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Abstract

Polo-like kinase 1 (PLK1) critically regulates mitosis through its dynamic localization to 

kinetochores, centrosomes and the midzone. The polo-box domain (PBD) and activity of PLK1 

mediates its targeting to mitotic structures, but the mechanisms regulating PLK1 dynamics remain 

poorly understood. Here, we identify PLK1 as a target of the Cullin 3 (CUL3)-based E3 ubiquitin 

ligase, containing the BTB-adaptor KLHL22, which regulates chromosome alignment and PLK1 

kinetochore localization but not PLK1 stability. In the absence of KLHL22, PLK1 accumulates on 

kinetochores, resulting in activation of the Spindle Assembly Checkpoint (SAC). CUL3-KLHL22 

ubiquitinates K492, located within the PBD, leading to PLK1 dissociation from kinetochore 

phosphoreceptors. Expression of a non-ubiquitinatable PLK1-K492R mutant phenocopies 

inactivation of CUL3-KLHL22. KLHL22 associates with the mitotic spindle and its interaction 

with PLK1 increases upon chromosome biorientation. Our data suggest that CUL3-KLHL22-

mediated ubiquitination signals degradation-independent removal of PLK1 from kinetochores and 

SAC satisfaction, which is required for faithful mitosis.
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Introduction

Mitotic division is instrumental for the development of all organisms and defects in its 

regulatory systems lead to aneuploidy, which is linked to cellular transformation1,2. Polo-

like kinase 1 (PLK1) is a critical regulator of mitotic division and an attractive candidate for 

anticancer drugs3. PLK1 controls chromosome alignment, centrosome function and spindle 

assembly through its dynamic localization to kinetochores, centrosomes and the midzone4. 

Downregulation of PLK1 protein or pharmacological inhibition of the PLK1 kinase activity 

leads to mitotic defects ultimately leading to activation of the Spindle Assembly Checkpoint 

(SAC) and apoptotic death5,6. However, recent data suggest that a fine balance of PLK1 

protein levels and its kinase activity is required for chromosome alignment and faithful 

mitotic progression7–9. First, PLK1 accumulates at the kinetochores during prometaphase 

stage to establish kinetochore attachments and subsequently majority of PLK1 protein has to 

be removed from kinetochores during metaphase to allow for maintenance of stable 

kinetochore-microtubule interactions, SAC silencing and anaphase onset7–9. The polo-box 

domain (PBD) and autocatalytic activity of PLK1 have been implicated in its targeting to 

different mitotic structures, including kinetochores10–13, but the mechanisms regulating 

PLK1 dynamics remain poorly understood.

Several posttranslational modifications including phosphorylation and acetylation ensure 

correct expression and activity of key mitotic factors14,15. Moreover, covalent conjugation of 

ubiquitin to specific lysine residues of target proteins emerged as a critical regulatory signal 

in cellular physiology, mediating both proteolysis dependent and independent 

mechanisms16,17. Ubiquitin is attached to a substrate by coordinated cycles of three 

enzymatic reactions, ubiquitin activation (E1 enzyme), ubiquitin conjugation (E2 enzyme) 

and ubiquitin ligation (E3 protein ligase). Previous studies in human cells identified critical 

roles and substrates of Cullin-RING E3 ubiquitin ligases (CRL) in cell proliferation and 

tumour progression18,19. In particular, CUL3 appears to regulate several aspects of mitosis 

by assembling E3 ubiquitin ligase complexes with specific BTB (Bric-a-brac/Tramtrack/

Broad complex) adaptor proteins20–22.

In this study, we identify PLK1 as a target of the Cullin 3 (CUL3)-based E3 ubiquitin ligase, 

which in complex with the BTB-adaptor protein KLHL22 regulates chromosome alignment 

and PLK1 kinetochore localization but not PLK1 stability. In the absence of KLHL22, PLK1 

accumulates on mitotic kinetochores, resulting in hyperphosphorylation of its target BubR1, 

inhibition of stable kinetochore-microtubule interactions and activation of the Spindle 

Assembly Checkpoint (SAC). CUL3-KLHL22 directly binds PLK1 and ubiquitinates K492, 

located within the PBD, leading to PLK1 dissociation from kinetochore phosphoreceptors. 

Expression of a non-ubiquitinatable PLK1-K492R mutant phenocopies inactivation of 

CUL3-KLHL22. Interestingly, KLHL22 associates with the mitotic spindle and its 

interaction with PLK1 increases as cells achieve chromosome biorientation. Together, our 
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data suggest that CUL3-KLHL22-mediated ubiquitination signals degradation-independent 

removal of PLK1 from kinetochores and SAC satisfaction, which is required for faithful 

progression through mitosis.

Results

CUL3-KLHL22 E3-ligase regulates SAC-dependent chromosome alignment during mitosis

The BTB-Kelch protein KLHL22 interacts with CUL3 (Suppl. Fig. 1a) and is required for 

mitotic division22, but its molecular function and critical ubiquitination substrates remain 

unknown. KLHL22 is expressed throughout the cell cycle with levels moderately increasing 

during mitosis (Suppl. Fig. 1b). Live-cell microscopy of HeLa cells stably expressing the 

histone marker H2B-mRFP revealed that KLHL22-depleted cells show severe chromosome 

alignment defects, with 27.9 % (+/- 5 %) of cells dying after a prolonged prometaphase-like 

arrest without anaphase initiation (Fig. 1a, b). However, unlike CUL3 depletion, KLHL22 

RNAi did not lead to an increased occurrence of micronuclei or multinucleated cells (Fig. 

1c). To assess whether activation of the Spindle Assembly Checkpoint (SAC) causes the 

observed prometaphase arrest, KLHL22-depleted cells were arrested in mitosis by addition 

of the proteasome inhibitor MG132, and the protein mitotic arrest deficient 2 (MAD2) was 

visualized as a marker for unattached kinetochores23 by immunofluorescence microscopy. In 

contrast to RNAi-controls, MAD2-positive kinetochores could be detected in 96.7 % of the 

mitotically arrested KLHL22-depleted cells (Fig. 1d). The presence of unaligned but 

MAD2-negative kinetochores in CUL3-depleted cells (Suppl. Fig. 1c) could be explained by 

pleiotropic effects including SAC-slippage24 or incorrect kinetochore attachments, 

accounting for the fact that CUL3 forms functional complexes with several substrate 

adaptors22.

Importantly, simultaneous inactivation of KLHL22 and MAD2 rescued the KLHL22 

mitotic-cell-death phenotype (Fig. 1e, Suppl. Fig. 1d). KLHL22 depletion did not impede 

bipolar spindle formation, loading of condensin on chromosomes (data not shown) or 

kinetochore assembly (Suppl. Fig. 1e-h). However, 57.5 % of the KLHL22-depleted cells 

failed to form proper metaphase plates in the presence of MG132, compared to 22.1 % of 

control cells, suggesting that the CUL3-KLHL22 E3-ligase regulates SAC-dependent 

processes required for efficient chromosome alignment during mitosis.

The CUL3-KLHL22 E3-ligase tagerts PLK1 and regulates its kinetochore localization during 
mitosis

The KLHL22 RNAi phenotype suggests that CUL3-KLHL22 targets proteins with essential 

functions during mitosis. To identify these substrates, we probed protein microarrays 

containing ~8300 human proteins for their binding to AlexaFluor647-labeled KLHL22, and 

for their in vitro ubiquitination by reconstituted CUL3-Rbx1-KLHL22 complexes in the 

presence of FITC-labeled ubiquitin. As expected, MBP-KLHL22 interacted with GST-

CUL3-Rbx1, but not with GST controls, and reconstituted CUL3-Rbx1-KLHL22 complexes 

promoted autoubiquitination of GST-CUL3, but not GST- or MBP-tagged negative control 

substrates (Suppl. Fig. 2). We identified 93 proteins that specifically interacted with 

MBPKLHL22 and 30 of these were also ubiquitinated by CUL3-Rbx1-KLHL22, suggesting 
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they may be substrates of this E3-ligase (Suppl. Table 1 and 2). Interestingly, in our list of 

candidates we found a 9- and 6-fold overrepresentation of protein kinases, respectively. 

Among them was Polo-like kinase 1 (PLK1), which is well known to regulate several 

processes in mitosis5 including chromosome alignment, centrosome function and spindle 

assembly through its dynamic localization to kinetochores, centrosomes and the midzone 

region4. Consistent with the protoarray results, endogenous PLK1, but not PLK2, 

coimmunoprecipitated with FLAG-tagged KLHL22 in extracts prepared from mitotically 

synchronized cells (Fig. 2a). Likewise, endogenous KLHL22 was efficiently 

coimmunoprecipitated with endogenous PLK1 from mitotic-stage cells (Fig. 2b). 

Accordingly, recombinant KLHL22, but not KLHL21, strongly bound purified PLK1 in 
vitro and this interaction is established via the Kelch domain of KLHL22 (Fig. 2c, d). 

Together, these data suggest that PLK1 is indeed a specific and direct target of CUL3-

KLHL22.

To understand the physiological consequences of KLHL22-mediated ubiquitination of 

PLK1, we compared its abundance and subcellular localization in control and CUL3-

KLHL22-depleted cells using PLK1-specific antibodies. We were unable to detect 

significant differences in total cellular levels of PLK1 in the presence or absence of KLHL22 

(Fig. 3c). Consistent with published results4,7,9, we observed that kinetochore-associated 

PLK1 levels were dramatically reduced as chromosomes become bioriented in metaphase 

(Suppl. Fig. 3a, b). Interestingly, downregulation of KLHL22 or CUL3 led to a striking 

increase of PLK1 on kinetochores during prometaphase when compared to control siRNA-

treated cells (Fig. 2e, f, Suppl. Fig. 3c), while its levels on centrosomes were slightly 

decreased (Suppl. Fig. 3d, e). In contrast, KLHL22 depletion did not alter the localization of 

any other kinetochore protein we tested (Fig. 2g and Suppl. Fig. 1e-h). Importantly, PLK1 

levels on kinetochores also increased in CUL3- or KLHL22-depleted cells arrested with the 

microtubule-depolymerizing drug Nocodazole (Fig. 2c, d), excluding the possibility that this 

effect was indirectly caused by the prolonged prometaphase arrest. Consistent with this 

notion, downregulation of the previously described CUL3 adaptor KLHL2122 (Fig. 2e, f) or 

drug-induced arrest in different mitotic stages (Fig. 2h) did not result in PLK1 accumulation 

on kinetochores. Taken together, we conclude that the CUL3-KLHL22 E3 ligase may act to 

remove PLK1 from kinetochores before chromosomes achieve biorientation in metaphase, 

without affecting total PLK1 levels or other subcellular pools of kinetochore proteins.

CUL3-KLHL22 regulates maintenance of stable kinetochore-microtubule interactions

In order to test if CUL3-KLHL22 regulates PLK1 activity, we analyzed the phosphorylation 

state of the kinetochore protein BubR1. PLK1-mediated phosphorylation of BubR1 occurs at 

several sites and has been correlated with stability of kinetochore-microtubule (KT-MT) 

interactions7,25. While total, kinetochore-associated BubR1 levels were unaffected (Fig. 2g), 

inactivation of KLHL22, but not KLHL21 in mitotically-arrested cells led to a 3- to 4-fold 

augmented phosphorylation of BubR1 on Ser676, consistent with the observed PLK1 

increase on kinetochores (Fig. 3a-c). Accordingly, Ser676 phosphorylation of BubR1 was 

abolished upon treatment with the PLK1 inhibitor BI 25366 (Fig. 3d). In contrast, PLK1 

activity-dependent accumulation of γ-tubulin on centrosomes was normal in mitotic cells 

(Suppl. Fig. 3e). Together, these results suggest that inactivation of CUL3-KLHL22 leads to 
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increased PLK1 levels and sustained kinase activity specifically at kinetochores, leading to 

increased BubR1 phosphorylation. As BubR1 phosphorylation was reported to regulate 

stable KT-MT interactions7, we monitored kinetochore localization of RanGAP1, which 

depends on stable KT-MT interactions26. To this end, we arrested control and KLHL22-

depleted cells with Monastrol, and released them into MG132-containing media (Suppl. Fig. 

3f) to achieve a highly synchronous population of cells with bioriented chromosomes. In 

contrast to control-depleted cells, RanGAP1 failed to efficiently localize to kinetochores and 

mitotic spindles in the absence of KLHL22 (Suppl. Fig. 3f) and this defect could be reversed 

by treatment with the PLK1 inhibitor BI 2536 ((Fig. 3e). Together these results suggest that 

in the absence of KLHL22, cells fail to establish stable KT-MT interactions because PLK1 

accumulates on kinetochores leading to hyperphosphorylation of BubR1 and, as a 

consequence, defects in chromosome alignment.

CUL3-KLHL22-mediated ubiquitination of PLK1 within the PBD regulates faithful 
chromosome alignment during mitosis

To examine if PLK1 ubiquitination is indeed critical for mitotic progression, we next 

determined the sites ubiquitinated by CUL3-KLHL22 complexes in vitro. GST-CUL3-Rbx1 

complexes purified from Sf9 cells reconstituted with E.coli expressed MBP-tagged KLHL22 

were able to mainly mono-ubiquitinate recombinant PLK1, whereas multiple sites were used 

with lower efficiency (Fig. 4a). Mass spectrometry analysis identified lysine residues 492 

(K492) and 19 (K19) as ubiquitin acceptor sites. Interestingly, the lysine 492 resides in the 

polo box domain (PBD) of PLK1, is conserved from fission yeast to humans (Fig 4b, c) and 

was confirmed as ubiquitin acceptor site in vivo in two independent proteomic studies27,28.

Because PBD mediates recruitment to mitotic structures including kinetochores11–13 we 

tested if ubiquitination by the CUL3-KLHL22 E3-ligase may regulate PBD-mediated PLK1 

function at kinetochores. To this end, we generated HeLa cell lines that allow 

Doxycyclineinducible expression of GFP-fused PLK1 wild type (WT) or a version of PLK1 

with K492 mutated to a non-ubiquitinatable arginine residue (KR). Expression of PLK1WT 

was able to rescue the mitotic defects induced by 3’UTR-directed siRNA targeting 

endogenous PLK1, including the delay at the metaphase-anaphase transition and induction 

of apoptosis (Fig. 4d, e, f). In contrast, expression of the PLK1KR mutant resulted in severe 

mitotic defects leading to a prometaphase delay that was often followed by apoptotic death 

(36%). Moreover, kinetochore localization of the PLK1KR mutant was augmented and these 

cells showed increased levels of phosphorylated BubR1 and decreased levels of RanGAP1 

on kinetochores (Fig. 4g), thus resembling the KLHL22 RNAi phenotype. These results 

were confirmed in HeLa cell lines expressing HIS tag-fused PLK1WT or PLK1KR (Fig. 5a, 

b). As expected, centrosome maturation and bipolar spindle formation were not perturbed 

under these conditions (data not shown), implying that the PLK1KR mutant is specifically 

defective for its kinetochore function. Importantly, no significant difference in kinase 

activity could be detected when comparing PLK1WT and the PLK1KR mutant (Suppl. Fig. 

4a). Moreover, the interaction of PLK1 with APC/C activator Cdh1 was not affected by the 

K492R mutation (Suppl. Fig. 4b). Accordingly, the PLK1KR mutant was efficiently 

degraded at the end of mitosis with kinetics comparable to PLK1WT or endogenous PLK1 

(Suppl. Fig. 4c), implying the K492R mutation does not influence APC/CCdh1-mediated 
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ubiquitination and subsequent proteasomal degradation of PLK1. Together, these results 

suggest that the accumulation of PLK1 at kinetochores and resulting mitotic defects can be 

linked to CUL3-KLHL22-mediated ubiquitination of K492 located in the PBD of PLK1.

The PBD is essential to bring PLK1 to its substrates through phospho-dependent interactions 

with its target proteins29. Based on structural predictions, K492 is in close proximity to the 

four key residues involved in phosphosite binding (Trp414, Leu490, His538 and Lys540) 

(Fig. 4b, Fig. 5c), raising the possibility that ubiquitination by the CUL3-KLHL22 E3-ligase 

may regulate PBD-mediated interactions of PLK1 at the kinetochores. Thus, we tested the 

interaction of PLK1WT and PLK1KR with the phosphoreceptor proteins INCENP and 

BubR1 in mitotically synchronized cells. Remarkably, PLK1KR binding to these kinetochore 

phosphoreceptors was increased as compared to PLK1WT(Fig. 5d, e). Furthermore, KLHL22 

overexpression reduced the interaction between BubR1 and PLK1WT but not PLK1KR(Fig. 

5e), suggesting that ubiquitination of K492 inhibits PBD-mediated phospho-interactions of 

PLK1 at kinetochores.

KLHL22 accumulates at the mitotic spindle and its association with PLK1 increases upon 
chromosome biorientation

To understand the spatio-temporal regulation of CUL3-KLHL22 E3 ligase, we generated a 

Doxycycline-inducible cell line expressing GFP-KLHL22 and assayed its localization 

throughout mitosis. GFP-KLHL22 efficiently interacted with endogenous CUL3 (Suppl. Fig. 

5a) and PLK1 (Suppl. Fig. 5b), suggesting that the GFP-fusion does not affect the function 

of KLHL22 as a CUL3 adaptor in vivo. While GFP-KLHL22 was mostly visible as a diffuse 

cytoplasmic signal in prophase and prometaphase, it associated with the mitotic spindle as 

the cells reached chromosome biorientation (Fig. 6a), consistent with the reported 

localization of CUL330. Interestingly, live video microscopy revealed that GFP-KLHL22 

localized to the centrosomes shortly before cells entered anaphase (Fig. 6a, Suppl. Fig. 5c 

and Suppl. movies). After anaphase onset, GFP-KLHL22 was predominantly associated 

with the polar microtubules connecting the two opposing centrosomes and gradually 

diffused into the cytoplasm during telophase. Thus, KLHL22 may use the mitotic spindle 

compartment to remove PLK1 from kinetochores.

To understand if the interaction of CUL3-KLHL22 with PLK1 is regulated by chromosome 

biorientation, we tested if KLHL22-PLK1 binding was influenced by the status of KT-MT 

interactions. To this end, PLK1 was immunoprecipitated from cells arrested with Monastrol, 

and released into media containing MG132 to accumulate cells in metaphase. Upon 

chromosome biorientation, cells were treated with either DMSO, Nocodazole or Taxol, to 

alleviate kinetochore attachments and/or tension exerted on kinetochores7 (Fig. 6b). As 

expected, BubR1 was mostly dephosphorylated in DMSO controls whereas upon Taxol or 

Nocodazole treatment BubR1 was predominantly found in its slow migrating, 

phosphorylated form. Interestingly, under these conditions the interaction of GFP-PLK1 

with HA-KLHL22 was clearly reduced compared to DMSO-treated cells, in which the 

attached microtubules exert tension across the kinetochores (Fig. 6c). Likewise, interaction 

of the endogenous PLK1 with HA-KLHL22 was reduced upon Taxol treatment (Fig. 6d). 

These results suggest that chromosome biorientation and the concomitant structural changes 
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in kinetochores may be a prerequisite for efficient binding of CUL3-KLHL22 to PLK1. This 

mechanism may thus allow for a spatio-temporal control of PLK1 ubiquitination on K492, 

which in turn may trigger its dissociation from kinetochores and anaphase onset.

Discussion

In summary, our results strongly suggest that PLK1 is a direct target of the CUL3-KLHL22 

E3 ligase complex and that its ubiquitination within the PBD domain regulates PLK1 

localization at kinetochores, chromosome alignment, SAC satisfaction and ultimately cell 

survival during metaphase. Defects in PLK1 ubiquitination result in enhanced interaction 

with phosphoreceptor proteins and consequently in sustained kinase activity towards its 

kinetochore substrate BubR1, which in turn interferes with stable KT-MT interactions. 

PLK1 dissociation from kinetochores has been correlated with bipolar attachment of 

chromosomes to the mitotic spindle7,9, but the mechanism of its removal was unknown so 

far. Our data suggest that the CUL3-KLHL22 interaction with PLK1 increases as 

chromosomes become bioriented, leading to PLK1 ubiquitination and dissociation from 

kinetochores, thus providing a plausible mechanism of PLK1 removal from kinetochores 

upon biorientation and consequently satisfaction of SAC signalling (Fig. 6e).

Versatility of functions of CUL3-based ligases

Previous studies established CUL3 as a critical regulator of cellular physiology by 

assembling E3 ubiquitin ligase complexes with specific BTB adaptor proteins31. CUL3 

complexes ubiquitinate and target substrates for proteasomal degradation thereby regulating 

cellular homeostasis32,33 and development of disease34,35. Importantly, several CUL3 

complexes were also shown to regulate cell cycle progression20–22,30.

Our results suggest that the CUL3-KLHL22 E3-ligase ubiquitinates PLK1 at lysine 492 and 

regulates its localization specifically at kinetochores but does not regulate PLK1 protein 

stability. Importantly, this site was demonstrated to be ubiquitinyated in vivo in both recent 

proteomic studies27,28. Although we were unable to demonstrate the specific type of 

ubiquitin conjugation to PLK1 catalyzed by CUL3/KLHL22 in cells, our in vitro 
ubiquitintation data strongly suggest that PLK1 is modified by attachment of a mono-

ubiquitin. It is also possible that only a small fraction of PLK1, associated with kinetochores 

specifically when chromosomes achieve bi-orientation, gets modified. This modification is 

also likely to be very dynamic and quickly reversed by the activity of an unknown DUB. 

Thus, both the temporal and spatial restriction makes biochemical detection of such 

modification very difficult with conventional methods. However, in light of the available 

evidence, and because expression of a PLK1 K492R mutant strikingly mimics the mitotic 

defects observed upon downregulation of KLHL22 in cells, and conversely overexpression 

of KLHL22 reduces the interaction of PLK1 and BubR1 in a K492-dependent manner, we 

believe that CUL3-KLHL22 may directly mono-ubiquitinate this site to promote removal of 

PLK1 from kinetochores upon bipolar microtubule attachment. Interestingly, other CUL3-

based complexes were recently shown to catalyze monoubiquitination36,37. These findings 

significantly expand the versatility and possible functions of CUL3-based ligases, and 

implies that they not only target substrates for proteasomal degradation, but also regulate 
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reversible processes by regulating subcellular localization and possibly the activity and/or 

interactions of substrates in space and time.

Spatio-temporal regulation of CUL3/KLHL22

We demonstrate that KLHL22 associates with the mitotic spindle and its interaction with 

PLK1 increases upon chromosome biorientation. Interestingly, CUL3 was also demonstrated 

to associate to mitotic spindle30. These results could provide an insight into how physical 

attachment of microtubules may covert to a biochemical signal silencing SAC at the 

kinetochore. While GFP-KLHL22 did not accumulate at kinetochores, it is known that 

several dynamic kinetochore components are transported towards the spindle poles upon 

checkpoint inactivation by the dynein/dynactin pathway38–40. As CUL3 was previously 

reported to interact with components of the dynein-complex30,41, these results could explain 

how CUL3/KLHL22 uses the microtubule-spindle compartment to ubiquitinate and remove 

PLK1 from kinetochores upon chromosome biorientation.

CUL3-KLHL22 regulates the kinetochore activity of PLK1 and SAC singalling

We demonstrate that PLK1 ubiquitination specifically regulates its function at kinetochores. 

This is achieved by ubiquitination of a conserved lysine residue (K492) within its PBD 

domain. PBD-dependent localization of PLK1 in mitosis is only needed for the function of 

PLK1 on kinetochores and not on centrosomes13, which explains why no defects in bipolar 

spindle assembly could be observed upon inactivation of CUL3-KLHL22. These findings 

thus not only provide surprising insights into the temporal and spatial regulation of PLK1, 

but also suggest that regulated removal of PLK1 from kinetochores is an important process 

monitoring chromosome alignment. Current emerging view is that a single pathway may 

exist linking error correction to SAC activation42. Our data support this notion in that the 

KLHL22-ubiquitination pathway regulates phosphorylation of BubR1 (Ser 676) by PLK1 

and at the same time is sensed by MAD2-dependent SAC mechanism. Importantly, our 

results demonstrate that both inactivation of KLHL22 and expression of the PLK1-K492R 

mutant leads to delocalization of the microtubule-kinetochore attachment sensor RanGAP1 

protein. Thus, our results suggest that establishment of stable kinetochore-microtubule 

interactions is tightly regulated consistent with the recently published data8,9 and identify a 

mechanism leading to satisfaction of SAC and the metaphase to anaphase transition.

Our results suggest that KLHL22-mediated ubiquitination prevents molecular interaction of 

the PBD with its kinetochore receptor proteins. Thus, the CUL3-ubiquitination pathway may 

provide a novel mode of substrate regulation by affecting the local concentration of essential 

enzymatic activities, possibly including other kinases. Since KLHL22 preferentially 

interacts with a subset of protein kinases in our protoarrays, it is conceivable that CUL3-

KLHL22 complexes may also regulate the activity and/or localization of other protein 

kinases. Interestingly, our previous study demonstrated the role of a different CUL3-based 

complex in localization of Aurora B kinase21,22. It will therefore be exciting to study if 

CUL3 complexes more commonly orchestrate localized kinase activities through non-

degradative ubiquitination.
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Methods

Cell lines

The FLAG-KLHL22 and GFP-KLHL22 cell lines were created using the Flp-IN-T-Rex cell 

line (Invitrogen). GFP-PLK1 and HIS-PLK1 cell lines were generated using a HeLa FRT/To 

host cell line kindly provided by U. Kutay (Swiss Federal Institute of Technology, Zurich, 

Switzerland). The HeLa cell line expressing H2B-RFP44 was kindly provided by D. Gerlich 

(Swiss Federal Institute of Technology, Zurich, Switzerland). The HeLa cell line expressing 

tandem of three GFP tags and NLS signal45 was kindly provided by Peter V. Lidsky 

(Russian Academy of Medical Sciences, Russia). HeLa Kyoto and HEK293T cells were 

maintained as previously described21. Antibiotics for selection of cell lines were used as 

follows: Hygromycin (Invitrogen) 100μg/ml, Blasticidin (Invitrogen) 15μg/ml and 

Puromycin (Sigma Aldrich) 0,5μg/ml. Doxycycline (Sigma) for induction of protein 

expression was used at 1μg/ml or 0,1 μg/ml.

Chemicals (all Sigma) were used as follows: Taxol (Paclitaxel) 1μM (or as indicated), 

Nocodazole 2μM, Hydroxyurea 2mM, Thymidine 2mM, MG132 50μM and Monastrol 

100μM. The PLK1 inhibitor BI 2536 (Axon Medchem) was used at 100 nM as previously 

described6 and the general DUB inhibitor PR-619 (TebuBio) was used at 20μM.

cDNAs and siRNAs

cDNAs (RZPD) transfections were carried out using Lipofectamine 2000 (Invitrogen) 

according to the manufacturer instructions. siRNA transfections were performed using 

Oligofectamine (Invitrogen) according to the manufacturer’s instructions at a final 

concentration of 100 nM siRNA. The following siRNA oligonucleotides (Microsynth) were 

used: non-silencing control: UUCUCCGAACGUGUCACGU; for KLHL22 3 siRNAs were 

pooled: GCAACAACGAUGCCGGAUA; CCUAUAUCCUCAAAAACUU; 

GGACUGGCUCUGUGAUAAA; CUL3: CAACACUUGGCAAGGAGAC; MAD2: 

GAGUCGGGACCACAGUUUA; for PLK1 3’UUR RNAi 3 siRNAs were pooled: 

CCAUAUGAAUUGUACAGAA; GGGUUGCUGUGUAAGUUAU; 

GGGGUUGCUGUGUAAGUUA.

PLK1 mutagenesis

Point mutants of PLK1 were generated using pfu Turbo DNA Polymerase (Stratagene) 

according to the manufacturer’s instructions. Primers used for mutation of K492R were: 

GAGCACTTGCTGAGGGCAGGTGCCAAC & 

GTTGGCACCTGCCCTCAGCAAGTGCTC.

Microscopy

Live-cell microscopy was carried out using a LSM510 Screening Confocal Laser Scanning 

microscope (Zeiss) or Nikon Eclipse Ti. Immunofluorescence microscopy of fixed cells was 

performed as previously described21,22 using either a Delta Vision personalDV (Applied 

Precison) or a Leica DM6000B.
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Western Blotting and Immunoprecipitation

Preparation of HeLa cell extracts was described previously21. SDS-PAGE and Western blots 

were performed according to standard procedures. For immunoprecipitation, antibodies were 

coupled to Affiprep Protein-A beads (Biorad). FLAG-tagged KLHL22 was 

immunoprecipitated using anti-FLAG M2-Agarose beads (Sigma). GFP-fused proteins were 

immunoprecipitated using GFP-Trap agarose beads (Chromotek). Beads were incubated 

with cell extracts for 2h at 4°C under constant rotation. Prior to elution, beads were washed 

5x with TBS-T (20mM Tris pH8, 150mM NaCl, 0.05% Tween20).

For detection of PLK1 interaction with KLHL22 and with the phosphoreceptors, the 

GFPTrap® coupled to agarose beads (Chromotek) was used according to the manufacturers’ 

instructions. For the phosphoreceptor-binding experiment, cells were synchronized in 

mitotic state by Taxol for 13h and subsequently treated with PR-619 for 1h. Expression of 

PLK1WT and PLK1KR was induced for 24h. To detect the interaction of PLK1 with 

KLHL22 in response to chromosome biorientation, cells were synchronized in prometaphase 

by treatment with Monastrol for 16h and released into MG132-containing media for 1.5h to 

establish metaphase plates. Subsequently, cells were treated with Taxol (10μM) to abrogate 

microtubule-exerted tension, Nocodazole (10μM) to depolymerize microtubules or solvent 

control (DMSO) for further 1.5h. 10 μg of PLK1 rabbit polyclonal antibody (Abcam) or IgG 

control were coupled to protein A beads and used for immunoprecipitations of endogenous 

PLK1, while GFP-PLK1 was immunoprecipitated using GFP-Trap® beads (Chromotek).

In vitro kinase assay

For in vitro kinase assays GFP-PLK1WT or KR was first immunoprecipitated using GFP-

Trap® beads as described above but in the presence of 100 nM Okadaic acid. After the final 

wash with IP buffer, the beads were washed 3x with kinase buffer (20 mM Tris pH 7.0, 50 

mM KCl, 10 mM MgCl2 supplemented with 20 mM ß-glycerophosphate, 1 mM 

NaOrthovanadate, 2 mM NaF, 1 μg/ml Pepstatin, 1 μg/ml Leupeptin, 1 mM DTT, 1x 

COMPLETE Protease inhibitors and 100 nM Okadaic acid). 100μg Casein was added as 

artificial substrate and reactions were started by adding 400 μM ATP and 0.5 MBq γ-32P-

ATP.

Protein microarray experiments

For the generation of control protein microarrays, control proteins were spotted at 

decreasing concentrations onto PATH nitrocellulose slides (Gentel Biosciences) using a 

Piezoarray platform (Perkin-Elmer). GST-Aurora B was purchased from US Biologicals/

Lucerna-Chem and GST-LAPTM5 and GST-xHect were kindly provided by D. Rotin (The 

Hospital for Sick Children, Toronto, Canada). Ubiquitination microarray screens with 

CUL3/RBX1/KLHL22 were done in duplicates. For ubiquitination assays, Human 

ProtoArray PATH V.4 microarray slides (Invitrogen) were rinsed briefly with 0.5 % PBS-T 

and then blocked at room temperature for 1 h in blocking buffer (50 mM Hepes pH 7.5, 200 

mM NaCl, 0.08 % Triton X-100, 25 % Glycerol, 20 mM Glutathione, 1 mM DTT, 1 % 

BSA). Meanwhile, 10.2 μg of CUL3/RBX1/His-KLHL22 E3 ligase complex was in vitro-

neddylated with 2.5 μg human Nedd8 activating enzyme E1 (APPBP1/Uba3), 2.5 μg human 

E2 (UbcH12), 10 μg human Nedd8, 1x energy regeneration solution (ERS) and 1x 
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Ubiquitination buffer (45 mM Hepes, 2 mM NaF, 0.6 mM DTT) at room temperature for 15 

min. The slides were then rinsed gently in 1x Ubiquitination buffer for 5 min following 

incubation with the reaction mixture (270 μl containing the mixture after CUL3-neddylation 

and in addition 8 μg FITC-Ubiquitin, 7.5 μg rabbit E1 (UBE1), 7.5 μg rabbit E2 (UbcH5c), 

12.5 mM Mg-ATP and 1x Ubiquitination buffer) in the dark for 2 h. Slides were washed 3x 

in 0.5 % PBS-T for 10 min and then dried by centrifugation at 1000 g at room temperature 

for 5 min. Slides were scanned using a 488 nm laser on a ProScan Array HT (Perkin-Elmer).

For binding assays, Human ProtoArray PATH V.4 microarray slides were washed, blocked 

and rinsed gently in 1x Ubiquitination buffer (45 mM Hepes, 2 mM NaF, 0.6 mM DTT) for 

5 min following incubation with binding mixture (300 μl 1x Ubiquitination buffer containing 

3 μg Alexa647-MBP or Alexa647-MBP-KLHL22 - final concentration: 10 ng/μl) in the dark 

for 1 h. The slides were washed 2x 5 min and 1x 10 min in 0.1 % PBS-T and then dried by 

centrifugation at 700 g at room temperature for 5 min. Slides were scanned using a 633 nm 

laser on a ProScan Array HT (Perkin-Elmer). Binding microarray screens with Alexa647-

MBP-KLHL22 were done in duplicates whereas a single binding microarray screen was 

performed with Alexa674-MBP. Spot fluorescence intensities from the microarray screens 

were quantified using the ProScan Array HT (Perkin-Elmer) software. Protein Prospector 

Analyzer (Invitrogen) was used to compare duplicate screens. Proteins were scored as hits if 

50% of the pixels of the corresponding spots of both duplicates on both replica slides 

showed a signal stronger than 2x standard deviation values above background.

Ubiquitination assays and identification of ubiquitinated peptides by mass spectrometry 
(MS)

For in vitro ubiquitination assays, 1 μg Sf9-purified GST-CUL3/RBX122 mixed with 2 μg 

MBP or MBP-KLHL22 purified form E. coli was used as E3 ligase. The E3 ligase 

complexes were mixed with 0.5 μg recombinant PLK1 (Cell Signaling), 15 μg Ubiquitin, 

550 ng rabbit E1 (UBE1), 850 ng rabbit E2 (UbcH5b), 12.5 mM Mg-ATP and 1x ubiquitin 

reaction buffer, and incubated at 30°C for 1 h. All ubiquitination reagents were purchased 

from LuBio Science Gmbh/Boston Biochem. Reactions were terminated by addition of 

SDS-containing loading buffer, boiled at 95°C for 5 min and analyzed by Western blot.

For in vitro ubiquitination of PLK1 for MS analysis, the double amount of each reaction 

component was used in the ubiquitination reaction. After incubation of the reaction at 30°C 

for 1 h, unreacted free ubiquitin was removed by centrifugation in an Amicon Ultra-15 

centrifuge filter (cut-off: 30 kDa; Millipore). 5 mM DTT was added to the eluate and 

reduction was allowed to proceed at 45°C for 1 h. After cooling the sample, 15 mM 

Iodoacetamide (Sigma) was added and alkylation was allowed to proceed for 1 h. The 

sample was digested over night with sequencing grade modified Trypsin (Promega) in the 

presence of 0.05 % RapiGest (Waters) at 37°C. Prior to MS analysis a microspin column 

packed with C-18 material (The Nest Group) was used for sample cleanup. Briefly, the 

sample was acidified with 0.1 % TFA (Promega), loaded onto the reverse phase column, 

washed 3x with 0.1 % TFA in water, eluted with 0.1 % TFA in 80 % Acetonitrile (Sigma) 

and dried in a SpeedVac system (Thermo Scientific). Before MS, samples were resuspended 

in HPLC buffer A (0.1 % formic acid in water) and the peptides were separated on a self-
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packed 10x 0.075 mm C-18 (Michrom Bioresources) micro-capillary fused silica column 

(BGB Analytik AG) using a multi-step linear gradient: 2-10 % HPLC buffer B (Acetonitrile) 

in 1 min; 10-45 % in 120 min; 45-98 % in 3 min generated by an Agilent 1100 series HPLC 

(Agilent). MS and MS/MS data were acquired on a Thermofinnigan LTQ (Thermofinnigan) 

using a top three-data-dependent acquisition method. The raw data was converted to the 

mzXML format46 and analyzed using version 4.3.1 of the Trans Proteomics Pipeline. X!

Tandem with the comet score plug-in47 was used for the MS/MS assignment. The protein 

database used was ipi.HUMAN.v3.41.fasta. The condition files allowed for a variable 

modification of 114.1 Da at lysine residues, a static modification of 57 Da at cysteine 

residues and tryptic peptides with a maximum of 2 missed cleavages.

Antibodies

The following antibodies were used in the study: mouse monoclonal BubR1 (BD 

Biosciences 612502, 1:1000), pSer676 BubR1 (kind gift of E. A. Nigg, University of Basel, 

1:???), CREST (Antibodies Incorporated, 15-234, 1:250), rabbit polyclonal CUL321, mouse 

monoclonal FLAG (Sigma Aldrich F3165, 1:3000), mouse monoclonal GST (Labforce 

B-14, 1 :4000), rabbit polyclonal HA (Covance HA.11, 1 :3000), rabbit polyclonal KLHL22 

and KLHL2122, rabbit polyclonal KLHL9 and 1321, rabbit polyclonal Mad2 (Bethyl 

Laboratories A300-301A, 1 :5000), mouse monoclonal MBP (Abcam ab49923, 1 :1000), 

rabbit polyclonal PLK1 (Abcam ab70697, 1:1000), mouse monoclonal PLK1 (Abcam 

ab17057, 1:500), rabbit polyclonal PLK2 (kind gift of I. Hoffmann, DKFZ Heidelberg, 

Germany), mouse monoclonal αTubulin (Sigma Aldrich T5169, IF 1:5000, WB 1:10000), 

rabbit polyclonal γTubulin (Sigma T3559, 1:1000), mouse monoclonal Cyclin A (Sigma C 

4710, 1 :2000), mouse monoclonal Cyclin B1 (Santa Cruz GSN1, 1:5000), rabbit polyclonal 

phospho HistoneH3 (Upstate 06-570, 1:500), mouse monoclonal AuroraB (BD Biosciences 

611082/3, 1:250), mouse monoclonal Hec1 (GeneTex, ?? 1:???), rabbit polyclonal 

Pericentrin (Abcam ???, 1:???), mouse monoclonal GFP (Abcam ?? 1:??), mouse 

monoclonal RanGAP1 (Invitrogen 330800, 1:250), mouse monoclonal CDH1 (Abcam 

ab3242, 1:500) and mouse monoclonal HIS (IGBMC antibody facility, clone IG4, 1:250).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The BTB adaptor protein KLHL22 regulates SAC-dependent chromosome alignment 
during mitosis.
a, HeLa cells expressing H2B-mRFP were treated with the indicated siRNAs for 48 h and 

analyzed by live-cell microscopy. Stars indicate misaligned and lagging chromosomes. Bar 

is 10μm. b, The percentage of cells that complete mitosis normally or with a delay from 

prophase to anaphase (>50 min) or that undergo apoptosis during prometaphase was 

quantified (n = 50). c, The percentage of cells that undergo normal mitosis, become 

multinucleated or die during mitosis was quantified (n=50). d, HeLa cells were treated with 
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the indicated siRNAs for 48 h and analyzed by immunofluorescence microscopy for MAD2 

and kinetochores. The percentage of prometaphase and metaphase cells that contain one or 

more MAD2 positive kinetochores was quantified (n = 30). Example images are shown in 

Suppl. Fig. 1c. e, HeLa cells expressing H2B-mRFP were treated with the indicated 

mixtures of siRNAs for 48 h and analyzed by live-cell microscopy. The percentage of cells 

that die in prometaphase was quantified (n = 50). b-d, Bars represent the mean of three 

independent experiments. Error bars indicate +/-s.d.
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Figure 2. The CUL3-KLHL22 E3-ligase interacts directly with PLK1 and regulates its 
kinetochore localization during mitosis.
a, HeLa cells inducibly expressing FLAG-KLHL22 were treated with doxycycline (Dox), 

synchronized by double thymidine block release and harvested in mitosis by mitotic shake-

off. Cell extracts were immunoprecipitated with anti-FLAG antibodies and analyzed by 

Western blot. The asterisk indicates the band corresponding to PLK2. b, HeLa cells were 

synchronized as in (a) and extracts were immunoprecipitated with control (IgG IP) or anti-

PLK1 (PLK1 IP) antibodies and analyzed by Western blot. c, Recombinant GST or GST 
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fused to full length PLK1 (GST-PLK1) were incubated with recombinant MBP, MBP fused 

to full length KLHL21 (MBP-KLHL21) or KLHL22 (MBP-KLHL22), and 

immunoprecipitated using glutathione-sepharose beads. Immunoprecipitates (GST-IP) were 

washed in low and high salt conditions and analyzed by Coomassie blue staining and 

Western blot. d, Recombinant GST, GST fused to the Kelch repeats (GST-6K) of KLHL21, 

KLHL22 or KLHL9 were incubated with recombinant PLK1, immunoprecipitated using 

glutathionesepharose beads and analyzed by Western blot. e, HeLa cells were treated with 

the indicated siRNAs for 48 h, arrested in mitosis with Nocodazole for 14 h and analyzed by 

immunofluorescence microscopy. Bar is 5 μm. f, Quantification of relative intensity ratios of 

PLK1 : CREST staining on individual kinetochores (from 10 cells) from unsynchronized (as 

in Suppl. Fig. 3c, light grey) and Nocodazole synchronized cells(as in (e), dark grey). The 

ratios of control siRNA treated cells were set to 1. g, Quantification of intensity ratios of 

different kinetochore markers normalized to the corresponding CREST signals in control 

(light grey) and KLHL22 depleted (dark grey) cells. h, The relative kinetochore intensities 

of PLK1 were quantified as in (f) from cells treated with indicated siRNAs and Nocodazole 

(NOC), Taxol (TAX), Monastrol (MON), MG132 or DMSO. f, g, and h, Bars represent the 

mean of three independent experiments. Error bars indicate +/-s.d.
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Figure 3. KLHL22 regulates PLK1-mediated phosphorylation of BubR1 and stable KTMT 
attachments.
a, HeLa cells were treated with the indicated siRNAs for 48 h, arrested in mitosis with 

Nocodazole for 14 h and analyzed by immunofluorescence microscopy. Bar 5 is μm. b, 

Quantification of the relative intensity ratios of pS676 BubR1 : CREST on individual 

kinetochores (n = 10) from (a). Bars represent the mean of three independent experiments. 

Error bars indicate +/-s.d. c, HeLa cells were treated as in (a), harvested by mitotic shake-off 

and analyzed by Western blot. d, HeLa cells were treated as in (c), incubated with BI 2536 

as indicated and analyzed by Western blot. e, HeLa cells were treated with the indicated 

siRNAs for 48 h and analyzed by immunofluorescence microscopy. Insets are 3x zooms of 

the framed region. Bar is 10 μm.
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Figure 4. CUL3-KLHL22-mediated ubiquitination of PLK1 within the PBD domain regulates 
faithful chromosome alignment during mitosis.
a, Recombinant PLK1 was added to in vitro ubiquitination reactions containing GSTCUL3/

RBX1 complexes purified from Sf9 cells. Reactions were incubated for 1 h with MBP or 

MBP-KLHL22 purified from E. coli and analyzed by Western blot. Note that PLK1 was 

mainly monoubiquitinated (asterisk) under these conditions, but multiple sites were used 

with lower efficiency. b, Schematic representation of PLK1. The ubiquitin acceptor lysine 

K492 is indicated in blue, while residues required for PBD phosphosite targeting are 
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indicated in grey.c, Alignment of PLK1 regions containing the identified ubiquitin acceptor 

site K492 from different species. d, HeLa cells inducibly expressing GFP-PLK1 WT were 

treated with doxycycline (+/- Dox) and transfected with control or PLK1 3’UTR siRNA. 

Cell extracts were analyzed by Western blot. e, HeLa cell lines inducibly expressing GFP-

PLK1 wild type (WT) or the KR mutant were transfected with PLK1 3’UTR siRNA and 

analyzed by live-cell microscopy 24-48 h after transfection. Minutes before and after mitotic 

entry are indicated. Bar is 10μm. f, Quantification of cells from (e) that complete mitosis 

(green and yellow) versus cells that undergo apoptosis during prometaphase (red) (total 

numbers of cells analyzed: nWT=312, nKR=235). For the cells that complete mitosis, the 

duration from prophase to anaphase was quantified and the fraction of cells displaying a 

normal (green) or delayed (yellow) anaphase onset was calculated. Delay is defined as 

‘duration longer than WT average + 1x standard deviation’. Duration values were quantified 

from nWT=80, nKR=78 cells. g, Cells expressing GFP-PLK1WT (light grey) or GFP-PLK1KR 

(dark grey) were transfected with PLK1 3’UTR siRNA, fixed 36 h after transfection and 

analyzed by immunofluorescence microscopy. GFP-PLK1 was visualized by GFP 

microscopy, pS676 BubR1, RanGAP1 and CREST were stained using the corresponding 

antibodies. To quantify kinetochore-associated GFP-PLK1, GFP at individual kinetochores 

(n=322 kinetochores in total from 3 experiments) was normalized both to cytoplasmic GFP 

and to the corresponding CREST signal at kinetochores using the following equation: 

GFP(kinetochore) / GFP(cytoplasm) / CREST(kinetochore). pS676 BubR1 signals of 

individual kinetochores (n=36 kinetochores from 1 experiment) were normalized both to the 

corresponding CREST and GFP-PLK1 signal intensities using the following equation: 

(pS676 BubR1/CREST)/(GFP/CREST), while RanGAP1 intensities on individual 

kinetochores (n=322 kinetochores in total from 3 experiments) were normalized to CREST 

staining. Error bars indicate +/-s.d.
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Figure 5. CUL3-KLHL22-mediated ubiquitination of PLK1 regulates PBD-mediated phospho-
interactions at kinetochores and stable KT-MT attachments.
a, HeLa cells inducibly expressing HIS-PLK1 WT or the KR mutant were transfected with 

PLK1 3’UTR siRNA and analyzed by immunofluorescence microscopy. 5x zooms of the 

boxed regions are shown on the right side. Note: expression of PLK1KR mutant leads to 

increase in kinetochore association of PLK1 and decrease in RanGAP1 at kinetochores but 

not at the nuclear envelope (arrows) in interphase cells. Bar is 5 μm. b, Cells expressing 

HISPLK1WT (light grey) or HIS-PLK1KR (dark grey) were treated as in (Fig 4 g) and 

kinetochoreassociated HIS-PLK1 (n=150 kinetochores in total from 3 experiments) and 
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RanGAP1 (n=170 kinetochores in total from 3 experiments) were quantified as in (Fig 4 g). 

Error bars indicate +/-s.d. c, Model of PLK1 crystal structure43 highlighting the relevant 

residues of this study. The ubiquitin acceptor lysine K492 is shown in blue, the residues 

required for phosphopeptide targeting are shown in grey. d, Cells expressing GFP alone, 

GFP-PLK1WT or GFP-PLK1KR were synchronized in mitosis, immunoprecipitated using 

GFP-Trap beads and analyzed by Western blot. e, Cells expressing GFP alone, GFP-

PLK1WT or GFP-PLK1KR were transfected with either HA alone or HA-KLHL22 and 

immunoprecipitated using GFPTrap beads and analyzed by Western blot.
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Figure 6. KLHL22 accumulates at the mitotic spindle and its association with PLK1 peaks with 
chromosome biorentation.
a, Immunofluorescence microscopy was performed using a Doxycycline-inducible GFP-

KLHL22 cell line, which was synchronized in mitosis by RO3306 block and release, fixed 

and stained with CREST and α-tubulin using specific antibodies. GFP-KLHL22 is 

visualized only by its GFP fluorescence. Images are maximum intensity projections through 

Z-stacks spanning a total depth of 12 μm in 0.5μm increments. Bar is 10 μm. b, Workflow 

for synchronizing cells in metaphase and addition of DMSO, the microtubule-stabilizing 

drug Taxol (TAX) or the microtubule-depolymerizing agent Nocodazole (NOC). Note that 

Taxol allows MT attachment without tension being exerted on kinetochores, while 

kinetochores in Nocodacole-treated cells are not attached to MT’s. c, HeLa cells expressing 

HA-KLHL22 and GFP-PLK1 were treated as outlined in (b), harvested and GFP-PLK1 was 

immunoprecipitated and analyzed by Western blot. d, HeLa cells expressing HA-KLHL22 
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were treated as outlined in (b), harvested and endogenous PLK1 was immunoprecipitated 

and analyzed by Western blot. e, Model for ubiquitination-dependent regulation of PLK1 in 

mitosis by CUL3/KLHL22. PLK1 (green) localizes to kinetochores (dark blue) and 

phosphorylates (P) the key SAC component, BubR1 kinase (beige) to control chromosome 

alignment during prometaphase and metaphase stages. Following the establishment of stable 

attachments of kinetochores by microtubules (Tension) (black bars), CUL3 (red) together 

with the substrate specific adaptor protein KLHL22 (light blue) binds and ubiquitinates 

PLK1 (Ub, yellow) within the PBD domain leading to its dissociation from phosphoreceptor 

proteins and thereby efficient removal from kinetochores, allowing for silencing of SAC and 

chromosome segregation. This process may occur dynamically during prometaphase stages 

to allow for a precise correction mechanism sensing stable MT-KT interactions and 

microtubule-exerted tension and satisfaction of the SAC.
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