
EXTRA VIEW

RZZ-SPINDLY-DYNEIN: you got to keep ‘em separated
João Barbosa a,b, Carlos Conde a,b, and Claudio Sunkela,b,c

aIBMC - Instituto de Biologia Molecular e Celular, Universidade do Porto, Porto, Portugal; bi3S, Instituto de Investigação e Inovação em Saúde 
da Universidade do Porto, Porto, Portugal; cICBAS - Instituto de Ciência Biomédicas Abel Salazar da Universidade do Porto, Porto, Portugal

ABSTRACT
To maintain genome stability, chromosomes must be equally distributed among daughter cells at 
the end of mitosis. The accuracy of chromosome segregation requires sister-kinetochores to stably 
attach to microtubules emanating from opposite spindle poles. However, initial kinetochore- 
microtubule interactions are able to turnover so that defective attachment configurations that 
typically arise during early mitosis may be corrected. Growing evidence supports a role for the 
RZZ complex in preventing the stabilization of erroneous kinetochore-microtubule attachments. 
This inhibitory function of RZZ toward end-on attachments is relieved by DYNEIN-mediated 
transport of the complex as chromosomes congress and appropriate interactions with microtu
bules are established. However, it remains unclear how DYNEIN is antagonized to prevent 
premature RZZ removal. We recently described a new mechanism that sheds new light on this 
matter. We found that POLO kinase phosphorylates the DYNEIN adaptor SPINDLY to promote the 
uncoupling between RZZ and DYNEIN. Elevated POLO activity during prometaphase ensures that 
RZZ is retained at kinetochores to allow the dynamic turnover of kinetochore-microtubule inter
actions and prevent the stabilization of erroneous attachments. Here, we discuss additional 
interpretations to explain a model for POLO-dependent regulation of the RZZ-SPINDLY-DYNEIN 
module during mitosis.
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Mitosis corresponds to a challenging moment in 
the cell cycle where multiple mechanisms need to 
be precisely coordinated in time and space to 
ensure that the genomic content is evenly parti
tioned between the two new nuclei. A critical event 
is the interaction between spindle microtubules 
(MTs) and kinetochores (KTs), multi-protein 
complexes that assemble on the centromeric 
region of each sister chromatid [1]. These interac
tions allow chromosomes to be physically posi
tioned at the cell equator before segregation of 
chromatids takes place. At this point, it is critical 
that sister KTs are attached to the plus ends of 
MTs from opposite spindle poles – amphitelic 
attachment – so as to ensure the accurate distribu
tion of chromatids among both daughter cells. 
Errors in this process lead to numerical variations 
in the karyotype, a genetic state known as aneu
ploidy and a hallmark of cancer cells [2]. 
Therefore, it is of utmost importance that KT- 
MT interactions are precisely monitored and regu
lated to preserve genomic integrity [3,4]. Inducing 
subtle changes on the rate of MT turnover at KTs 

was shown to be sufficient to impact segregation 
fidelity in human cells lines, thus arguing for 
a need to stringently and precisely control KT- 
MT attachments [5,6].

KTs first interact with spindle MTs during early 
mitosis in a stochastic manner. As a result, differ
ent attachment configurations can be established, 
including erroneous interactions like syntelic – 
where both sister KTs bind to MTs emanating 
from the same spindle pole – or merotelic – 
where a single KT interacts with MTs from both 
spindle poles. Both attachment configurations 
must eventually be converted and stabilized as 
amphitelic [7,8]. KT-MT attachments are 
mediated by multiple sets of a group of proteins 
localized at the outer KT, collectively known as the 
KMN (KNL1/MIS12/NDC80) network [9]. The 
NDC80 complex constitutes the major MT- 
binding component and assumes a fundamental 
role in tethering KTs to the plus-ends of MTs. 
This is achieved through the interaction of tubulin 
with the CH domain and the N-terminal tail of 
NDC80 and eventually results in the formation of 
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end-on attachments [10–12]. However, end-on 
binding is frequently preceded by transient inter
actions between KTs and the lateral surface of 
MTs. Lateral attachments are thought to increase 
the efficiency of chromosome congression to the 
cell equator by rapidly incorporating KTs into the 
nascent spindle [13–15]. These interactions are 
mainly mediated by the KT-localized motor pro
teins DYNEIN and CENP-E, which respectively 
drive the transport of chromosomes toward MT 
minus or plus ends [16]. Once KTs reach the plus 
tip of MTs, lateral associations are converted to 
end-on interactions [17–20]. Interestingly, both 
motors localize to the fibrous corona, a ring- 
shaped structure present on the outermost region 
of KTs that exhibits maximal expansion in the 
absence of interacting MTs [21–23]. The presence 
of an enlarged KT is proposed to improve MT 
capture and contribute to the rather short time 
required for full chromosome alignment [21,24]. 
This is however achieved at the expense of accu
racy, as the increased surface area exposed to MTs 
may also facilitate the formation of erroneous 
interactions [21,25].

Kinases and phosphatases operate at KTs to 
ensure that proper end-on interactions are formed 
and stabilized [8,26,27]. AURORA B kinase plays 
a key role in modulating KT-MT attachment status 
through phosphorylation of several KT proteins 
[8,28,29]. AURORA B-mediated phosphorylation 
of multiple sites on NDC80 N-terminal tail decreases 
the binding affinity toward MTs [11,12,30–33]. 
Furthermore, AURORA B phosphorylates the func
tionally related SKA and DAM1 complexes, decreas
ing their recruitment to KTs and delaying the 
formation of stable end-on attachments [8,28]. 
Therefore, AURORA B contributes to error correc
tion by generating unattached KTs that can then 
attempt to establish new correct interactions with 
MTs. Importantly, KTs signal the lack of MT attach
ment by accumulating proteins that activate the 
Spindle Assembly Checkpoint (SAC) and conse
quently prevent anaphase onset until all chromo
somes are attached to the mitotic spindle [34,35]. 
Once bioriented, sister KTs experience tension 
across the inter-KT axis as a result of opposite MT 
pulling forces. This was proposed to contribute to 

the stabilization of KT-MT attachments by effec
tively increasing the distance between centromeric 
AURORA B and its outer KT targets [28,36,37]. 
However, recent studies have challenged this view 
and propose that a non-centromeric pool of 
AURORA B is responsible for KMN phosphoryla
tion [38–40]. Given the essential role for centromeric 
AURORA B in error correction, new data implies 
that additional substrates may exist to promote reso
lution of erroneous attachments [39]. Nevertheless, 
the establishment of tension translates into 
a progressive increase in KT-MT attachment stabi
lity [40], which is further reinforced by dephosphor
ylation of AURORA B substrates through the 
recruitment of PP1 and PP2A-B56 phosphatases to 
KTs [8,26]. As PP2A-B56 localizes to KTs already in 
prometaphase, it is positioned to counteract 
AURORA B destabilizing activity as MT interactions 
are converted from lateral to end-on interactions 
[18,41–44]. In addition to AURORA B-dependent 
regulation, the affinity of NDC80 to MTs is also 
modulated by the interaction between NDC80 CH 
domain and the ROD-ZW10-ZWILCH (RZZ) com
plex [45]. This recently uncovered regulatory path
way is proposed to be required for fine-tuning KT- 
MT attachments and ensure accurate chromosome 
segregation [45–49].

The three-subunit RZZ complex was originally 
identified in Drosophila and later shown to be con
served in higher eukaryotes [50]. The complex 
assembles with a 2:2:2 (ROD:ZW10:ZWILCH) stoi
chiometry with ROD subunits assuming an antipar
allel configuration [51,52]. Each ZW10 subunit 
interacts with a central domain on ROD, while 
each ZWILCH subunit binds to ROD N-terminus 
[52]. Once at KTs, the RZZ can regulate SAC 
response by recruiting both SAC-activating and 
SAC-silencing components, such as MAD1/MAD2 
and DYNEIN/DYNACTIN, respectively [49,50]. 
Intriguingly, how the RZZ complex is recruited to 
KTs in metazoans remains elusive. The ZW10- 
interacting protein ZWINT has been proposed to 
function as a KT receptor for the RZZ in human 
cells [53–57]. However, it should be noted that 
knock-down of human ZWINT leads to 
a significant reduction in the KT levels of KNL1, 
which is a major platform for the recruitment of 
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numerous KT components and regulators [56,58]. 
Hence, decreased accumulation of the human RZZ 
at ZWINT-depleted KTs should be interpreted with 
reservations. Interestingly, the C. elegans ZWINT 
homologue was shown to be dispensable for ZW10 
localization [56] and no structural homologue for 
ZWINT was yet identified in Drosophila [50], thus 
further implying that additional recruitment factors 
are likely involved. Recently, human BUB1 and 
Drosophila CAL1 were both proposed to contribute 
for KT accumulation of RZZ [58,59]. Moreover, KT 
localization of the RZZ complex is under the regula
tion of the mitotic kinases MPS1 and AURORA 
B [23,54]. MPS1-mediated phosphorylation of 
ROD is required for RZZ-dependent expansion of 
the fibrous corona [23]. AURORA B phosphorylates 
ZWINT but a comprehensive understanding of its 
role is still lacking. KT localization of the RZZ com
plex is only affected by the absence of AURORA 
B activity when KTs interact with MTs, thus suggest
ing a more intricate regulatory mechanism [60,61]. 
In human cells treated with MT-depolymerizing 
agents, the RZZ complex is able to associate with 
KTs in an AURORA B-independent manner [21,60– 
62]. However, inhibition of AURORA B in cells 
incubated with taxol, which still allows for KT-MT 
interactions to take place, prevents RZZ accumula
tion at KTs [60]. Given the role of DYNEIN in 
shedding KT proteins along MTs tracks, these obser
vations suggest that AURORA B exerts a negative 
impact on DYNEIN-mediated removal of RZZ from 
KTs. Interestingly, the accumulation of RZZ at KTs 
of taxol-treated cells was not followed by an equiva
lent increase in DYNEIN localization. This suggests 
that inhibition of DYNEIN-mediated removal acts to 
break the RZZ-DYNEIN boundary [60]. DYNEIN 
and ZW10 do not appear to be directly targeted by 
AURORA B [54]. On the other hand, AURORA 
B phosphorylates ZWINT and this could be required 
to retain RZZ at KTs [54]. However, expression of 
ZWINT phosphomimetic mutants for AURORA 
B sites not only retained the RZZ at KTs, but also 
its binding partners MAD2 and DYNEIN [54]. 
Together, these results argue against a role for 
AURORA B at the RZZ-DYNEIN interface and, 
instead, support AURORA B-mediated phosphory
lation of ZWINT as a mechanism to control the 

ZWINT-RZZ boundary. It is therefore plausible 
that AURORA B acts indirectly to inhibit DYNEIN- 
dependent removal of RZZ from KTs.

Given the pivotal role of the RZZ complex in 
preventing chromosome mis-segregation, it is not 
surprising that its function at KTs is under precise 
regulation [50]. Recent studies provided detailed 
knowledge on the role of RZZ in KT-MT attachment 
dynamics [45–49]. The N-terminal B-propeller 
domain of ROD was shown to interact with 
NDC80 N-terminal tail in a yeast two hybrid assay 
[45]. Furthermore, a partially reconstituted RZZ 
complex (ROD ß-propeller and ZWILCH) inter
acted in vitro with an NDC80 fragment in a tail- 
dependent manner and was able to inhibit NDC80 
complex binding to MTs in co-sedimentation assays. 
These in vitro data together with in vivo observations 
in C. elegans lead to a model where the interaction of 
RZZ (through ROD) with the N-terminal tail of 
NDC80 precludes the MT-binding capacity of the 
adjacent CH domain [45]. Hence, RZZ-dependent 
negative regulation of KT-MT interactions is pro
posed to prevent premature stabilization of erro
neous end-on attachments during early mitosis. 
This mechanism is relieved by DYNEIN-mediated 
removal of the RZZ complex from KTs [21,45–49]. 
By recruiting DYNEIN to KTs, RZZ sets the stage for 
its own removal and, consequently, for the silencing 
of SAC- and attachment-related functions [45,63].

DYNEIN has multiple binding partners at KTs 
but the RZZ complex emerges as the essential 
recruitment platform [64]. ZW10 can directly 
interact both with DYNEIN INTERMEDIATE 
CHAIN (DIC) [64,65] and with the p50 subunit 
of the DYNACTIN complex that is required for 
DYNEIN activation [64,66]. However, RZZ can 
also target DYNEIN to KTs indirectly through 
SPINDLY, an adaptor for the motor protein 
[21,48,49,63,67]. Similarly to other DYNEIN adap
tors, SPINDLY encompasses several coiled coil 
(CC) segments along its length and contains dif
ferent N-terminal motifs that have been demon
strated to be required for the interaction with 
DYNEIN/DYNACTIN (Figure 1(a)) [21,52,63,68]. 
Careful dissection of each domain revealed that 
the “Spindly motif” acts as a DYNACTIN inter
acting interface, adding new insights on the initial 
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observations describing this motif as a DYNEIN 
recruiting signature [63,68]. Direct binding to the 
DYNEIN complex is mediated by the CC1 box, 
a N-terminal motif that interacts with DYNEIN 
LIGHT INTERMEDIATE CHAIN (DLIC) [68,69]. 
SPINDLY has an additional N-terminal CC2 box 
that is also required for DYNEIN recruitment, but 
its interacting partner remains elusive [21]. We 
have recently identified a new motif within 
a region associated with SPINDLY-cargo binding 
regulation [47]. Interestingly, all motifs appear to 
be shared by other DYNEIN adaptors, suggesting 
that SPINDLY may function in an analogous man
ner to promote DYNEIN linkage to specific cargos 
[21,68]. A general mechanism for adaptor-mediated 
DYNEIN recruitment proposes that the adaptor’s 
N-terminal domain engages with DYNEIN/ 
DYNACTIN while the C-terminal domain is 
assigned to cargo recognition [68,70]. In agreement 
with this model, SPINDLY requires its C-terminal 

domain to interact with the RZZ complex, the 
DYNEIN cargo at KTs [68]. This interaction may 
involve different RZZ subunits as it has been 
demonstrated that human SPINDLY can interact 
with ROD ß-propeller [52], while the C. elegans 
orthologue binds both to ROD and ZWILCH 
[68]. More recently, we showed that Drosophila 
SPINDLY also interacts directly with ZWILCH 
[47]. In human cells, farnesylation of SPINDLY is 
also required for its KT localization and SPINDLY- 
driven corona expansion [21,52,71,72]. Addition of 
the farnesyl group occurs at the outmost C-terminal 
cysteine residue present within a CAAX motif on 
human SPINDLY, a sequence signature that is 
absent from Drosophila and C. elegans orthologues. 
It is possible that farnesylation of SPINDLY renders 
binding to ZWILCH dispensable for KT localiza
tion in human cells. Although the role of SPINDLY 
farnesylation is still poorly understood, recent data 
suggests that it contributes to strengthen the 

Figure 1. POLO regulates DYNEIN-dependent removal of RZZ-SPINDLY to fine-tune KT-MT attachments in mitosis. (a) Schematic 
representation of the different motifs present in human SPINDLY. Regions predicted to adopt coiled-coil conformations are 
represented in gray. We propose that an additional motif exists C-terminal to the Spindly motif [47]. A putative Plk1-dependent 
phosphorylation site on human SPINDLY is shown (S390). Our work identifies a Polo-dependent phosphorylation site within an 
equivalent motif on Drosophila SPINDLY (S499) [47]. (b) Proposed model for POLO-dependent regulation of the RZZ-SPINDLY- 
DYNEIN module at KTs: (B1) During prometaphase, POLO activity promotes RZZ disengagement from SPINDLY-DYNEIN by 
phosphorylating SPINDLY. The transient enrichment in RZZ at KTs opposes MT binding by NDC80, thereby, inhibiting the formation 
of stable attachments. This regulatory mechanism may be important to prevent premature stabilization of erroneous interactions 
that can form. (B2) In the absence of POLO activity or upon expression of non-phosphorylatable SPINDLY (A) mutant, DYNEIN can 
shed RZZ-SPINDLY of KTs. Consequently, untimely removal of RZZ can contribute to the stabilization of erroneous attachments (for 
instance, merotelic interaction). (B3) Conversely, in cells expressing phospho-mimetic SPINDLY (d) mutant or with unrestricted POLO 
kinase activity, RZZ is uncoupled from SPINDLY-DYNEIN. This allows the RZZ to inhibit NDC80 affinity toward MTs and promote MT 
turnover at KTs. Nevertheless, continuous destabilization of KT-MT interactions may affect the robustness of attachments.
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association with ROD by releasing SPINDLY from 
an auto-inhibitory folding [21]. This model is based 
on the observation that an N-terminal SPINDLY 
truncation no longer requires farnesylation to 
associate with KTs. A regulatory mechanism based 
on inhibitory intramolecular interactions appears to 
be a common feature of DYNEIN adaptors. 
A similar behavior has been described for BICD 
proteins, a well-studied family of adaptor proteins. 
In this case, the C-terminal cargo binding domain 
of BICD/BICD2 attenuates the N-terminal interac
tion affinity to DYNEIN and this inhibitory effect is 
relieved upon cargo binding [70]. It would be inter
esting to examine whether SPINDLY farnesylation 
acts in a similar manner to relieve the N-terminus 
and, therefore, promote binding to DYNEIN. In 
addition to farnesylation, human SPINDLY also 
requires the activity of MPS1 kinase to localize to 
KTs. However, whether SPINDLY is a direct MPS1 
substrate remains to be demonstrated [21,23,73]. It 
has also been suggested that ROD is phosphory
lated by MPS1 and that this contributes to the KT 
recruitment of RZZ-SPINDLY and expansion of the 
fibrous corona into crescent-like shapes [23]. 
Interestingly, MPS1 activity was shown to be dis
pensable for both SPINDLY KT targeting and cor
ona expansion when an N-terminal SPINDLY 
truncation was expressed [21]. It is important to 
mention that in human cells both RZZ and 
SPINDLY are required for corona expansion and, 
therefore, each protein may be influencing different 
steps during the KT enlargement process. MPS1- 
dependent phosphorylation of ROD could be 
involved in early enrichment and/or conversion of 
farnesylated SPINDLY into fully uninhibited 
SPINDLY molecules at KTs. In fact, expression of 
ROD phospho-defective mutants prevents recruit
ment of wild type levels of both ROD and 
SPINDLY, but equivalent amounts of the two pro
teins can still localize indicating that farnesylated 
SPINDLY is targeted to the available ROD binding 
sites [23]. However, KTs fail to expand possibly due 
to the inability to produce uninhibited SPINDLY 
required to drive RZZ oligomerization. Conversely, 
expression of the KT high-affinity and constitu
tively uninhibited SPINDLY protein (N-terminal 
truncation) can bypass the need for SPINDLY 

farnesylation or MSP1-dependent phosphorylation 
of ROD, hence contributing to a significant rescue 
in corona expansion [21]. This also suggests that 
additional RZZ molecules that are incorporated 
into the growing corona do not required MPS1- 
dependent phosphorylation. Thus, the activities of 
farnesyl transferase and MPS1 enzymes could be 
important to induce the prompt expansion of the 
outermost KT domain in early mitosis. The rapid 
assembly of an enlarged corona could represent an 
important adaptation of mammalian cells with large 
volumes and monocentric chromosome to fine- 
tune MT capture. Further detailed biochemical ana
lysis will be important to understand exactly how 
SPINDLY promotes RZZ oligomerization. 
Surprisingly, formation of RZZ-driven higher- 
order structures does not require SPINDLY in 
C. elegans [22].

SPINDLY is critical for the function of the fibrous 
corona not only by promoting RZZ-dependent 
expansion, but also because it sets the stage for 
DYNEIN-mediated compaction [21,63]. Before cor
ona disassembly initiates, DYNEIN accumulated at 
enlarged KTs facilitates interactions with the lateral 
surface of MTs [16]. These lateral attachments allow 
the rapid capture of chromosomes during early pro
metaphase and promote biorientation by driving the 
rotation of the inter-KT axis to a position parallel to 
the spindle axis [15,24]. Sister KTs of laterally 
attached chromosomes become primarily exposed 
to MTs emanated from opposite poles, hence favor
ing chromosome biorientation as lateral interactions 
are converted to end-on attachments. However, it is 
important that the corona is able to compact during 
this conversion process. A constitutively expanded 
corona would be detrimental to the accuracy of 
chromosome segregations, as it favors long-lived 
lateral interactions that compromise end-on attach
ment formation [21]. Failure to establish end-on 
attachments may, in part, result from corona- 
enriched RZZ exerting a negative effect over stable 
KT-MT end-on attachments (discussed above). 
Thus, DYNEIN is required to silence the RZZ- 
dependent inhibitory function and allow stable con
version of lateral into end-on attachments. However, 
premature RZZ shedding from KTs must be avoided 
to allow some degree of KT-MT attachment 
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plasticity and prevent stabilization of erroneous end- 
on attachments that might form during early mitosis 
[45,47]. Similarly to a recently proposed “DYNEIN 
brake” mechanism to maintain CENP-E at KTs [74], 
it has been suggested that cells must block untimely 
removal of RZZ from KTs. However, the molecular 
underpinnings of such mechanism had never been 
established [61]. Our recent work brings new insight 
into this matter [47]. We found that POLO kinase 
regulates the RZZ-SPINDLY-DYNEIN module at 
KTs by uncoupling the RZZ complex from 
SPINDLY-DYNEIN during early mitosis (Figure 1 
(b)). This causes retention of the RZZ at KTs and 
maintains KT-MT attachments labile enough to 
allow error correction. We demonstrate that 
SPINDLY-DYNEIN disengagement from the RZZ 
complex results from a decrease in the affinity of 
POLO-phosphorylated SPINDLY toward 
ZWILCH. Importantly, SPINDLY phosphorylation 
does not preclude its own KT localization, but 
instead primes SPINDLY for removal when 
DYNEIN arrives at KTs. Accordingly, it has been 
shown that RZZ-SPINDLY accumulates at KTs early 
in mitosis whereas DYNEIN localizes later [14]. 
Hence, our model predicts that during early prome
taphase, when POLO kinase activity is elevated, 
DYNEIN can remove the loosely KT-bound phos
phorylated SPINDLY adaptor but not its KT cargo 
(Figure 1B1). Consequently, KT-associated RZZ 
delays the stable conversion of lateral into end-on 
KT-MT attachments. This constitutes a safeguard 
mechanism to counteract the stabilization of early 
erroneous end-on attachments that may arise due to 
the stochastic nature of KT-MT interactions. We 
could recapitulate different scenarios using 
SPINDLY versions bearing phospho-mutations in 
the residue targeted by POLO kinase (S499) (Figure 
1B2,B3). Drosophila S2 cells expressing a phospho- 
defective SPINDLY mutant exhibited increased 
levels of DYNEIN-dependent RZZ shedding along 
MTs indicating that the inability to disengage the 
RZZ-SPINDLY-DYNEIN axis leads to premature 
removal of RZZ from KTs. In agreement, these 
cells accumulated merotelic attachments as a result 
of increased stabilization of KT-MT interactions 
(Figure 1B2). Conversely, expression of a phospho- 
mimetic SPINDLY mutant caused an increase in 

RZZ levels at congressing KTs as a result of 
SPINDLY-DYNEIN disengagement from the cargo. 
As predicted by the model, permanent destabiliza
tion of KT-MT interactions had an impact on the 
robustness of end-on KT-MT attachments 
(Figure 1B3).

KTs harness the force generated by MT- 
depolymerization to power chromosome movement 
during anaphase and full MT occupancy is required 
to ensure faithful chromosome segregation [75]. 
Interestingly, our data shows that in Drosophila neu
roblasts, chromosome migration during anaphase 
occurs in an asynchronous manner when POLO is 
constitutively active. The presence of unrestricted 
kinase should mimic constant SPINDLY phosphor
ylation and, consequently, RZZ-mediated inhibition 
of stable KT-MT attachments (Figure 1B3). We envi
sage that some chromosomes eventually lag due to 
insufficient MT-dependent pulling forces as a result 
of low MT occupancy [47]. However, this scenario 
does not occur when both POLO activity and 
SPINDLY phosphorylation levels decrease as cells 
progress from prometaphase to metaphase (Figure 
1B1, [44,72–79];). Although future work is necessary 
to understand how POLO activity is antagonized in 
this context, we anticipate PP2A-B56 phosphatase as 
a good candidate to counteract SPINDLY phosphor
ylation and relieve RZZ inhibitory action toward 
stable KT-MT interactions. POLO phosphorylates 
BUBR1 to direct PP2A-B56 recruitment to prome
taphase KTs leading to a local tug-of-war between 
kinase and phosphatase activities [26,80]. We reason 
that a suitable environment toward substrate phos
phorylation may be provided by high CDK1/ 
CYCLIN A levels during early mitosis which can 
prime SPINDLY for POLO-dependent phosphoryla
tion [48]. Also, a decrease in CYCLIN A levels from 
prometaphase to metaphase appears to correlate 
with a stepwise increase in KT-MT stability [81]. 
Hence, as mitosis progresses and CYCLIN A levels 
drop, dephosphorylation of SPINDLY will prevail. 
Additionally, dephosphorylation of POLO T-loop by 
PP1 and ubiquitination-dependent POLO removal 
may contribute to silence POLO activity and tip the 
balance against a KT-MT destabilizing environment 
[76,78]. PP2A-B56 itself restrains POLO accumula
tion at KTs during prometaphase [80].
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Although the involvement of POLO/PLK1 in 
the destabilization of KT-MT attachments had 
been put forward previously, the underlying 
mechanisms had remained elusive [41,47,76,82– 
86]. POLO activity is required for proper centro
meric localization of AURORA B and activation, 
thus indirectly contributing to promote destabili
zation of KT-MT interactions [85,87]. In line with 
that, POLO depletion in Drosophila cells signifi
cantly increases the frequency of stable syntelic 
attachments [83]. However, depletion or inhibi
tion of AURORA B fails to recapitulate the sever
ity of the phenotype [83], hinting for an extra 
layer of KT-MT regulation. The mechanism that 
we describe may contribute to elucidate this mat
ter [47]. Loss of POLO activity at KTs leads to 
premature relieve of RZZ-dependent inhibitory 
function and consequently allows the stabilization 
of erroneous attachments that typically occur dur
ing early mitosis (Figure 1B2). Additionally, 
a decrease in RZZ levels at KTs is expected to be 
accompanied by a decline in DYNEIN levels. The 
absence of minus-end-directed force production 
leaves plus-end-directed polar ejection forces 
(PEFs) unopposed which can also contribute to 
the stabilization of KT-MT attachments 
[13,88,89]. Importantly, PEFs are present in 
PLK1-depleted cells and could further stabilize 
erroneous KT-MT attachments [90]. It would be 
interesting to test if a decrease in PEFs could 
partially restore the attachment defects in POLO/ 
PLK1-depleted cells.

The existence of a DYNEIN brake mechanism 
that prevents premature RZZ removal is therefore 
critical for mitotic fidelity. It has been previously 
suggested that human CENP-I is required to inhibit 
DYNEIN-mediated shedding of RZZ/Mad1 from 
KTs. However, the underlying mechanism remains 
unclear [61]. CENP-I is a centromeric protein that 
belongs to the constitutive centromere-associated 
network (CCAN) and its depletion dampens the 
recruitment of another CCAN sub-complex com
posed by CENP-O/P/Q/U/R [91,92]. Importantly, 
CENP-U (or PBIP1) was proposed to recruit PLK1 
to KTs [93–95]. A plausible inference is that CENP-I 
depletion indirectly causes a reduction in PLK1 
accumulation at KTs. The lower levels of PLK1 in 

CENP-I depleted KTs could account for the faster 
loss of RZZ from prometaphase KTs as a result of 
a more stable SPINDLY-DYNEIN engagement with 
the RZZ. However, it remains to be confirmed 
whether CENP-I depleted cells have decreased levels 
of PLK1 at KTs and if targeting PLK1 to these KTs 
would rescue RZZ localization.

It is important to note that POLO/PLK1 also 
promotes the stabilization of KT-MT attachments. 
This occurs mainly through BUBR1-dependent 
recruitment of PP2A-B56 [43,79,96]. PP2A-B56 
accumulation at KTs allows the dephosphorylation 
of key substrates including NDC80, which subse
quently can establish stable interactions with MTs 
as end-on attachments are formed [41]. Despite 
the apparent contradictory roles, it is conceivable 
that POLO/PLK1 phosphorylates different sub
strates that will direct opposite inputs at distinct 
mitotic time points or attachment configurations. 
The prevalence of one input over the other may be 
dictated by mitotic regulators like CDK1/CYCLIN 
A or may result from specific subcellular accumu
lation of POLO/PLK1 [97]. Recent findings bring 
new insights to the complex array of functions of 
POLO/PLK1 and propose a regulatory mechanism 
to control an important new role uncovered for 
the RZZ complex [45–49]. RZZ is required for 
corona expansion during early mitosis. In addi
tion, the RZZ complex inhibits NDC80 end-on 
MT-binding capacity to prevent stabilization of 
KT-MT attachments. However, DYNEIN can 
relieve this inhibitory activity by shedding RZZ 
of KTs in a SPINDLY-dependent manner. In 
order to avoid premature stabilization of erro
neous attachments, POLO/PLK1 promotes the 
uncoupling of RZZ and SPINDLY-DYNEIN and 
delays RZZ removal from KTs. Therefore, POLO 
kinase is an important modulator of the RZZ- 
SPINDLY-DYNEIN axis and of its function in KT- 
MT attachment formation. By regulating the turn
over of KT-MT interactions, POLO/PLK1 fine- 
tunes an essential feature of mitosis and ensures 
the preservation of genomic integrity.
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