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SUMMARY
Chromosome segregation in mammals relies on thematuration of a thick bundle of kinetochore-attachedmi-
crotubules known as k-fiber. How k-fibersmature from initial kinetochoremicrotubule attachments remains a
fundamental question. By combining molecular perturbations and phenotypic analyses in Indian muntjac fi-
broblasts containing the lowest known diploid chromosome number in mammals (2N = 6) and distinctively
large kinetochores, with fixed/live-cell super-resolution coherent-hybrid stimulated emission depletion
(CH-STED) nanoscopy and laser microsurgery, we demonstrate a key role for augmin in kinetochore micro-
tubule self-organization and maturation, regardless of pioneer centrosomal microtubules. In doing so, aug-
min promotes kinetochore and interpolar microtubule turnover and poleward flux. Tracking of microtubule
growth events within individual k-fibers reveals a wide angular dispersion, consistent with augmin-mediated
branched microtubule nucleation. Augmin depletion reduces the frequency of kinetochore microtubule
growth events and hampers efficient repair after acute k-fiber injury by laser microsurgery. Together, these
findings underscore the contribution of augmin-mediatedmicrotubule amplification for k-fiber self-organiza-
tion and maturation in mammals.
INTRODUCTION

Accurate chromosome segregation during mitosis relies on the

formation of a thick bundle of microtubules (MTs) that attach at

the kinetochore (KT) region of each chromosome to formKT fibers

(k-fibers) (Rieder, 1982). While the molecular basis of end-on KT-

MT attachments has been elucidated in recent years and was

shown to involve the conserved Ndc80 complex (Musacchio and

Desai, 2017), the mechanism by which mammalian KTs attach

up to dozens ofMTswithin amatter ofminutes remains poorly un-

derstood. For years, this process, known as k-fiber maturation,

was thought to relyonconsecutive roundsof ‘‘searchandcapture’’

by centrosomal MTs (Kirschner and Mitchison, 1986). However,

thisproved tobehighly inefficient (Wollmanet al., 2005) and incon-

sistentwith the rapid acceleration of k-fibermaturation after a rela-

tively slow initial MT capture rate at KTs (McEwen et al., 1997).

Moreover, searchandcapturebycentrosomalMTscannotexplain

k-fiber formationandmaturation incells thatare naturally devoidof

centrosomes, such as in land plants or female oocytes (Wads-

worth and Khodjakov, 2004), or after experimental centrosome
This is an open access article under the CC BY-N
inactivation in animal somatic cells (Khodjakov et al., 2000; Mou-

tinho-Pereira et al., 2013).

Short non-centrosomal MTs can be nucleated in the vicinity of

chromosomes and KTs due to the MT stabilizing activity pro-

moted by a Ran-GTP gradient and/or the chromosomal passen-

ger complex (Maiato et al., 2004; Maresca et al., 2009; O’Connell

et al., 2009; Sampath et al., 2004; Tulu et al., 2006; Witt et al.,

1980). These short MTs are then captured and oriented with their

plus ends toward the KT by CENP-E/kinesin-7 motors, and pre-

formed KT MTs (kMTs) subsequently incorporated into the spin-

dle by a dynein-mediated interaction with non-kMTs (Elting et al.,

2014; Hueschen et al., 2017; Khodjakov et al., 2003; Maiato

et al., 2004; Sikirzhytski et al., 2014; Sikirzhytski et al., 2018).

Augmin, an octameric Y-shaped complex that recruits g-tubulin

to pre-existing MTs, triggers branched MT nucleation, thereby

contributing to rapid MT amplification in the spindle (Goshima

et al., 2008; Goshima et al., 2007; Hsia et al., 2014; Kamasaki

et al., 2013; Lawo et al., 2009; Petry et al., 2013; Petry et al.,

2011; Uehara et al., 2009; Verma and Maresca, 2019; Wainman

et al., 2009). In particular, the augmin complex has been
Cell Reports 39, 110610, April 5, 2022 ª 2022 The Author(s). 1
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Figure 1. A live-cell RNAi screen in Indian muntjac fibroblasts identifies augmin as a critical spindle assembly factor required for chro-

mosome segregation

(A) Schematic representation of the mitotic screen performed in IM fibroblasts. Mitotic timings (T. NEBD-AO) were determined and genes blindly clustered based

on the probability of occurrence of eight binary features: A, incomplete congression and faster mitosis; B, incomplete chromosome and normal mitotic duration;

(legend continued on next page)

2 Cell Reports 39, 110610, April 5, 2022

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
previously implicated in k-fiber formation (Goshima et al., 2008;

Lawo et al., 2009; Uehara et al., 2009; Zhu et al., 2008), but the

underlying mechanism remains unclear. On one hand, in

Drosophila and human cells, augmin subunits were shown to

interact with the Ndc80 complex (Bucciarelli et al., 2009; Wu

et al., 2009), which is required for the stabilization of end-on

KT-MT attachments, offering an alternative mechanistic expla-

nation that is independent of augmin’s roles in MT amplification

from pre-existing MTs. On the other hand, augmin-mediated MT

amplification was recently shown to be the predominant source

of spindle MTs in human somatic cells and was proposed to ac-

count for the directional bias of MT growth toward the KTs after

initial capture of pioneer centrosomal MTs (David et al., 2019).

However, due to intrinsic limitations imposed by the high chro-

mosome number and the sub-diffraction size of human KTs

and associated k-fibers, augmin’s role in k-fiber maturation

has not been directly assessed. Moreover, the recent finding

that most KTs in human cells develop their own k-fibers by ‘‘sort-

ing’’ short randomly oriented non-centrosomal MTs that appear

in the immediate vicinity of the KTs (Sikirzhytski et al., 2018) calls

into question the requirement of pioneer centrosomal MTs for

k-fiber maturation.

The Indian muntjac (IM) (Muntiacus muntjak), commonly

known as barking deer, is a placental mammal whose females

have the lowest known diploid chromosome number of their

class (2N = 6) (Wurster and Benirschke, 1970). As a result of

repeated cycles of tandem and centric fusions (Chi et al.,

2005; Mudd et al., 2020), IM cells have long and morphologically

distinct chromosomes with unusually large KTs (up to 2 mm linear

length) that bind up to 60 MTs (Comings and Okada, 1971; Drpic

et al., 2018; Rattner and Bazett-Jones, 1989). These cytological

features, combined with recent large-scale ruminant genome

sequencing efforts (Chen et al., 2019), create the ideal conditions

to directly dissect the molecular mechanism underlying k-fiber

maturation in mammals. Here we used RNAi and high-resolution

live-cell microscopy to investigate the role of more than 60

conservedmitotic proteins inmitotic spindle assembly and chro-

mosome segregation in IM fibroblasts. Assisted by sub-second

live-cell super-resolution CH-STED nanoscopy analysis (Pereira

et al., 2019) of MT growth within individual k-fibers and direct

perturbation of k-fiber structure by laser microsurgery, we iden-

tified augmin as the main driver of k-fiber self-organization and

maturation.

RESULTS

A live-cell RNAi screen in IM fibroblasts identifies
augmin as a critical spindle assembly factor required for
chromosome segregation
We used high-resolution live-cell microscopy combined with

RNAi in hTERT-immortalized IM fibroblasts (Zou et al., 2002)

stably expressing histone H2B-GFP (to visualize chromo-
C, incomplete congression and prolonged mitosis; D, congression delay; E, me

cytokinesis failure.

(B) Dendrogram highlighting the hierarchical relationships between 10 distinct

respective frequencies. The severity of the defects increases from left to right. Eu

fingerprints.
somes) and labeled spindle MTs with 50 nM SiR-tubulin (Drpic

et al., 2018; Lukinavicius et al., 2014) to screen the roles of 63

conserved mitotic genes in spindle assembly and chromo-

some segregation in this system (Figures 1A and 1B). Control

cells took 25 ± 8 min (mean ± standard deviation [SD.]) from

nuclear envelope breakdown (NEBD) until the completion of

chromosome alignment (metaphase), or 37 ± 7 (mean ± SD)

min until anaphase onset (AO) (Figures 2A, 2A0, 2B, and S1).

Upon RNAi, phenotypical fingerprints were generated for

each protein based on the fraction of cells that exhibited

one or more of the following defects: (1) incomplete congres-

sion and faster mitosis (NEBD-AO < 23 min); (2) incomplete

congression and normal mitotic duration (23 % NEBD-

AO < 52 min); (3) incomplete congression and prolonged

mitosis (NEBD-AO R 52 min); (4) congression delay (NEBD-

metaphase R 41 min); (5) metaphase delay (metaphase-AO

R 28 min); (6) anaphase lagging chromosomes; (7) mitotic

death; and (8) cytokinesis failure (Figures 1A, 2A0, and S1).

To facilitate the visualization of the observed phenotypes,

we set up a public repository where time-lapse movies,

phenotypical fingerprints, siRNA sequences, and western blot-

ting analysis for each depletion can be conveniently browsed,

and is freely available as a community resource (http://

indianmuntjac.i3s.up.pt). An unbiased systematic cluster anal-

ysis defined 10 distinct clusters and few ‘‘orphan’’ proteins

that highlight hierarchical relationships based on phenotypic

similarities and respective frequencies (Figure 1B). Among

others, depletion of the Ndc80 complex (Nuf2, Ndc80, and

Spc24), Aurora A, chTOG, or the chromosomal passenger

complex (INCENP, Survivin, and Aurora B) was highly detri-

mental for spindle assembly and/or chromosome segregation

(Figures 1B, 2A, 2A0, 2C, and S1). Interestingly, co-depletion of

VASH1 and VASH2, two recently identified carboxypeptidases

involved in a-tubulin detyrosination (Aillaud et al., 2017; Nieu-

wenhuis et al., 2017), clustered together with CENP-E/kinesin-

7 (Figures 1B, 2A, 2A0, 2C, and S1), providing genetic evidence

for the role of MT detyrosination in the regulation of CENP-E-

dependent congression of pole-proximal chromosomes (Bari-

sic et al., 2015). Surprisingly, depletion of HURP and TPX2,

two proteins previously implicated in Ran-GTP-dependent

acentrosomal k-fiber formation (Katayama et al., 2008; Silljé

et al., 2006; Torosantucci et al., 2008; Tulu et al., 2006;

Wong and Fang, 2006), resulted only in very mild mitotic de-

fects (Figures 1B, 2A, 2A0, 2C, and S1). In contrast, depletion

of Eg5/kinesin-5 or the augmin complex subunit HAUS6

emerged as the most deleterious conditions for mitosis in IM

fibroblasts (Figures 1B, 2A, 2A0, 2C, and S1). Because the crit-

ical role of Eg5/kinesin-5 motor activity in centrosome separa-

tion and bipolar spindle assembly is well established (Mann

and Wadsworth, 2019), we focused on dissecting the mecha-

nism by which augmin affects spindle assembly and chromo-

some segregation.
taphase delay; F, anaphase lagging chromosomes; G, mitotic death; and H,

clusters (I–X) and few orphan proteins based on phenotypic similarities and

clidean distance was used as the distance metric to compare the phenotypical
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Figure 2. Augmin depletion is one of the most deleterious conditions for mitosis in Indian muntjac fibroblasts

(A) Examples of the phenotypic analysis performed by live-cell spinning-disk confocal microscopy in IM fibroblasts: siHURP (n = 17 cells), siTPX2 (n = 26 cells),

siCENP-E (n = 25 cells), siVASH1/2 (n = 26 cells), siNuf2 (n = 26 cells), siChTOG (n = 18 cells), siAurora B (n = 18 cells), and siHAUS6 (n = 13 cells). Mock trans-

fection (lipofectamine only) was used as control (n = 52 cells). Scale bar: 5 mm. Time is shown as hours:minutes.

(A0) Radar plots illustrating the phenotypic fingerprints reflecting the probability of occurrence of the eight analyzed features, A–G, for the depletions shown in

Figure 1A. Zero corresponds to a null event and 1 to all cells displaying a certain event.

(B) Mitotic timings from NEBD-metaphase and NEBD-AO in control cells. Data pooled from three independent experiments. Error bars indicate mean ± SD.

(C) Validation of RNAi efficiency by immunoblotting with specific antibodies against each target protein (upper band), except for VASH1/2, where only anti-VASH1

was used, and Nuf2, where anti-Hec1was used. The bottom band corresponds to anti-GAPDH (siTPX2, siMad2, siVASH1/2, siNuf2, and siHAUS6), anti-a-tubulin

(siHURP, siCENP-E, and siAuroraB), or anti-vinculin (siChTOG), which were used as loading controls. CNT, control.
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Augmin recruits g-tubulin to the spindle region and
promotes robust k-fiber and interpolar microtubule
formation in IM fibroblasts
To validate whether augmin’s requirement for k-fiber formation

was conserved in IM fibroblasts we started by using conventional

fluorescence microscopy in fixed metaphase cells. In agreement

withour live-cell data,mitotic spindle lengthafterHAUS6depletion

was reducedalmost50%relative tocontrols (Figures2A, 2A0, S2A,
andS2A0). IMHAUS6 (�80%similar tohumanHAUS6protein)was

found associated with spindle MTs (Figure S3A), and its depletion

drastically reduced g-tubulin accumulation in the spindle region

(FiguresS2BandS2B0). Thesephenotypeswere the specific result

of augmin perturbation since RNAi-mediated depletion of another

augmin subunit (HAUS1) was indistinguishable from HAUS6

depletion (Figure S3B). Immunofluorescence analysis of Mad2,

which accumulates at unattached KTs (Chen et al., 1996), and

HURP, which decorates the KT-proximal ends of k-fibers (Silljé

et al., 2006), revealed that robust k-fiber formation was signifi-

cantly compromised in HAUS6-depleted cells (Figures S2C,

S2C0, S2D, and S2D0). Indeed, cold treatment at 4�C for 5 min to

selectively destabilize non-kMTs, complemented by immunofluo-

rescence analysis of detyrosinated and acetylated a-tubulin, two

post-translational modifications associated with stableMTs (Kha-

waja et al., 1988; Piperno et al., 1987; Webster et al., 1990),

confirmed that k-fibers were nearly absent after HAUS6 depletion

(Figures S2E, S2E0, S4A, S4A0, S4B, S4B0). Depletion of Ndc80, an
outer KTprotein required for the stabilization of end-onMTattach-

ments (MusacchioandDesai,2017)wasusedasapositivecontrol,

with the noticeable exception of acetylated a-tubulin, which re-

mained close to control levels (likely due to the preservation of in-

terpolar MTs), suggesting that detyrosinated a-tubulin has higher

selectivity for more stable kMTs (Figures S2D, S2D0, S2E, S2E0,
S3C, S3D, S4A, S4A0, S4B, and S4B0).
Togainadditional insight into the roleof augmin in k-fiber forma-

tion, we optimized fixation conditions to preserve MT structure

(see STARMethods) and inspected HAUS6-depleted cells by su-

per-resolution coherent-hybrid stimulated emission depletion

(CH-STED) nanoscopy, which improves contrast in complex 3D

structures relative to conventional 2D-STED (Pereira et al.,

2019). This analysis confirmed the absenceof robust k-fibers after

augmin perturbation (Figure 3A). In addition, we found that

HAUS6-depleted cells exhibited overly elongated astral MTs

(Figures3Aand3B). To ruleout apossible role for theaugmincom-

plex in centrosome-dependentMTnucleation (Wuet al., 2009),we

performed anMT regrowth assay after treatment with the MT-de-

polymerizing drug nocodazole for 2 h, a condition that completely

depolymerized all MTs without compromising cell viability, fol-

lowed by nocodazole washout and fixation after 2, 5, and

10 min, in the presence or absence of HAUS6 (Figures S5A,

S6A, and S6B). We found that, after HAUS6 depletion, centro-

some-nucleated astral MTs grew significantly longer than con-

trols, 5 and 10 min after nocodazole washout, despite being

slightly shorter at 2 min (Figures S5A and S5B). By comparison,

depletion of Ndc80 led to a similar, yet less pronounced, outcome

(Figures S5A and S5B). In contrast, perturbation of the TOG-

domain proteins chTOG and CLASPs, which promote MT

polymerization (Al-Bassam and Chang, 2011), significantly

compromised MT regrowth from centrosomes after nocodazole
treatment/washout in all timepoints (FiguresS5A andS5B). These

results strongly suggest that, regardless of the underlying molec-

ular nature, experimental perturbation of k-fiber formation in IM

cells is sufficient to bias tubulin polymerization toward astral MTs.

To obtain a quantitative picture of augmin’s contribution to

k-fiber and interpolar MT formation, we processed IM fibroblasts

for immunofluorescence detection of PRC1 and b-tubulin. PRC1

was only preserved upon cold methanol fixation and was found

enriched along overlapping interpolar MTs (also known as

bridging fibers) (Kajtez et al., 2016) in control metaphase cells

(Figure 3C). Surprisingly, HAUS6 depletion caused the disper-

sion of PRC1 to both parallel and antiparallel MTs (Figure 3C).

For this reason, we implemented a quantitative assay relying

exclusively on the b-tubulin signal to determine the proportion

of KT and non-kMTs (Figure 3D; see STAR Methods). This anal-

ysis revealed that HAUS6 depletion caused �60% reduction in

the total spindle MT population, affecting both KT and interpolar

MTs (Figure 3E). Taken together, these data demonstrate that

augmin recruits g-tubulin to the spindle and is required for k-fiber

and interpolar MT formation in IM fibroblasts.

Augmin sustains centrosome-independent microtubule
self-organization from kinetochores
Recent correlative light and electron microscopy studies in early

prometaphase in human cells revealed that most k-fibers form

by capturing short randomly oriented non-centrosomal MTs that

appear in the immediate vicinity of the KTs (Sikirzhytski et al.,

2018). To investigate the role of augmin in centrosome-indepen-

dent k-fiber self-organization, we followed MT regrowth from IM

KTs (labeled with 2xGFP-CENP-A) after nocodazole treatment/

washout,which recapitulatesMTself-organization fromKTsunder

physiological conditions (Sikirzhytski et al., 2018; Tulu et al., 2006;

Witt et al., 1980), in cells treated with centrinone, a Plk4 inhibitor

that prevents centriole duplication (Wong et al., 2015)

(Figures 4A, 4A0). Successful elimination of centrioles was

confirmed by the loss of GFP-Centrin-1 signal (which is brighter

than2xGFP-CENP-A) andbycounting thenumberof kinetochores

by CH-STED microscopy (Figure S6C). We found that short MT

stubs appeared virtually in all KTs in control, HAUS6-, and

Ndc80-depleted cells (Figures 4A–4C, S6D, and S6E), suggesting

that the augmin and Ndc80 complexes are dispensable for the

initial stepofMTnucleation in thevicinityofKTs inmammals.How-

ever, bothHAUS6-andNdc80-depletedcells showedasignificant

decrease in the fraction of KTs that remained associatedwithMTs

over time (Figures 4A, 4B, S6D, and S6E). Importantly, although

HAUS6 depletion prevented kMTs from growing to the same

extent as in controls and caused an overall reduction in the MT

polymer that was initially associated with KTs, Ndc80 depletion

led to longer MTs that appeared to associate laterally with KTs

(Figures 4A, 4C, 4D, S6D, and S6F). These results suggest that,

whileNdc80 is necessary to stabilize end-onMTattachments after

nucleation in the vicinity of KTs, augmin is required to amplify and

sustain the growth of small MTs after their initial capture by KTs.

Augmin promotes kinetochore microtubule turnover
and poleward flux
To investigate how augmin sustains MT growth from KTs, we im-

plemented a live-cell CH-STED nanoscopy assay in IM
Cell Reports 39, 110610, April 5, 2022 5



Figure 3. Augmin contributes to k-fiber and interpolar microtubule formation

Images of control and HAUS6-depleted cells acquired by CH-STED nanoscopy.

(A) Immunofluorescence of IM fibroblasts using paraformaldehyde and glutaraldehyde fixation. DAPI, a-tubulin, and ACA are shown in inverted grayscale. Astral

MT tracks are represented in magenta (tracing). Scale bar: 5 mm.

(B) Quantification of astral MT length (n = 665 control astral MTs/10 cells; n = 750 siHAUS6 astral MTs/11 cells). The boxplot determines the interquartile range; the

line inside the box represents the median; data pooled from three independent experiments and analyzed using an unpaired t test; ****p % 0.0001.

(C) Immunofluorescence of IM fibroblasts using cold methanol fixation. b-Tubulin (magenta) and PRC1 (green). Scale bar: 5 mm.

(D) 3D representations of mitotic spindles in control and HAUS6-depleted cells, illustrating KT surfaces 1 and 2 (magenta), as well as the plates that define the

measurement volumes, corresponding to interpolar MTs (ipMTs, green) and k-fibers (kMTs) plus ipMTs (cyan).

(E) Quantification of ipMTs and kMTs in control and HAUS6-depleted cells. Proportion relative to control levels is represented for HAUS6-depleted cells (n = 14

control cells; n = 12 siHAUS6 cells). Data pooled from two independent experiments and analyzed using an unpaired t test; ****p % 0.0001.
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fibroblasts stably expressing 2xGFP-CENP-A to visualize KTs,

and Halo-tagged EB3 conjugated with the bright, photostable,

far-red ligand JF646 (Erdmann et al., 2019; Grimm et al., 2015)
6 Cell Reports 39, 110610, April 5, 2022
to track growing MT plus ends for 2 min at 8 s and �100-nm

resolution (Figures 5A, 5A0, S7A, S7B; Video S1). The velocity

of poleward and anti-poleward chromosome movement,



Figure 4. Augmin sustains centrosome-independent microtubule self-organization from kinetochores
(A–D) (A) CH-STED images of IM cells stably expressing GFP-Centrin-1 (magenta) and 2xGFP-CENP-A (magenta) treated with centrinone for 8 days with or

without HAUS6 RNAi for 72 h. Cells were treated with the MT-depolymerizing drug nocodazole for 2 h, followed by drug washout and fixation after 2, 5, and

10 min. a-Tubulin (green) and DAPI (inverted gray scale). Insets show 2.53 magnification of selected regions with KT and nucleated MTs (grayscale for single

channels of 2xGFP-CENP-A and a-tubulin). The experimental setup is described in (A’). The percentage of KTs with MTs and overall MT length are represented

in (B) and (C), respectively (control 2’, n = 13 cells/154 MTs; control 5’, n = 20 cells/350 MTs; control 10’, n = 19 cells/402 MTs; siHAUS6 2’, n = 16 cells/91 MTs;

siHAUS6 5’, n = 14 cells/176 MTs; siHAUS6 10’, n = 14 cells/254MTs). The ratio of polymerized tubulin at KTs relative to the overall cytoplasmatic pool 2min after

nocodazole washout is shown in (D) (control 2’, n = 41 KTs; siHAUS6 2’, n = 53 KTs). Data pooled from three independent experiments, analyzed using a Mann-

Whitney test; the boxplot determines the interquartile range and the line inside the box represents the median (C); mean ± SD (B and D); ns, not significant; *p%

0.05; **p % 0.01; ****p % 0.0001. Scale bar: 5 mm.
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chromosome oscillation amplitude, but not oscillation period,

were severely reduced upon HAUS6 or Ndc80 depletion

(Figures 5B–5E). Moreover, while in control cells EB3 accumu-

lated at KTs for one-half period of chromosome oscillations

corresponding to anti-poleward movement, EB3 only rarely

associated with KTs after HAUS6 or Ndc80 depletion (Figure 5F).

Importantly, HAUS6, but not Ndc80, depletion led to a shorter

KT-to-pole distance (Figure 5G), suggesting a distinct mode of

action by which these proteins contribute to k-fiber formation.

To determine whether augmin is required to promote kMT

turnover, we used fluorescence dissipation after photoactivation
(FDAPA) of photoactivatable (PA) GFP-a-tubulin (Girao and

Maiato, 2020) (Figures 5H; Video S2). By fitting the fluorescence

decay over time to a double exponential curve (R2 > 0.98), we

differentiated two spindle MT populations with fast and slow

fluorescence decay (Figure 5I) that have been attributed to less

stable non-kMTs and more stable kMTs, respectively (Conway

et al., 2021; Girao and Maiato, 2020; Zhai et al., 1995). Partial

HAUS6 depletion by RNAi over 36 h (note that optimal HAUS6

depletion over 72 h completely disrupts k-fiber formation) signif-

icantly increased the half-life of both KT and non-kMTs (Fig-

ure 5J). In parallel, by measuring the velocity by which the
Cell Reports 39, 110610, April 5, 2022 7



Figure 5. Augmin promotes kinetochore microtubule turnover and poleward flux

(A–K) (A) Pre-recording snapshots of control, HAUS6-, and Ndc80-depleted IM fibroblasts stably expressing 2xGFP-CENP-A (magenta) and EB3-Halo tag con-

jugated with JF646 (green), imaged by confocal microscopy. Scale bar: 5 mm.

(legend continued on next page)
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photoactivation mark on spindle MTs moved relative to the

metaphase plate (i.e., underwent poleward flux) (Barisic et al.,

2021), we found that it was reduced by �40% after partial

HAUS6 depletion (Figure 5K). Overall, these data indicate that

augmin promotes KT and non-kMT turnover, while assisting

poleward flux in metaphase cells.

Microtubule growth within k-fibers shows a wide
angular dispersion and requires augmin
Comparative fixed-cell super-resolution imaging revealed strik-

ing differences in k-fiber structure between control, HAUS6-,

and Ndc80-depleted cells, whereas depletion of TPX2, HURP,

chTOG, and CLASP1/2 did not compromise the formation of

robust k-fibers, despite an obvious reduction in k-fiber length af-

ter chTOG or CLASP1/2 depletion (Figures 6A and S7C). To

directly investigate how augmin mediates kMT turnover, we

tracked MT growth events within a single k-fiber using live-cell

CH-STED nanoscopy of EB3 comets in the KT vicinity, now for

1 min at 750 ms and �100-nm resolution (Figures 6B, S7A,

S7B; Video S3). These imaging conditions did not result in any

obvious phototoxicity or relevant photobleaching throughout

the recordings (Figure S7D). Temporal projections of EB3

comets over consecutive frames in control cells revealed several

MT growth events within a single k-fiber (Figure 6B). Cross-cor-

relation analysis of EB3 comets (see STAR Methods) in control

cells revealed an MT growth velocity of �9 mm/min, with an ab-

solute angular dispersion of 37� ± 13� (mean ± SD) relative to the

respective k-fiber axis perpendicular to the KT plate (Figures 6B,

6C, and S7E). Remarkably, detailed inspection of collapsed ky-

mographs within individual k-fibers allowed the direct visualiza-

tion and discrimination of MT growth events that terminate or

pass by the KT (Figure 6D). We found that HAUS6 or Ndc80

depletion caused a 30%–40% reduction in the frequency of

MT growth events that terminate at the KT (Figures 6D and 6E),

with a corresponding reduction in inter-KT distances

(Figures 6D and 6F), suggestive of compromised k-fiber forma-

tion. However, while HAUS6 depletion did not significantly affect

the frequency of MT growth events that pass by the KT, this was

largely increased after Ndc80 depletion, consistent with a role of

Ndc80 in the stabilization of end-on KT-MT attachments. Of

note, none of these experimental conditions reduced KT and

non-kMT plus-end growth velocity, as determined by measuring

the respective slopes from EB3 tracks on the kymographs

(Figure S7F), in line with our previous cross-correlation analysis

(Figure S7E). Overall, these data indicate that augmin and

Ndc80 mediate k-fiber formation by distinct mechanisms and
(A0) Collapsed kymographs of live CH-STED recordings (time lapse: 8 s; pixel size,

time (tracing); P, pole (green); KT, kinetochore (magenta); EB3 accumulation at KT

poleward (C) velocities, chromosome oscillatory amplitude (D), and period (E).

wasmeasured from track data in (F), and KT-to-pole distance determined in (G). H

n = 8 siNdc80 cells). (H) Examples of control and partial HAUS6-depleted metap

GFP-Centrin-1 (inverted grayscale), and labeled with 50 nM SiR-DNA to visualize

activation; PA, frame immediately after photoactivation. Scale bar: 5 mm. (I) Norm

and partial HAUS6-depleted cells. Whole lines show double exponential curve fi

point. (J) Table showing the calculated MT percentages and turnover values for c

cells). (K) MT flux velocity (n = 21 control cells; n = 16 siHAUS6 cells). Each data p

experiments and analyzed using aMann-Whitney test (B, C, F, G) or an unpaired t

0.01; ***p < 0.001; ****p % 0.0001.
directly demonstrate a role for augmin in MT growth events

within k-fibers.

Augmin is required for microtubule amplification from
pre-existing kinetochore microtubules
To directly test whether augmin is required for MT amplification

from pre-existing kMTs, we developed a laser microsurgery-

based k-fiber maturation assay (Figure 7A). In this assay, we

used live IM fibroblasts stably expressing GFP-a-tubulin and

CENP-A fused with the bright, red-shifted, monomeric fluores-

cent protein mScarlet to visualize and discriminate mature k-fi-

bers from other spindle MTs by spinning-disk confocal

microscopy. Then, we used a pulsed laser microbeam to acutely

induce partial k-fiber damage and measured the respective ki-

netics of fluorescence recovery after surgery (FRAS) as a proxy

for k-fiber recovery, in controls and after partial HAUS6 depletion

by RNAi. While we cannot exclude that a small fraction of non-

kMTs are also affected due to the diffraction-limited nature of

laser microsurgery, partial k-fiber damage was confirmed by

the lack of the typical snap observed immediately after complete

k-fiber severing, which results in two independent KT- and pole-

proximal MT stubs (Figure 7B), as well as by correlative live-cell

spinning-disk confocal microscopy and super-resolution CH-

STED nanoscopy after fixation of the same cell (Figure 7C). A

300-nm spacer between the KT-proximal stub and the ablated

region was defined to exclude the contribution of MT poleward

flux for k-fiber recovery (see STAR Methods). Strikingly, we

found that partially ablated k-fibers in control cells took on

average 9 s to recover 50% of the fluorescence intensity in the

damaged region, corresponding to half the time required in

HAUS6-depleted cells (Figures 7D–7F; Video S4). Moreover,

while all control cells recovered completely from partial k-fiber

ablation within the first 30 s after surgery (note that the recovery

beyond the initial value is likely due to experimental fluctuations

and reflects the possibility that some cells were not yet at steady

state when surgery was performed), HAUS6-depleted cells only

recovered �80% in the same period of time (Figure 7G). Overall,

these data directly demonstrate that augmin is required for MT

amplification from pre-existing kMTs, consistent with a critical

role in k-fiber maturation.

DISCUSSION

The cytological features of IM cells offer the opportunity to

directly address fundamental questions related to KT biology

and function that are not possible in any other system, including
40 nm). Graphical sketches on the right highlight chromosomemovement over

is shown in green. Quantitative analysis of chromosome anti-poleward (B) and

Fraction of EB3 accumulation at KT per minute (approximately one period)

orizontal bar, 1 mm; vertical bar, 10 s (n = 8 control cells, n = 9 siHAUS6 cells, and

hase cells displaying photoactivatable PA-GFP-a-tubulin (inverted grayscale),

chromosomes (inverted grayscale). Pre-PA, frame immediately before photo-

alized fluorescence dissipation after photoactivation (FDAPA) curves of control

ttings (R2 > 0.98), and error bars show 95% confidence interval for each time

ontrol and partial HAUS6-depleted cells (n = 20 control cells; n = 11 siHAUS6

oint represents one measurement; data pooled from at least three independent

test (D, J, K); Error bars indicate mean ±SD; ns, not significant; *p% 0.05; **p%
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Figure 6. Microtubule growth within individual k-fibers shows a wide angular dispersion and requires augmin

(A) CH-STED images of control, HAUS6-, and Ndc80-depleted cells stained with a-tubulin, ACA (cyan), and DAPI (white; opacity 15%). Temporal color code tool

on Fiji was used to match each a-tubulin z plane to a different color. Scale bar: 5 mm. Insets show the maximum-intensity projection of relevant z planes high-

lighting the presence/absence of k-fibers (a-tubulin, inverted grayscale). Scale bar: 1 mm.

(legend continued on next page)
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human cells. This is the case of k-fiber maturation, whose under-

lying molecular mechanism remained poorly understood. Here

we found that augmin’s role in this process is clearly distinct

from that of Ndc80 and is consistent with branched MT nucle-

ation frompre-existing kMTs. Indeed, augminwas required to re-

cruit g-tubulin to the spindle and to sustain, but not to initiate,

centrosome-independent MT growth from KTs. This contrasts

with the previous implication of augmin in the nucleation and/

or initial stabilization of chromosome-induced MTs in Drosophila

cells (Bucciarelli et al., 2009), but is in agreement with previous

works in several mammalian cells, including human, that showed

that the vast majority of spindle MTs do not have a centrosomal

origin (Chinen et al., 2020; David et al., 2019; Khodjakov et al.,

2000). Importantly, with no prejudice to the role of pioneer cen-

trosomal MTs that might assist the subsequent MT amplification

cascade by augmin (David et al., 2019), our data suggest that

augmin contributes to k-fiber maturation even in the absence

of pre-existing centrosomal MTs. This is consistent with the

fact that functional spindles are able to assemble in several ani-

mal species, including humans, after perturbation of centrosome

function (Basto et al., 2006; Chinen et al., 2020; Debec et al.,

1982; Khodjakov et al., 2000; Mahoney et al., 2006; Megraw

et al., 2001; Moutinho-Pereira et al., 2013; Sir et al., 2013; Wata-

nabe et al., 2020; Wong et al., 2015). In these cases, short MTs

nucleated in the vicinity of and subsequently oriented and

captured by KTs (Maiato et al., 2004; Sikirzhytski et al., 2018)

might work as amplification platforms for augmin-mediated

self-organization of k-fibers, while still ensuring the directional

bias ofMT growth toward the KT, independently of centrosomes.

When centrosomes are present, augmin-dependent MT amplifi-

cation of short kMT stubs might promote efficient chromosome

biorientation through capture of pre-formed k-fibers by astral

MTs (Elting et al., 2014; Khodjakov et al., 2003; Maiato et al.,

2004; Sikirzhytski et al., 2014) or by lateral interactions with an

interpolar spindle scaffold that forms soon after nuclear enve-

lope breakdown (Nunes et al., 2020; Renda et al., 2022) and

will give rise to bridging fibers (Kajtez et al., 2016) graphical

abstract.

Our findings also reveal that augmin affects kMT turnover and

poleward flux. While the role of augmin in promoting MT turnover

is consistent with de novoMT nucleation from pre-existing kMTs,

how augmin promotes poleward flux remains less clear. One pos-

sibility is that augmin-mediated MT amplification promotes the

long-term survival of kMTs that slide poleward, directly or indi-

rectly facilitating tubulin incorporation at the KTs. Alternatively,

augminmight promote flux through its role in the formation/ampli-

fication of interpolar MTs, which are critical mechanical elements
(B) IM fibroblasts stably expressing 2xGFP-CENP-A (magenta) and EB3-Halo ta

within one k-fiber by live CH-STED microscopy (time lapse, 750 ms; pixel size, 4

HAUS6-, and Ndc80-depleted cells. Images below show chromo-projections of

tours. A limited time-window of 12 s (five frames) was selected, allowing a fine ti

(C) Frequency count of EB3 comets’ angular dispersion relative to the k-fiber ax

(D) Corresponding collapsed kymographs of control, HAUS6-, and Ndc80-deplete

trajectories; KT, kinetochore (magenta); kMTs, green; non-kMTs, light brown. Ve

(E) Number of EB3 growing events per KT (control, n = 46 kMT comets/n = 21 n

comets/n = 15 cells; siNdc80, n = 23 kMT comets/n = 41 non-kMT comets/n = 10 c

(F) Distance between KT pairs upon stable expression of 2xGFP-CENP-A (contro

least three independent experiments and analyzed using an unpaired t test (E, F
necessary for poleward flux (Barisic et al., 2021). In support of the

secondhypothesis,we found that augminwas also required for in-

terpolar MT formation, a property that appears to be conserved in

human cells (Manenica et al., 2020). Strikingly, our live-cell super-

resolution tracking of EB3 comets in the vicinity of the KT allowed

us to follow at the highest possible spatiotemporal resolution MT

growth events within individual k-fibers and revealed a wide

angular dispersion relative to the k-fiber axis. This is somewhat

reminiscent of the ‘‘fir-tree’’ structure observed on k-fibers inHae-

manthus endosperm spindles (Bajer and Mole-Bajer, 1986) and

consistent with augmin-mediated branched MT nucleation from

pre-existingMTs (Alfaro-Aco et al., 2020; Hsia et al., 2014; Kama-

saki etal., 2013; Liuet al., 2014;Petryet al., 2013; Tariq etal., 2020;

Thawani et al., 2019; Verma and Maresca, 2019). In agreement,

augmin depletion significantly reduced MT growth events within

individual k-fibers. While the significance of this wide angular

dispersion remains unclear, one may speculate that it allows a

more efficient MT amplification or increases the range of MT cap-

ture by KTs, including neighbor KTs, given that augmin-nucleated

MTs are able to detach from the ‘‘mother’’ MT (Verma and Mar-

esca, 2019). Although this particular structural aspect has been

overlooked in previousmodels of k-fiber formationandmaturation

inmammals, it implies that additional factors are involvedeither on

bundling or stabilizing newly nucleated kMTs into a cohesive fiber.

HURP has been proposed to be such a factor (Silljé et al., 2006;

Wong and Fang, 2006), but our phenotypic analysis of k-fibers in

HURP-depleted IM fibroblasts failed to confirm this hypothesis.

In addition, as opposed to critical roles of the chromosomal pas-

senger complex, important players in the Ran-GTP pathway,

such as TPX2, previously implicated in branched MT nucleation

in Xenopus egg extracts and in vitro reconstitution studies from

purified Xenopus components (Alfaro-Aco et al., 2020; Petry

et al., 2013), as well as in bipolar spindle assembly in human cells

(Bird and Hyman 2008), appear to be largely dispensable for

robust k-fiber formation and spindle assembly in IM fibroblasts,

in line with previous findings in Drosophila cells (Goshima, 2011;

Moutinho-Pereira et al., 2013). While milder effects associated

with incomplete knockdown in IM cells cannot be excluded,

TPX2 has also been shown to be dispensable for MT branching

in Drosophila cells (Verma and Maresca, 2019) and after in vitro

reconstitution from purified Drosophila components (Tariq et al.,

2020).

Astral MTs grew much longer in the absence of augmin and

Ndc80 compared with controls, which we interpreted as a

consequence of an increased soluble pool of tubulin due to

compromised k-fiber formation. Although a more direct role of

augmin and Ndc80 in centrosome-dependent MT nucleation
g conjugated with JF646 (green) were used to track MT polymerization events

0 nm). Images on the top show a pre-recording snapshot (confocal) of control,

the time-lapse movie of fluorescently labeled EB3 over time and CENP-A con-

me-discrimination of MT growing events within a k-fiber. Scale bar: 500 nm.

is in control cells (n = 17 cells).

d cells from (B). Graphical sketches on the right highlight detected EB3 comets’

rtical bar, 10 s; horizontal bar, 1 mm.

on-kMT comets/n = 12 cells; siHAUS6, n = 38 kMT comets/n = 41 non-kMT

ells). Error bars indicatemean ±SD, ns, not significant; **p% 0.01; ***p < 0.001.

l n = 34 cells; siHAUS6 n = 36 cells; siNdc80 n = 28 cells). Data pooled from at

); Error bars indicate mean ± SD; ns, not significant; *p % 0.05.
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Figure 7. Augmin is required for microtubule amplification from pre-existing kinetochore microtubules

(A) Schematic summary of the laser microsurgery-based k-fiber injury/repair assay in control cells (see STAR Methods for details).

(B) Spinning-disk confocal images of total k-fiber severing in control IM fibroblasts stably expressing GFP-a-tubulin (green) and mScarlet-CENP-A (magenta).

Insets show the analyzed k-fibers (GFP-a-tubulin, inverted grayscale). Magenta arrowhead indicates ablated k-fiber. Scale bar: 5 mm (left); 1 mm (right). Time is

shown as minutes:seconds.

(legend continued on next page)
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cannot be excluded, our findings in IM cells are consistent with

previous observations in Drosophila and human cells (Goshima

et al., 2008; Yaguchi et al., 2018), while contrasting with previous

reports that suggested that both complexes promote astral MT

nucleation from purified centrosomes in vitro (Wu et al., 2009).

It was also surprising that, after interference with augmin func-

tion, PRC1 decorated parallel MTs. This might be explained by

a significant reduction of antiparallel interpolar MTs after augmin

perturbation, which would favor PRC1 association with parallel

MTs that normally have higher off rates (and equivalent on rates)

compared with antiparallel MTs (Subramanian et al., 2010).

In addition, our laser-mediated partial k-fiber injury/repair

assay directly demonstrates a role for augmin inMT amplification

from pre-existing kMTs. Together with our measurements of

kMT turnover and direct observation of MT growth events within

individual k-fibers, our data provide definitive evidence for a role

of augmin-mediatedMT amplification in k-fiber maturation, while

reconciling this mechanism with growing evidence for centro-

some-independent self-organization of kMTs during spindle as-

sembly in animal cells, including human (Conway et al., 2021;

Maiato et al., 2004; Renda et al., 2022; Sikirzhytski et al., 2018).

Limitations of the study
Due to the large-scale nature of this study, many of the reported

RNAi phenotypes were not investigated in depth and will require

further scrutiny in the future. The availability of this open-access

resource will allow other researchers to follow up with more

detailed analysis and widen the use of IM cells as a model system

to study other important aspects underlying chromosome segre-

gation fidelity. One obvious limitation of RNAi screens is related

to hypomorphic phenotypes associated with incomplete protein

depletion, which might mask the function of some of the genes.

However, the fact that many of the genes studied are essential

does not leave much room for alternative approaches (e.g.,

CRISPR-Cas9-mediated gene inactivation) compatible with

high-throughput studies. Also, although our experience indicates

that all key aspects of mitosis are conserved between IM and hu-

man cells, one cannot formally exclude system-specific peculiar-

ities associated with the genetic perturbations performed in the

present study.
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Detailed methods are provided in the online version of this paper
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Materials availability
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Data and code availability
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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
Indian muntjac cell lines were grown in Minimum Essential Media (MEM) (Corning), supplemented with 10% FBS (GIBCO, Life Tech-

nologies) at 37�C in humidified conditions with 5% CO2. Indian muntjac hTERT-immortalized fibroblasts were a gift from Jerry W.

Shay (Zou et al., 2002) and Indian muntjac stably expressing H2B-GFP were previously generated in (Drpic et al., 2018). For MT

plus-ends, centrioles, CENP-A, photoactivatable tubulin and a-tubulin tagging, cells were transduced with pLVx-EB3-Halotag,

pLVx-GFP-Centrin-1, pRRL-2xGFP-CENP-A, pLVx-mScarlet-CENPA, pLVx-PA-GFP-a-tubulin and pRRL-EGFP-a-tubulin (Ferreira

et al., 2020) lentiviral plasmids, respectively, all under control of a CMV promoter. Stable lines with uniform level of expression and

sufficient fluorescence intensity were selected by FACS. To select pLVx-EB3-Halotag positive cells, 20 nM of the far-red dye JF646

(Promega) was added 5–10 min before FACS sorting. All indian muntjac cell lines were authenticated by karyotype analysis.

METHOD DETAILS

Molecular biology
pLVX-EB3-Halotag, pRRL-2xGFP-CENP-A, pLVX-mScarlet-CENP-A and pLVX-PA-GFP-a-tubulin were generated by Gibson as-

sembly. pLVX-GFP-Centrin-1 was a gift from Manuel Théry (Addgene #73331).

Lentiviral transduction
For lentiviral transduction, lentiviral particles were added to the standard culture media with 1:2000 Polybrene (Sigma) for 24h.

Identification of Indian muntjac sequences
The protein sequences of human genes were obtained fromNCBI and used as query for tblastn (version 2.2.29 (Morgulis et al., 2008))

using the Indian muntjac genome scaffold sequences and predicted coding sequences (CDC) as targets. Sequence alignments with

at least 80% identity, highest coverage of human genes, with matching scaffold and CDS intervals from both tblastn runs were used

to identify Indian muntjac orthologs of human gene sequences.

Design of siRNAs for RNA interference (RNAi)
The design of the siRNA sequences was performed using the application BLOCK-ITTMRNAi Designer (Thermo Fisher Scientific). We

provided the nucleotide sequence of the genes of interest, selected an ideal CG percentage between 35%–55% and the recommen-

ded default motif pattern for the RNAi design. From the 10 designs generated, the one with higher probability of knockdown was

selected for each protein of interest.

siRNA experiments
For siRNA experiments, Indian muntjac fibroblasts were plated at 60%–70% confluence in 6-well plates or 223 22mm no. 1.5 glass

coverslips (Corning), previously coated with fibronectin (Sigma-Aldrich) as described in (Almeida et al., 2020) for 24 h in normal me-

dium. Cells were then starved with MEM supplemented with 5% FBS for 30 min siRNA transfection was performed using 5 mL of Lip-

ofectamine RNAi Max (Invitrogen) and 50–100 nM of the respective siRNA, each diluted in 250 mL of serum free-medium (Opti-MEM,

Gibco). Untreated andmock transfection (with lipofectamine only) were indistinguishable and therefore referred to as ‘‘Control’’. Cells

were analyzed 24, 48, 72 or 96 h after depletion, depending on the protein of interest. Depletion efficiency was monitored by western

blotting andphenotypic analysis. 64RNAi sequenceswere optimized andare available at TableS1andhttp://indianmuntjac.i3s.up.pt.

66 conditionswere analysed in this study (including double depletion of CLASP1/2 and VASH1/2). Cyclin-B depletion prevented cells’

entrance in mitosis, so it was not included in the phenotypical/clustering analyses of this study.

Western blotting
Indian muntjac fibroblasts were collected by scraping the adherent cells or by trypsinization and centrifuged at 200 x g for 5 min. The

pellet was washed with PBS and centrifuged again. Cells were then resuspended in lysis buffer (NP-40: 20 nM HEPES/KOH,pH 7.9;

1 mM EDTA,pH 8; 1 mM EGTA; 150 mM NaCl; 0.5% NP40-IGEPAL; 10% glycerol; 2 mM DTT, supplemented with 1:50 protease in-

hibitor and 1:100 phenylmethylsulfonyl fluoride (PMSF); OR for DNA-binding proteins: 50mM Tris-HCl, pH 7.4; 0,1% digitonin (in

EtOH); 0.5% Triton; 400 nMNaCl, supplemented with 30 mg/mL RNAse, 20 mg/mL DNAse, 10 mMMgCl2, with 1:50 protease inhibitor

and 1:100 PMSF). The samples were snap-frozen in liquid nitrogen and kept on ice for 30 min. After centrifugation at 20 800 x g for

15 min at 4�C, protein concentration was determined by Bradford protein assay (Thermo Fisher Scientific). Protein lysates were run

on 7.5/10/15% SDS-PAGE (25–50 mg/lane) according to their molecular weight and transferred to a nitrocellulose Hybond-C
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membrane using an iBlot Gel Transfer Device (Bio-Rad) or using a wet-transfer system (if protein molecular weight >120kDa).

Membranes were then blocked in 5% milk diluted in PBS 0.05% Tween and the primary antibodies were incubated overnight at

4�C at the dilutions indicated in Table S2. After successive washes, the membrane was incubated with the secondary antibodies

for 1 h at RT – 1:5000 a-mouse-HRF; a-rabbit-HRF; a-sheep-HRP (Jackson ImmunoResearch). Detection was performedwith Clarity

Western ECL Substrate (Bio-Rad). Acquisition of blots was performed with a Bio-Rad ChemiDoc XRS system using the IMAGE LAB

software. ‘Analyze > Gels’ tool in ImageJ was used to quantify the RNAi-mediated depletion efficiency for all screened proteins,

except for partial HAUS6 depletion where the calculations were obtained from IMAGE LAB. Immunosignals were normalized to

GAPDH, a-tubulin or vinculin expression depending on protein molecular weight (Table S2). All raw Western Blot data is available

at Dataset S1 and at http://indianmuntjac.i3s.up.pt.

Immunofluorescence
Indian muntjac fibroblasts were seeded on fibronectin coverslips 24h before the experiment, as shown in (Almeida et al., 2020). Cell

were fixed with ice-cold methanol (Sigma) for 4min at�20�C; or 4% paraformaldehyde (PFA) (ElectronMicroscopy Sciences); or, for

STED microscopy, 4% PFA supplemented with 0.1%–0.2% glutaraldehyde (Electron Microscopy Sciences) for 10 min at room tem-

perature (RT). Autofluorescence was quenched by a 0.1% sodium borohydride solution (Sigma-Aldrich) after aldehyde fixation.

Extraction after paraformaldehyde fixation was performed using PBS-0.5%Triton (Sigma-Aldrich) for 10 min. Cells were incubated

for 1 h at RT with blocking solution: 10% FBS diluted in PBS with 0.05% Tween 20 or diluted in cytoskeleton buffer (274 mM NaCl,

10 mMKCl, 2.2 mMNa2HPO4, 0.8 mMKH2PO4, 4 mMEGTA, 4 mMMgCl2, 10 mMPipes, 10mM glucose, pH 6.1) with 0.05% Tween

20. Primary antibodies anti a-tubulin (Sigma Aldrich,B-5-1-2) 1:2000/1:200 (STED); anti-centromere antiserum (ACA, Fitzgerald,

#90C-CS1058) 1:2000; anti-tyrosinated tubulin (Bio-Rad, MCA77G) 1:2000/1:150 (STED); anti-Mad2 (cMad2, Santa Cruz Biotech-

nology, sc-65492) 1:250; anti-HURP (gift from Patrick Meraldi) 1:500; anti-g-tubulin (Sigma-Aldrich, Clone GTU-88 Mab #T6557)

1:5000; anti-PRC1 (C-1, Santa Cruz Biotechnology, sc-3769839) 1:100 (STED); anti-HAUS6 (gift from R. Uehara) 1:50 (STED);

anti-detyrosinated tubulin (Gift from Marin Barisic) 1:100 (STED); anti-acetylated tubulin (acetyl K40, Abcam, ab24610) 1:100

(STED); anti-b-tubulin (Sigma-Aldrich, T5201) 1:200 (STED); anti-b-tubulin (Abcam, ab6046) 1:200 (STED) were diluted in the

same solution and incubated over-night at 4�C. Subsequently, cells were washed 3x with PBS-0.05% Tween and incubated for

1 h at RT with the corresponding secondary antibody - Alexa 488, 568 and 647 (Thermo Fisher Scientific); or Abberior STAR 580

and Amberoid STAR (Abberior Instruments) for STED microscopy. For STED microscopy, both primary and secondary antibodies

were used at 1:100-150 concentrations. After adding 1 mg/mL 40,60-diamino-2-fenil-indol (DAPI, Sigma-Aldrich) in PBS-0.05%Tween

for 5 min, coverslips were washed in PBS and sealed on glass slides mounted with 20 mM Tris pH8, 0.5 N-propyl gallate, 90%

glycerol.

Drug treatments
Mitotic arrest atmetaphasewas obtained using 3–5 mMMG132 (Merck). Live-cell and fixed cell analysis usingMG132was performed

in the first 2 h after drug addition to avoid cohesion fatigue. MT depolymerization was triggered using 1 mM of nocodazole (Sigma-

Aldrich) for 2 h before fixation or washout. MT re-growth assay was performed by washing out nocodazole with warm medium 2, 5

and 10 min before fixation. To induce centriole loss due to Plk4 inhibition, an 8-days treatment with 125 nM centrinone was per-

formed. An equivalent volume of DMSO was used as control for each drug treatment. For the live-CH-STED experiments 75 nM

JF646 (Promega) was conjugated with Halo-tag expressing Indian muntjac fibroblasts. SiR-tubulin and SiR-DNA (Spirochrome) (Lu-

kinavicius et al., 2014) were used to visualize MTs and chromosomes, respectively, at 50 nM concentration incubated for 1 h prior to

live-cell imaging.

Cell viability assay
Parental Indian muntjac fibroblasts were seeded into a 96-well plate with MEM supplemented with 10% FBS at 37�C in humidified

conditions with 5% CO2. In the following day, increasing concentrations of Nocodazole (0.5; 1; 2; 20; 200 mM) were added for 2 h.

Cells were then washed with PBS and incubated with 2% v/v Resazurin (stock concentration: 1mg/mL, Sigma-Aldrich) in normal cell

culture medium for 4 h, protected from light. 80 mL of the supernatants were transferred into a new 96-well plate and Resazurin fluo-

rescence was determined in a microplate spectrofluorometer (Synergy MX, Biotek) with the following settings: Ex = 530 ± 9 nm and

Em = 590 ± 9 nm.

Time-lapse spinning-disk confocal microscopy
Indianmuntjac fibroblasts stably expressing humanH2B-GFPwere plated on fibronectin coated 223 22mmno. 1.5 glass coverslips

24 h before imaging. 1 h before live-cell imaging, cells were incubated in Leibovitz’s L15 medium (GIBCO, Life Technologies) with

SiR-tubulin cell-permeable dye. Coverslips were assembled onto 1-well Chamlide CMS imaging chambers (Microsystem AB; Swe-

den) immediately before imaging. Live-cell imaging was performed on a temperature-controlled Nikon TE2000microscope equipped

at the camera port with a Yokogawa CSU-X1 spinning-disc head (Solamere Technology), an FW-1000 filter-wheel (ASI) and an iXon+

DU-897 EM-CCD (Andor). The excitation optics are composed of two sapphire lasers at 488 nm and 647 nm (Coherent), which are

shuttered by an acousto-optic tunable filter (Gooche&Housego, model R64040-150) and injected into the Yokogawa head via a

polarization-maintaining single-mode optical fiber (OZ optics). Sample position was controlled by a motorized SCAN-IM stage
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(Marzhauser) and a 541.ZSL piezo (Physik Instrumente). The objective was an oil-immersion 60x 1.4 NA Plan-Apo DIC CFI (Nikon, VC

series), yielding a 190 nm/pixel sampling. All image acquisition was controlled by NIS Elements AR software. An image stack (9

planes separated by 1.5 mm) was acquired every 2 min, spanning a total depth of 12 mm.

Power density
Long-term live cell imaging was performed using 488nm and 647nm excitation lasers. Power flux was measured as the time-aver-

aged power at the sample plane normalized to the area spanned by the spinning disc pinholes, which is slightly larger than the field of

view at the camera plane. We measured a range between 0.2-0.8 W.cm�2 for the 488 channel and 0.5–2.5 W.cm�2 for the 647 chan-

nel. Instantaneous power flux reaches values above ten-fold larger than this estimate.

Stimulated emission depletion (STED) microscopy
For Coherent-Hybrid STED (CH-STED) imaging, an Abberior ’Expert Line’ gated-STEDmicroscope was used, equipped with a Nikon

Lambda Plan-Apo 1.4 NA 60x objective lens. CH-STED was implemented as described before (Pereira et al., 2019). All acquisition

channels (confocal and CH-STED) were performed using a 0.8 Airy unit pinhole. A time-gate threshold of 500 ps was applied to the

STED channel to avoid residual confocal-resolution signal contribution. Fixed-cell images were acquired using excitation wave-

lengths at 561 nm and 640 nm. Excited volumes were doughnut-depleted with a single laser at 775 nm. Pixel size was set to

40 nm. All images show max-intensity projections. For representation purposes, in Figures 6A and S7C, a temporal color code

tool in Fiji (ImageJ) was used to correspond each z-plane to a different color and DAPI channel was added in Adobe Photoshop

CS6 as a separate layer with an opacity of �15%.

Wide-field microscopy
3D wide-field image acquisition (0.23 mm z-step) was performed on an AxioImager Z1 (603 Plan-Apochromatic oil differential inter-

ference contrast objective lens, 1.46 NA, Carl Zeiss Microimaging Inc.) equipped with a CCD camera (ORCA-R2, Hamamatsu) oper-

ated by Zen software (Carl Zeiss, Inc.). Blind deconvolution of 3D image datasets was performed using AutoquantX software (Media

Cybernetics). All images show maximum intensity projections. Adobe Photoshop 2021 and Adobe Illustrator CS5 (Adobe Systems)

were used for histogram adjustments and panel assembly for publication.

Phenotypical characterization – screening analysis
In preparation for the hierarchical clustering analysis, we set the following eight binary features: A) incomplete congression and faster

mitosis (if cells failed chromosome congression and mitotic duration was faster than the average NEBD-AO timing minus two

standard deviations of the mean: <23 min ); B) incomplete chromosome and normal mitotic duration (if cells failed chromosome con-

gression and mitotic duration was faster than the average NEBD-AO timing plus two standard deviations of the mean: <52 min); C)

incomplete congression and prolonged mitosis (if cells didn’t congress the chromosomes and mitotic duration was slower than the

average NEBD-AO timing plus two standard deviations of the mean:R52min); D) congression delay (if cells congressed all the chro-

mosome to spindle equator and NEBD-Metaphase time was superior to its average minus two standard deviations of the mean:

R41 min); E) metaphase delay (if cells congressed all the chromosome to spindle equator and NEBD-Metaphase time was superior

to its average minus two standard deviations of the mean: R28 min); F) anaphase lagging chromosomes; G) mitotic death and H)

cytokinesis failure.

Hierarchical clustering analysis
The effect of specific genes on mitosis dynamics was characterized using hierarchical clustering analysis. A set of 8 binary features

was used to describe the alterations produced by silencing specific genes through siRNA. For each silenced gene, a phenotypical

fingerprint was calculated as the mean value of the features vectors for all tested cells. In other words, the calculated fingerprint vec-

tor for each gene corresponds to the probabilities of occurrence of the 8 features. The phenotypes fingerprints were compared using

a dendrogram representation where the Euclidean distance was used as the distance metric. Ndc80 and Spc24 were used as ‘‘pos-

itive controls’’ for the dendrogram cut-off definition (giving rise to 10 multi-protein clusters). This method provided an unbiased

description of how the different fingerprints clustered together. All calculations and graphical representations were carried out using

scripts in MATLAB 2018b (The Mathworks Inc, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Microtubule turnover measurements by photoactivation
MT turnover was measured in Indian muntjac fibroblasts stably expressing PA-GFP-a-tubulin/GFP-Centrin-1, seeded on fibronectin

coated 22 3 22 mm no. 1.5 glass coverslips. Medium was changed to Leibovitz’s L15 medium with SiR-DNA cell-permeable dye

(Spirochrome) 1 h before live-cell imaging. Mitotic cells were identified by Differential Interference Contrast (DIC) microscopy and

imaging was performed using a Plan-Apo 1003 NA 1.40 DIC objective on a Nikon TE2000U inverted microscope equipped with a

Yokogawa CSU-X1 spinning-disc confocal head containing two laser lines (488 nm and 647 nm) and a Mosaic (Andor) photoactiva-

tion system (405 nm). Photoactivation was performed in cells with all chromosomes aligned at spindle equator, identified by SiR-DNA
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signal. MTs were locally activated on a thin stripe of�1 mmwidth spanning one half-spindle in an area mid-way between the spindle

pole and the chromosomes. The 405 nm laser was used at 75% power and cells were pulsed once (500 ms exposure). Seven 1-mm

fluorescence image planes were captured using a 100X oil-immersion 1.4 numerical aperture objective every 15 sec for 4.5 min. To

determine fluorescence dissipation after photoactivation (FDAPA), whole-spindle sum-projected kymographs were generated and

quantified using a custom-written MATLAB script. Intensities were normalized to the first time-point after photoactivation (following

background subtraction from the respective non-activated half-spindle). Values were corrected for photobleaching by normalizing to

the fluorescence loss of whole cell sum projected images. To calculate MT turnover, the normalized intensity values at each time

point were fitted to a double exponential curve A13 e�k13t +A2 3 e�k23t; t - time, A1 - less stable MT population (non-kMTs);

A2 - more stable MT population (kMTs); k1 and k2 - decay rates of population fractions A1 and A2, respectively (only fittings with

R2>0.98 were retained). From these curves, the rate constants, and the percentage of MTs for the fast - typically interpreted as

the fraction corresponding to non-kMTs- and the slow - typically interpreted as the fraction corresponding kMTs - processes

were obtained. The half-life time was calculated as ln(2)/k for each MT population.

Flux velocity measurements
To determineMT poleward flux velocity, the whole-spindle sum-projected image sequence was first stabilized using the spindle cen-

trosomes (the coordinates of which were previously determined using a simple centroid-based tracking routine) as references. This

procedure generates a guided-kymograph, where a virtual spindle equator remains static (i.e., without translation or rotation)

throughout time. The distance between the photoactivated stripe and the virtual equator, as determined by the midpoint between

centrosomes, yields the poleward flux velocity.

Quantifications using stimulated emission depletion (STED) microscopy
Astral MT length was measured as the curve length between the spindle pole and the MT distal tip in maximum-projection images,

using the segmented line tool in Fiji. MT length and number after nocodazole washout in centrinone-treated cells was determined by

measuring the distance from a KT to the distal MT tip and by counting the number of detected MTs foci per KT, respectively. Detyr-

osinated and acetylated a-tubulin fluorescence intensity after MG132 treatment for 1 h was determined by drawing an elliptical ROI

around the spindle in sum-projected images (Fiji). Background fluorescence was measured outside the ROI and subtracted from

each cell. All values were normalized to the average levels of control cells. To calculate the fluorescence intensity of polymerized

tubulin at each KT, an elliptical ROI was drawn around the MT foci in sum-projected images (Fiji) after 2 min nocodazole washout.

All values were normalized to the average levels of tubulin cytoplasmatic pool in each condition. To determine the proportion of

KT-attached MTs fraction in the spindle, two volumes that are assumed to contain well-defined MT populations were defined using

MATLAB. Region 1, the non-kMTs source, was defined as the volume between two surfaces, each one generated by interpolation of

the array of KTs in either half-spindle (using a ‘‘thin-plate’’ spline interpolant). The KTswere previously definedmanually through iden-

tification ofMT-fiber ends in Fiji. To quantify Region 1 signal, instead of using thewhole volume between the two surfaces, we chose a

sub-plate of 200 nm width. Eventual MTs crossing this plate that go on to attach to a KT are assumed to be very rare, particularly in

late prometaphase and metaphase. We then assumed that the MTs accounted for in Region 1 generally extend outside it, even if

slightly. An equivalent assumption is that the interpolar MTs density does not change significantly between Region 1 and its imme-

diate (<500 nm) vicinity. Accordingly, we defined a Region 2 volume lying poleward relative to KTs, which contains the sum of twoMT

populations (those that couple the half-spindles and those that attach to KTs). Specifically, it is defined as 200 nm-wide and 100 nm

poleward-shifted replica of the surfaces defined above (for both half-spindle KTs), which enclosed Region 1. The final result for the

fraction f of KT-attached MTs is f = 1-SRegion1/SRegion2, where S is the background-subtracted integrated photon count in the corre-

sponding region. Background level was estimated as the average photon count in a metaphase plate region that was visually

identified as being devoid ofMT signal. Total tubulin intensity in HAUS6-depleted cells was normalized to the average levels of control

cells. To visualize live MT growing events within a single k-fiber, we used Indian muntjac fibroblasts stably expressing EB3-Halotag/

2xGFP-CENP-A imaged by live-CH-STEDmicroscopy with a 1.4NA 60x objective warm-up to 37.5 (set-point), every 750ms or 8 sec

(to evaluate KT dynamics with or without Augmin and Ndc80). Confocal images of CENP-A were acquired using an excitation wave-

length of 488 nm and CH-STED images of EB3 using an excitation wavelength of 640 nm, doughnut-depleted with a single laser of

775 nm. To standardize the quantifications, only chromosomes with a large KT were considered for the analysis. To minimize photo-

toxicity, the sample was imaged with a 40 nm pixel size, a relatively coarse sampling. According to the Nyquist-Shannon sampling

theorem, structuring below 80 nm will not be observed even if the depletion laser is creating such finer structure. To estimate reso-

lution, we excluded ‘two-image’ statistical measures of the frequency cutoff, such as Fourier ring correlation, due to the dynamics of

the object. Additionally, the low SNR and very small dimension of the ROI, do not allow reliable extraction of equivalent one-image

statistical measures, such as power spectral density or Fourier ring ‘auto-correlation’. We estimated resolution by Gaussian fitting of

intensity profiles along manually chosen lines (3-pixel thickness) across EB3 comets. The sometimes-observable anisotropy and

one-sided tail of the EB3 comet immediately show that the image is determined by object size, in addition to the point-spread function

(PSF) dimension. Whenever possible, and to minimize the object’s contribution, we chose the most confined feature of the comet to

extract the intensity profile, which in this case is the perpendicular to the comet tail (inset in Figure S7B). For the confocal resolution

estimate, the above criteria are more ill-defined because the comet-like appearance is much less discernible. Also, the number of

comets observed in isolation ismuch lower at confocal resolution, accounting for the lower number ofmeasurements in this condition
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in Figure S7B). Note that the unavoidable contribution of the object size biases estimated resolutions (both STED and confocal) to-

wards larger values. Fitted curves with an R-squared below 0.8 or with a ‘peak’ spanning less than 2 datapoints (80 nm) were dis-

carded. Number of measurements was 60 (STED) and 30 (confocal), extracted from a total of 48 images (6 cells, 8 time frames) in

each condition. Inter-KT distances were measured using a custom program written in MATLAB, which determines the distance be-

tween the vertices of parabolic fits performed on the peaks observed in 3.5 mm length line profiles averaged over a 200 nm width

outlined across the pair of KTs in Fiji. To prepare the data for local kymograph analysis, we used a custom routine written in

MATLAB to compensate for KT movements described by the following steps: (1) 2D tracking of KT tips, (2) region-of-interest

(ROI) dimensions definition, and (3) thick-kymograph generation with the ROI being automatically translated and rotated every frame

according to the 2D coordinates of the two reference objects in step 1. The direct output is a whole-k-fiber kymograph that can be

used to generate a set of aligned images that are the basis for all subsequent analysis. A two-color guided kymograph was repre-

sented to facilitate the visualization of EB3 comets that reached and stopped at the KT (classified as k-fiber growing events) or

EB3 comets that surpass the KT (named as non-kMTs’ growing events). By inspection of the kymograph, a first estimate is obtained

bymanual definition of a kymograph stripe (in x-t), the slope of which is the translation velocity vector projected onto the spindle axis.

To control for the sub-estimation of velocity incurred by the said projection, manual estimation of MT inclination relative to the spindle

axis was used towarrant exclusion of trajectory angles higher than 25�, yielding a real velocity less than 10%higher than calculated. A

refined result was obtained by running a customMATLAB routine where an intensity-based centroid is determined at each time point

in a preset x-neighborhood from themanual estimate. A linear fit is finally made to the collection of centroids, the slope of which yields

a velocity relative to the virtual spindle equator. Chromosome poleward and anti-poleward velocity relative to the equator were

measured after each EB3-Halotag track obtained from guided-kymographs aligned to the spindle pole. Velocity was determined

measuring the slope of the linear movement within a half spindle. Chromosome oscillations’ amplitude was measured by subtracting

the distance to the pole in the starting moment of anti-poleward to poleward movement. The related periodicity was calculated ex-

tracting the time from the start of polymerization cycle until the begging of the next polymerization cycle. The distributions shown in

the scattered plots represent each track measured in the total number of cells. Finally, EB3 bursts at KT were calculated dividing the

number of time frameswith EB3-signal at KTs by the total time frames in which a KTwas detected. In control cells, the number of EB3

bursts at KTs was 0.5, corresponding to the polymerization events for 2 min movies. To determine the angular dispersion of EB3

comets within a k-fiber we used a custom MATLAB script in which we outlined a ROI with approximately the width of a K-fiber,

�500 nm from the KT during the 1-min movies. Correlation maps were constructed as an average of the individual spatial cross-cor-

relation functions between time-neighbors (750 ms time-lapse) with the original images masked for photon counts below 1 sigma. A

25 mm/min velocity was preset as a maximal shift. The average correlation map was cleaned at a 2 sigma above average level, which

was interpreted as the correlation peak used for further quantification. The peak’s center of mass yielded an average flow velocity and

direction. To estimate an angular spread attributable to the different orientations of the EB3 comets trajectories, we integrated the

correlationmap values along radial lines (using a semi-infinite domain version of the Radon transform). The result is a comet-like polar

diagram, the angular spread of which was determined as the angle separating the 50% level-crossings around the comet maximum.

Finally, angular cropping of the correlation map using the 50% level limits yields the adjusted flow velocity.

K-fiber maturation assay – laser microsurgery
Indian muntjac fibroblasts stably expressing human EGFP-a-tubulin and mScarlet-CENP-A were plated on fibronectin coated Ø

25mm no. 1.5 glass coverslips. Before live-cell imaging, cells were incubated in Leibovitz’s L15medium (GIBCO, Life Technologies).

Laser microsurgery was performed on an inverted microscope (TE2000U; Nikon) with a doubled-frequency laser (FQ-500-532; Elfor-

light), focused by a 10031.4 NA plan-apochromatic DIC objective lens (Nikon) equipped with an iXonEM + EM-CCD camera (Andor

Technology). One planewas acquired every 1 second for 2min and subsequently every 1min up to 5min. Partial disruption of k-fibers

was performed by 2-5 consecutive pulses (0.35 mm step between pulses) conjugated with 3 pulses (0.4 mm Z-step) at each point

(12 Hz repetition rate). The pulse width was 10 ns and the pulse energy was 3.9–4.4 mJ. For the quantification, a straight-line with

a specific width (consistent with k-fiber width) was outlined in the ablated k-fiber and monitored during the first 30–40 sec of movie.

All data was normalized to the k-fiber intensity values pre-cut at each time point. The intensity line profiles were then analyzed, and

two different regions were defined: 1) stub - corresponding to the region between the KT and the point immediately before the sharp

intensity drop; 2) dip - corresponding to a 450 nm region following the stub which contains the ablated k-fiber portion. A region of

300 nm was used as a spacer between the stub and the dip to exclude the contribution of MT flux (see scheme in Figure 7A). To

accommodate the focal-plane fluctuations, the average dip intensity was normalized to the average stub intensity at each time point.

Fluorescence Recovery After k-fiber Severing (FRAS) was determined by fitting the ratio at each point to a one phase decay (least

squares fit): y = (y0� plateau)3 e�Kt + plateau; y0 = intensity at time zero;K= ln(2)/half-life; t= time (sec). Healing recovery percentage

was calculated using the following equation: R= ((Itf -Iti)/(1 -Iti)) 3100, where R= healing recovery; I= dip/stub intensity ratio; tf= for

controls, corresponds to the time were the ratio equals 1; for HAUS6, corresponds to time 30 sec (4 sec after all control treated cells

reached a ratio of 1); ti= time zero/post-cut. The analysis was restricted to cells where stub intensity variation<20% and dip intensity

drop>15%. Only a minor fraction of the analyzed k-fibers belonged to the big KT as it rarely localizes on the periphery of the spindle

(ideal place to perform k-fiber surgery and track the outcome) and easily gets out of focus (due to its large size). For correlative CH-

STED nanoscopy after microsurgery coverslips were assembled onto perfusion imaging chambers (Ske, Research Equipment)

before imaging. Immediately after microsurgery, cells were perfused with 5 mL of 4% PFA + 0.2% glutaraldehyde in cytoskeleton
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buffer and stained as described in the STAR Methods section ‘‘Immunofluorescence’’. The surgery laser was used to mark a refer-

ence frame in the coverslip glass after fixation, thus allowing the cell of interest to be located using a 10x objective on the STED

microscope.

Wide-field microscopy quantifications
Spindle length was determined by measuring the distance between the two spindle poles (labeled with gamma-tubulin) using the

straight-line tool in Fiji. g-tubulin intensity and a-tubulin levels after cold-treatment were determined by drawing an elliptical ROI

around the spindle in sum-projected images (Fiji). Background fluorescence was measured outside the ROI and subtracted from

each cell. All values were normalized to the average levels of control cells.HURP protein levels were determined by drawing two ellip-

tical selections of different sizes (one containing the other) around the mitotic spindle in sum-projection images. The fluorescence

intensity was background subtracted according to the equation: Sin,corrected = Sin - ((Sout-Sin)/(Aout-Ain ))3 Ain S : signal; A: area;

and normalized to average fluorescence intensity of control cells. For quantification of cMad2 protein levels at KTs in metaphase ar-

rested cells, ROI manager in Fiji was used. cMad2 fluorescence intensity was background subtracted and normalized for the levels

obtained for ACA in the same KT.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 8. All data represents mean ± S.D., except for Figures 3B, 4C, S2, S4A’,

S4B0 and S6F where median and interquartile range are shown. D’Agostinho-Pearson omnibus normality test was used to determine

if the data followed a normal distribution. If a = 0.05, a statistical significance of differences between the population distributions was

determined by Student’s t test. If a < 0.05, statistical analysis was performed using a Mann-Whitney Rank Sum test. For each graph,

ns: not significant, *p%0.05, **p%0.01, ***p%0.001 and ****p%0.0001. All results presented in this manuscript were obtained from

pooling data from at least 3 independent experiments, unless stated otherwise.
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