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SUMMARY
In eukaryotes, the spindle assembly checkpoint protects genome stability in mitosis by preventing chromo-
some segregation until incorrect microtubule-kinetochore attachment geometries have been eliminated and
chromosome biorientation has been completed. These error correction and checkpoint processes are linked
by the conserved Aurora B and MPS1 Ser/Thr kinases.1,2 MPS1-dependent checkpoint signaling is believed
tobe initiatedbykinetochoreswithout end-onmicrotubuleattachments,3,4 including thosegeneratedbyAurora
B-mediated error correction. The currentmodel posits thatMPS1 competeswithmicrotubules for binding sites
at the kinetochore.3,4 MPS1 is thought to first recognize kinetochores not blocked by microtubules and then
initiate checkpoint signaling. However, MPS1 is also required for chromosome biorientation and correction of
microtubule-kinetochore attachment errors.5–9 This latter function, which must require direct interaction with
microtubule-attached kinetochores, is not readily explained within the constraints of the current model. Here,
we show that MPS1 transiently localizes to end-on attached kinetochores and that this recruitment depends
on the relative activities of Aurora B and its counteracting phosphatase PP2A-B56 rather than microtubule-
attachmentstateper se.MPS1autophosphorylationalso regulatesMPS1kinetochore levelsbutdoesnotdeter-
mine the response to microtubule attachment. At end-on attached kinetochores, MPS1 actively promotes
microtubule release together with Aurora B. Furthermore, in live cells, MPS1 is detected at attached kineto-
chores before the removal of microtubules. During chromosome alignment, MPS1, therefore, coordinates
both the resolution of incorrect microtubule-kinetochore attachments and the initiation of spindle checkpoint
signaling.
RESULTS AND DISCUSSION

MPS1 can localize to end-on attached kinetochores
MPS1 has been shown to promote microtubule release when

tethered to microtubule-attached kinetochores,9 but it has so

far remained unclear when MPS1 carries out this role physiolog-

ically, given that competition with microtubules has been pro-

posed to preventMPS1 from binding tomicrotubule-attached ki-

netochores.3,4 We assessed an alternative model in whichMPS1

recruitment to kinetochores was coupled to microtubule occu-

pancy through kinase and phosphatase activities regulating the

state of the kinetochore rather than through direct competition

for binding sites alone (Figure 1A). Two lines of evidence support

this idea. First, the centromeric Aurora B kinase is known to pro-

mote MPS1 kinetochore localization directly, independently

from its role in generating microtubule-free, unattached kineto-

chores.10–15 Second, the balance between the kinase activity

of Aurora B and the opposing phosphatase PP2A-B56, respec-

tively, is critical for MPS1 binding and release at unattached ki-

netochores.10 A phosphorylation state change model predicts

a transition state in which MPS1 and microtubules are bound

to kinetochores simultaneously. First, it was important to
5200 Current Biology 32, 5200–5208, December 5, 2022 ª 2022 The
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ascertain that under physiological conditions, end-on microtu-

bule-attached kinetochores with high levels of MPS1 could be

observed. As predicted, in prometaphase cells, kinetochores

staining positive for the attached-kinetochore marker Astrin,16,17

as well as for MPS1, were present in small numbers (Figures

S1A–S1D). We hypothesized that if MPS1 localization was

controlled by transitions between phosphorylation states then

the stability of these states would be temperature-sensitive. To

test this, we used an established cold-treatment method,

originally aimed at distinguishing stable end-on from transient

microtubule-kinetochore attachments.18 A brief cold treatment

significantly increased the number of end-on attached kineto-

chores exhibiting levels of MPS1 equivalent to unattached kinet-

ochores, at metaphase plates (Figures 1B and 1C). To facilitate

the direct comparison of microtubule-attached and unattached

states in the same cell, we performed the same analysis in

HeLa cells treated with the KIF11/Eg5 inhibitor S-Trityl-L-

cysteine (STLC) to create monopolar spindles. Kinetochore pairs

in monopolar spindles typically contain one attached and one

unattached kinetochore, and cold treatment resulted in an

elevated frequency of kinetochores displaying equivalent

MPS1 levels on both kinetochores (Figures 1D, 1E, and
Author(s). Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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Figure 1. MPS1 can localize to end-on attached kinetochores

(A) Schematic diagram depicting transient MPS1 binding to microtubule-attached kinetochores.

(B) Nocodazole (Noc) or MG132 arrested HeLa MPS1-GFP cells were either directly fixed or cooled to 4�C for 9 min then fixed and immunostained as indicated.

(C) MPS1 kinetochore cell average intensities of cells in (B). Bars show mean ± SEM. ****p % 0.0001.

(D) STLC-arrested HeLa MPS1-GFP cells treated as in (B). The K-fiber marker HURP was used to visualize kinetochore attachments.19,20

(E) MPS1 kinetochore cell average intensities of cells in (D). ****p % 0.0001.

See also Figure S1.
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S1E–S1G). Importantly, the nature and appearance of microtu-

bule-kinetochore attachments and inter-kinetochore distances

were not changed under these conditions (Figures S1H–S1L).

Together, these data suggest that MPS1 localization is

controlled enzymatically rather than by direct competition with

microtubules alone.

PP2A-B56 phosphatase activity is required for loss of
MPS1 from attached kinetochores
Prompted by our previous observation that the phosphatase

PP2A-B56 regulates MPS1 levels at unattached kinetochores

by opposing Aurora B,10 we then asked if the inhibition of specific

phosphatase activities would stabilize MPS1 localization to
attached kinetochores. To test this idea, we examined endoge-

nousMPS1 localization inHeLaMPS1-GFP cells,21 briefly treated

with the potent PP2A and PP1 inhibitor calyculin A. Compared

with control cells, this treatment significantly increased the

amount of MPS1 detected at bioriented end-on attached kineto-

chores at metaphase plates (Figures 2A, 2B, S2A, and S2B).

Previous work had established that PP2A-B56 is recruited to

kinetochores via association with BUBR1.22,23 To test the

involvement of this specific pool of PP2A-B56, we replaced

endogenous BUBR1 with the PP2A-B56 binding deficient

BUBR1-L669A/I672A mutant (BUBR1LI/AA) (Figure S2G).22,24

The replacement of BUBR1 with mCherry-BUBR1LI/AA in

STLC-treated monopolar spindles reduced the number of
Current Biology 32, 5200–5208, December 5, 2022 5201
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microtubule-attached kinetochores (Figures S2H–S2J), but in

kinetochore pairs with a clear end-on attachment, MPS1 was re-

cruited to both the attached and the unattached kinetochore at

equivalent levels, as also observed for calyculin A treatment

(Figures 2C, 2D, and S2C–S2F). These observations demonstrate

that kinetochore-bound PP2A-B56 is required for kinetochores to

transition into a state inwhichMPS1will not localize. Presumably,

this relationship underpins the transition state we observed under

physiological conditions (Figures S1A–S1D). We set out to under-

stand how the kinase activities of MPS1 and Aurora B influence

these state transitions.

N-terminal autophosphorylation controls the MPS1
steady-state kinetochore level but not a response to
attachment
Autophosphorylation of the N-terminal kinetochore-binding

domain of MPS1 has been shown to modulate its localization at

unattached kinetochores.25,26 To test the importance of this

mechanism, we generated GFP-tagged MPS1 mutants lacking

all known autophosphorylation sites at S7, T12, T33, and S3725

and S15, T45, T46, and S4927 (Figure 2E) and used this version

of MPS1, GFP-MPS1N8A, to replace the endogenous protein

(Figure S2K). GFP-MPS1N8A accumulated to 2–2.5 times

higher levels than GFP-MPS1WT at unattached kinetochores

(Figures 2F, 2G, S2L, and S2M), similarly to kinase-dead MPS1

(GFP-MPS1KD).6,28 Importantly, GFP-MPS1N8A recruitment to ki-

netochores was not increased further by MPS1 inhibition,6 sug-

gesting that all relevant autophosphorylation sites had been

mutated (Figures S2L and S2M). Corroborating these findings,

phospho-mimetic mutations of the same sites (GFP-MPS1N8E) re-

sulted in poor kinetochore localization, which was not increased

uponMPS1 inhibition (Figures S2L and S2M). If autophosphoryla-

tion of the MPS1 N terminus was the key reason for the loss of

MPS1 from attached kinetochores, GFP-MPS1N8A should remain

localized to attached kinetochores in metaphase cells. However,

like GFP-MPS1WT, GFP-MPS1N8A was not observed on attached

kinetochores at metaphase plates or in a monopolar spindle situ-

ation (Figures 2F, 2G, S2N, andS2O) andbehaved very similarly to

GFP-MPS1WT, but differently from GFP-MPS1KD,28 in fluores-

cence recovery after photobleaching (FRAP) (t1/2 3.7 ± 1.3 s for

WT; 2.9 ± 0.9 s for N8A; 6.4 ± 2.1 s for KD) and live cell imaging
Figure 2. PP2A-B56 phosphatase activity is required for the loss of MP

(A) HeLa MPS1-GFP cells arrested with MG132 and treated with calyculin A (PP

kinetochores are on the right.

(B) Cell averages of kinetochore-MPS1 intensities at attached metaphase kinetoc

to the levels of MPS1 at unattached kinetochores without PP1/2Ai treatment (Fig

(C) STLC-arrested HeLa Flp-In TREx GFP-MPS1 cells depleted of endogenou

immunostained as indicated. Arrowheads indicate kinetochore positions.

(D) Cell averages of kinetochore-MPS1 in cells in (C). Bars show mean ± SEM. *

(E) Schematic diagram of the MPS1 N-terminal kinetochore targeting domain an

(F) HeLa Flp-In TREx cells depleted of endogenous MPS1 and expressing GFP-

were fixed and stained as indicated.

(G) Cell averages of MPS1 kinetochore intensities of cells in (F). Bars indicate me

(H) Plot of cumulative mitotic exit of HeLa Flp-In TREx cells depleted of endogen

(I) Average fluorescence recovery after photobleaching curves from nocodazole-a

GFP-MPS1 transgenes. ****p % 0.0001.

(J) HeLa Flp-In TREx cells depleted of endogenousMPS1 and expressing GFP-MP

for 10 min and immunostained as indicated.

(K) Cell averages of MPS1 kinetochore intensity from cells in (J). Bars show mea

See also Figure S2.
experiments (Figures 2H and 2I). This suggests that the removal

of MPS1 from kinetochores is not affected by the absence of

the N-terminal autophosphorylation sites. Therefore, we conclude

that, althoughMPS1N-terminal autophosphorylation doesmodu-

late the levels of MPS1 at unattached kinetochores, it is not the

mechanism conferring sensitivity to microtubule attachment.

Interestingly, kinase-dead GFP-MPS1KD, in contrast to GFP-

MPS1N8A, showed some localization to attached kinetochores

(Figures S2N and S2O). This difference is due to the fact that

kinase-dead or inhibited MPS1 cannot recruit BUBR1 and

associated PP2A-B56,22,23 which normally opposes Aurora

B-dependent MPS1 recruitment10 (Figures S2P–S2S). Hence,

for inactive MPS1, localization to attached kinetochores in mo-

nopolar spindles (Figures S2N and S2O) or at metaphase plates

is observed (Figures S2T and S2U). This is similar to what is

seen upon PP2A inhibition (Figures 2A and 2B) or loss of kineto-

chore B56 (Figures 2C and 2D), further confirming the importance

of PP2A-B56 for correct MPS1 localization.

Aurora B-dependent localization of MPS1 to
kinetochores can be uncoupled from the microtubule-
attachment status
We next explored the role of Aurora B activity in MPS1 recruit-

ment to kinetochores. The inhibition of Aurora B29 results in the

loss of MPS1 from unattached kinetochores, including the

MPS1KD (kinase-dead) and MPS1N8A mutants that cannot be

auto-phosphorylated6,10,13 (Figures 2J and 2K). To test whether

Aurora B activity at kinetochores is not only necessary but also

sufficient for MPS1 recruitment, we created a situation where

Aurora B activity could be modulated at microtubule-attached

kinetochores. For this, we generated HeLa cells expressing

both endogenously GFP-taggedMPS1 and a rapamycin-depen-

dent dimerization module that recruits a truncated version of the

Aurora B interaction partner INCENP, together with Aurora B, to

the outer kinetochore protein Mis12 upon rapamycin addi-

tion15,30 (Figure 3A). These cells were then arrested at meta-

phase, so all kinetochores were fully attached (Figure 3B,

middle; Figure 3D, �1 min). Upon rapamycin addition active,

T232-phosphorylated, Aurora B accumulated at kinetochores

to levels similar to those found on prometaphase centromeres

(Figures 3B and 3C). Live cell imaging showed that this
S1 from attached kinetochores

1/2Ai) were immunostained as indicated. Blow-ups of representative attached

hores in cells in (A). Scale bars represent mean ± SEM. Values were normalized

ures S2A and S2B). ***p % 0.001.

s BUBR1 and expressing mCherry-BUBR1WT or mCherry-BUBR1LI/AA were

**p % 0.001.

d autophosphorylation sites.

MPS1 transgenes treated with nocodazole and MG132 (Noc) or MG132 alone

an ± SEM. ****p % 0.0001.

ous MPS1 and expressing GFP-MPS1 transgenes. ****p % 0.0001.

rrested HeLa Flp-In TREx cells depleted of endogenous MPS1 and expressing

S1 transgenes arrested with nocodazole andMG132were treated with AurBKi

n ± SEM. ****p % 0.0001.
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Figure 3. Aurora B-dependent localization of MPS1 to kinetochores can be uncoupled from the microtubule-attachment status

(A) Diagram of the rapamycin-dependent dimerization module used to recruit INCENP-Aurora B to the kinetochore protein Mis12.

(B) HeLaMPS1-GFP cells expressing the Aurora B kinetochore targeting systemwere arrested with nocodazole or MG132 , then treated with rapamycin for 2min

as indicated and stained for Aurora B-pT232.

(C) Plot of Aurora B-pT232 centromere and kinetochore intensities. Bars represent mean ± SEM. ****p % 0.0001.

(D) Movie stills of HeLa MPS1-GFP cells expressing the Aurora B kinetochore targeting system treated with MG132. Cell at �1 min is at metaphase prior to the

addition of rapamycin. Tubulin and DNA were visualized with SiR-Tubulin and Hoechst.

(legend continued on next page)
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specifically resulted in the rapid recruitment of endogenous

MPS1-GFP to end-on attached kinetochores, to levels compara-

ble with those at unattached kinetochores (Figures 3D, 3E, S3A,

and S3B). As a consequence of this, downstream spindle check-

point proteins such as MAD1, BUB1, and BUBR1 were now

also detected on these kinetochores (Figures S3C–S3G). This

MPS1 recruitment to attached kinetochores was completely

dependent on Aurora B activity (Figures 3F and 3G). Interest-

ingly, cold-stable microtubule attachment was maintained on

average for 4–5 min after rapamycin addition but then started

to resolve, leading to chromosomes leaving themetaphase plate

(Figures 3D, 3E, and S3H–S3J). Although the loss of one-sided

microtubule-kinetochore attachment resulted in anaphase-like

chromosome movements, sister chromatid cohesion was main-

tained (Figures 3H and 3I). In summary, these data demonstrate

that MPS1 can be recruited to microtubule-attached kineto-

chores as long as Aurora B activity exceeds a threshold level.

When kinetochores bi-orient, Aurora B activity is attenuated

through spatial separation from its substrates,15 and PP2A-

B56 activity triggers the loss of MPS110 (Figures 2C and 2D).

HEC1/NDC80 is the key microtubule-binding component of the

outer kinetochore and has been suggested to constitute the

crucial Aurora B regulated binding site for MPS1 at unattached

kinetochores.4,31 However, although HEC1/NDC80 presence is

required for MPS1 recruitment,12,13 mutations of all described

Aurora phosphorylation sites in HEC1/NDC8032 to alanine or

phospho-mimetic aspartate did not reduce MPS1 recruitment

or render it resistant to Aurora B inhibition, confirming previous

reports12 (Figures S3K, S3O, and S3P), and did not change

MPS1 behavior in response to microtubule attachment

(Figures S3L–S3N). NDC80 itself is thus unlikely to be the crucial

target of Aurora B for promoting the recruitment of MPS1.

At end-on attached kinetochores, localized MPS1
promotes microtubule release
MPS1 has been described as an important factor for error

correction,5–9 yet when this activity occurs and how it is coordi-

nated with Aurora B has not been elucidated. Our findings sug-

gest that transient MPS1 localization to end-on attached kineto-

chores is important. To investigate this, we repeated the

rapamycin-induced Aurora B recruitment to kinetochores in the

presence of an MPS1 inhibitor. This did not alter the subsequent

recruitment of endogenousMPS1 to attached kinetochores (Fig-

ure 4A). However, MPS1 inhibition resulted in a marked delay in

the loss of kinetochore attachments in comparison with control

cells (Figures 4A, 4B, and S3J), consistent with an important

contribution by MPS1 to the prompt resolution of incorrect at-

tachments, as previously observed for kinetochore-tethered

MPS1.9 To confirmMPS1 functionality in a physiological setting,

high-resolution imaging of MPS1 at syntelic attachments under-

going error correction was carried out. This showed that
(E) Quantification of kinetochore intensities of MPS1-GFP (green), mCherry-FRB-

The line shows the mean, the shaded areas are SEM.

(F) HeLa cells as in (D) were stained with anti-Myc and anti-Astrin. AurKBi was a

(G) Kinetochore MPS1 cell intensities, normalized to Myc-Mis12 intensities, of ce

(H) HeLa cells as in (D) were either treated with MG132 alone, MG132 and rapam

(I) Percentage of joined sister-kinetochores, as visualized by CREST bridges. Ba

See also Figure S3.
endogenous MPS1 localization to end-on attached kinetochores

precedes the loss of attachment (Figures 4C and 4D), confirming

the idea that the transient presence of MPS1 at end-on attached

kinetochores is required for the timely removal of the attachment.

In summary, our findings suggest that MPS1 is recruited to kinet-

ochores marked by high Aurora B phosphorylation (Figure 4Ei). If

the attachment stabilizes and Aurora B is attenuated, thenMPS1

leaves the kinetochore (Figure 4Eii); otherwise, MPS1 then helps

destabilize the attachment and create an unattached kineto-

chore while simultaneously promoting the recruitment of the

components of the spindle assembly checkpoint machinery (Fig-

ure 4Eiii). By recruiting BUBR1, MPS1 also indirectly promotes

the kinetochore localization of the phosphatase PP2A-B56 that

is needed to ultimately stabilizemicrotubule attachments9,22,23,33

but also controls MPS1 binding to kinetochores (Figures 2A–2D).

This arrangement constitutes an incoherent feedforward loop in

whichMPS1 concurrently controls the removal aswell as the sta-

bilization of kinetochore microtubules (Figure 4F). Using an es-

tablished assay,9,33 we compared the effects of inhibiting Aurora

B or MPS1 on the formation of cold-stable microtubule-kineto-

chore attachments and bipolar spindle formation when PP2A-

B56 was depleted. The inhibition of Aurora B as evidenced by

the loss of histone H3-Ser10 phosphorylation (Figures S4A and

S4B) or MPS1 both re-established the cold stability of kineto-

chore fibers to a similar extent (Figures 4G and 4H). However,

MPS1 inhibition ‘‘rescued’’ the effect of PP2A-B56 depletion on

bipolar microtubule-kinetochore attachments required for an

organized spindle morphology more effectively than Aurora B in-

hibition, suggesting a more direct role for MPS1 on error correc-

tion (Figure 4I), consistent with this idea.

Current thinking is influenced by the notion that the Aurora B

phosphorylation of NDC80 at incorrect low-tension attachments

leads to microtubule detachment and attraction of MPS1 to

microtubule-free kinetochores, initiating spindle checkpoint

signaling.2 Here, we demonstrate that during error correction,

MPS1 is transiently recruited to end-on attached kinetochores.

This pool of MPS1 then contributes to prompt microtubule

release and simultaneous checkpoint protein recruitment. Re-

ported MPS1 substrates during this process include SKA3 and

HEC1/NDC80.9,34 It remains unclear how microtubule binding

elicits changes in the balance between Aurora B and PP2A-

B56 to control MPS1 localization, especially given that HEC1

does not seem to be the functionally relevant target of Aurora

B12 (Figures S3K–S3P). Elucidating this detail is an important

future goal that will fully explain how kinetochores are able to

sense microtubule attachment. Since the error correction pro-

cess and the spindle assembly checkpoint are crucial control

mechanisms that safeguard genome stability during chromo-

some segregation, these insights have important implications

for cancer research, where inhibitors of both Aurora B and

MPS1 are currently in clinical trial.
INCENP (magenta), or misaligned chromosomes (blue) in cells as shown in (D).

dded for 10 min prior to fixation, and rapamycin at 2 min prior to fixation.

lls in (F). Scale bars represent mean ± SEM. ****p % 0.0001.

ycin, or rapamycin and MPS1i and stained as indicated.

rs represent mean ± SEM.

Current Biology 32, 5200–5208, December 5, 2022 5205



A B

C D

E F

G H I

BUBR1

(legend on next page)

ll
OPEN ACCESS

5206 Current Biology 32, 5200–5208, December 5, 2022

Report



ll
OPEN ACCESSReport
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Cell lines

B Bacterial strains

d METHOD DETAILS

B Molecular biology

B Cell line generation

B RNAi and RNAi rescue assays

B Drug and cold treatments

B Immunofluorescence staining

B Immunofluorescence microscopy

B Super-resolution immunofluorescence microscopy

B Live cell imaging

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Image processing and analysis

B Statistical Analysis

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

cub.2022.10.047.

ACKNOWLEDGMENTS

We thank Francis Barr for encouragement, advice, and discussions and Bela

Novak and Tomoaki Sobajima for their helpful comments on the manuscript.

This work was funded by a Cancer Research UK Discovery Programme grant

DRCNPG-Nov21\100004 to U.G., a Medical Research Council grant MR/

K006703/1 to U.G., an Edward Penley Abraham grant RF 280 to U.G., and a

Medical Research Council studentship to E.R. The authors acknowledge

that this work would not have been possible without the HeLa cell line, which

was developed from Henrietta Lacks’ cells taken without compensation or

informed consent.

AUTHOR CONTRIBUTIONS

Conceptualization, U.G., D.H., and E.R.; methodology, U.G., D.H., and E.R.;

investigation, D.H. and E.R.; visualization, U.G., D.H., and E.R.; funding acqui-

sition, U.G.; project administration, U.G.; supervision, U.G.; writing – original

draft, D.H. and U.G.; writing – review & editing, U.G., D.H., and E.R.
Figure 4. At end-on attached kinetochores, localized MPS1 promotes

(A)Movie stills of HeLaMPS1-GFP cells with the Aurora B kinetochore targeting sy

imaging. Cells at �1 min are at metaphase before the addition of rapamycin. Tu

(B) Quantification of misaligned chromosomes in cells in (A).

(C) Live cell imaging stills of HeLaMPS1-GFP cells expressing HEC1-mCherry, inc

initially syntelically attached-kinetochore pair, where MPS1-GFP localization pre

(D) 136 kinetochores from cells in (C) were assessed for kinetochore attachment

(E) Model for MPS1 recruitment and function (see text for details).

(F) Incoherent feedforward loop describing MPS1 and PP2A-B56 kinetochore re

(G) Immunofluorescence analysis of control or PP2A-B56 depleted HeLa MPS1-

(H) Quantitation of microtubule stability in cells in (E). *p % 0.05, **p % 0.01.

(I) Quantitation of cells with well-organized bipolar spindles in (E). Bars show me

See also Figure S4.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr Ulrike

Gruneberg (ulrike.gruneberg@path.ox.ac.uk).

Materials availability
Plasmids and cell lines generated in this study are available on request.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d All original ImageJmacros described inmethod details have been deposited at Zenodo and are publicly available as of the date

of publication. DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HeLa (Henrietta Lacks) cells were cultured in DMEMwith 1x GlutaMAX (Life Technologies) containing 10% [vol/vol] bovine calf serum

at 37�C and 5% CO2. HeLa cells homozygously expressing endogenously tagged MPS1-GFP21 were selected with 550 mg/ml ge-

neticin. HeLa Flp-In TREx cells35 weremaintained in DMEMwith 1xGlutaMAX (Life Technologies) containing 10% [vol/vol] bovine calf

serum and 4 mg/ml blasticidine and 200 mg/ml hygromycin B at 37�C and 5%CO2. HeLa Flp-In TREx cells expressing endogenously

tagged GFP-MPS1 were maintained in medium additionally containing 0.2 mg/ml puromycin. HeLa cells expressing endogenously

tagged MPS1-GFP as well as the rapamycin-dependent Aurora B kinetochore targeting system were grown in DMEM with 1x

GlutaMAX (Life Technologies) containing 10% [vol/vol] bovine calf serum as well as 550 mg/ml geneticin and 1 mg/ml Puromycin.

Bacterial strains
For molecular biology, E.coli strain DH5a (Invitrogen, 18258-012) was used throughout the study. E.coli cells were cultured in stan-

dard LB medium supplemented with appropriate antibiotics at 37�C.

METHOD DETAILS

Molecular biology
Human MPS1, HEC1 and BUBR1 were amplified from Human testis cDNA (Marathon cDNA; Takara Bio) using Pfu polymerase

(Promega). Mammalian expression constructs were made using pcDNA5/FRT/TO vectors (Invitrogen), modified to encode the

EGFP- or mCherry-reading frames. BUBR1 mutagenesis has been described previously24 as has generation of MPS1 kinase-

deadmutants.10 To generate phospho-null (N8A) or phospho-mimetic (N8E)MPS1 autophosphorylation sites, the first 300 base pairs

of MPS1 were synthesized by Twist Bioscience with the sites encoding amino acids Ser7, Thr12, Ser15, Thr33, Ser37, Thr45, Thr46

and Ser49 changed to encode either alanine (N8A) or glutamic acid (N8E) residues. HiFi assembly (NEB) was then used to replace the

first 300 base pairs of MPS1 with the synthetic fragments in expression vectors. The HEC1-9A and 9D mutants32 were generated by

gene synthesis and cloned into pcDNA5/FRT/TO encoding a C-terminal GFP-fusion.

Cell line generation
HeLa cells homozygously expressing MPS1 endogenously tagged with GFP at the C-terminus have been described before.21 HeLa

cell lines with single integrated copies of the desired transgene were created using the T-Rex doxycycline-inducible Flp-In system

(Invitrogen35) using pcDNA5/FRT/TO vectors. MPS1 was endogenously tagged at the N-terminus with GFP using CRISPR/Cas9
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editing in HeLa cells already containing a single T-Rex doxycycline-inducible Flp-In integration site using a previously described

method.21,40 In brief, homology recombination cassettes containing the desired knock-in DNA with flanking regions of homology

of 1075 bp to the target locus were co-transfected with a version of pSpCAS9(BB) (Addgene, #48139) containing the guide RNA

sequence 5’-TCTTTGATGCTAGTTAAAGT-3’ and modified to remove puromycin resistance. The knock-in sequences harbor a pu-

romycin resistance marker followed by a glycine-serine rich flexible linker (GS), a P2A ribosome-skipping sequence, and the EGFP

protein sequence followed by a glycine-serine rich flexible linker (GS). Antibiotic-resistant cloneswere selected and successful modi-

fication was confirmed by western blotting.

INCENP kinetochore recruitment by rapamycin addition was achieved by editing a previously described system (plasmid

pERB109, Addgene #58280).30 This was adapted by placing miRFKBP5_Mis12-GFP-FKBP3 under doxycycline-inducible expres-

sion and replacing GFP with a Myc tag. INCENP 47-918 was inserted after mCh-FRB. 831 and 804 bp homology arms flanking

the AAVS1 safe harbour locus were also added, and the system was stably integrated into the AAVS1 safe harbour locus of HeLa

cells homozygously expressing MPS1 endogenously tagged with GFP at the C-terminus by CRISPR/Cas9 knock-in, using the guide

RNA sequence 5’-GTTAATGTGGCTCTGGTTCT-3’ (Addgene constructs #72833 and #7283436).

RNAi and RNAi rescue assays
All siRNA depletions were performed for 48 hours. Control siRNA was performed against GL2 (luciferase) (5’-CGUACGCGGAAUA

CUUCGAUU-3’) (Dharmacon (#D-001100-01-20). siRNA oligos targeting PP2A-B56 have been described previously24 andwere pur-

chased from Dharmacon. All other siRNA oligonucleotides were purchased from ThermoFisher Scientific. RNAi rescues assays with

GFP-MPS1/mCherry-BUBR1/mCherry-HEC1 transgenes were all performed using the same protocol in which siRNA depletion was

carried out for 48 hours in total. Transgene induction was initiated with the addition of 2 mM doxycycline (InvivoGen) 2 hours prior to

siRNA addition. EndogenousMPS1was depleted using oligonucleotides against the 3’ UTR (50-UUGGACUGUUAUACUCUUGAA-30,
50-GUGGAUAGCAAGUAUAUUCUA-30, and 50-CUUGAAUCCCUGUGGAAAU-30).21 Endogenous HEC1was depleted using oligonu-

cleotides against the 5’ UTR (5’-CCCUGGGUCGUGUCAGGAA-3’).12 Endogenous BUBR1 was depleted using oligonucleotides

against the 3’ UTR (50-GCAATCAAGTCTCACAGAT-30).24 A second induction was performed 24 h into the siRNA depletion.

Drug and cold treatments
Nocodazole (0.6 mM) treatments of cells to depolymerize microtubules and arrest the cells in a prometaphase-like state were per-

formed for 2 hours. STLC (10 mM) treatment to inhibit Eg5 kinesin and generate monopolar spindles was also performed for 2 hours.

MG132 (20 mM) to inhibit the proteasome and arrest cells in metaphase was performed for 30 min. MPS1 inhibition was performed

using AZ3146 (2 mM) for 15 min. Aurora B inhibition was performed using ZM447439 (10 mM) for 10 min. When cells arrested in no-

codazole or STLC were treated with AZ3146 or ZM447439, or in experiments with the MPS1 phospho-mutants, the proteasome in-

hibitor MG132 (20 mM) was added 30 min prior to fixation to prevent premature mitotic exit. Rapamycin was added at 500 nM, with

times indicated in figures. Mitotic cells were cold treated by placing cell dishes on ice and replacing the existing media with media

(DMEM with 1% (vol/vol) GlutaMAX (Life Technologies) containing 10% (vol/vol) bovine calf serum) at 4�C. Cells remained on ice for

9 min then were fixed at room temperature.

Immunofluorescence staining
Cells were fixed with PTEMF buffer (20mM PIPES-KOH pH 6.8, 0.2% v/v Triton X-100, 10mM EDTA, 1mMMgCl2, 4% v/v formalde-

hyde) for 12 minutes at room temperature. Coverslips were incubated in blocking buffer (3% w/v bovine serum albumin, 0.1% v/v

Triton X-100 in PBS) for a minimum of 45 minutes. Coverslips were incubated face-down on 80ml droplets of primary antibodies

in a humidified chamber for 1 hour. Following primary antibody incubation coverslips were washed 3 x in PBS. Secondary donkey

antibodies against mouse, rabbit, guinea pig, or sheep, labelled with Alexa Fluor 405, Alexa Fluor 488, Alexa Fluor 555, or Alexa Fluor

647 (Molecular Probes) were used at 1:1000. Coverslips were incubated face-down on 80ml droplets of diluted antibodies in a hu-

midified chamber for 45 minutes. Coverslips were washed 3 x in PBS and 1 x in distilled deionised water. Coverslips were left to

dry completely before being mounted with 7ml of Mowiol 4-88 (Sigma) according to manufacturer’s instructions. For the images in

Figure 2G and for inter-kinetochore distance measurements, coverslips were mounted onto droplets of Vectashield Plus (2bscien-

tific) and sealed with clear nail polish.

Immunofluorescence microscopy
Samples seeded on #1.5 thickness coverslips were imaged on a DeltaVision Core light microscopy system (GE Healthcare) using a

1003/1.4-NA objective fitted to an Olympus IX-71 microscope stand. Standard filter sets for DAPI (excitation 390/18, emission 435/

48), FITC (excitation 475/28, emission 525/48), TRITC (excitation 542/27, emission 597/45), and Cy-5 (excitation 632/22, emission

676/34) were used to sequentially excite and collect fluorescence images on a CoolSnap HQ2 CCD camera (Photometrics) using

the software package softWoRx (GE Healthcare). Cells were imaged using a 0.2-mm interval and a total stack of 2 mm and decon-

volved for presentation using softWoRx. For quantification, imaging was performed using a 603/1.35-NA oil-immersion objective

on a BX61 Olympus microscope equipped with filter sets for DAPI, EGFP/Alexa Fluor 488, 555, and 647 (Chroma Technology), a

CoolSNAP HQ2 camera (Roper Scientific), and MetaMorph 7.5 imaging software (GE Healthcare).
Current Biology 32, 5200–5208.e1–e8, December 5, 2022 e5



ll
OPEN ACCESS Report
Super-resolution immunofluorescence microscopy
Samples seeded on #1.5 thickness coverslips were imaged on anOlympus SoRa spinning disk confocal microscope using a 60x/1.5-

NA objective fitted to an Olympus IX-83 microscope stand with 3.2 x optical zoom and a Yokogawa CSU-W1 SoRa super-resolution

spinning disk. Solid state lasers emitting 405 nm, 488 nm, 561 nm and 633 nm were used. Images were captured with a Prime BSI

sCMOS camera (photometrics) using Olympus cellSens software package. Images were acquired with a 0.24 mm interval over a total

distance of 4.8 mm. Constrained iterative deconvolution was performed on cellSens.

Live cell imaging
Cells seeded on circular glass bottom Fluorodish imaging dishes (World Precision Instruments) in Fluorobrite media (ThermoFisher

Scientific) supplemented with 10% [vol/vol] FBS and 1xGlutaMAX (ThermoFisher Scientific) were imaged at 37�Cwith 5%CO2 on an

Olympus SoRa spinning disk confocal microscope using a 60x/1.5-NA or 100x/1.45-NA objective fitted to an Olympus IX-83 micro-

scope standwith a YokogawaCSU-W1 SoRa super-resolution spinning disk. Solid state lasers emitting 405 nm, 488 nm, 561 nm and

633 nm were used. Images were captured with a Prime 95B sCMOS camera (photometrics) using Olympus cellSens software pack-

age. Kinetochores of STLC arrested cells were imaged using the 100x/1.45-NA objective as 1.3 mm stacks with intervals of 0.26 mm

across a period of 15minutes with 30 second intervals. STLC (10 mM)was added 4 hours prior to imaging. 10 mmstacks with intervals

of 0.5 mmof MG132/Nocodazole arrested cells were imaged using the 60x/1.5-NA objective at intervals of 2min over a total period of

22 minutes, with 100 ul PBS + Rapamycin added in the interval between the first a second timepoint. SiR-Tubulin (50 nM) and

Hoechst (4 mM) were added 1 hour prior to imaging.

For determining mitotic timings of GFP-MPS1 Flp-In TREx cell lines, cells were seeded on 6-well #1.5H glass-bottomed dishes

(Cellvis) in Fluorobrite media (ThermoFisher Scientific) supplemented with 10% [vol/vol] FBS and 1x GlutaMAX (ThermoFisher Sci-

entific). Imaging was performed using a 20x/0.75 NA air objective on an EVOS M7000 (ThermoFisher) with software version

2.0.2094.0, equipped with an onstage incubator and DAPI, GFP, Texas Red, and Cy5 light cubes. Cells were imaged at 37�C under

5% CO2 every 5 minutes for 12 hours. At each time point and stage position a stack of 4 z-planes was taken spaced 3mm apart were

acquired. SiR-DNA was added 1 hour prior to imaging.

For FRAP measurements of GFP-MPS1 Flp-In TREx cell lines, cells were seeded on 35mm Fluorodish imaging dishes (World Pre-

cision Instruments) in Fluorobrite media (ThermoFisher Scientific) supplemented with 10%FBS and 1xGlutaMAX (ThermoFisher Sci-

entific). Imaging was performed using an IX81 (Olympus) coupled to an Ultraview Vox spinning disk confocal system (PerkinElmer)

fitted with an EM-CCD camera (C9100-13; Hamamatsu Photonics) and on-stage incubator (Tokai Hit), using a 603/1.42 NA oil im-

mersion objective. Cells were imaged at 37�C under 5%CO2. Nocodazole was added to cells 1 hour prior to imaging. A 488nm (GFP)

laser was used to image a single focal plane every 250ms for 1 second prior to the bleach step. Following this, the 488nm laser was

used to perform a 1 second bleach step at 100% power over a single kinetochore. Subsequently, images of the same focal plane

were taken every 250ms for 60 seconds using the 488nm laser.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image processing and analysis
Image processing and analysis was performed using the Fiji distribution of ImageJ.37 For figures, deconvolved images acquired on a

DeltaVision Core light microscopy system were cropped to 350 x 350px and maximum projected. Channels were subject to linear

contrast adjustment. Within each figure contrast adjustment of each channel is the same between conditions and merges.

Quantitation was performed on images of cells from a BX61 Olympus microscope which were cropped to 250 x 250px and sum

projected through 7 z-slices. Kinetochore intensities for each fluorescence channel were determined by placing 8px-diameter circu-

lar ROIs at themaxima of individual non-overlapping kinetochores andmeasuring themean pixel intensity of each channel within said

selections. Where possible 20 kinetochores were measured per cell. Background measurements were derived by taking an equiv-

alent number of pixels as were in the ROI which were as close as possible to the ROI without overlapping with kinetochores. In brief, a

binary mask of kinetochore signal was generated by performing a tophat transform of the CENP-C channel and thresholding using an

iterative intermeansmethod.41 Pixels were radially selected from outside the kinetochore ROI and, if not overlapping with signal in the

binary kinetochore mask, added to a new background ROI. Once 52px had been incorporated into the background ROI the mean

pixel intensity of each channel within said ROI was measured.

Data analysis was performed in Rstudio38 using the Tidyverse collection of packages.39 Kinetochore signal intensities were back-

ground-adjusted by subtracting the background signal on a channel-by-channel basis. Next, the mean intensity of the channel of

interest was divided the mean intensity of the CENP-C channel on a per-kinetochore basis. The mean kinetochore localization inten-

sities were then calculated for each cell. Normalization was performed within repeats by dividing each cell’s mean kinetochore local-

ization intensity by that of the group which was being normalized to.

Measurements of microtubule width, and of HURP and Tubulin intensity on attached K-fibers, were performed in Fiji on DeltaVision

acquired images prior to deconvolution. Microtubule width was measured on single Z-planes of metaphase microtubule bundles

which were clearly attached to a kinetochore and had no adjacent microtubule bundles. A 1 mm line was drawn from the center of

the kinetochore through the axis of themicrotubule, then the linewas rotated 90� so that the linewas perpendicular to themicrotubule

and 0.5 mm away from the kinetochore. Measurements of pixel intensity along the line were taken. A subsequent 1 mm line was then

drawn parallel to the microtubule bundle and the average pixel intensity along that line was subtracted as background signal.
e6 Current Biology 32, 5200–5208.e1–e8, December 5, 2022



ll
OPEN ACCESSReport
Measurements of HURP and Tubulin intensity were taken from projected images stack of STLC orMG132 arrested cells respectively.

Measurements were only taken from microtubule bundles which were clearly attached to a kinetochore and had no adjacent micro-

tubule bundles. Measurements were recorded from a circular ROI with a 0.25 mm radius placed 0.5 mm (Tubulin) or 2 mm (HURP) from

the edge of the kinetochore at the center of the microtubule bundles. An adjacent cytoplasmic circular ROI was also measured and

that value subtracted as background. Inter-kinetochore distances were determined by measuring the x, y and z coordinates of the

maxima of anti-KNL1 kinetochore staining at sister kinetochores pairs. Kinetochore pairs were ascertained based on CREST staining

of the centromeric region between the sister kinetochores.

In cells expressing the Aurora B kinetochore targeting system, measurements of anti-AurB-pT232 following mCherry-FRB-IN-

CENP recruitment to kinetochores were performed by measuring the mean intensity of anti-AurB-pT232 and CREST staining within

a 4-pixel radius ROI centred around kinetochores as determined by the CREST staining. This ROI encompassed kinetochores and

centromeres at unattached kinetochores (Nocodazole), but only kinetochores at metaphase kinetochores (MG132). A measurement

of adjacent chromatin Aurora B pT232 and CREST staining were taken as backgroundmeasurements and subtracted from the kinet-

ochore/centromere values. AurB-pT232 values were subsequently divided by the CREST values for normalisation. 20 kinetochores

were measured per cell. Measurements were normalised to the Nocodazole treated condition.

Sister chromatid cohesion following mCherry-FRB-INCENP recruitment to aligned kinetochores in cells expressing the Aurora B

kinetochore targeting system was measured by counting the proportion of joined kinetochore pairs. Joined kinetochores demon-

strate a ‘‘bridge’’ of CREST staining the centromeric region between the individual kinetochores, as marked by CENP-C staining.

When sister chromatid cohesion is lost, there is no longer a CREST bridge joining the two kinetochores. As a control, loss of sister

chromatid cohesion was induced by the addition of 2 mM of MPS1 inhibitor AZ3146 for 20 minutes in the absence of MG132.

The cold stability of mitotic spindles in cells expressing the Aurora_B kinetochore targeting system, and in cells depleted of PP2A-

B56, was measured by classifying mitotic spindles as either: having no spindle (majority of kinetochores clearly not attached to mi-

crotubules), having a disorganised spindle (majority of kinetochores attached tomicrotubules but not aligned at ametaphase, or hav-

ing an organised bipolar spindle (majority of kinetochores attached to microtubules and aligned at the metaphase plate).

Anti-Histone H3 pSer10 (H3pS10) staining on chromatin was measured by creating a binary mask of chromatin based on Hoechst

staining. The area of this mask and total fluorescence signal of anti-H3pS10 was measured, as was the average anti-H3pS10 fluo-

rescence in an adjacent area of cytoplasm. The average cytoplasmic background signal was multiplied by the area of the chromatin

binary mask and subtracted from the total chromatin anti-H3pS10 signal. Measurements were normalised to the mean fluorescence

of the control condition.

Analysis of kinetochore MPS1-GFP and mCherry-FRB-INCENP-47-918 from live imaging was performed by placing five 8 pixel-

diameter circular ROIs over MPS1 positive kinetochores at the first timepoint they were visible. The same ROIs were then measured

at previous timepoints. ROIs were moved where needed at subsequent timepoint to track the same kinetochores. Background mea-

surements were taken from 5 chromatin free cytoplasmic regions. Where no MPS1 positive kinetochores were visible, ROIs were

taken from 5 points of the mitotic plate, as defined by Hoechst staining. Chromosome misalignment was measured by generating

a rectangular ROI at timepoint 0 which covered the metaphase plate as defined by Hoechst staining, and measuring the intensity

of Hoechst staining. A second measurement was taken of the total level of Hoechst staining in the cell (the cell boundary defined

by cytoplasmic GFP signal). A third measurement wasmade of the average background intensity outside of the cell, which wasmulti-

plied by the area of either the metaphase plate ROI or whole cell ROI, and subtracted from those values. A percentage of chromatin

outside of the metaphase plate could then be ascertained and reported as percent of chromosomes that are misaligned. This was

performed for each timepoint, with the rectangular ROI measuring the area of the metaphase plate moved where needed to be

covering what remained of the metaphase plate and so as to be perpendicular with the spindle axis, as defined by SiR-Tubulin stain-

ing. Where chromosome misalignment was severe and SiR-Tubulin staining demonstrated that no microtubules remained in the vi-

cinity of the area previously occupied by the metaphase plate, the level of chromosome misalignment was set as 100%.

Analysis of GFP-MPS1 mitotic timings on live cell data was performed on maximum projections of movies. DNA morphology was

used to record at which timepoints cells entered NEBD or anaphase.

Analysis of GFP-MPS1 FRAP measurements was performed using an in-house ImageJ macro. Movies in which the kinetochores

drifted out of the focal plane at any point were discarded. At each timepoint, following background correction, the signal from the

bleached ROI was divided by that of the whole cell to correct for general photobleaching. This metric was then normalised to the

average of that from the 4 pre-bleach timepoints. A single exponential fit was used to determine t1/2 timings.

Statistical Analysis
All statistical analysis was performed using GraphPad Prism version 9.2.0 for Windows (GraphPad Software, San Diego, California

USA, www.graphpad.com). Each cell measured was considered as a biological replicate (n), hence mean measurements calculated

for each cell were used for statistical analysis. At least three independent repeats of each experiment were performed, with statistical

analysis performed using a sum of biological replicates from all independent experiments. The precise n numbers (where n is the

number of cells analysed) is indicated in the figures.

Data sets were tested for normal distribution via a D’Agostino-Pearson omnibus K2 test. If all groups in an experiment were nor-

mally distributed, then the means were compared using a parametric statistical test as follows. If only two groups were compared

then an unpaired 2 tailed t-test was used (with Welch’s correction if the groups had unequal standard deviations). If more than

two groups were compared with equal standard deviations a one-way ANOVA was used, which if rejected was followed by a
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Tuckey’s multiple comparisons test. If more than two groups were compared with unequal standard deviations a Brown-Forsythe

ANOVA was used, which if rejected was followed by a Dunn’s multiple comparisons test.

If all groups did not exhibit a normal distribution then medians were compared using a non-parametric statistical test as follows. If

only two groups were compared then a Mann-Whitney test was used. If more than two groups were compared then a Kruskal-Wallis

test was used, which if rejected was followed by a Dunn’s multiple comparisons test. Graphs display the mean± SEM. p-values are

shown on graphs as follows: p > 0.05 = not significant (n.s.), p % 0.05 = *, p % 0.01 = **, p % 0.001 = ***, p % 0.0001 = ****.
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