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ABSTRACT. Mitosis entails the bona fide segregation of duplicated chromosomes. This process is
accomplished by the attachment of kinetochores on chromosomes to microtubules (MTs) of the mitotic
spindle. Once the appropriate attachment is achieved, the spindle assembly checkpoint (SAC) that delays
the premature onset of anaphase needs to be silenced for the cell to proceed to anaphase and cytokinesis.
Therefore, while it is imperative to preserve the SAC when kinetochores are unattached, it is of paramount
importance that SAC components are removed post kinetochore microtubule (kMT) attachment. Precise
knowledge of how kMT attachments trigger the removal of SAC components from kinetochores or how
the checkpoint proteins feedback in to the attachment machinery remains elusive. This review aims to
describe the recent advances that provide an insight into the interplay of molecular events that coordinate
and regulate the SAC activity in response to kMT attachment during cell division.
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INTRODUCTION

Centromeres are discrete compact loci on
chromosomes that function as a scaffold for the
assembly of mega-molecular protein com-
plexes called kinetochores at the onset of mito-
sis. The kinetochores comprise of 2 regions;
the inner kinetochore that adheres tightly to the
centromeric DNA via the highly conserved spe-
cialized histone H3 variant (called CENP-A or
CenH3) and the outer kinetochore which binds
to microtubules (MTs) and facilitates proper
chromosome alignment and segregation.1 Cer-
tain kinetochore proteins function in the
defense against erroneous kinetochore microtu-
bule (kMT) attachments thereby playing a piv-
otal role in maintaining the fidelity of
mitosis.2,3 The outer kinetochore is a dynamic
hub comprising of a diverse array of proteins
many of which form distinct, evolutionary con-
served complexes.1,4,5 The regulatory proteins
at kinetochores are involved in circumventing
chromosome segregation errors in 2 ways: by
facilitating selective stabilization of the bi-ori-
ented kinetochore pairs and by simultaneously
destabilizing and eliminating erroneous attach-
ments.6 Besides mediating attachment to the
microtubules, kinetochores also orchestrate a
highly sophisticated and complex signaling
cascade called the spindle assembly checkpoint
(SAC), a quintessential fail-safe surveillance
mechanism that ensures immaculate chromo-
somal segregation.6,7

The KMN network - structural and
functional components

One of the best studied assembly of kineto-
chore protein complexes is the KMN network
(Knl1, Mis12, and Ndc80), which is vital for
the formation of microtubule (MT) binding
interface at the mitotic kinetochores.1,3 The
components of the KMN network accumulate
on kinetochores in prophase and remain stable
for the entire duration of mitosis. This is in con-
trast to the spindle checkpoint components,
which are assembled at the kinetochore in high
concentrations in the absence of MTs, and their
concentration decreases as the number of

attached MTs to the kinetochore increases.1,8

The primary activities that are thus attributed to
the KMN network are: microtubule attachment
and the recruitment of essential SAC compo-
nents.1,3,5,6 In fact the kinetochore acts as a
conduit that can rapidly respond to the changes
in microtubule occupancy and effectively
switch between a SAC “on-off” state. In this
review, we attempt to summarize the recent
advances made in understanding the signaling
correlates between the kMT attachment status
and SAC regulation.

The Mis12 complex

The 22 nm long, rod shaped Mis12 complex,
constituting of 4 subunits, Nnf1, Mis12, Dsn1
and Nsl1 is the fundamental platform for the
assembly of outer kinetochore and serves to
connect the latter to the inner centromeric
DNA.5,6 The C-terminal tail of Nsl1 tethers to
the C-termini of both Knl1 and the Spc24/25
subunits of the Ndc80 complex thereby recruit-
ing these 2 components of the KMN network to
kinetochores. Although, the Mis12 complex
has not been identified to interact with MTs, it
has been shown to enhance the MT-binding
affinities of the Ndc80 and Knl1 complexes.9

Considering the indispensable role of Mis12 in
recruiting other MT-binding proteins to the site
of kMT attachment, disruption of its function
has been associated with defective chromo-
somal alignment and segregation.10

The Knl1 complex

The Knl1 complex comprises of 2 subunits:
Knl1 and Zwint1. Knl1 is the largest protein of
the KMN network that has been linked to 3 cru-
cial mitotic processes: kinetochore assembly,
chromosomal segregation and SAC signaling.4-
6 The C-terminal globular domain harbors tan-
dem RWD motifs that mediate its interaction
with the Mis12 complex, while the coiled coil
domain is involved in recruiting Zwint1
(ZW10-interacting protein 1), both of which
are essential for proper kinetochore func-
tion.5,11 The extreme N-terminus of Knl1 has
been shown to possess several other motifs,
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including RVSF (RVXF) and SILK (S/GILK)
that are important in recruiting protein phos-
phatase 1 (PP1). Aurora B kinase has been
implicated in destabilizing the kMT attachment
by phosphorylating multiple sites on the KMN
network. The recruitment of PP1 phosphatase
on the afore-mentioned sites therefore neutral-
izes the Aurora B kinase activity.12 This region
also harbors a stretch of 9 basic amino acid res-
idues that display MT-binding activity.9,13

Importantly, although Knl1 has been shown to
directly bind to MTs in vitro, its role in forming
force generating end-on kMT attachments has
not yet been demonstrated.12

The Ndc80 complex

The Ndc80 complex is the most exhaustively
studied component of the KMN network. It is a
heterotetramer comprising of Ndc80 or Hec1,
Nuf2, Spc24 and Spc25. The Calponin Homol-
ogy (CH) domain and the charged N-terminal
tail of Ndc80 have been attributed to mediate
tight interactions of Ndc80 with the negatively
charged C-termini of tubulin monomers.3,6

This interaction is debilitated by the multiple
Aurora B kinase-mediated phosphorylation on
the N-terminal tail of Ndc80.14 Although Knl1
has also been shown to bind to MT in vitro,9,13

the major contributor is Hec1/Ndc80,3,4 since
in Caenorhabditis elegans, disruption of Knl1-
MT-binding domain did not affect the forma-
tion of kMT attachments and chromosome
segregation.13

Crosstalk between the KMN network and
SAC signaling

Mitotic cells exploit the SAC-signaling path-
way to inhibit the progression of chromosomal
segregation until each chromosome achieves
spindle attachment on either side (bi-orienta-
tion).6,7,15 After the last kinetochore is attached
to the spindle microtubule, the cells must inac-
tivate the SAC to undergo a transitional switch
into anaphase. Therefore, checkpoint silencing
requires both MT-attachment dependent cessa-
tion of signal generation at kinetochore and

also inactivation of the already existing signal
in the cytoplasm. Besides providing a multifac-
eted interface for chromosome-spindle attach-
ment, kinetochores also play a pivotal role in
controlling the switch between the SAC suste-
nance and silencing. The maximal accumula-
tion of SAC proteins during prometaphase at
unattached kinetochores and their depletion
during metaphase when the kinetochores are
optimally attached, point toward the require-
ment of a sophisticated and dynamic “on-off”
signaling switch in response to the kMT attach-
ment status.6,7 However, the downstream
mechanism underlying the interplay between
attachment of microtubules to kinetochores and
checkpoint control remains poorly understood.

The SAC includes several kinase compo-
nents such as Mps1 (monopolar spindle 1),
BUB1 (budding uninhibited by benomyl 1) and
Aurora B; non kinase components like Mad1
(Mitotic arrest deficient 1), Mad2, BUB3 and a
pseudo-kinase, BUBR1 (BUB1-related 1).6,7,15-
17 These SAC proteins are evolutionarily con-
served and except for Mps1, all the other com-
ponents depend on Knl1 for their recruitment
to kinetochores.6,12 Mps1, BUB1, Mad1,
Mad2, BUBR1 and CDC20 are transiently
accumulated in high concentrations at unat-
tached kinetochores and are progressively
depleted from the site upon microtubule attach-
ment.6,7 Mps1-mediated phosphorylation has
been shown to essentially recruit all the other
SAC components to unattached kineto-
chores.18-20 Mad2, BUBR1 and BUB3 generate
an inhibitory mitotic checkpoint complex
(MCC) with CDC20, which is an essential
cofactor for APC/C (Anaphase Promoting
Complex/Cyclosome), the key E3 ubiquitin
ligase that promotes anaphase entry. The incor-
poration of CDC20 into MCC delays anaphase
and prevents precocious mitotic exit.21

The KMN network serves as the major scaf-
fold for kinetochore assembly and microtubule
binding. The components of the KMN network
have also now been recognized as a signaling
framework for the SAC and studies have con-
clusively shown that the disruption of this net-
work abolishes recruitment of SAC proteins to
kinetochores.5,6,17 SAC proteins were initially
thought to reside in the peripheral corona
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region of the kinetochore which is distally
placed to the MT attachment sites on the outer
plate. However, biochemical evidence and
nanometer-scale mapping studies have shown
that these SAC proteins in fact are in close
proximity to the core kinetochore MT attach-
ment sites constituted by the KMN network
during metaphase with active kinetochore SAC
signaling.22 An emerging paradigm is that the
kinetochore proteins that possess MT binding
activity also play a role in regulating SAC.
Consistent with this hypothesis, the earliest
event in the SAC activation is Mps1-mediated
recognition and phosphorylation of threonine
residue within conserved MELT (M[ED]
[ILVM][ST]) repeats on Knl1.6,23-25 Intrigu-
ingly, Plk1 is shown to be an auxiliary kinase
that can phosphorylate Knl1 MELT repeats in
cooperation with Mps1 to maintain SAC in
mammalian cells.26 Concurrently, an indepen-
dent study demonstrates that Plk1 phosphory-
lates MELT motifs in C. elegans that naturally
lacks a recognizable gene for Mps1. This
implies that functions commonly attributed to
Mps1 in vertebrates are effectively substituted
and executed by Plk1 in this nematode.27 The
Mps1-phosphorylated Knl1 (MELTP) has been
shown to generate a docking site for BUB3.
Consequently, the BUB1 kinase piggybacks on
BUB3, in turn recruiting BUBR1, as demon-
strated by studies in both yeast and human sys-
tems.6,11,15,16 These molecular events are
illustrated in Fig. 1. Recently, Zhang et al.
reported that BUB1 via its R1LM domain can
recruit BUBR1 to kinetochores through a direct
interaction independent of BUB328 and this
was substantiated by another study from the
Musacchio lab.29 Although, BUB3 has been
identified as the primary protein that interacts
with the MELTP, studies by Primorac et al.
have demonstrated cooperative effect of BUB1
on BUB3-MELTP complex formation.30 In
turn, BUB1 is involved in recruiting down-
stream SAC proteins like Mad1, Mad2,
BUBR1 and Cdc20 to kinetochores,6,7,31 under-
scoring the crucial role of Knl1 as a primary
launching pad for SAC activation (Fig. 1).

Knl1 carries up to 6-7 MELT motifs in yeast
and up to 19 in humans though not all of them
are found to be active.11,16,23 Loss of activity in

the repeats is attributed to either degeneration
or vast variation from the consensus in the 3
most important motifs, MELT, TV (VD aro-
matic amino acid) and SHT (located C-terminal
of MELT). Recent studies by Vleugel et al. has
provided remarkable insight into the complex-
ity in recognition of these MELT motifs and
have also shown that Mps1-mediated phosphor-
ylation of SHT motif encompassed within the
MELT repeat augments SAC proficiency.23

Nonetheless, it is noteworthy that SHT phos-
phorylation by Mps1 requires prior phosphory-
lation on MELT motifs.23 The redundancy and
necessity of multiple motifs i.e how many
MELT repeats or whether all the MELT repeats
are involved in recruiting BUB1 and BUB3 still
remains enigmatic. It has been speculated that
since binding affinity of BUB1:BUB3 to an
individual MELTP is very high, each MELT
repeat can potentially recruit a BUB1:BUB3
complex and therefore multiple BUB1:BUB3
complexes can concurrently bind to multiple
MELTP repeats at a given time.23,24,30 Varia-
tions in the level of phosphorylation of differ-
ent active repeats is likely to function as a
governing factor or may provide a subtle layer
of regulation in controlling the strength of SAC
response but this hypothesis needs to be sub-
stantiated experimentally. In addition, the
MELT repeats function cooperatively with the
2 N-terminally located, 10-12 amino acids
long, and closely related yet distinct KI (Lys-
Ile) motifs, KI1 (KIDTTSFLANLK) and KI2
(KIDFNDFIKRLK) to directly recruit BUB1
and BUBR1, respectively, by binding to their
tetratricopeptide repeat (TPR) domains to
ensure robust SAC activity (Fig. 1).11,16

The role of Knl1 in recruiting other essential
SAC components like Mad1 and Mad2 to the
kinetochores, most likely through indirect path-
ways, has also been recently unraveled.12 There
has been no evidence demonstrating direct
binding of Mad1 to Knl1. In fact, Mad1
requires both BUB1 and the RZZ (Rod-ZW10-
Zwilch) checkpoint complex but no evidence
of direct interaction between Mad1/2 and RZZ
exists.32,33 In addition, the Knl1 binding pro-
tein, Zwint1, upon phosphorylation by Aurora
B Kinase has been shown to promote recruit-
ment of the RZZ complex along with the

4 Agarwal and Varma



dynein motor to facilitate SAC signaling and
kinetochore motility (Fig. 1).33-36 However,
Zwint1 independent recruitment of the RZZ
complex has been reported in multiple stud-
ies.22,28 Earlier, recruitment of the RZZ com-
plex through a direct interaction between
Zwint1 and ZW10 of the RZZ complex was

proposed to be the mechanism. But, normal
kinetochore localization of ZW10 mutants
defective in Zwint1 binding supported the exis-
tence of an alternate mechanism for RZZ
recruitment.35 The surrogate mechanism is
accomplished by a central region in BUB1 that
could efficiently recruit the RZZ complex to

FIGURE 1. Crosstalk between the components of the KMN network and recruitment of the spindle
assembly checkpoint (SAC) proteins. The key motifs involved in human Knl1 (hKnl1) function are
indicated in the schematic of the protein. Briefly, the amino acid residues corresponding to each
illustrated motif are: MT binding region (1-68), SILK (25-28), RVSF (58-61), KI1 (176-187), KI2
(212-223), MELT repeats (151, 762-1154), coiled-coil Zwint1 binding region (1904-2316), RWD
repeats/Mis12 binding region (2106-2316). During prometaphase, when kinetochores are unat-
tached to the microtubules, the SAC is “on.” Aurora B Kinase phosphorylates SILK and RVSF
motifs at the N-terminus of Knl1 and this phosphorylation abrogates PP1 binding to Knl1. Mps1,
the principal SAC kinase contains an N-terminal extension (NTE), a tetratricopeptide region (TPR)
domain, a conserved middle region (MR) and a C-terminal kinase domain. Both NTE (depicted)
and MR (not depicted) regions of Mps1 bind to the Ndc80 complex independently. The Aurora B
kinase activity also promotes the recruitment of Mps1. Mps1 docked on Ndc80 via its N-terminal
extended region (NTE), phosphorylates MELT repeats on Knl1 converting Knl1 into a dockyard for
SAC components. The phosphorylated MELT-P recruits BUB3 that in turn recruits BUB1 and
BUBR1 complex. Robustness in recruiting these SAC components around MELT repeats is further
achieved by a direct interaction between KI1 and KI2 motifs of Knl1 with BUB1 and BUBR1, respec-
tively. BUB1-BUB3 recruited on to the MELT repeats seems to be instrumental in recruiting the RZZ
complex thereby driving the recruitment of Mad1/Mad2 to unattached kinetochores. Ndc80 has
also been shown to positively influence the localization of Mad1/Mad2 to the unattached kineto-
chores in prometaphase.
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kinetochores (Fig. 1).28 But direct interaction
between Bub1 and RZZ has not been reported
so far. Because, the RZZ complex has been
shown to contribute to the proper localization
of Mad1/Mad2 complex to unattached kineto-
chores during prometaphase, the findings of
Zhang et al. revealing BUB1 and not Zwint1
dependent RZZ recruitment could explain
BUB1’s contribution in Mad1/Mad2 localiza-
tion.28 In fact, the deletion of RZZ recruiting
region in BUB1 (437-521 amino acids) pre-
vented both BUB1-dependent RZZ and Mad1/
2 localization to kinetochores.28 The central
region in BUB1 that is identified to be impor-
tant for recruiting RZZ corresponds to the same
region in yeast BUB1 that can directly bind to
Mad1/2 and localize it to kinetochores as dem-
onstrated by the Biggins laboratory.37 Further,
Mps1 has also been shown to phosphorylate
BUB1 to promote Mad1 recruitment to kineto-
chores in budding yeast.37,38 Previously, a
direct interaction between BUB1 and Mad1 in
both budding yeast and nematodes was also
shown.37,39 Therefore, Zhang et al. conjectures
that the yeast BUB1-Mad1/2 interaction
evolved to BUB1-RZZ-Mad1/2 in higher and
complex eukaryotes.28 Though this study
implies that Mad1 is absolutely dependent on
BUB1 for recruitment to kinetochores, recent
study from the Kops group demonstrates that in
human cells while BUB1 is needed for timely
Mad1 recruitment, it is not absolutely required
for Mad1 kinetochore localization.40 Therefore,
it is evident that the mechanism of Mad1 kinet-
ochore binding in human cells is at least in part
different from that in budding yeast and nemat-
odes, where BUB1 is the primary kinetochore
receptor for Mad1.

Besides RZZ, the Ndc80 complex has also
been shown to contribute to the proper localiza-
tion of Mad1/Mad2 complex to kinetochores
(Fig. 1).41,42 Fairly recently in nematodes, the
Rod subunit of the RZZ complex was shown to
interact directly with the microtubule binding
N-terminus of Ndc80 but this association seems
to be dispensable for RZZ and Mad1/Mad2
recruitment in human cells.43 Interestingly, it
has been reported that Mps1 is recruited to
kinetochores in an Aurora dependent manner,
where it binds to the Calponin Homology (CH)

domain of Ndc80 to initiate SAC signaling.31 It
is important to reiterate here that these CH
domains are the regions on Ndc80 that are
involved in binding to microtubules.3,5,6

Assuming the close proximity of Knl1 and
Ndc80 at kinetochores, the docking of Mps1 on
Ndc80 is likely to facilitate its interaction with
the MELT repeats on Knl1 N-terminus. Indeed,
2 recent reports further establish the direct rela-
tionship between attachment and SAC by pre-
cisely demonstrating a direct binding of Ndc80
to Mps1 via 2 independent interactions, which
were inhibited in the presence of microtubules
(Fig. 1).44 However, this inhibition was not
absolutely competitive in nature because the
Mps1 interface on Hec1 is in close proximity
but not identical to the microtubule interface.45

These studies thus point toward a delicate regu-
lation by Aurora B, which on one hand phos-
phorylates the Ndc80 basic tail and weakens
the MT binding while on the other hand, aug-
ments Mps1 binding to Nuf2 that in turn pro-
motes Knl1 phosphorylation and BUB1
recruitment.44,45 In accordance with these
observations, a recent study demonstrates that
microtubule attachment factually induces phys-
ical separation between Mps1 kinase (docked
on CH domain of Ndc80) and phosphodomain
of Spc105 (Knl1 ortholog in yeast) to abrogate
MELT phosphorylation and SAC silencing.46

Integration of the KMN network with SAC
silencing

Although SAC signaling is essential to provide
sufficient time for all the chromosomes to attain
bi-orientation, it is equally important that the SAC
signaling cascade is promptly extinguished upon
kMT attachment.6,15 kMT attachment triggers
removal of enriched Mad1, Mad2, BUB1,
BUBR1, BUB3 and Mps1 from kinetochores,
resulting in SAC silencing. This is supported by
the observation that constitutive targeting of
Mad1 to kinetochores preserves SAC activity
even after chromosome bi-orientation.47 Because
phosphoregulation is the central mechanism that
sustains SAC activity, it is reasonable to argue
that SAC inactivation would depend on recruit-
ment of a phosphatase. This was indeed supported
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by the observation that deletion of the R1LM
domain of BUB1 that obliterated BUB1-depen-
dent BUBR1 kinetochore localization did not pre-
vent SAC activity but instead strengthened it.28

This led to the identification of a role for B56-
PP2A phosphatase in SAC silencing.6,12 The B56
regulatory subunit of PP2A binds to a short 17
amino acid conserved region within BUBR1
referred to as the kinetochore attachment regula-
tory domain (KARD) that is phosphorylated by
Plk1 and Cdk1.11,17 It remained counterintuitive
how SAC signal maintains its proficiency when it
also simultaneously recruits its antagonizing
phosphatase (PP2A) until a 2-step SAC silencing
mechanism was unveiled. These studies propose
that the PP2A does not inhibit the SAC directly
but counteracts the Aurora B activity to promote
recruitment of PP1, another phosphatase that
binds to Knl1 via the conserved SILK/RVSF
motifs.48 PP1 can only associate with Knl1 once
the Aurora B-phosphorylated PP1-binding sites
SSILK and RVSF on the N-terminus of Knl1 are
dephosphorylated. Once PP1 is docked on
unphosphorylated RVSF/SSILK motifs, it
dephosphorylates Knl1.49 Thus, PP2A bound to
BUBR1 dephosphorylates Aurora B sites on Knl1
thereby allowing PP1 binding to Knl1 to mediate
dephosphorylation ofMELTmotifs and transition
from SAC “C” to SAC “-” state.48 Recent study
byNijenhuis et al. further suggests that the kineto-
chore localized PP1 promotes removal of kineto-
chore-PP2A-B56 by dephosphorylating MELT
and KARD motifs.48 Similarly, Mps1-mediated
phosphorylation of MELT repeats activates SAC
and at the same time sets the way for SAC silenc-
ing by recruiting PP2A-B56 via BUBR1. PP2A
therefore plays a key role in regulating 2 major
events: controlling the formation of stable kMT
attachments by opposing Aurora B activity and
also initiating SAC silencing by opposing Mps1
activity.48,50 Hence spatiotemporal juxtaposition
should exist between the 2 phosphatases (PP1 and
PP2A) and 2 kinases (Aurora B and Mps1) to
elicit a robust SAC signal. The PP2A-B56 pro-
motes PP1 recruitment to kinetochores (by inhib-
iting Aurora B activity) that subsequently
quenches the SAC by delocalizing PP2A from
kinetochores. Contrary to these findings, Espert
et al. demonstrates the exclusive and key role of
PP2A-B56 in opposing both Aurora B and Mps1

activity in mammals.49 Here, Knl1 is shown to be
the direct substrate for PP2A-B5649 and not PP1
as observed in yeast.51

Interestingly, the phosphorylation of BUBR1
by Plk1 and Cdk1 exclusively happens at unat-
tached tensionless kinetochores so that Aurora B
activity can be neutralized but how these kinases
monitor and relay the signal in response to the
kMT attachment status is still unknown. Also, the
kinetochore pool of Plk1 kinase and the activity
of Aurora B kinase are down-regulated in
response to kMT attachment. In summary, Knl1
is involved in localizing proteins that augment
(BUB1) and neutralize (PP1 via RVSF/SILK
motifs and PP2A via BUBR1) the SAC activity
(Figs. 1 and 2). While the Knl1-PP1 interaction is
disrupted by Aurora B-mediated phosphorylation
of the SILK/RVSF motifs,52 the Knl1-BUB1
interaction is promoted byMps1-dependent phos-
phorylation of theMELT residues.6,11,12,15

Dynein motor-mediated removal of check-
point proteins has been identified as the major
SAC inactivation pathway as kinetochore-
localized dynein/dynactin is instrumental in
silencing the checkpoint by transporting the
checkpoint proteins from MT-attached kineto-
chores to the spindle poles. 6,7 The RZZ com-
plex is bound to the dynein motor through an
adaptor protein called Spindly.53 Spindly is
recruited to kinetochores by the RZZ complex
and there is evidence for a weak interaction
between them in both C. elegans and human
cells.54 Although Dynein and Spindly are
responsible for stripping the SAC components
leading to SAC inactivation, the precise mecha-
nism is unclear. The fact that Dynein is
involved during the earlier steps where it is
implicated in lateral capture of microtubules
and chromosome alignment and is required
later for stripping the checkpoint proteins,
when appropriate end-on attachments are
achieved,55 indicate the existence of a spatial
and temporal control of dynein function. Even
in the absence of Spindly, the silencing of
checkpoint following attachment indicates the
occurrence of a dynein-independent mecha-
nism of silencing.54 The kinetochore dynein/
dynactin motor is absent in fungi characterized
by closed mitosis and it is completely lost in
higher plants. Therefore in cases where Spindly
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is either deleted or the kinetochore dynein/
dynactin complex is absent naturally, the KMN
network which is the key platform providing
core microtubule binding is speculated to play
an important role in checkpoint silencing.

Concluding remarks and perspectives

Dysfunctional SAC and consequential prema-
ture APC/C activation leads to aneuploidy, a hall-
mark of many tumors.56 Our understanding of the

integration and coordination between kMTattach-
ment and SAC signaling is still very primitive,
and definitely warrants extensive deliberation.
Although the exact nature of SAC signaling is
poorly understood, several studies have postulated
that the signal is emanated at the centromere/
kinetochore where tension is generated upon
amphitelic attachment. How such a mechanical
sensory signal is transduced into a biochemical
signaling cascade remains enigmatic; however, it
seems to be mediated by phosphorylation.
Delineating the fine-tuned balance, flux and

FIGURE 2. Spindle assembly checkpoint (SAC) inactivation in response to kinetochore microtubule
attachment. In the presence of kinetochore microtubules attached end-on (to both Knl1 and
Ndc80), Aurora B activates Plk1, which triggers PP2A binding to BUBR1 on phosphorylated KARD
motif and causes the dephosphorylation of the RVSF/SILK motifs, thereby alleviating the inhibition
of PP1 binding on to the Knl1. The binding of PP1 dephosphorylates the MELT repeats and the
SAC components are released from the KMN network, extinguishing the SAC to an “off” state.
Cdk1 also phosphorylates BUBR1 and augments PP2A binding to BUBR1. Further, in the presence
of microtubules, Mps1 can no longer bind to Ndc80 and the phosphoswitch-mediated signaling sub-
sides. For details on the amino acid map of all the Knl1 motifs, please refer to Fig. 1 legend.
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coordination of kinase and phosphatase activities
at the kinetochore upon MT binding would likely
be able to provide answers to this intriguing phe-
nomenon. Until recently, the only study that
directly correlates MT binding and SAC activity
was in C. elegans by Espeut et al., wherein the
worms harboring a Knl1 mutant defective in MT
binding, exhibited delay in anaphase onset.13

However, the fate of checkpoint proteins at the
kinetochore was not evaluated and the phenome-
non may not be completely reflective of the sce-
nario in vertebrates. Two contemporary studies
demonstrating kinetochore recruitment of Mps1,
a master SAC initiator, via Ndc80 in the absence
of microtubules further contribute radically to this
field. Nonetheless, there exist important yet unan-
swered questions that remain tantalizing areas for
further research in attachment responsive SAC
activity. Some of these questions include: (a)
what is the precise molecular link between the
Ndc80 complex, the key kMT attachment pivot
and SAC activity? It seems that although Ndc80
is the primary contributor in binding to MTs, the
major framework for recruiting checkpoint pro-
teins, kinases and phosphatases is provided by
Knl1 (except for Mps1); (b) what is the direct or
indirect role of the KMN network in SAC silenc-
ing in the absence of dynein/dynactin motor
machinery?; and (c) does the “Constitutive cen-
tromere-associated network” (CCAN)57,58 have
any role in distinguishing attached vs unattached
kinetochores and regulating the SAC? This possi-
bility stems from the observation that cells devoid
of CENP-I lost Mad1 from the kinetochores with
immature attachments.59 The CCAN therefore
has been alluded in lengthening the half-life of
Mad1 at kinetochores and also in inhibiting the
dynein-mediated stripping on laterally attached
MTs by an unknown mechanism.59. The next few
years of research will impart various degrees of
nuances and answers to these and many other
intriguing yet unresolved questions and promise
to be an exciting time for mitosis investigators.
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