase, cells grow and
prepare to go into the second phase, the so-called S-Phase. In this stage, DNA synthesis takes place
to duplicate the chromosomes. During G2 phase, a second period of growth occurs to prepare for the
M-phase. In this period, the chromosomes are being segregated by a process called mitosis and
finally, cytokinesis divides the cell into two equal daughter cells. The major molecules that drive the
cell cycle are Cyclins and Cyclin-Dependent Kinases (CDKs). Cyclin protein levels fluctuate throughout
the cell cycle and are required to activate the Cyclin-Dependent Kinases. Different Cyclin/CDK
combinations induce different phase transitions.

Entry into mitosis is induced by Cyclin B dependent activation of CDK1**. During mitosis,
chromosomes attach to microtubules via the kinetochore, a protein complex at the centromere. Each
chromosome needs to establish a bipolar attachment, meaning that each copy connects to
microtubules from opposing poles. An essential role in this is played by cohesin, which is a ring
enclosing sister chromatids to prevent their premature separation. Once all chromosomes are
attached during prometaphase, the chromosomes move to the middle of the cell on a so-called
metaphase plate. During anaphase, the actual separation of sister chromatids takes place by moving
sister chromatids to opposite sides of the cell. The metaphase-to-anaphase transition is triggered by

226 securin needs to be degraded to

the degradation of two important proteins, Securin and cyclin B
release Separase, resulting in cleavage of cohesions and subsequent chromosome separation. Cyclin

B breakdown causes CDK1 inactivation, and thus mitotic exit.

The degradation of Securin and Cyclin B is primed by the APC/C (Anaphase Promoting
Complex/Cyclosome), an E3 ubiquitin ligase that targets Securin and Cyclin B for destruction by poly-
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ubiquitination (for review see ). The APC/C is a large protein complex of approximately 12
subunits. The E3 ligase can be seen as a platform responsible for the capture and presentation of the
substrates to E2 ubiquitin conjugating enzymes, which are responsible for the mono- and poly
ubiquitination of substrates. The two best known E2 conjugating enzymes are UbcH5 and UbcH10.
The recognition of the APC/C substrates is based on D- and KEN destruction boxes and is most likely
mediated by the two APC/C co-activators, CDC20 and CDH1, that are known to be essential for
APC/C-mediated destruction of APC/C targets (for review see 29,30

terminal WD40 domain that recognizes the destruction boxes. The binding of these co-activators to

). Both co-activators have a C-

the APC/C is transient and tightly regulated. CDC20 is present during mitosis and is necessary for
APC/C dependent degradation of Cyclin B and Securin, CDH1 is required for the completion of mitosis
and is activated when CDK1 activity decreases. Although, it is generally thought that the co-activators
contribute to substrate recruitment, they might also induce a conformational change in the APC/C
complex that is required for its activity but many details are lacking to fully explain how the APC/C
and its co-activators function together.



To equally divide the genetic material over to daughter cells, anaphase should be only initiated when
all sister chromatids are attached to the microtubule spindle. Therefore, the APC/C is inhibited until
all kinetochores are attached. The cell has evolved a surveillance mechanism, called the mitotic
checkpoint or Spindle Assembly Checkpoint (SAC), that senses unattached kinetochores and
translates this into inhibition of APC/C activity. Proper timing of the APC/C activation is very
important to prevent chromosome mis-segregation since premature anaphase onset could lead to an
unequal division of chromosomes resulting in two aneuploid daughter cells. Aneuploidy is a major
cause of birth defects and chromosomal disorders like down syndrome®! and is also thought to
contribute to tumor formation, as most human tumors contain cells with abnormal amounts of

chromosomes>"*?

. To prevent chromosome mis-segregation, the Spindle Assembly Checkpoint
causes a mitotic arrest in cells containing unattached kinetochores through inhibition of CDC20-
dependent APC/C activation. The robustness of the checkpoint is illustrated by the fact that the
occurrence of even one single unattached kinetochore is sufficient to induce a mitotic arrest™.
Intriguingly, the checkpoint is almost immediately inactivated after the attachment of the last

kinetochore®. In this review, the mechanisms for this checkpoint silencing are being discussed.
Understanding the Spindle Assembly Checkpoint

In order to understand the mechanisms of checkpoint silencing, it is important to first look at how
the spindle checkpoint induces a mitotic arrest. Therefore, the mechanisms of checkpoint activation
and maintenance are briefly discussed in this section. For a broader review on this subject see **.

The proteins important for the Spindle Assembly Checkpoint, MPS1, BUB1, BUB3, MAD1, MAD2 and
MAD3 (also known as BUBR1 in higher eukaryotes), were originally identified in yeast but are highly
conserved throughout evolution and are also required for spindle checkpoint function in higher
eukaryotes®*?’. Of these proteins, MAD2, BUB3, BUBR1 and MPS1 are highly dynamic at the
unattached kinetochore whereas MAD1 and BUB1 are relatively stable’. The fact that all checkpoint
proteins interact with the unattached kinetochore strongly suggests that the kinetochore is the
major catalytic platform of checkpoint activation where inhibitors of the APC/C are produced. It is
thought that the inhibitor modified by the unattached kinetochore is a complex of MAD2, BUBR1 and
BUB3 that bind CDC20 and associates tightly with the APC/C in almost equimolar levels*®**. The
inhibitor complex, called the Mitotic Checkpoint Complex, is already present in low levels during

interphase, before the kinetochores are assembled ***

, suggesting that the initial levels of mitotic
checkpoint complexes is sufficient to inhibit the APC/C until the kinetochore is matured and able to
produce high levels of inhibitory complexes®. Although it is known that MAD2 is required for the
formation of APC/C inhibitor complexes, recent studies have challenged whether MAD2 is also part
of the MCC* *. In these studies it has been suggested that MAD2 binding to CDC20 is required for
the formation of a complex consisting of BUBR1, BUB3 and CDC20, since MAD2 promotes the binding
of BUBR1 to CDC20"**?, rather than being part of the complex itself (FIG. 1A)****. However, Herzog
et al.”” recently showed by structural analysis that MAD2, in a stoichiometric complex with BUBR1,

BUB3 and CDC20, binds and inhibits the APC/C.

Although the exact composition of the APC/C inhibitory complex is still unclear, it is very likely that
binding of the inhibitor complex to the Anaphase Promoting Complex is the major APC/C inhibitory
mechanism (FIG. 1B). Because of the presence of destruction boxes, it is generally thought that
BUBR1 functions as a pseudo-substrate inhibitor that binds the APC/C and prevents binding of APC/C



substrates®® *® %23 Structural analysis revealed that the mitotic checkpoint complex associates with

the CDC20 binding site of the APC/C and causes repositioning of CDC20, which prevents APC/C
activation, as well as conformational changes in APC/C itself, that converts the otherwise flexible
APC/C into a “closed” state®. Others stated that binding of BUBR1-CDC20 causes APC/C dependent
degradation of CDC20, which is thought to facilitate the mitotic arrest*”>*>*,

@) o-map2
e C-MAD2
| MAD1

MPS1
Bubl

@
=]
@ Bub3/BubR1
®

Dynein

Cyclin B 'SECURIN

Figure 1 | Activation of the Spindle Assembly Checkpoint by the unattached kinetochore.
Panel A-G: see text for the description of the figure.

Although it is unclear if MAD2 is part of the APC/C inhibitor complex, it is at least required at the
kinetochore to activate the checkpoint. MAD2 binding to the stably bound MAD1 is necessary for its
recruitment to the unattached kinetochore®>>” and for the conformational change that converts
MAD?2 from inactive O-MAD?2 into the active C-MAD2 conformer >”*% a change that is important for
checkpoint functioning since it accelerates MAD2 binding to CDC20°**°. These facts have lead to two
models; an exchange model*®, where binding of O-MAD2 to MAD1 leads to conversion of O-MAD?2
into C-MAD?2, which in turn binds CDC20, and a template model®® where MAD1-C-MAD2 serves as a
template for the formation of CDC20-C-MAD?2. The latter model is supported by the fact that there
are two populations of MAD2, one highly dynamic at the kinetochore and the other stably bound to
MAD1°%%2 and the fact that the stably bound C-MAD?2 is required for the conformational change®® ®*
® It is thought that C-MAD2-0O-MAD?2 dimerization accelerates the rate of MAD2 binding to CDC20,
which is suggested to be the rate limiting step (FIG. 1C)*" . It is not yet clear whether C-MAD2-0-
MAD?2 dimerization leads to conversion of O-MAD2 into I-MAD2, an intermediate form that binds
CDC20, or to direct conversion into C-MAD2, via a prion like reaction, which in turn binds to CDC20%.
In addition to the MAD1-C-MAD?2, it has been suggested that the C-MAD2-CDC20 can also serve as a
template for the formation of additional C-MAD2-CDC20 since CDC20 share a similar MAD2 binding
motif with MAD1 (FIG. 1D)®” ®**> %8 This hypothesis has been proposed as a mechanism of
amplification to expand the number of inhibitory complexes, which might explain why one
unattached kinetochore is sufficient to induce checkpoint signaling.
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Apart from the proteins that are directly involved in APC/C inhibition, there are also several proteins

that are indirectly required for the mitotic checkpoint. For example, rod and zw10, which belong to

the RZZ complex, are required for MAD1 and MAD2 recruitment to the unattached kinetochores

BOX 1: Error correction

For proper chromosome segregation, both sister
chromatids have to be attached to separate spindle
poles. However, during search and capture for
kinetochores by microtubules, a lot of mis-attachments
are made, for example synthelic attachments, where
both sister chromatids are attached to the same spindle
pole, or merotelic attachments, where one kinetochore
is attached to both spindle poles. A mechanism exists to
correct these errors. Probably one of the most
important proteins for this error correction is Aurora B
kinase, a chromosomal passenger protein which
promotes biorientation together with other members of
the chromosomal passenger complex (CPC), like INCENP,

o . 57,124,125
Survivin and Borealin

. These proteins function
interdependently in localizing the CPC to the inner
kinetochore and activate each other™®. Aurora B
promotes biorientation in a tension-sensitive manner by
promoting the turnover of kinetochore-microtubule
attachment®™. In this way, Aurora B indirectly induces
the spindle checkpoint by creating unattached
kinetochores. In vertebrates, the disassembly of
kinetochore-microtubule attachments is probably
mediated by Ndc80/Hec1, which is part of the KMN
(KNL1, Mis12, Ndc80) network and is involved in
microtubule binding. Phosphorylation of Ndc80 by
Aurora B reduces the microtubule binding affinity of
Ndc80, thereby promoting the creation of unattached

13-17

kinetochores™ ~*. Upon bi-orientation, tension also has a

positive effect on the number and the stability of

18-20 N
. Tension

kinetochore-microtubule attachments
probably spatially removes substrates from Aurora B,
thereby inhibiting its function of promoting the turnover
of kinetochore microtubule attachments®". Apart from
regulating Ndc80/Hec1, it has also been shown that
Aurora B regulates the centromere levels of MCAK, a
member of the kinesin-13 family microtubule

13,14,23,24 Although MCAK seems

to play a role in promoting the turnover and stability of

depolymerizing kinesins

kinetochore-microtubule interactions, it is still unclear
what the exact contribution of MCAK is.
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Similarly, the kinase MPS1, originally found
as a protein involved in centrosome
duplication, is dynamically localized at the
kinetochore and is, like RZZ, required for the
recruitment of at least MAD1-MAD?2 to the

kinetochore®! 4> 617176

. The kinase activity
of MPS1 is indispensible for its checkpoint
function since a kinase defective mutant has
the same phenotype as an MPS1 null

7377 Although the kinetochore

localization of MAD1 is only partially

mutant

dependent on the kinase activity of MPS1,
MAD?2 recruitment to the MAD1-C-MAD2
core complex is largely dependent on the
kinase activity(FIG. 1E)*""*> . Besides MPS1
function at the unattached kinetochore, it
probably also has a function in the
cytoplasm, where it might have an effect on
the stability of APC/C inhibitor complexes
during interphase and mitosis (FIG. 1F)">*"
“2_ Although it has been suggested that
Aurora B might also have a direct role in the

7981 it is more likely that Aurora

checkpoint
B induces checkpoint signaling indirectly by
creating unattached kinetochores (BOX 1) .
Another protein that probably has a
function in the checkpoint is BUB1, a kinase
that resides at the kinetochore®. It has been
postulated that BUB1 is important for
CDC20 phosphorylation, which is required
for the inhibition of the APC/C®*®°,
Phosphorylation of CDC20 might directly
inhibit APC/C activation through
electrostatic hindrance of the binding of its
co-activator but it is more likely that it is
required for the formation of CDC20
inhibitor complexes (FIG. 1G). However, it
still remains unclear what the exact role of
CDC20 phosphorylation is in APC/C
inhibition.



What triggers SAC silencing

Once all sister chromatids are bi-orientated, checkpoint silencing is rapidly induced. Inhibition of bi-
orientation has been shown to severely delay anaphase onset®. There is a long ongoing debate
whether attachment or tension triggers checkpoint silencing, which is being discussed in numerous
reviews. Because of the interdependency of bi-orientation and checkpoint silencing, it is difficult to
discriminate which process is the actual trigger. In two recent elaborate reviews it is argued that

8.8 while in another it is argued that tension is most important®.

attachment triggers SAC silencing
In this section it is briefly discussed why attachment is probably the inducer of checkpoint

inactivation.

Convincing evidence that attachment rather than tension is required for triggering checkpoint
silencing comes from laser ablation experiments which showed that ablation of the last unattached
kinetochore triggers anaphase onset without creating tension®>. Further indications that attachment
is the actual trigger for inducing SAC silencing comes from an experiment wherein tension is
prevented by inducing mitosis without preliminary DNA synthesis. O’Connell et al.”° showed that
despite the lack of tension, attachment is sufficient to induce mitotic exit. However, we should note
that another independent study from Stern et al.”* showed that absence of replication causes a
mitotic delay in budding yeast. However, Stern et al.”* couldn’t rule out the role of detachments and
spindle abnormalities in the arrested cells.

The first indications that tension might induce checkpoint silencing comes from an experiment where
tension is artificially applied in meiotic cells by a micromanipulation needle, resulting in significantly
reduced anaphase onset®. Furthermore, it has been suggested that tension and not attachment is
required for checkpoint silencing because stabilization of microtubules by means of taxol treatment
induces a delay in anaphase onset despite bi-orientation®®. However, anaphase is characterized by
the movements of sister chromatids to opposite poles, a process that itself is dependent on
microtubule dynamics. Furthermore, studies with other concentration of taxol, where bi-orientation
but not tension is permitted, showed that checkpoint silencing is dependent on attachment rather
than tension®. Likely, tension promotes SAC silencing indirectly by stabilization of attachments and
by preventing Aurora B-induced detachments (BOX 1). Probably, kinetochore attachment induce SAC
silencing independent of the type of attachments, the lack of tension can re-activate the checkpoint
by creating unattached kinetochores when the kinetochores are wrongly attached. This is supported
by the fact that synthelic attachment causes SAC silencing when tension-dependent error correction
is inhibited® and the fact that MAD2 rebinds to the kinetochore upon detachment™.

Recently, two groups reported another kind of tension, called intrakinetochore tension, which is
responsible for kinetochore changes upon microtubule attachments, resulting in an increased

distance between inner- and outer-kinetochore proteins®> *°

. It has been proposed that
intrakinetochore tension might regulate localization and/or phosphorylation of checkpoint

proteins®’, thereby linking attachment to the Spindle Assembly Checkpoint.



Silencing the Spindle Assembly Checkpoint

Once all kinetochores are attached in a bi-orientated fashion, the spindle checkpoint is rapidly
silenced to allow the transition of metaphase to anaphase. In this section, certain proposed
mechanisms of checkpoint inactivation will be discussed.

Inhibition of checkpoint proteins

As mentioned before, the production of APC/C inhibitor complexes is required for the activation of
the spindle assembly checkpoint and a critical step in this is the formation of MAD2-CDC20
complexes, which might be responsible for cytoplasmic amplification of APC/C inhibitors. It is
conceivable that for proper silencing, the production of APC/C inhibitor complexes must be

COMET “which is identified in a yeast two-hybrid screen as a MAD2 binding partner, has

COMET

prevented. P31

been put forward as a potential inhibitor of MCC formation. Experiments with P31 revealed that

97,98

depletion significantly delays anaphase™” °°, while overexpression induces premature chromosome

segregation and mitotic exit', indicating that P31°°“*"is involved in the inactivation of the Spindle

Assembly Checkpoint, either directly or indirectly. Xia et al.”® showed that P31°Y"binds selectively

to the closed conformation of MAD2 and enhances the APC/C activity, suggest that P31

might
prevent binding of C-MAD2 to CDC20 by competitive binding. However, Xia et al.’® showed that
CDC20 can form a trimer with C-MAD2 and P31°°™", indicating that P31°°V*" does not prevent direct
C-MAD?2 binding to “naked” CDC20 but is more likely to prevent binding of O-MAD2 to C-MAD?2,
thereby preventing the formation and amplification of CDC20-C-MAD2 complexes. In vitro FRAP
experiments and competition assays with GST-CDC20-C-MAD2 revealed that P31°°Y*Tindeed
prevents O-MAD2 recruitment to MAD1-C-MAD2 and CDC20-C-MAD2 complexes, probably by
binding with a higher affinity to the bound C-MAD2 than O-MAD2 does®® *°. This is supported by the
crystal structure of the C-MAD2-P31°°™" complex, which revealed that P31“°™" blocks MAD2
activation through structural mimicry'®, since P31°°“*" has been shown to bind at the same place to
C-MAD2 as O-MAD2 does, but more closely and with a slightly larger coverage®” *®. All these results
strongly suggest that both disruption of the initial formation of CDC20-C-MAD?2 (FIG. 2A), by binding
MAD1-C-MAD2, and disrupting amplification of inhibitor complexes (FIG. 2B), by binding CDC20-C-

MAD?2, are required for checkpoint inactivation. Mathematical modeling showed that P31

COMET
1

indeed contributes to checkpoint inactivation if P3 is activated at the metaphase to anaphase

transition, but it is not sufficient for full checkpoint inactivation'®. A puzzling observation is that
97,98 .
Plltis

not known whether and how P31°°V*" activity and or binding is regulated during the cell cycle and
1COMET

P31“°™Tis already present at the kinetochore in mitotic arrested, nocodazole treated cells
why P31°°VET at the kinetochore does not prevent checkpoint activation. Possibly P3 activity is
inhibited at the kinetochore via an unknown mechanism and recruited to the unattached
kinetochore to prevent cytoplasmic amplification of CDC20-MAD2 complex formation. Although it is
evident that there is correlation between MAD2-CDC20 binding and checkpoint inactivation, the
Mad1-Mad2—p31°°VT interaction does not appear to be regulated during the cell cycle®.

Another proposed checkpoint silencing mechanism is the CENP-E mediated inhibition of the

kinetochore localized BUBR1. From studies with Xenopus egg extracts, it has been proposed that the

motor protein CENP-E plays an important role in establishing and maintaining the checkpoint’" 7% '**

105 CENP-E stimulates the kinase activity of the kinetochore localized BUBR1 which, in turn, is

required for the recruitment of MAD1 and MAD?2 to the kinetochore’ 7> % Upon microtubule



attachment, CENP-E mediated stimulation of BUBR1 kinase activity is ceased'®, resulting in
decreased activation of the BUBR1 kinase activity and a subsequent decrease in MAD2 recruitment.
In this way checkpoint silencing is linked to microtubule attachments. However, studies in other
organisms have questioned whether BUBR1 kinase activity is required for the localization of MAD1
and MAD?2. Yeast is capable of recruiting MAD1 and MAD2 whereas the Yeast homolog of BUBR1,
MAD3, lacks the kinase domain. In addition, several elegant experiments have shown that BUBR1
kinase activity is dispensable for Spindle Assembly Checkpoint signaling in human, fly and mouse
43.47,48,53,106,107 £ rthermore, Maia et al.'® and Tanudji et al.’® showed that depletion of CENP-E

delays anaphase onset, indicating that CENP-E is not required for the induction of a mitotic arrest. It

cells

is therefore likely that the kinetochore localized BUBR1 and its kinase activity is functioning in
another process than the mitotic checkpoint. It has been shown that BUBR1 also functions in spindle
assembly by regulating microtubule attachments®®>* >3 The KEN boxes of BUBR1 that are
required for checkpoint signaling are not required for its function in spindle assembly™?, strongly
suggesting that BUBR1 has a dual function, on the one hand it functions in checkpoint signaling and
on the other hand it functions in supporting spindle assembly. CENP-E mediated activation of BUBR1
kinase activity probably affects checkpoint silencing indirectly by stimulating attachments. This
resembles a typical difficulty in studying spindle checkpoint silencing. Because of the intimate link
between bi-orientation and checkpoint silencing, it is difficult to discriminate between mechanisms
that are required for promoting bi-orientation and mechanisms that are directly involved in SAC
silencing.
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Figure 2 | Silencing mechanisms of the Spindle Assembly Checkpoint upon attachment.
Panel A-l: compare with figure 1 and see text for the descriotion of the figure.



The role of phosphorylation in inhibiting MCC formation during checkpoint silencing

As mentioned before, several kinases like MPS1, BUB1 and Aurora B are required directly for

checkpoint signaling, by stimulating inhibitor complex, and indirectly, by promoting bi-orientation.
The kinase MPS1 and BUB1 are also regulated by kinases themselves’® 8 11412
has such a prominent role in spindle checkpoint activation, it is likely that inhibition of

. As phosphorylation

phosphorylation, either by inactivating the kinase or by activating a phosphatase, contributes to
checkpoint silencing. A protein phosphatase could, for example, counteract the kinase function of
BUB1 and MPS1 in the formation of C-MAD2-CDC20 inhibitor complexes (FIG. 2C). In Yeast, the
homolog of PP1, Gcl7, is identified as such a phosphatase that is required for checkpoint silencing®”

122 nresumably by counteracting Aurora B and MPS1 dependent phosphorylations*?* *%

. The activity
of PP1 is probably regulated by its localization since Vanoosthuyse et al.®' showed that for a proper
checkpoint silencing function, PP1 requires to be located at the kinetochore. This localization is

124 / 124

probably partly dependent on the spindle stabilizing protein Fin1™", since Akiyoshi et a showed

that mislocalization of Finl silences the checkpoint in a PP1-dependent manner. Surprisingly,

premature spindle checkpoint silencing is not detected in Finl depleted cells'**

, suggesting that
additional factors are involved in activating PP1. Although, PP1 seems to have a role in checkpoint
silencing in yeast, there are no studies in higher eukaryotes that identified PP1 as a regulator of
checkpoint silencing. It is possible that PP1 mediated checkpoint silencing is specific for yeast but it is
also possible that higher eukaryotes have other redundant phosphatases to silence the checkpoint.
Either way, the inhibition of the checkpoint by activating dephosphorylation is an attractive
mechanism that could contribute to checkpoint silencing. Next to dephosphorylation, it has also
been postulated that phosphorylation of MAD2 might contribute to checkpoint silencing as
phosphorylation of Serine residues 170, 178 and 195 is said to facilitate checkpoint silencing by
modulating its association with MAD1 and CDC20"**. Analysis of the structure of O-MAD2 and C-
MAD?2 reported by Mapelli et al.*’ revealed that although $187 and 5195 are in the C-terminal tail of
C-MAD?2 (“safety belt”), the residues are not in contact with O-MAD?2, suggesting that they are not
required for 0-MAD2-C-MAD?2 dimerization. Serine residue 170 is located at the interface of MAD1
and MAD2 dimerization®”® and is highly conserved between organisms'*>, indicating that S170
phosphorylation might indeed affect inhibitor complex formation by modulating the association of
MAD2 with MAD1 or CDC20.

Removal of checkpoint protein

Another way of inhibiting formation of inhibitory complexes is by removing certain proteins that are
required for checkpoint activation from their habitual location. Since the kinetochore is the basic
platform for checkpoint signaling, “disrupting” the catalytic platform by removing critical proteins
could be an efficient mechanism of checkpoint silencing. Hoffman et al.'*® showed that the
kinetochore levels of certain checkpoint proteins, especially MAD2, drops upon microtubule
attachment. Consistent with this, Shah et al.**’ showed that, MAD1 and MAD2 are being transported
to the spindle poles upon microtubule attachment™’ in a dynein/dynactin-dependent manner**, It is
likely that MAD1-MAD?2 is transported together with Dynein towards the spindle poles (FIG. 2D),
since kinetochore localized Dynein levels also decrease upon microtubule attachment™. It has been
suggested that the conformational change of MAD2 might also be induced by MAD1-MAD?2 at the

127

spindle pole™’. However, it is not likely that this conversion could lead to the formation of APC/C

inhibitor complexes in the absence of the catalytic platform.



To fully understand the above described stripping process, it is important to know how kinetochore

localization of dynein is regulated. Whyte et al.*”

identified that dynein phoshorylation is required
for its kinetochore localization. They showed that phosphodynein is recruited to the kinetochore by
the zw10 subunit of the RZZ complex and that disrupting Dynein dephosphorylation prevents the
removal of checkpoint proteins'?®, indicating that Dynein dephophorylation might be important for
checkpoint silencing. They proposed a model wherein attachment dependent dephosphorylation of
dynein causes a shift from binding to zw10 to binding to dynactin, which stimulates dynein for

translocation away from kinetochores'*’

. The fact that dephosphorylation occurs almost immediately
after attachment, suggests that it is dependent on the activity of a phosphatase (FIG. 2E).
Phosphodynein recruitment to the RZZ complex is probably via Spindly, a protein identified in a RNAI
screen in Drosophila as being required for SAC silencing™®. Spindly recruitment is dependent on the
RZZ complex and Spindly, in turn, functions in the recruitment of Dynein to the kinetochore, a

function that seems to be conserved in all metazoan species**"*

. Although Spindly-dependent
Dynein recruitment is conserved between species, the exact role of Spindly in checkpoint dynein
dependent stripping remains unclear. Studies with Drosophila showed that Spindly is required for
checkpoint silencing by removing MAD2 from the kinetochores*. However, studies with C. elegans
and human Spindly showed that depletion of Spindly does result in checkpoint silencing after a delay
in alignment but does not affect MAD2 removal***®. In C. elegans and humans it has been shown

that Spindly is also required for kinetochore-microtubule interactions®** **3

133
1.

, explaining the delay in
alignment after Spindly depletion. Interestingly, Gassmann et al.”” showed that hSpindly mutants
that are affected in dynein recruitment retain at the kinetochore and prevent the kinetochore
removal of MAD1, MAD2 and CENP-E upon attachment, suggesting that dynein-dependent removal
of Spindly from kinetochores, rather than polewards transport per se, is required for silencing the

132133 and for

checkpoint. Because Spindly is required for kinetochore localization of dynein
kinetochore-microtubule interactions it is likely that Spindly depletion results in MAD2 removal by a

kinetochore dynein-independent mechanism following a delayed anaphase onset.

Apart from the removal of MAD2, MPS1 recruitment to unattached kinetochores is also inhibited
upon bi-orientation®, suggesting that removal of MPS1 is also important for checkpoint silencing.
Jelluma et al.®** showed that MPS1 removal is indeed required for checkpoint silencing by using a
Mis12-Mps1 fusion protein, which prevents the release of MPS1 from the kinetochore. The tethered
MPS1 causes a kinase dependent metaphase delay by retaining MAD1-MAD?2 at the kinetochore.
Possibly, sustained MPS1 activity at the kinetochore prevents checkpoint silencing by stabilizing
recruitment of MAD1-MAD?2 to the kinetechore, meaning that removal of MPS1 might authorize the
Dynein-dependent stripping of MAD1-MAD2 dimers (FIG. 2F). It is unclear whether MPS1 release
from the kinetochore is dependent on Dynein or whether it is removed via an unknown, kinetochore
Dynein-independent mechanism. One such mechanism might be degradation, as shown by
Palframan et al."* in yeast. However, they showed that protein levels of MPS1 fall during anaphase
and is dependent on APC/C°“*- and APC/C®™" activity, suggesting that degradation of MPS1 is
initiated after metaphase-to-anaphase transition when APC/C is already activated. MPS1 degradation
is probably required for prevention of SAC re-activation or for mitotic exit itself rather than for
checkpoint inactivation.



Complex dissociation

The mechanisms of checkpoint inactivation mentioned before all contribute to reduced formation of
APC/C inhibitor complexes. However, unless the inhibitor complexes are very unstable, the already
formed inhibitor complexes should be dissassembled (FIG. 2G). Based on mathematical modeling, it
has been suggested that the release of CDC20 from Mad2 binding is an energy driven process, rather
than a spontaneous one® and it has been shown that checkpoint silencing indeed requires ATP*®.
The first indications of a complex dissociation mechanism that requires ATP came from Reddy et
al.®®’. They showed by both in vitro and in vivo experiments that the spindle assembly checkpoint is
inactivated through UbcH10-dependent dissociation of APC/C inhibitor complexes. It has been
demonstrated that P31°°M¢" 97,98

lower the threshold for UbcH10 activity on the APC/C, thereby promoting inhibitor complex
137

, which activity is correlated with complex dissociation™ ™, is required to

dissociation™’ (FIG. 2H). Using methylated ubiquitin, two independent studies showed that
polyubiquitination rather than mono-ubiquitination is required for the release of MCC from the
136,137 Reddy et al.*’

ubiquitination of CDC20 drives disassembly of MAD2-CDC20 complexes and is counteracted by the

anaphase promoting complex and Stegmeier et al.”*® proposed that

deubiquitination enzyme USP44, which expression and activity has been shown to be elevated in

% These data suggest that

checkpoint arrested cells and is rapidly degraded upon mitotic exit
checkpoint silencing is triggered by the inactivation of USP44, thereby allowing polyubiquitination of
CDC20 and the following release of inhibitor complexes from the APC/C. However, although the
CDC20 ubiquitination model is very attractive for APC/C activation, it has been challenged by Nilsson
1.** who demonstrated that substitution of CDC20 by a non-ubiquitinatable CDC20 does not

prevent dissociation of APC/C inhibitor complexes and mitotic exit. Furthermore, this lys-less CDC20

eta

overrides the spindle assembly checkpoint rather than delaying anaphase onset.

There is some debate about the requirement of proteolysis in complex dissociation. Whereas two
studies showed, by using the MG132 proteasome inhibitor, that the release of APC/C from its

136, 137

inhibitors is dependent on polyubiquitination rather than degradation , another study showed,

by using the same proteasome inhibitor, that proteolysis itself is required for complex dissociation***.
BUBR1, which is also part of the APC/C inhibitor complex, is shown to be degraded during checkpoint
inactivation, and might be responsible for checkpoint silencing due to inhibitor complex
dissociation™®. The first indications for this came from siRNA experiments that show that depletion
of BUBR1 accelerates mitosis™. In an elegant study with ATP analogues, Miniowitz-Shemtov et al.**°
showed that, although polyubiquitination and degradation might be required for the release of the
inhibitor complexes from APC/C, it is certainly not sufficient to induce checkpoint inactivation.

Another energy consuming process is required for the dissociation of inhibitor complexes.

The other energy consuming process is possibly the de-Acetylation of BUBR1. Choi et al.**® showed
that BUBR1 is in complex with the lysine acetyltransferase PCAF, which acetylates BUBR1 at K250.
Experiments with acetylation mimicking mutants showed that acetylation inhibits BUBR1
ubiquitination and degradation, thereby maintaining a mitotic arrest, whereas acetylation deficient
mutants exit mitosis even in presence of nocodazole'*’,indicating that BUBR1 degradation is
inhibited by acetylation until de-Acetylation allows BUBR1 degradation. However, until now it is
unclear what exactly causes the de-acetylation and whether there is a link between de-acetylation
and kinotochore attachments. In addition to de-acetylation, active dephosphorylation, by for
example PP1, could be another energy consuming process that promotes disassembly of inhibitor

10



complexes since it has been shown that inhibiting phosphorylation could contribute to complex

dissociation™®. However, Visconti et al.**°

showed that inhibiting phosphatases, like PP1, by okadaic
acid did not affect complex dissociation, suggesting that although active dephoshorylation by
phosphatases is attractive for checkpoint silencing, it is probably not involved in the dissociation of

APC/C inhibitor complexes.

Next to inhibitor complex dissociation, it is also possible that the APC/C is released from its inhibition
through desensitization of the APC/C for inhibition by the MCC. This is supported by Sudakin et al.*®
who have shown that only APC/C purified from mitotic extracts is sensitive for inhibition by the
complex, suggesting that not the MCC itself but the APC/C changes during mitosis in a way that it is
sensitized for inhibition by the MCC. This sensization could be mediated via Cyclin B/CDK1-

3% 141192 3nd it is therefore quite possible that inhibiting the

dependent phosphorylation of the APC/C
phosphorylation status of APC/C desensitizes the APC/C, thereby allowing poly-ubiquitination of

Cyclin B and Securin even in the presence of the APC/C inhibitor complex (FIG. 2l).
Concluding remarks

The mitotic checkpoint is an incredibly complex process and many mechanisms of checkpoint
activation and silencing have been identified. However, neither one is sufficient to fully explain the
behavior of the Spindle Assembly Checkpoint. Therefore, the question remains whether there is a
single major mechanism of checkpoint silencing or whether silencing is regulated by multiple
pathways that function together. In yeast, PP1-dependent dephosphorylation is probably the major

COMET and

mechanism of checkpoint silencing since a lot of silencing factors, for example P31
kinetochore localized dynein, have not been identified. Because of the importance of a proper
checkpoint silencing, it is likely that multiple pathways evolved in higher eukaryotes that function
together to ensure proper silencing. Reviewing these pathways resulted in a model of checkpoint
silencing in higher eukaryotes (FIG. 2). In this model, attachment of the last kinetochore results in
inhibition of inhibitor complex formation and the dissociation of these complexes. Removal of MPS1
probably allows dynein-dependent stripping of checkpoint proteins whose kinetochore localization is
critical for the formation of inhibitor complexes. At the same time, attachment licenses P31°°™" to
prevent the ongoing cytoplasmic amplification by preventing the conformational activation of MAD2.
P31°°™Thas probably a dual role since it also contributes to complex dissociation, which may be
mediated by UbcH10-dependent ubiquitination. BUBR1, which is part of the MCC, is one of the
proteins that is ubiquitinated by the APC/C and subsequently degraded upon attachment of the last
kinetochore, leading to dissociation of the APC/C inhibitor complex. The combination of inhibiting
MCC formation and dissociation results in rapid checkpoint inactivation and thus mitotic exit. It is
very likely that protein phosphates also play a major role in the checkpoint of higher eukaryotes since
it has such an prominent role in yeast. There are indeed indications that certain protein
phosphatases are required for checkpoint silencing processes including dynein-dependent stripping
and complex dissociation. To better understand how the inhibitor gets inhibited it is important to
better understand how the APC/C is activated by its co-activator CDC20 and how checkpoint
signaling prevents this. In conclusion, although there are significant advances in checkpoint research
field, there still remains a lot to be disentangled.
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