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Abstract

There is increasing evidence that regulators of the spindle checkpoint, kinetochore microtubule
attachments and sister chromatid cohesion are part of an interconnected mitotic regulatory circuit
with two positive feedback loops and the Chromosome Passenger Complex (CPC) at its center. If
true, this conceptual breakthrough needs to be integrated into models of mitosis. In this review, we
describe this circuit and point out how the double feedback loops could provide insights into the
self-organization of some mitotic processes and the autonomy of every chromosome on the mitotic
spindle. We will also provide working models for how mitotic events may be coordinated by this
circuit.

Are mitotic events coordinated?

During mitosis the cell is dramatically reorganized and a number of events occur
simultaneously (Figure 1). Traditionally, the activation of the spindle checkpoint, sister
chromatid cohesion and the generation of kinetochore-microtubule attachments were
thought to have distinct regulation. This simplification has been necessary to dissect these
very complex cellular processes. However, these mitotic processes share kinase and
phosphatase regulators. A number of recent papers suggest that these regulators also control
each other and a regulatory circuit can now be drawn that connects the major regulators of
these three seemingly distinct mitotic events. Moreover, employing this circuit can provide
answers to paradoxical situations that arise during mitosis such as how the Aurora kinase
phosphorylates kinetochores (where the kinase is low), while at the same time Aurora B
activity must be kept in check on inner centromere cohesin substrates (where the kinase is
high) to protect cohesion. While it is possible that isolated circuits independently regulate
these events, we will explore the possibility that these interconnected circuits coordinate
mitotic events to provide robust regulation of mitosis.

We propose to name this greater regulatory circuit the Centromere Signaling Network
(CSN). The CSN is a kinase phosphatase signaling network that contains four kinases:
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Aurora B kinase, which is part of the CPC, MPS1 kinase, Bub1 kinase and Haspin kinase, as
well as Sgol, which binds Protein Phosphatase 2a (PP2A). Plk1 kinase is also involved
[1,2,3,4], however we have limited our discussion of PIk1 because its kinetochore functions
are poorly understood. One major reason to explore the concept that the CSN proteins
coordinate mitotic events is that sets of CSN proteins regulate different events in mitosis
(Figure 2). First, formation of proper kinetochore-microtubule attachments is regulated by
Aurora B, Mps1, Sgol [5-15]. Second, the activation of the spindle checkpoint, which
arrests the cell cycle until kinetochores make mature kinetochore attachments and is
regulated by Aurora B, Mps1, Bubl [15-17,5,18-22]. Third, cohesin is removed from
chromosome arms while it is protected at the inner centromere region, which is regulated by
Aurora B, Haspin and Sgol [23-25]. Fourth, the inner centromere is identified on each
chromosome as a chromosome territory for CPC localization by the entire circuit [26-36].

Another reason to consider that the CSN may coordinate mitosis is that the four events occur
with spatial and temporal regularity (Figure 1). For example, the spindle checkpoint is
generated on chromosomes that are not aligned at the metaphase plate, while on the same
spindle aligned kinetochores are not generating the signal. Since chromosomes are regulated
differently, depending upon their location on the spindle, this is a form of spatial regulation.
A second form of spatial regulation is the fact that cohesin is differentially regulated on
chromosomes arms and centromeres. There is also temporal regulation. For example,
kinetochores first generate “lateral” kinetochore-microtubule attachments, which then
mature to “end-on” attachments (Figure 1). Finally, there is coordination between events as
the kinetochore-microtubule attachment status is coupled to the generation of the spindle
checkpoint signal.

The importance of linking the regulators of distinct events through a common circuit is that
the CSN may act as an information processor that integrates information regarding the
environment of each chromosome and produces outputs that ensure genomic stability. For
example, it was recently shown that the microtubule plus end binding protein EB1 and
microtubules regulate the CPC and this also controls Bubl and Haspin activity to connect
spindle status with kinetochore regulation (37). Because many of these events happen at
distinct times on different chromosomes we also highlight how the CSN may underlie
chromosome autonomy, wherein each chromosome regulates itself independently of
adjacent chromosomes on the same spindle (Box 1).

Box 1

The kinetochore sub-network provides chromosome autonomy and
regulation on the spindle

Unaligned chromosomes are able to recruit spindle checkpoint and outer kinetochore
proteins, while aligned chromosomes on the same spindle have released these same
proteins [16, 17]. This autonomy of chromosomes can at least in part be explained by the
CSN. The chromosomal autonomy of centromere signaling can be visualized by
following the phosphorylation of MCAK on S196 by Aurora B kinase (Figure 1) [50].
MCAK phosphorylation is high on unaligned chromosomes but low on most aligned
chromosomes. This autonomous signaling by the CPC is only partially due to the
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regulation of Aurora B kinase, which is only 2—4 fold higher on chromosomes that are
not aligned to the metaphase plate in non-transformed cells (Figure I) [12, 37, 50]. The
distinct outputs also require tight regulation of phosphatases and substrate localization to
the inner centromere, thus they are products of an entire circuit rather than products of
kinase regulation alone [23].

The differences in CPC activity on aligned and unaligned chromosomes are partially due
to regulation of kinase localization by the kinetochore sub-network. Since kinetochores
make mature attachments at different times means they each must down-regulate the
CPC independently of other chromosomes on the spindle. In non-transformed cells, the
level of MPS1, Bubl, H2ApT120 and the CPC is decreased on aligned chromosomes
relative to chromosomes off the metaphase plate [12]. This suggests that this regulatory
loop is dynamic and responsive to either position on the spindle or, more likely, the status
of kinetochore-attachment, which allows movements of chromosomes to the metaphase
plate. A recent finding suggests that these changes may be triggered by displacement of
MPS1 from kinetochores after they make mature microtubule attachments [45, 46].
However, we note that the down-regulation of this loop on aligned chromosomes is often
lost in transformed cells, and the misregulation of proteins in the CSN network have been
recently shown to underlie Chromosomal instability in cancers [13].

There are many kinetochores in the same cytoplasm and it is not obvious how a signaling
cascade could amplify a signal that is contained to one kinetochore. The requirement for
histone phosphorylation may confine CSN signals to one chromosome by ensuring that
the signals only amplify on chromatin and preventing signals from migrating from one
chromosome to another. In addition, Aurora B and MPS1 share a common form of
regulation. These kinases auto-phosphorylate their regulatory sites [107-109], which
suggest that a major form of regulation is the concentration of these proteins at
centromeres or kinetochores. Moreover, each upstream kinase in the pathway is required
for localization of the downstream kinase [29-32,41-47], which serves to both
concentrate and activate the downstream kinase. We suggest that this interesting form of
kinase regulation is a key to chromosome autonomy; because local concentration of the
downstream kinase is required to activate each subsequent step, the loop would only be
achievable at a short distance.

The Centromere Signaling Network

Recent work suggests that CSN proteins can regulate each other and pathways can be drawn
that are composed of two positive feedback loops that are interdependent because they share
the CPC (Figure 3A). A central feature of these loops is that they recruit the CPC to inner
centromeres through two histone phosphorylation events (Figure 3B, C). The haspin kinase
phosphorylates histone H3 on Thr-3 (H3-pT3), which is directly bound by the survivin
subunit of the CPC (Figure 3C) [26-28]. A second loop contains the Bubl kinase, which
phosphorylates Histone H2A on T120 [29-31] (Figure 3C). H2A-pT120 recruits Sgol,
which can bind the Borealin subunit of the CPC (Figure 3A) [30,31,33]. We will describe
below the recent data from many groups that allow one to draw the circuit in this manner
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and the interesting regulatory properties that may be a function of the double positive
feedback nature of the circuit.

Signaling network regulating the H3-pT3 histone mark (cohesion sub-network)

The Haspin kinase both recruits the CPC and it is thought to be recruited to chromosomes in
a CPC dependent manner. Haspin kinase phosphorylates histone H3 on T3 during mitosis
[26-28, 34]. The Survivin subunit of the CPC directly binds H3-pT3 to recruit the CPC to
the inner-centromere (Figure 3A) [26-28,35]. The CPC in turn can stimulate haspin
recruitment through phosphorylation, generating a positive feedback loop [36]. Haspin
kinase is auto-inhibited by a domain known as the Haspin basic inhibitory segment (HBIS)
and multisite phosphorylation of HBIS by PIk1 and CDK1 during mitosis neutralizes the
HBIS to activate Haspin [2]. Aurora has been shown to activate PIk1 at kinetochores and
thus may also indirectly activate Haspin [38].

The inner centromere localization of the CPC is highest in the center of the chromosomes
between the kinetochores (Figure 3C) suggesting that there are mechanisms that allow the
CPC to locate the central axis of mitotic chromosomes. The cohesin complex, which
physically holds sister chromosomes together, is found in the central axis between the sister
chromatids (39). Haspin is not abundant and difficult to localize on chromosomes so the
localization is implied from H3pT3 patterns and biochemical interactions. Current models
suggest that the spatial pattern of H3-T3 phosphorylation on the chromosome is controlled
by the localization of Haspin by the Cohesin complex [27]. Haspin binds to the cohesin
regulator Pds5 in yeast [27]. A similar mechanism is thought to work in mammals, because
knockout of the Pds5 homologue Pds5B (but not Pds5A) results in low H3-T3
phosphorylation and low Aurora B at the inner-centromere [40]. This suggests that the
H3pT3 loop directs the CPC to the central axis of the mitotic chromosome and we will refer
to this part of the CSN as the cohesion sub-network (Figure 3C).

Signaling network regulating the pH2aT120 mark (kinetochore sub-network)

There must also be mechanisms to localize the CPC to the chromosome region between
kinetochores (Figure 3C), which may be the function of the second positive feedback loop of
the CSN. The kinase Bubl recruits the CPC to the centromere by phosphorylating the
histone H2A at T120 [29-31]. Sgol binds this phospho-histone mark and brings the CPC to
the inner-centromere through its CDK1-dependent interaction with Birl (survivin) in
Schizosaccharomyces pombe [32] (Figure 3A). A similar pathway exists in humans
although the domain that binds Sgol has been transferred to the Borealin subunit [32]
(Figure 3B). Bubl is recruited to kinetochores by the MPS1 kinase, and MPS1 in turn is
targeted to kinetochores by Aurora B phosphorylation, completing a second positive
feedback loop [41-48]. Because both Bubl1 and Mps1 are localized to kinetochores, this
pathway will phosphorylate histones between the two kinetochores to direct the CPC to the
inner centromere region. We will refer to this part of the CSN as the kinetochore sub-
network (Figure 3A).

The CSN as drawn in Figure 3A shows a simple linear relationship between the proteins in
the Kinetochore sub-network. This model is based on recent experiments that combine cell
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biological observations and have strong biochemistry as support. However, we note that
some older experiments suggest independence of Bubl and Aurora B (15) and it is hard to
reconcile all data in the literature. Thus, the network may be more of a web with some
redundant pathways regulating proteins in the network.

It is unclear how proteins at kinetochores can affect Aurora B in the inner centromeres,
which is hundreds of nanometers away. Bubl was recently shown to activate RNA
Polymerase I1-dependent transcription at kinetochores and transcription is required to for the
movement of Sgol from kinetochores to inner centromeres where it protects cohesion [33].
Sgo1l can also bind to cohesin [33]. Thus, the pool of Sgol that binds inner centromere
Aurora B may be bound to cohesin and not H2ApT120 (Figure 4). Aurora B can bind RNA,
which regulates its activity and localization (49) and an important area of future research is
how transcription regulates the CPC and the entire CSN.

of the CSN

It has been unclear how the CPC could regulate so many mitotic events. During pro-
metaphase the CPC prevents or corrects improper kinetochore attachments [50,5-9],
preserves centromeric cohesion [23-25], and generates the spindle assembly checkpoint
[5,18-21]. We suggest that the CPC coordinates these events through its role within the
CSN. To demonstrate this point we will describe how the network: 1) epigenetically defines
the area between kinetochores to become the inner-centromere, 2) regulates centromeric
cohesion protection and 3) allows proper coordination of kinetochore-microtubule
attachments.

The inner centromere localization of the CPC is an emergent property of the CSN

Self-organizing systems underlie many biological processes by employing circuits with
emergent properties to build resultant structures. Self-organizing systems are based on
emergence, where a new property arises from the collective behavior of agents that
themselves do not contain that property. Self-organization requires a positive feedback
system to elicit dramatic changes to a system (51). We suggest that the CSN provides the
emergent properties that drive the formation of the key aspects of inner centromere using
self-organization principles including the localization of the CPC and the maintenance of
cohesion (which we will discuss in another section).

In late G2 and early prophase the CPC is located throughout the nucleus. During prophase
there is a dynamic reorganization of the CPC as it dissociates from the chromosome arms
and then accumulates at the inner centromere (Figure 1) [52]. Histone H3 phosphorylation
on T3 follows a similar pattern, providing a positive signal for these movements, but how
H3T3 phosphorylation is spatially and temporally controlled is unclear. The CSN network
may drive these dynamics to provide spatial information for CPC localization. To do this,
the CSN must identify chromatin region between the kinetochores. However, if the signal
was only derived from kinetochores then one would predict that the CPC would decrease as
a function of distance from the kinetochores. This is not true; rather, it is highest in the
center of chromosomes between the kinetochores, suggesting that there must be another
mechanism to identify the central region.
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The interaction between haspin and cohesin may identify the central axis of the
chromosome. Like the CPC, cohesin is found throughout interphase chromatin (through its
recruitment by CTCF) [53]. The bulk of cohesin is removed from chromatin during
prophase by phosphorylation by mitotic kinases including CDK1, Plk1 and the CPC kinase
Aurora B [54,55], and since the sisters remained cohesed along the central axis of
chromosomes it is reasonable the cohesin remains high in this location (Figure 3D) [56]. The
maintenance of cohesion in the central axis engages the cohesion loop of the CSN to
spatially locate H3pT3 and the CPC to the central zone between the two sisters [26—
28,35,40].

Mitotic chromosomes are bisected by a second axis of histone phosphorylation that is
established by the second positive feedback loop (Figure 3D) [27, 29-32, 41-48]. Bubl
phosphorylates chromatin near kinetochores [27, 33]. This targets Sgol to chromatin
between kinetochores, where it binds the CPC. Thus the CPC, which binds both H3pT3 and
Sgol, is localized by two orthogonal axes that are established on mitotic chromosomes: one
axis between the sister chromosomes and one axis between the kinetochores (Figure 3C, D)
[27]. The positive feedback nature of the two independent loops may reinforce the inner
centromere location after initial recruitment of the CPC and the inner centromere
chromosome region emerges as a function of the centromere-signaling network.

There is abundant evidence that the CSN may drive this rapid change of mitotic
chromosomes and we will highlight the key findings that show that the inner centromere
localization of the CPC is an emergent property of the two-loop circuit. In a pioneering
paper the Dasso group showed that the CPC was distributed throughout chromatin after
depletion of Bubl, even though kinetochores could form (29). Similarly, Aurora B remains
localized to chromosome arms in cells depleted of haspin (27). In early prophase the CPC
can localize along the inner chromatid axis as if this is an intermediate of the CPC moving to
inner centromere (27). Thus the localization pattern of the CPC when one disrupts either
loop suggests a dynamic process involving two feedback loops.

The network as written is dominated by kinases, although the Sgo1l protein can bind PP2A.
Positive feedback systems must be limited to prevent them from dominating a system and
there are likely additional phosphatase networks that need to be included to build robust
models for mitotic regulation. For example, the protein Repo-Man recruits PP1 to
dephosphorylate Histone H3 on T3 and limit Haspin activity. This may allow CPC to be
released from chromosome arms so that it can be concentrated at the inner centromere
during early mitosis [57]. Repo-Man-PP1 must be displaced from inner centromeres to allow
the accumulation of the CPC during early mitosis. This may be achieved by Aurora B itself,
which inhibits chromosome binding of PP1-Repo-Man by direct phosphorylation [58] and
we suggest that there is only enough Aurora B to counter Repo-Man activity within the
regions between kinetochores. However, there may be additional mechanisms to reverse
Haspin phosphorylations on chromosome arms in prometaphase and metaphase when CDK
inhibits PP1-Repo-Man interaction and Repo-Man binding to the chromatin (59-61). This
may be through local reactivation of Repo-Man, which can bind PP2A to reactivate it [58].
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On chromosomes that have neocentromeres the CPC is found at the neocentromere but not
the region of alpha satellite repeats that define the inactivated centromere arguing that it is
localized by epigenetic mechanisms [62]. Centromeres are epigenetically identified by
recruiting a histone H3 variant CENP-A, yet how this translates to epigenetic identification
of the inner centromere is less well understood. Note that the CSN dependent mechanisms
that we just discussed link the epigenetic mechanisms of CENP-A specification that localize
kinetochores to specification of the inner centromere.

Regulation of sister chromatid cohesion by the CSN

Sister chromatids must be held together until anaphase in order to faithfully segregate the
genetic material to the daughter cells. This is accomplished by the ring-shaped cohesin
complex, which physically pairs the sister chromatids [63,64]. Cohesion is established
coincident with DNA replication, to enable faithful pairing of the two sister DNA strands
[63,64]. Cohesin is removed from the chromatin in two steps during mitosis in higher
eukaryotes [56]. The prophase pathway removes most of the cohesin from chromosome
arms, but centromeric cohesin is protected from this pathway (Figure 5A) [56]. This
generates a new state where mitotic chromosomes are paired by centromeric cohesin that is
maintained until every chromosome obtains bipolar microtubule attachment (Figure 5A). At
that point, centromeric cohesion is released by activation of the protease Separase, which
cleaves chromatin-bound centromeric cohesin to drive the metaphase-to-anaphase transition
(Figure 5A) [65-68].

The release of cohesin from chromosome arms in prophase is controlled by three factors:
Pds5 (Pds5 A/B in mammals), which directly binds cohesin; Wapl, which can release
chromatin-bound cohesin [69,70], presumably by opening the ring; and Sororin, which
competes for the Wapl binding site on Pds5 and therefore protects chromatin-bound cohesin
[71-73]. The spatial segregation of cohesin on mitotic chromosomes is thus determined by
the recruitment of Wapl: Wapl is recruited to cohesin on the chromosome arms, whereas
cohesin at the centromere is protected from Wapl binding [69,70,72—74]. Proteins in the
CSN control these events and we suggest that these dynamics can be explained by one
branch of the CSN acting at chromosomes arms in prophase, while both positive feedback
loops are engaged at centromeres. Aurora B and Cdk1 phosphorylate Sororin on multiple
sites and reduce its interaction with Pds5, allowing Wapl to bind and remove cohesin from
the chromosome arms (Figure 5A, B) [73] (Box 2). In addition, PIk1 can directly
phosphorylate and release cohesin (Figure 5A, B) [75] (Box 2). However, we are left with a
paradox: how is it that the CPC removes cohesin from chromosome arms, yet cohesin is
protected in the centromere where the CPC is highest? We suggest the answer lies in the
feedback loops, which can be redrawn as a spatially segregated negative feedback system
(Figure 5B, C). That Pds5 recruits haspin suggests the cohesin complex indirectly recruits
the CPC, which drives the dissociation of cohesin [27, 40]. This simple feedback system
allows the CPC, via the cohesion sub-network of the CSN, to quickly bind and remove
cohesin from the arms. However, the CPC recruits the Bubl kinase to the region between
kinetochores [5,20,47, 48], driving the association of Sgol preserves centromeric cohesion
by recruiting the phosphatase PP2A, which removes the Aurora B and PIk1
phosphorylations to preserve cohesion [76-79]. Thus, on chromosome arms there is a simple
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feedback loop where cohesin recruits the CPC to release cohesin. However, between
kinetochores the negative feedback system is negated because the CPC can also recruit the
inhibitor of cohesion release. This is a spatially segregated negative feedback circuit that
drives the self-organization of the mitotic chromosome by removing cohesion from all
chromatin unless it is between kinetochores. Apart from recruiting the CPC to cohesin,
Haspin may also play a positive role in protecting cohesin [24].

Box 2
Regulation by Multisite phosphorylation

Mitotically regulated proteins often have domains that are phosphorylated at many
independent sites and often by different kinases. For example, the cohesion regulator
Sororin has 11 phosphorylation sites that regulate its association with Pds5, which
protects cohesion. Phosphorylation of Sororin by CDK1 and Aurora B inhibits its binding
to Pds5, driving cohesin release during prophase [73]. In addition, cohesin is released by
the phosphorylation by Plk1 of 12 sites on the SA2 subunit of cohesin [75]. We do not
know the exact number of sites that need to be phosphorylated for cohesin to release
chromatin, but it may require up to 22 distinct phosphorylation events by three different
mitotic Kinases.

Why would such a complex mechanism evolve? We suggest that regulating a critical
event by requiring the coincident phosphorylation of multiple sites by different kinases
provides robustness to biological processes by four mechanisms that are not mutually
exclusive.

1. Phosphorylation by multiple kinases can ensure that an event only happens at a
specific cell cycle time. For example, the prophase cohesion release pathway
only happens during mitosis. If it were only regulated by CDK1 then the cell
risks the possibility that cohesin could be released by the activation of another
kinase with a similar phosphorylation consensus site. In fact, CDK2 has a
similar consensus site as CDK1 but is activate in S-phase. However, cohesin
remains protected in S-phase as long as kinases that phosphorylate the same
sites as both PIk1 and Aurora B are not activated.

2. ltis well documented that distributive phosphorylation on multiple sites can
generate switch-like kinetics for cell cycle events. An outstanding example is
the phoshphorylation of Clb-CDK inhibitor, Sicl, during the G1-to-S transition
in budding yeast. Sicl degradation activates the CIb-CDK kinases, allowing the
cell to enter S-phase. Sicl must be phosphorylated over six times by the G1-
specific Cln kinases before it can be recognized by the F-box protein of SCF and
marked for degradation[110, 111]. The distributive phosphorylation of multiple
sites on Sicl allows all of the Sicl molecules to be degraded at approximately
the same time, which drives a concerted entry into S-phase [112-114]. We
suggest that, similarly, multiple phosphorylation events synchronize cohesin
release in prophase. Only after CDK1, Aurora kinases and PIk1 are all robustly
activated in prophase can sufficient phosphorylation begin to accumulate on

Trends Biochem Sci. Author manuscript; available in PMC 2017 February 01.

Page 8




1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trivedi and Stukenberg

Page 9

Sororin and SA2, which would generate a lag phase after kinase activation
followed by a relatively synchronous release of cohesin from chromosome arms.

Multi-site phosphorylation allows tight regulation by phosphatases. This type of
multiple phosphorylation system might be crucial under conditions where the
kinases are highly active, such as in the inner centromere in mitosis where
Aurora B activity is probably at its highest but cohesion must be preserved. The
phosphorylation of multiple sites establishes a lag between kinase activation and
initiating an event, which provides time for a phosphatase to remove the
phosphorylations. Thus, the recruitment of PP2A to centromeric cohesin by
Sgol can protects cohesion in the centromere where both Aurora B and PIk1 are
also targeted and active [77, 78]. We suggest that the requirement for these
kinases to phosphorylate many sites is essential for PP2A/Sgol to protect
cohesin in an environment where there are strong kinase activities.

During prometaphase when cohesion is protected by keeping Sororin
dephosphorylated in inner centromeres, multisite phosphorylation generates
robust spindle checkpoint activation at kinetochores. There are 19 MELT
sequences on the human Knl1 protein that can be phosphorylated by MPS1 and
PIk1 kinases to generate the SAC signal and control kinetochore-microtubule
attachments [115]. It appears that the SAC signal requires phosphorylating more
than a single site. The multisite requirement to generate the SAC probably
prevents accidental activation of the SAC by transient increases in MPS1
activity in metaphase or silencing by transient increases of PP1 on unattached
kinetochores.

In the case of Hecl there is also evidence that the multisite phosphorylation also
provides rheostat-like control (rather than a threshold) where the number of sites
that are phosphorylated is proportional to the weakening of the interaction
between Ndc80 and microtubules [116-118].

This insight provides important lessons about the system. First, the feedback loops contain
regulators of the various processes (i.e., Sgol) because they perform their functions as part
of this whole centromere network. In other words, Sgol performs two functions in the
circuit: to recruit more CPC through its interaction with Borealin, and to preserve cohesion
[32, 33, 77]. The preservation of cohesin would also recruit more CPC through the CSN.
Second, the system ensures robustness. When centromeric CPC activity increases the system
will recruit more Sgo1/PP2A to ensure that the cohesin-releasing activity will never
overwhelm the preserving activity. Third, the system approaches a steady state that can only
be reversed by an external signal. In this case, centromeric cohesion is robustly maintained
until the APC/C activates the Separase protease, which cleaves cohesin to drive the
segregation of chromosomes [65-68]. Although this system is robust, it is not a true steady
state because cohesin cannot be reattached and chromosomes will eventually lose their
cohesion and exit from mitosis, which may contribute to cohesion fatigue [80].
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CSN regulation of kinetochore-microtubule interaction

Human kinetochores bind approximately 17 microtubules and aneuploidy can develop if a
kinetochore is pulled by microtubules attached to opposite poles (merotely) in anaphase [81,
82]. Thus, mitosis depends upon the sister kinetochores generating bipolar kinetochore
microtubule attachments, meaning that one sister kinetochore binds microtubules from one
pole, while the other sister kinetochore binds microtubules emanating from the opposite
pole. It is likely that cells prevent merotely by orienting the two sister kinetochores toward
the two opposites poles before they make stable attachments [82-84]. It is believed that the
motors dynein and Centromere protein E (CENP-E) rotate chromosomes to achieve this
orientation [85-87]. Based on these observations it is suggested that one of the central
mechanisms to prevent merotely is to ensure these motors initially bind microtubules before
kinetochores generate “end-on” Ndc80 complex-mediated attachments that segregate
chromosomes in anaphase [83, 84].

We suggest that incorporating the CSN into the regulation of kinetochore microtubule
attachments enable models with the attributes of a bistable switch (Figure 6A). First, the
CSN may initially generate a stable system where lateral attachments dominate and end-on
attachments are inhibited. Second, after end-on attachments form there is a new stable state
where end-on attachments dominate. Third, the first state has mechanisms that ensure the
transition to the second state. We will outline each of these states below and note that
mathematical modeling is required to test if this is truly a bistable system.

The CSN promotes lateral attachment by recruiting two microtubule motors, CENP-E and
Dynein [88, 89]. The CSN plays a crucial role in the formation of motor-dependent
attachments by both recruiting and regulating dynein and CENP-E [88, 89]. For example,
current models suggest Mps1 and Bub1 recruit, and Aurora B regulates, CENP-E to properly
align chromosomes [22, 90]. Thus, the entire CSN network may be needed to properly
control CENP-E (Figure 6A).

At the same time CSN promotes lateral attachment it also inhibits “end-on” attachments
(Figure 6B). Aurora B directly prevents pre-mature “end-on” attachment by phosphorylating
the Ndc80 complex and inhibiting its interaction with microtubules [9, 22, 91-93]. Proteins
involved in Dynein recruitment to the kinetochore might also inhibit “end-on” attachment
[94-96] and this might also be ultimately controlled by Aurora B [97] (figure 6B). Since
microtubules displace Mps1 bound to Ndc80 it is reasonable to assume that unattached
Ndc80 complex would recruit more Mps1 to the kinetochore [44—-46]. This increase in Mps1
would lead to an increase in the CPC levels at centromeres, due to the CSN, which may
further inhibit “end-on” attachment [5, 20, 46, 47]. This positive feedback loop between
Mps1 and the CPC may lead to robust inhibition of “end-on” attachment (Figure 6B).

This robust inhibition of end-on attachment through positive feedback by three kinases in
the kinetochore sub-network of the CSN has to be controlled to allow the kinetochores to
initiate “end-on” attachment (Figure 6B). This is accomplished through recruitment of
phosphatases by the CSN to decrease and counteract kinase activity. The CSN recruits
phosphatase PP2A at two locations: to the inner-centromere, through BUB1 dependent
recruitment of Sgol1-PP2A [27, 29-32]; and to the kinetochore, through BUB1, PIk1 and
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Aurora B dependent recruitment of BUBR1-PP2A [98-100]. These two pools of
phosphatases allow the formation of initial “end-on” attachments by countering CPC-
dependent destabilization of the “end-on” attachment. Sgo1-PP2A reduces the activity of the
CPC by dephosphorylating the T-loop of Aurora B thus reducing the overall activity of the
CPC [10]. PIk1 mediated BUBR1-PP2A dephosphorylates the kinetochore substrates of the
CPC and allows PP1 recruitment to Knl1, which also dephosphorylates the kinetochore
substrates and promotes “end-on” attachments [98-101].

Once proper “end-on” attachments begin to form there are at least three events that down-
regulate the CSN to stabilize the initial “end-on” attachment (Figure 6B). First, the
microtubule binding to the Ndc80 complex competes off Mps1 and reduces its levels at
kinetochore, which subsequently causes reduction in the CPC levels at the centromere to
stabilize “end-on” attachments [5, 20, 44-48]. Second, microtubule dependent pulling forces
generated by bipolar attachment physically pulls the outer kinetochore away from the inner-
centromere localized CPC [11, 102, 103]. This physical separation of the outer kinetochore
from Aurora B would reduce the phosphorylation of the Ndc80 complex [11, 45, 46, 102,
103]. Third, recruitment of PP1 to the “end-on” attached kinetochores leads to further
stabilization of the attachments [104, 105]. Multiple pools of PP1 are recruited to the
kinetochore that stabilizes “end-on” attachments and localization of most of these pools of
PP1 are inhibited by Aurora B activity [104, 105].

Coordination of Kinetochore-microtubule attachment formation and the Spindle assembly
checkpoint (SAC)

The formation of kinetochore microtubule attachments and the spindle assembly checkpoint
must be coordinated to ensure faithful genome segregation. The CSN may allow this
coordination. Mps1, BUB1 and the CPC, which inhibit end-on attachment and promote
lateral attachments, also activate and maintain the spindle assembly checkpoint [16, 17]
(Figure 6B). This could ensure that the checkpoint is activated at unattached kinetochores.
Similarly, the proteins or events involved in promoting end-on attachment (BubR1-PP2A,
Knl1-PP1 and Ndc80-microtubule interaction) are also involved in silencing the spindle
assembly checkpoint [16, 17, 101]. In fact, the most important step for spindle assembly
checkpoint silencing is Ndc80-mediated end-on attachment itself. Microtubule binding to
Ndc80 displaces Mps1 from the kinetochores, which leads to silencing of the spindle
assembly checkpoint [45, 46]. The displacement of MPS1 would also down regulate the
CSN to lower Bubl and Aurora B coupling end-on attachment to dramatic changes to the
kinetochore.

Since MPS1 and Bub1 are displaced from metaphase kinetochores, one could imagine that it
is difficult to restart the SAC once chromosomes are aligned. Yet, the addition of taxol to
metaphase cells quickly reinitiates spindle checkpoint signaling [106]. It is tempting to
speculate that the reversibility of this system is ensured because the cohesion sub-network
maintains some CPC at inner-centromeres even when kinetochore sub-network is down
regulated, which would enable rapid binding of MPS1 to unattached molecules of Ndc80
(44-46).
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The generation of the SAC signal involves tens to hundreds of phosphorylations on
numerous substrates at each kinetochore by Aurora B, Plk1, Mpsl and Bub1l thus it is an
emergent property of the network. The generation of so many phosphorylations can ensure
that, once generated, the signal is robustly maintained until there is both active recruitment
of phosphatases and down regulation of the kinases that accompanies the transition to
mature kinetochore microtubule attachments (Box 2).

Concluding Remarks

It has recently become clear that proteins involved in regulating the spindle checkpoint,
cohesion and microtubule attachments work together and may exist in a circuit. We have
attempted to demonstrate how grouping the regulators into a circuit with two positive
feedback loops may explain how some of the dynamic processes of mitosis may be

coordinated.

Glossary

Neocentromere

Kinetochore

Chromosome
Passenger Complex

Inner-centromere

Centromere

Spindle Assembly
Checkpoint

“Lateral”
kinetochore-
microtubule
attachment

Ectopic centromeres that occasionally arise at the non-centromeric
location of a chromosome. Because they functionally replace
normal centromeres at chromosome regions lacking the alpha-
satellite DNA sequences that underlie most centromeres, they
demonstrate that centromeres are specified by epigenetic rather
than genetic mechanisms

A specialized protein structure that is assembled on the
centromeres during mitosis that generates the spindle checkpoint
signal and attaches spindle microtubules to chromatids

Four-protein complex composed of kinase Aurora-B and three
regulatory subunits INCENP, Borealin and Survivin that regulates
numerous mitotic events

Is a chromatin region between two sister centromeres. This is also
the site on the mitotic chromosome where the CPC is localized and
cohesin is protected until anaphase

Region of the chromosome where kinetochore is assembled in
mitosis. This region is specified epigenetically in most of the
organisms by the presence of a histone H3 variant CENP-A

A cell cycle feedback-system initiated at the improperly attached
kinetochore, which inhibits the onset of anaphase until all the
kinetochores are properly attached with the mitotic spindle

A type of kinetochore-microtubule attachment that precedes end-
on kinetochore-microtubule attachment, and is formed through
interaction of the, kinetochore localized, motor proteins with
lateral walls of spindle microtubules
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“End-on” A type of kinetochore-microtubule attachment, which is mediated
kinetochore- through the interaction of the kinetochore localized Ndc80
microtubule complex with the plus end of spindle microtubules
attachment
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OUTSTANDING QUESTIONS BOX

How does the inner-centromeric chromosome passenger complex (CPC)
regulate proteins at the outer kinetochore? An important part of the centromere
signaling network (CSN) depends on the regulation of outer-kinetochore
proteins (such as Ndc80 and Mps1) by the inner-centromeric CPC. The distance
between the inner-centromere and outer kinetochore is 500-600nm; it is unclear
how the signaling takes place across these large length scales.

What are the missing details of the CSN network? For example, the most
mysterious part of the circuit remains how Bub1 recruits the CPC. Does this
work only through H2A-T120 phosphorylation? In addition, chromosome arm
cohesion can be lost without Haspin, so it is unclear if it participates in the
feedback loop to allow rapid removal of cohesin from arms.

What are the network properties of the CSN? Mathematical modeling studies
are required to understand the emergent properties of the CSN and how they
contribute to faithful mitosis.

CSN is the central circuit and it can be controlled by inputs from the spindle.
Multiple inputs are known that feed into the CSN, such as microtubules, RNA,
kinases, phosphatases and guanine nucleotide exchange factors; these inputs can
change the properties of the network and influence its outcome. Are there more
inputs to the CSN and how does each input regulate the CSN to control mitotic
processes?

Are mitotic events coordinated by the CSN? The CSN is composed of regulators
common to distinct mitotic events, thus it makes sense that the CSN allows
coordination these events. However, this central hypothesis needs to be
experimentally tested.

How does deregulation of the CSN affect genomic stability and how does it
contribute to the progression of chromosomal instability (CIN) in cancers? CIN
cancers have poor prognosis; transformed cells have been shown to deregulate
CSN, which may underlie the CIN phenotype.
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Trends Box

»  Mitotic processes were recently connected in a signaling circuit composed of
two positive feedback loops, which we name the Centromere Signaling Network
(CSN).

» The CSN was first identified for its ability to localize the Chromosome
Passenger Complex (CPC) to inner centromeres. The circuit contains two
histone phosphorylation events that generate two axes on mitotic chromosomes.
The intersection of these axes defines the location of the CPC and preserves
centromeric cohesion.

» Recent observations suggest that the network configuration of the circuit may
coordinate the spindle assembly checkpoint, kinetochore-microtubule
attachment, and inner-centromeric cohesion protection.

»  The circuitry of the CSN self-contains signals from mitotic regulators within
chromosome, and thus may underlie the autonomous behavior of chromosomes
during mitosis.
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Figure 1. Table showing the temporal order of events during mitosis
Spatial and temporal changes to the CPC location on the chromosome, Sister-chromatid

cohesion and Kinetochore-microtubule attachment are described as the cell goes through
different stages of mitosis. Below, morphology of the cells during each phase of mitosis
with the CPC (green) localization on the chromosomes (blue) depicted at each stage of

mitosis (mitotic spindle is represented in purple).
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Figure 2. Key Figure: The Centromere Signaling Network (CSN) contains sets of proteins that
regulate multiple mitotic events

Schematic representation of the CSN is shown with block arrows pointing at the process
regulated by the proteins in the CSN.
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Figure 3. CPC localization pathways and epigenetic determination of inner-centromere
(A) Current model of the Chromosome Passenger Complex (CPC) localization to the inner-

centromere by binding to two phospho-histone marks (in red). (B) Image showing the CPC
(green) localized to the inner-centromere on a mitotic chromosome (original image from
[119]). (C) Representation of the centromere signaling network (CSN). (D) Representation
of the location of the cohesion and the kinetochore sub-network of the CSN on the mitotic
chromosome.
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Figure 4. Two models of anchoring CPC to the inner-centromere
A) Model 1: The CPC binds H3 pT3 and Cohesin bound Sgo1l at the same time. B) Model 2:

The CPC binds H3 pT3 and H2a pT120 at the same time.
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Figure 5. Regulation of sister chromatid cohesion by the CSN
(A) Two step cohesin removal from the chromosomes during mitosis. (B) Signaling network

regulating sister chromatic cohesion during mitosis. Cohesion removing part of the network
is represented by red arrows and green arrows represent cohesion-protecting network. (C)
Simplified diagram of the cohesion regulation during the mitosis.
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Figure 6. Regulation of kinetochore-microtubule interaction by the CSN
(A) Network coordinating lateral and “end on” kinetochore-microtubule attachment. (B)

Representation of the signaling network that is active on the laterally attached kinetochore
(red) or on “end on” attached kinetochore (black). The signaling network represented by
green arrows is part of the CSN; the dominant signaling network is represented in the yellow
patch. Dotted lines represent inactive or weakened networks. Red lines indicate activation of
spindle assembly checkpoint (SAC).

Trends Biochem Sci. Author manuscript; available in PMC 2017 February 01.



1duosnuey Joyiny

1duosnuely Joyiny

Trivedi and Stukenberg Page 27

Centromerlc Splndle Checkpoint Mitosis is governed by a signaling network that contains two
Cohesion positive feedback loops, that we propose ta name the
B . Centromere Signaling network.

The circuit contains regulators from distinct mitotic events
] ] \ N suggesting that it coordinates these events (large open
“V/ “ NN arrows).
\ A The requirement of two distinct histone phosphorylations
ensures the signal can only be generated on chromatin.
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Figure I. Chromosome autonomy during mitosis
Image of a late pro-metaphase Xenopus S3 cell probed for Aurora B substrate MCAK

phospho-S196 (pS196) and Ndc80. Kinetochores have different levels of Aurora B activity,
as inferred from MCAK pS196, depending on their location along the spindle and
attachment status. Original image from [50].
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