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SUMMARY

Centromeres and centrosomes are crucial mitotic
players. Centromeres are unique chromosomal sites
characterized by the presence of the histone H3-
variant centromere protein A (CENP-A) [1]. CENP-A
recruits the majority of centromere components,
collectively named the constitutive centromere
associated network (CCAN) [2]. The CCAN is neces-
sary for kinetochore assembly, a multiprotein com-
plex that attaches spindle microtubules (MTs) and
is required for chromosome segregation [3]. In
most animal cells, the dominant site for MT nucle-
ation in mitosis are the centrosomes, which are
composed of two centrioles, surrounded by a pro-
tein-rich matrix of electron-dense pericentriolar ma-
terial (PCM) [4]. The PCM is the site of MT nucleation
during mitosis [5]. Even if centromeres and centro-
somes are connected via MTs in mitosis, it is not
known whether defects in either one of the two
structures have an impact on the function of the
other. Here, using high-resolution microscopy com-
bined with rapid removal of CENP-A in human cells,
we found that perturbation of centromere function
impacts mitotic spindle pole integrity. This includes
release of MT minus-ends from the centrosome,
leading to PCM dispersion and centriole mis-posi-
tioning at the spindle poles. Mechanistically, we
show that these defects result from abnormal spin-
dle MT dynamics due to defective kinetochore-MT
attachments. Importantly, restoring mitotic spindle
pole integrity following centromere inactivation
lead to a decrease in the frequency of chromosome
mis-segregation. Overall, our work identifies an un-
expected relationship between centromeres and
maintenance of the mitotic pole integrity necessary
to ensure mitotic accuracy and thus to maintain ge-
netic stability.
C

RESULTS AND DISCUSSION

Centromere Dysfunction Impacts the Integrity of the
Mitotic Spindle Pole
To investigate the consequences of centromere dysfunction

during mitosis, we studied the consequences of rapid centro-

mere protein A (CENP-A) depletion using the AID system

(referred to as CENP-AAID) in diploid non-transformed human

RPE-1 cells (Figures 1A and 1B). CENP-A depletion for short pe-

riods of time results in a slight decrease in centromere and

kinetochore components without impairing chromosome segre-

gation [6]. In contrast, CENP-A loss for one entire cell cycle

leads to a severe degree of kinetochore perturbation and higher

rates of chromosome segregation errors (Figures S1A and

S1B) [6–8].

Using high-resolution microscopy (HRM), we characterized

mitotic spindle poles following centromere dysfunction. Under

these conditions, the area occupied by the spindle poles and

the microtubule (MT) minus-end components NuMA and

ASPM [9] increased (Figures 1C, 1D, and S1C–S1E). Further,

the PCM components CEP192, CEP215, and g-tubulin ap-

peared dispersed around the spindle poles (Figures 1C, 1E,

1F, and S1F–S1H). PCM dispersion in response to CENP-A

depletion was mitosis specific (from prometaphase to

anaphase) (Figures S1I and S1J), and it was observed also

in other cell lines (Figures S1K and S1L). While MT minus-

end re-localization was noticed at early time points (1 h of

Auxin, Figure 1D), PCM dispersion was only detected after

10 h of Auxin addition (Figures 1E and 1F). We also observed

pairs of centrioles that, despite being always together (Fig-

ure S1M), were mis-positioned at the center of the spindle

pole (hereafter called displaced centrioles). Mis-position was

defined by the increase in the angle formed between the

pole-to-pole axis and the centrioles (angle a, Figures 1G–1I),

which was increased in CENP-A-depleted cells (Figures 1G–

1I). Importantly, using the association Fisher’s exact test, we

found a significant association between all these defects (Fig-

ures 1J and 1K). PCM dispersion was restricted to the NuMA

area. It is thus possible that MT minus-end mis-positioning oc-

curs first leading then to PCM dispersion and displaced

centrioles.
urrent Biology 29, 1–9, September 23, 2019 ª 2019 Elsevier Ltd. 1
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Destabilization of Kinetochore-MT Interactions Is
Sufficient to Promote Loss of Mitotic Pole Integrity
CENP-C and NDC80 levels are reduced in CENP-A-depleted

cells [6]. Interfering with these components results in spindle

pole integrity defects (Figures 2A, S2A, and S2B), suggesting

that perturbing kinetochores and MT attachments (K-MTA) is

sufficient to compromise pole integrity, even in the presence

of CENP-A. We next used TAI-1, an NDC80 inhibitor that de-

stabilizes the interaction between NDC80 and MTs, without

affecting centromere architecture [10]. Increasing concentra-

tions of TAI-1 caused a dose-dependent increase in mitotic

errors (Figure S2D). To mimic the partial impairment of

K-MTAs observed upon acute CENP-A depletion (Figure S1B

and [6]), we treated cells with low doses of TAI-1. NDC80

inhibition over time resulted in a significant increase in the

number of mitotic cells displaying misaligned chromosomes

and spindle pole defects (Figures 2F–2K and S2E–S2G).

We ruled out an effect of NDC80 depletion in CENP-A

localization or maintenance (Figure S2H) or an additive effect

between CENP-A depletion and TAI-1 (Figures S2I and S2J).

Together with data from [6], we concluded that even minor

K-MTA perturbations are sufficient to trigger loss of spindle

pole integrity.

We assessed the dynamics of PCM dispersion by following

GFP-CEP192 by time-lapse microscopy. In control cells,

CEP192 accumulates at the centrosome until metaphase and

is then progressively unloaded. Although GFP-CEP192 fluores-

cence intensity was increased after TAI-1 treatment, we noticed

that CEP192 spread away from the centrosome before meta-

phase (Figure 2L and supplementary Video S1). This occurred

within the time span of normal mitosis (�17 min after NEBD;

Figure 2L).

Perturbing K-MTAs activates the spindle assembly checkpoint

(SAC) and extends mitotic duration (ExMD) that can result in

cohesion fatigue and spindle pole defects like centrosome frag-

mentation and multipolar spindles [11, 12]. We never observed

this type of defects and ruled out an effect of CENP-A depletion

in cohesion fatigue (Figures S2K and S2L). To test whether ExMD

contributes to loss of mitotic spindle pole integrity, we used two

strategies that result in ExMD by �20–30 min, similarly to what

was observed in CENP-A-depleted cells [6]. Both treatment

with Apcin—a chemical inhibitor of the APC/C [13]—and Cyclin
Figure 1. Centromere Dysfunction Compromises Mitotic Pole Integrity

(A) Schematic representation of the auxin inducible degron (AID) system.

(B) CENP-A and a-Tubulin levels assessed by immunoblotting of cell lysates at t

(C) Super resolution microscopy (SRM) images showing NuMA (red), CEP192 (gr

(HMs) shown on the left.

(D) Left panel: HM images of (C). Right panel: measurements of NuMA area at t

dependent experiments (IEs) (>30 mitotic poles).

(E) Left panel: HMs of (C). Right panel: relative CEP192 area for the indicated tim

(F) Percentage of cells with PCM dispersion. EBRM ± SD from 3 IEs (>50 cells).

(G) Immunofluorescence images of mitotic spindles (green), centrioles (red), and D

circles label the spindle pole and centrioles respectively.

(H) Left panel: HM of (G). Right panel: percentage of cells in each angle (a) category

using Kruskal-Wallis test.

(I) Percentage of cells showing displaced centrioles. EBRM ± SD from 3 IEs (>70

(J and K) Venn diagrams of cells with the indicated phenotypes. Statistical assoc

with unpaired t tests.

Scale bars, 5 mm. See also Figure S1.
B1 siRNA [14] (Figures S2M–S2O) did not cause spindle pole

defects (Figures S2P and S2Q). Accordingly, treatment with

MPI-0479605—a chemical inhibitor of MPS1—reduced mitotic

duration in CENP-A-depleted cells (Figure S2R) but did not sup-

press PCM dispersion (Figure S2S). In conclusion, ExMD does

not contribute to loss of pole integrity upon centromere

dysfunction.

PCM Dispersion Occurs by an MT Dynamics-Dependent
Mechanism
The NDC80 complex stabilizes MTs in vitro and in vivo [15, 16].

We tested whether CENP-A depletion leads to MT destabiliza-

tion through defects in maintaining NDC80-mediated K-MTAs.

To investigate this possibility, we first subjected cells to mild

cold treatment, which is known to induce MT depolymerization

of most spindle MTs, with the exception of the kinetochore fi-

bers (K-MTs) [17]. Upon centromere dysfunction, a drastic

reduction in the number of K-MTs was observed (Figures 3A,

3B, and S3A). To confirm the perturbation of MT dynamics,

we measured the length of GFP-EB1 tracks, a marker of MT

plus-ends [9], as a readout of MT growth [18]. Either CENP-A

depletion or NDC80 inhibition led to a decrease in the length

of EB1 tracks (Figure 3C; Video S2; Figures S3B and

S3C). These results demonstrate that centromere dysfunction

and the subsequent reduction in kinetochore NDC80 levels

decrease MT stability and dynamics.

Our results suggest that loss of pole integrity results from de-

fects in MT stability following centromere dysfunction. To test

this hypothesis, we treated cells with Taxol, an MT-stabilizing

agent [19] that binds b-tubulin monomers [20] along the entire

MT length [21]. This was sufficient to fully prevent PCM disper-

sion upon centromere dysfunction (Figures 3D, 3E, and S3D–

S3F). Similarly, decreasing the levels of MCAK—an MT depoly-

merase kinesin [22]—to induce MT stabilization [23, 24] was

sufficient to rescue spindle pole defects upon centromere

dysfunction (Figures 3F–3H and S3G–S3J).

We also inhibited MT minus-end dynamics by depleting Kata-

nin, a protein required to release MT minus-ends from the

centrosome [25–27]. Using Katanin siRNA, we observed that

spindle pole defects were decreased upon centromere dysfunc-

tion (Figures 3I–3K and S3K). Thus, MT release from the centro-

some occurs in a Katanin-dependent manner most likely
he indicated time points.

een) and DNA (blue). The yellow squares correspond to higher magnifications

he indicated time points. Error bars represent means (EBRM) ± SD from 2 in-

e points. EBRM ± SD from 3 IEs (>65 cells).

NA (blue). The yellow squares correspond to HM on the left. The red and white

. EBRM±SD from 3 IEs (>70 cells). Statistical significance was assessed (SSA)

cells).

iation between each phenotype was measured using Fisher’s exact test. SSA
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contributing to the outward spread of PCM proteins to the new

MT minus-end localization.

Spindle Pole Defects Contribute to Chromosome Mis-
Segregation Errors
We tested whether defects in pole integrity described here

contributed to chromosome mis-segregation errors, typical of

cells with centromere dysfunction (Figures S1A and S1B and

[6]). Importantly, MT stabilization viaMCAKor Katanin depletions

did not decrease the percentage of unattached kinetochores

upon centromere dysfunction (Figures 4A and S4E) but partially

rescued the percentage of cells with mitotic defects (Figures 4B–

4E and S4A–S4G) both in fixed or live cell-imaging experiments

(Figures 4B–4G and S4A–S4H; Video S3). This rescue was not

due to a slight increase in mitotic duration following Katanin

and MCAK depletion (Figure S4I), as Apcin treatment did not

restore proper chromosome segregation of CENP-A-depleted

cells (Figure S4J). Altogether, these results suggest that in cells

with compromised centromere function, stabilizing MTs and

restoring pole integrity partially contribute to the amending of

chromosome segregation errors by promoting chromosome

alignment before anaphase onset.

Our findings are consistent with the model presented in Fig-

ure 4H. Overall, our work puts forward a novel functional inter-

dependency between centromeres and centrosomes during

mitosis: perturbing centromere function compromises mitotic

pole integrity in an MT-dependent manner. Importantly, this

type of defect was only detected after extended periods of

CENP-A depletion (10–24 h), which is consistent with the ob-

servations that CENP-A depletion during G1 phase increased

substantially the rate of chromosome mis-segregation in the

following mitosis [6]. The means by which PCM dispersion,

caused by centromere dysfunction, contributes to mitotic de-

fects remain to be identified. It is possible that lack of spindle

pole integrity stabilizes the position of polar chromosomes,

which are then positioned away from the main chromosome

mass. Alternatively, defects in spindle pole integrity might

affect the interaction of polar MTs with chromosomes,

compromising congression of misaligned chromosomes. In

any case, these mis-localized chromosomes would skip the

opportunity to be incorporated into the main daughter nuclei

and form MN.

This surprising impact of centromere dysfunction on centro-

some integrity offers new perspectives on the idea initially
Figure 2. Destabilization of Kinetochore-MT Interactions Is Sufficient

(A) Schematic representation of centromere-kinetochore complexes and the stra

(B–E) Percentage of cells in each category. EBRM ± SD from 3 IEs (>105 and >7

(F) SRM images of CEP192 (green) and NuMA (red). DNA in blue. The yellow squ

(G) NuMA area. EBRMs ± SD from 2 IEs (>35 mitotic poles).

(H) Percentage of cells with PCM dispersion. EBRMs ± SD from 3 IEs (>60 cells)

(I) Images of mitotic spindles (green), centrioles (red), and DNA in blue. The yello

spindle pole and centrioles, respectively.

(J) Percentage of cells displaying the angle (a) indicated. EBRM ± SD from 3 IEs

(K) Percentage of cells EBRM ± SD from 3 IEs (>60 metaphase cells).

(L) Stills of time-lapse of GFP-CEP192 cells. Time is in minutes. The yellow square

next to the images, and percentage of cells presenting PCM dispersion is indicate

of (J) and (L), which used Kruskal-Wallis test.

Scale bars, 5 mm. See also Figure S2 and Video S1
proposed byD.Mazia [28] on the coordination between the chro-

mosome cycle with centrosomes and possibly other distant or-

ganelles even if in distinct compartments.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Renata

Basto (renata.basto@curie.fr).

This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture, generation of cell lines and treatments
Cell culture conditions

Cells were maintained at 37�C in a 5% CO2 atmosphere. hTERT RPE-1 cells (ATCC Cat# CRL-4000, RRID:CVCL_4388) and HeLa

cells (CLS Cat# 300194/p772_HeLa, RRID:CVCL_0030) were grown in Dulbecco’s modified medium (DMEM) F12 (11320-033

from GIBCO) containing 10% fetal bovine serum (GE Healthcare), 100 U/mL penicillin, 100 U/mL streptomycin (15140-122 from

GIBCO). Flp-In TRex-DLD-1 cells (ATCCCat# CCL-221, RRID:CVCL_0248) were grown in Dulbecco’s modifiedmedium +GlutaMAX

(61965-026 from GIBCO) containing 10% fetal bovine serum (GE Healthcare), 100 U/mL penicillin, 100 U/mL streptomycin (15140-

122 from GIBCO).

Cellsg were routinely checked for mycoplasma (PlasmoTest-Mycoplasma Detection Kit, InvivoGen, #rep-pt1) and underwent cell

authentication by short tandem repeat analysis (powerplex16 HS kit, Promega #DC2101) processed at the Genomics Platform

(Department of the translational research, Institut Curie).

Generation of RPE-1 CENP-CAID stable cell line

TALENs were assembled using the Golden Gate cloning strategy and library and cloned into a modified version of pcDNA3.1 (Invi-

trogen) also containing the Fok I endonuclease domain. TALENs were designed to the C-terminal region of CENP-C gene: GAGGA

AAGTGTTCTTC and GGTTGATCTTTCATC. RPE-1 cells were co-transfected with the TALEN expression vectors and the donor

cassette (containing the two homology arms for CENP-C C-terminal region and the AID and mRFP gene) by nucleofection (Lonza)

using program U-017 and solution KitV (Lonza). Single mRFP-positive cells were then isolated by FACS and tested for efficient

CENP-C targeting and depletion by IF.

Generation of HeLa CENP-AAID stable cell line

TALENs were assembled using the Golden Gate cloning strategy and library [30] and cloned into a modified version of pcDNA3.1

(Invitrogen) containing also the Fok I endonuclease domain [30]. TALENs were designed to the N-terminal region of CENP-A

gene: GTCATGGGCCCGCGCC and GGCCCCGAGGAGGCGCA. HeLa cells were co-transfected with the TALEN expression vec-

tors and the donor cassette (containing the two homology arms for CENP-A N-terminal region and the AID and EYFP gene) by nu-

cleofection (Lonza) and positive clones were selected by FACS.

Generation of RPE-1 GFP-CEP192 cell line

RPE-1 CEP192-NeonGreen cells were generated by using CRISPR/Cas9 technology in combination with rAAV mediated delivery of

the repair construct [31]. The gRNA was designed to cut close to the stop codon of CEP192 (CGACTAATTGGTGAAGCTCT) and

cloned into PX459 [32], a gift from Feng Zhang (Addgene plasmid # 48139; http://addgene.org/48139; RRID:Addgene_48139).

The repair construct was cloned into pSEPT and contains the left and right flanking region of the gRNA target site (960 bp and

672 bp). NeonGreen, for C-terminal fusion to CEP192, and the neomycin resistance gene aminoglycoside phosphotransferase

from Tn5 was cloned between the left and right homology arms. The expression of the neomycin resistance gene is linked to endog-

enous CEP192-NeonGreen expression through a P2A sequence.

Treatments

The following drugs are used in this study (the concentrations are indicated in the figures):

500mMAuxin (Sigma; I5148). TAI-1 (Selleckchem, S7495). Taxol (Sigma, T7402). Apcin (Sigma, SML1503). MPI-0479605 (Selleck-

chem, S7488).

METHOD DETAILS

Immunofluorescence microscopy
Cells were plated on coverslips in 12-well plates and treated with the indicated drugs. The day of the immunofluorescence, cells were

fixed using cold methanol (7 min at �20�C) or for NuMA and ASPM staining with 4% of paraformaldehyde + Triton X-100 (2000-C

from Euromedex) 0,1% in PBS (20 min at RT). Then, cells were washed three times using PBS-T (PBS 1X + 0,1% Triton X-100 +

0,02% Sodium Azide) and incubated with PBS-T + BSA (04-100-812-C from Euromedex) 0,5% during 30 min at RT. After three

washes with PBS-T, primary and secondary antibodies were incubated in PBS-T + BSA 0,5% during 1 hr and 30 min at RT, respec-

tively. Nuclear DNA was detected by mounting slides in Prolong� Gold antifade reagent supplemented with DAPI (P36935 from

Invitrogen).

For super-resolution microscopy

Images were acquired on a spinning disk microscope (Gataca Systems, France). Based on a CSU-W1 (Yokogawa, Japan), the spin-

ning head was mounted on an inverted Eclipse Ti2 microscope equipped with a motorized XY Stage (Nikon, Japan). Images were

acquired through a 100x 1.4NA Plan-Apo objective with a sCMOS camera (Prime95B, Photometrics, USA). Optical sectioning
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was achieved using a piezo stage (Nano-z series, MadCity Lab, USA). Gataca Systems’ laser benchwas equipped with 405, 491 and

561 nm laser diodes, delivering 150 mW each, coupled to the spinning disk head through a single mode fiber. Multi-dimensional

acquisitions were performed using Metamorph 7.10.1 software (Molecular Devices, USA). Super resolution was achieved on the

CSU-W1 spinning disk equipped with a super-resolution module (Live-SR, Gataca systems). This module is based on structured illu-

mination with optical reassignment technique and online processing leading to a two-time resolution improvement. The method

called multifocal SIM (MSIM) allows combining the doubling resolution together with the physical optical sectioning of confocal

microscopy.

For classical microscopy

Images were acquired on an upright widefield microscope (DM6B, Leica Systems, Germany) equipped with a motorized XY and a

100X objective (HCX PL APO 100X/1,40-0,70 Oil from Leica). Acquisitions were performed using Metamorph software (Molecular

Devices, USA) and a sCMOS camera (Flash 4V2, Hamamatsu, Japan).

Stacks of conventional fluorescence images were collected automatically at a Z-distance of 0.2 mm (Metamorph software; Molec-

ular Devices, RRID:SCR_002368). Images are presented as maximum intensity projections generated with ImageJ software

(RRID:SCR_002285), from stacks deconvolved with an extension of Metamorph software (RRID:SCR_002368).

Primary and secondary antibodies were used at the following concentrations

Primary antibodies: Guinea pig anti CEP192 antibody (1/500; Basto lab [29]), Rabbit Centrin 3 antibody (1/500; Basto lab [29]), Mouse

anti Tubulin antibody (1/500; T9026 from Sigma, RRID:AB_477593), Rabbit anti CEP215 antibody (1/500; A300-554A from Bethyl

Laboratories); Rabbit anti NuMA antibody (1/500; NB-500-174 from Novus Biologicals, RRID:AB_10002562); Mouse anti CENP-A

antibody (1/1000; ab13939 fromAbcam, RRID:AB_300766), Rabbit anti ASPMantibody (1/500; NB100-2278 fromNovus Biologicals,

RRID:AB_2060284), Mouse anti g-Tubulin antibody (1/500; T6557 from Sigma, RRID:AB_477584), Rabbit anti CENP-B antibody

(1/500; ab25734 from Abcam, RRID:AB_726801), Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa

Fluor 647 (1/250; A21245 from ThermoFisher, RRID:AB_2535813), Goat anti-Guinea Pig IgG (H+L) Highly Cross-Adsorbed Second-

ary Antibody, Alexa Fluor 488 (1/250; A11073 from ThermoFisher, RRID:AB_253411), Goat anti-Mouse IgG (H+L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor 546 (1/250; A11003 from ThermoFisher, RRID:AB_2534071).

Live imaging
Cells were plated on a dish (FD35-100 FluoroDish from World Precision Instruments) and treated with the indicated drug/siRNA or

transfected with GFP-EB1 plasmid (a gift from Lynne Cassimeris / Addgene plasmid #17234 [14],). Images were acquired on a spin-

ning disk microscope (Gataca Systems, France). Based on a CSU-W1 (Yokogawa, Japan), the spinning head was mounted on an

inverted Eclipse Ti2 microscope equipped with a motorized XY Stage (Nikon, Japan). Images were acquired through a 40x 1.4NA

Plan-Apo objective with a sCMOS camera (Prime95B, Photometrics, USA). Optical sectioning was achieved using a piezo stage

(Nano-z series, Mad City Lab, USA). Gataca Systems’ laser bench was equipped with 405, 491 and 561 nm laser diodes, delivering

150 mW each, coupled to the spinning disk head through a single mode fiber. Multi-dimensional acquisitions were performed using

Metamorph 7.10.1 software (Molecular Devices, USA). Stacks of conventional fluorescence images were collected automatically at a

Z-distance of 1.5 mm (Metamorph software; Molecular Devices, RRID:SCR_002368). Images are presented as maximum intensity

projections generated with ImageJ software (RRID:SCR_002285), from stacks deconvolved with an extension of Metamorph soft-

ware (RRID:SCR_002368).

Cold treatment
Cells were plated on coverslips in 12-well plates and treated with the indicated drugs. The day of the immunofluorescence, cells were

incubated during 12 min on ice and then incubated 30 s with Microtubule buffer (100 mM Pipes pH 6.9 with KOH, 0.1 mM CaCl2,

1 mM MgCl2, 0.1% Triton X-100). After, cells were fixed using 4% of paraformaldehyde in Microtubule buffer (25 min at RT).

Then, cells were washed three times using PBS-T (PBS 1X + 0,1% Triton X-100 + 0,02% Sodium Azide) and incubated with PBS-

T + BSA 0,5% during 1 hr at RT. After three washes with PBS-T, primary and secondary antibodies were incubated in PBS-T +

BSA 0,5% during 1 hr and 30 min at RT, respectively. Nuclear DNA was detected by mounting slides in Prolong� Gold antifade re-

agent supplemented with DAPI (P36935 from Invitrogen). For super-resolution microscopy, images were acquired on a spinning disk

system (Gataca Systems, France) based on an inverted microscope (Ti-E, Nikon) equipped with a sCMOS camera (Prime 95B, Pho-

tometrics), a confocal spinning head (X1, Yokogawa), a 100x 1.4 NA Plan Apo objective lens and a super-resolution module (Live-SR,

Gataca systems) based on structured illumination with optical reassignment technique and online processing leading to a two-time

resolution improvement. The method called multifocal SIM (MSIM) allows combining the doubling resolution together with the

physical optical sectioning of confocal microscopy. Stacks of conventional fluorescence images were collected automatically at a

Z-distance of 0.2 mm (Metamorph software; Molecular Devices, RRID:SCR_002368). Images are presented as maximum intensity

projections generated with ImageJ software (RRID:SCR_002285), from stacks deconvolved with an extension of Metamorph soft-

ware (RRID:SCR_002368).

siRNA transfection
siRNAs were provided by Dharmacon (ON-TARGETplus SMARTpool siRNA: siCtrl D-001810-10-05; siMCAK L-004955-00-0005;

siNDC80 L-004106-00-0005, siKATNA1 L-005157-02-0005, siCCNB1 L-003206-00-0005) and were used at 50 nM. Cells were
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transfected during 72 hr using JET PRIME kit (Polyplus Transfection, 114-07) according to themanufacturer protocol and 24 hr before

the end of the transfection cells were left untreated or treated with Auxin or TAI-1.

Western Blot analysis and antibodies
Cells were lysed in 8Murea, 50mMTris HCl, pH 7.5 and 150mM b-mercaptoethanol (161-0710 fromBio-Rad), sonicated and heated

at 95�C for 10 min. Samples (equivalent of 23 105 cells) were subjected to electrophoresis in NuPAGE Novex 4%–12%Bis-Tris pre-

cast gels (NP0321 from Life Technologies). Protein fractions from the gel were electrophoretically transferred to PVDF membranes

(PVDF transfer membrane; RPN303F from GE). After 1chr saturation in PBS containing 5% dry non-fat milk and 0.5% Tween 20, the

membranes were incubated for 1chr with primary antibody (see below) diluted in PBS containing 5% dry non-fat milk and 0.5%

Tween 20. After three 10 min washes with PBS containing 0.5% Tween 20, the membranes were incubated for 45cmin with a

1/2c500 dilution of peroxidase-conjugated antibody (see below). Membranes were then washed three times with PBS containing

0.5% Tween 20, and the reaction was developed according to the manufacturer’s specifications using ECL reagent (SuperSignal

West Pico Chemiluminescent Substrate; 34080 from Thermo Scientific).

Primary and secondary antibodies were used at the following concentrations

Rabbit anti CENP-A antibody (1/800; 2186S fromCell Signaling, RRID:AB_2078767), Mouse anti Tubulin (1/5000; T9026 from Sigma,

RRID:AB_477593), Rabbit anti Katanin A1 antibody (1/1000; PA5-31497 from ThermoFisher, RRID:AB_2548970), Rabbit anti MCAK

antibody (1/1000; ab95150 from Abcam, RRID:AB_10675766), Mouse anti Hec1 antibody (1/1000; ab3613 from Abcam,

RRID:AB_303949). Rabbit anti CENP-C antibody (1/1000; a gift from Iain Cheeseman, MIT, Boston and Ben Black, UPENN, Phila-

delphia), Mouse anti Vinculin antibody (1/2000, V9264 from Sigma, RRID:AB_10603627), Rabbit anti GAPDH antibody (1/1000;

14C10 from Cell Signaling, RRID:AB_561053), Mouse anti CCNB1 antibody (1/1000; sc245 from Santa Cruz, RRID:AB_627338),

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, HRP (1/2500; G21234 from ThermoFisher, RRID:AB_2536530),

Peroxidase AffiniPure Goat Anti-Mouse IgG (H+L) (1/2500; 115-035-003 from Jackson ImmunoResearch, RRID:AB_10015289).

Chromosome spreads for cohesion defect analysis
Cells were grown to�75%–80% confluency and growth mediumwas collected together with washing solution (1X PBS) and used to

harvest mitotic cells after trypsinisation. Cells were centrifuged 5min at 900 rpm. Pellet was gently resuspended in 5mL of hypotonic

solution (75 mM KCl) and cells were incubated for 15 min at 37�C. One mL of Carnoy’s fixative solution (methanol: acetic acid, 3:1)

was added and cells were centrifuged (5 min, 900 rpm). Pellet was resuspended in 5 mL of Carnoy’s added drop by drop on a low

speed vortex and cells were fixed 30 min at RT before centrifugation. Supernatant was discarded leaving a sufficient volume of

carnoy’s to resuspend the pellet. Cells were spread onto a cold glass slide and let dry. Slides were mounted using DAPI antifade

(metasystems probes). Immunofluorescence images were collected using a Deltavision Core system (Applied Precision).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantifications
Image analysis and quantifications were performed using ImageJ software. MT minus-end and PCM areas have been quantified us-

ing ‘‘wand’’ tool from ImageJ software. Angle between pole-to-pole axis and centrioles (angle a) has beenmeasure using ‘‘angle’’ tool

from ImageJ software.

Statistical analysis
At least three (n) independent experiments were carried out to generate each dataset. All data underwent normality check (Shapiro-

Wilk test) and in respect to that, appropriate tests were performed. Student’s t test was used to compare two conditions. Kruskal-

Wallis test was used to compare two populations. Fisher’s exact test was used to evaluate association between parameters.

Differences were considered statistically significant at values of Pc % c0.05. These tests were performed using GraphPad Prism

(RRID:SCR_002798) version 7.00 for Mac, GraphPad Software, La Jolla California USA, https://www.graphpad.com.

DATA AND CODE AVAILABILITY

This study did not generate/analyze datasets or code.
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