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Centriole-independent mitotic spindle assembly
relies on the PCNT-CDK5RAP2 pericentriolar matrix

Sadanori Watanabe2°*, Franz Meitinger»>3*@®, Andrew K. Shiau"**@®, Karen Oegema?3®, and Arshad Desai"**®

Centrosomes, composed of centrioles that recruit a pericentriolar material (PCM) matrix assembled from PCNT and
CDK5RAP?2, catalyze mitotic spindle assembly. Here, we inhibit centriole formation and/or remove PCNT-CDK5RAP2 in RPE1
cells to address their relative contributions to spindle formation. While CDK5RAP2 and PCNT are normally dispensable for
spindle formation, they become essential when centrioles are absent. Acentriolar spindle assembly is accompanied by the
formation of foci containing PCNT and CDK5RAP?2 via a microtubule and Polo-like kinase 1-dependent process. Foci formation
and spindle assembly require PCNT-CDK5RAP2-dependent matrix assembly and the ability of CDK5RAP2 to recruit y-tubulin
complexes. Thus, the PCM matrix can self-organize independently of centrioles to generate microtubules for spindle
assembly; conversely, an alternative centriole-anchored mechanism supports spindle assembly when the PCM matrix is absent.
Extension to three cancer cell lines revealed similar results in Hela cells, whereas DLD1 and U20S cells could assemble
spindles in the absence of centrioles and PCNT-CDK5RAP2, suggesting cell type variation in spindle assembly mechanisms.

Introduction

Centrosomes are the primary microtubule organizing centers in
metazoan cells. Centrosomes consist of a centriolar core that
organizes a layered proteinaceous structure, called the peri-
centriolar material (PCM; Mennella et al., 2014). During mitotic
entry, centrosomes increase in size to help meet the increased
demand for microtubule generation for spindle assembly
(Palazzo et al., 2000). This increase in size is due to expansion of
an outer PCM matrix layer whose assembly requires the large
coiled-coil proteins pericentrin (PCNT; pericentrin-like protein
[PLP] in Drosophila) and CDK5RAP2/CEP215 (centrosomin [Cnn]
in Drosophila, and SPD-5 in Caenorhabditis elegans; Fu and Glover,
2012; Lawo et al., 2012; Mennella et al., 2012, 2014; Woodruff
et al., 2014). For convenience, we refer to this PCNT and
CDK5RAP2-based matrix layer as the “PCM matrix,” noting that
there are other PCM proteins, including CEP192 and NEDD], that
remain in a more centriole-proximal toroid when the outer PCM
matrix layer is absent (Fu and Glover, 2012; Lawo et al., 2012;
Mennella et al., 2012). The ability of centrosomes to nucleate
microtubules is thought to be due, at least in part, to the ability
of the PCM matrix to bind y-tubulin-containing complexes
(Moritz et al., 1995, 1998; Schnackenberg et al., 1998). One of the
best-characterized y-tubulin complex binding sites is a con-
served sequence motif, termed CM1 (Samejima et al., 2008;

Zhang and Megraw, 2007), in the CDK5RAP2 N-terminus (Choi
et al., 2010; Fong et al., 2008). In Drosophila embryos, mutation
of the Cnn CM1 motif reduced the amount of y-tubulin at cen-
trosomes (Zhang and Megraw, 2007); however, in human cells,
reduction in centrosomal y-tubulin upon mutation of the CM1
motif of CDK5RAP2 has not been noted (Kim and Rhee, 2014).
Within the centrosome, PCNT/PLP is thought to link the PCM
matrix layer to the centriole and ensure its proper organization.
In humans and Drosophila, PCNT/PLP associates with the outer
centriole wall via its C-terminal pericentrin-AKAP450 centrosomal
targeting (PACT) domain and, in interphase centrosomes, is ori-
ented with its N-terminal domain facing outwards (Fu and Glover,
2012; Lawo et al., 2012; Mennella et al., 2012). CDK5RAP2/Cnn
is thought to assemble on this PCNT foundation, as loss of PCNT
leads to a significant reduction in centrosomal CDK5RAP2/Cnn
(Fu and Glover, 2012; Lawo et al., 2012; Mennella et al., 2012).
The mitotic expansion of the PCM matrix is controlled by Polo-
like kinase (PLK) 1 (Cabral et al., 2019; Conduit et al., 2014;
Dobbelaere et al., 2008; Haren et al., 2009; Lane and Nigg, 1996;
Lee and Rhee, 2011; Woodruff et al., 2015). Structural work on
the Drosophila proteins has suggested that PCM matrix expan-
sion is driven by a phosphorylation-regulated self-interaction
between Cnn molecules (Feng et al., 2017) in which the CM2

Ludwig Institute for Cancer Research, La Jolla, CA; ?Department of Cellular and Molecular Medicine, University of California, San Diego, La Jolla, CA; 3Section of Cell and
Developmental Biology, Division of Biological Sciences, University of California, San Diego, La Jolla, CA; “*Small Molecule Discovery Program, Ludwig Institute for Cancer
Research, La Jolla, CA; °Division of Biological Science, Graduate School of Science, Nagoya University, Nagoya, Japan.

*S. Watanabe and F. Meitinger contributed equally to this work; Correspondence to Arshad Desai: abdesai@ucsd.edu; Karen Oegema: koegema@ucsd.edu.
© 2020 Watanabe et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the

publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press
J. Cell Biol. 2020 Vol. 219 No. 12

https://doi.org/10.1083/jcb.202006010

W) Check for updates

202006010

920z Arenigad 60 uo 3senb Aq 4pd010900Z0Z Al/066£E81/0109002028/Z /6 | Z/4Pd-8loie/qol/Bio sseidny/:dpy wouy pepeojumoq

1of17


https://orcid.org/0000-0002-8635-9078
https://orcid.org/0000-0002-3993-4842
https://orcid.org/0000-0001-8515-7514
https://orcid.org/0000-0002-5410-1830
mailto:abdesai@ucsd.edu
mailto:oegema@ucsd.edu
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1083/jcb.202006010
http://crossmark.crossref.org/dialog/?doi=10.1083/jcb.202006010&domain=pdf

motif at the Cnn C-terminus interacts with an internal Cnn
leucine zipper (Citron et al., 2018; Feng et al., 2017). The Cnn
CM2 motif also interacts with an internal region in PLP, and it
has been suggested that this interaction may help tether the
Cnn-based matrix to the centriole (Citron et al., 2018). Al-
though similar structural work has not yet been done on the
human proteins, the dependence on PCNT for assembly of a
CDK5RAP2/PCNT matrix layer (Fu and Glover, 2012; Lawo
et al.,, 2012; Mennella et al., 2012), the dramatic expansion of
the matrix layer when either PCNT or CDK5RAP?2 is overex-
pressed (Lawo et al., 2012), and experiments showing that the
CM2 domain of CDK5RAP?2 is important for its ability to accu-
mulate around centrioles and to interact with PCNT (Kim and
Rhee, 2014; Wang et al., 2010) suggest that that the human PCM
matrix assembles in a similar CM2-dependent manner.

Work across systems has suggested that cells lacking cen-
trioles retain the ability to assemble a mitotic spindle but do so
more slowly than control cells (Basto et al., 2006; Bazzi and
Anderson, 2014; Khodjakov and Rieder, 2001; Lecland et al.,
2013; Meitinger et al., 2016; Sir et al., 2013; Wong et al., 2015).
Thus, the presence of centrioles significantly accelerates spindle
assembly. Whether this acceleration is due to the ability of
centrioles to organize PCM matrix or whether they have the
capacity to accelerate spindle assembly independent of the ma-
trix is not clear. Recent work has shown that spindle assembly in
human cells that lack centrioles is accompanied by the coales-
cence of PCM proteins into foci at the spindle poles during mi-
tosis (Meitinger et al., 2020; Yeow et al., 2020). Similar foci
containing PCM proteins have also been observed in acentriolar
Drosophila cells (Baumbach et al., 2015; Debec et al.,, 1995;
Moutinho-Pereira et al., 2009). In Drosophila, foci formation
requires Cnn, but the foci were not essential for spindle as-
sembly (Baumbach et al., 2015; Moutinho-Pereira et al., 2009).
Thus, key questions with respect to PCM foci during acentriolar
mitosis in human cells are whether their formation represents
bona fide centriole-independent assembly of PCM matrix, and
whether the foci and their microtubule-nucleating capacity are
important for spindle assembly.

In prior work, we developed centrinone, a selective inhibitor
of the centriole duplication trigger kinase PLK4 (Wong et al.,
2015). Treating cells with centrinone enables the generation of
acentriolar cells. Here, we use centrinone in conjunction with
PCNT and CDK5RAP2 inhibition to address the relative con-
tributions of centrioles and the PCM matrix to spindle assembly
in human cells. Using nontransformed RPEI1 cells, we show that,
whereas cells lacking either centrioles or PCM matrix proteins can
assemble spindles, simultaneous loss of both PCM matrix and
centrioles results in a severe spindle assembly defect. Both PCNT-
CDK5RAP2 matrix assembly and y-tubulin binding to the CDK5RAP2
CM1 domain are essential for acentriolar spindle assembly. We
extended this analysis to three cancer cell types. In HeLa cells,
the combined loss of centrioles and PCM matrix proteins also led
to spindle assembly failure. Surprisingly, DLD1 and U20S cells
retained the ability to assemble a spindle in the absence of both
centrioles and PCM matrix proteins, suggesting differential uti-
lization of pathways for the generation of spindle microtubules
that do not require either centrioles or PCM matrix proteins.
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Results

The PCM matrix proteins PCNT and CDK5RAP2 are dispensable
for spindle assembly

In human cells, the mitotic increase in centrosome size is due to
expansion of a PCNT- and CDK5RAP2-dependent PCM layer
(Lawo et al., 2012), which we refer to as the “PCM matrix.” To
analyze the role of the PCM matrix in spindle assembly, we used
CRISPR/Cas9 to individually knock out CDK5RAP2 and PCNT in
nontransformed RPE1 cells (Fig. S1, A and B). Knockouts were
generated in a USP28A background because USP28 is an essential
component of the pathway that activates p53 and arrests cells in
Gl in response to increased mitotic duration (Fong et al., 2016;
Lambrus et al., 2016; Meitinger et al., 2016). For each knockout, a
clonal cell line with no centrosomal localization of the target
protein, consistent with genotyping data, was selected for fur-
ther analysis (Fig. 1 A; and Fig. S1, A and B). For CDK5RAP2A, no
band was detected; for PCNTA, a faint band was detected at high
exposure (Fig. 1 A; and Fig. SI, A and B). As expected based on
prior work, removal of either PCNT or CDK5RAP2 reduced but
did not eliminate localization of CEP192 to the spindle poles and
did not prevent spindle formation or chromosome segregation
(Fig. 1, B and C; and Fig. S1 C; Fong et al., 2008; Gomez-Ferreria
et al., 2007; Haren et al., 2009; Lawo et al., 2012; Wang et al.,
2013). Mitotic duration, measured from nuclear envelope
breakdown (NEBD) to chromosome decondensation, is a sensi-
tive measure of defects in spindle assembly and chromosome-
spindle interactions and was not increased by individual loss of
PCNT or CDK5RAP2 (Fig. 1 C). Consistent with this, both mutant
clones could be propagated long-term in culture.

In agreement with prior work (Haren et al., 2009; Kim and
Rhee, 2014; Lawo et al., 2012), PCNT loss reduced (to ~15% of
control levels) but did not abolish CDK5RAP2 recruitment to the
vicinity of centrioles (Fig. 1, D and E). To address the possibility
that PCNT and CDK5RAP2 might function redundantly, we used
RNAi to deplete CDK5RAP2 in PCNTA cells (Fig. 1 D). In co-
inhibited cells, PCNT was absent, and no residual CDK5RAP2
was detected (Fig. 1 D). Coinhibited cells exhibited a mitotic
phenotype essentially identical to loss of PCNT alone (Fig. 1, E
and F). We conclude that the mild nature of the mitotic phe-
notypes in PCNTA and CDK5RAP2A cells does not result from
redundancy between the two matrix proteins, but instead in-
dicates that the mitotic PCM matrix comprised of PCNT and
CDK5RAP2 is dispensable for spindle assembly.

A centriole-anchored mechanism generates microtubules for
spindle assembly in the absence of PCM matrix

The above results indicate that in nontransformed RPEI cells,
loss of both conserved PCM matrix proteins does not prevent
spindle formation, suggesting an additional mechanism for
the generation of spindle microtubules. Since PCNTA and
CDK5RAP2A cells retain centrioles that associate with spindle
poles (Fig. 1 B), we tested whether centrioles anchor a PCM
matrix-independent pathway for microtubule generation. For
this purpose, we used centrinone to prevent new centriole for-
mation. Measurement of cell number and normalization relative
to DMSO-treated controls indicated that centrinone treatment
reduced proliferation ~10-fold for CDK5RAP2A cells, compared
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Figure 1. PCNT and CDK5RAP2 are dispensable for spindle assembly and chromosome segregation in RPE1 cells. (A) Top: Images of fixed mitotic

RPE1(USP28A) cells lacking PCNT or CDK5RAP? after labeling with the indicated antibodies and a DNA dye. Scale bar, 10 pm. Bottom: Immunoblots analyzing
CDKSRAP2 and PCNT in the parental line and knockout clones. a-tubulin is a loading control. (B) Effect of PCNT or CDK5RAP2 loss on localization of CEP192.
Scale bar, 5 pum. (C) Live imaging of mitosis in cells lacking PCNT or CDK5RAP2. Cells were labeled with SiR-DNA for 2 h and then imaged at 5-min intervals.
Quantification of mitotic duration is shown below for 20 cells per condition. Error bars represent SD. Scale bar, 10 um. (D and E) CDK5RAP2 depletion removes
residual centrosome-localized CDK5RAP2 in PCNTA cells. (D) Images of fixed cells for the indicated conditions; 2.5x magnified regions to the right show
CDKS5RAP2 signal in the centrosome region. Scale bar, 10 um. (E) Centrosomal CDK5RAP2 intensity for the indicated conditions. Error bars represent SD.
(F) Mitotic spindle morphology, 48 h after siRNA transfection, for the indicated conditions. Fixed cells were stained to label microtubules and DNA. Spindle
morphology in prometaphase and metaphase stage cells was scored. MT, microtubules; ns, not significant; tub, tubulin. ****, P < 0.0001; ns, not significant (P >

0.05).

with ~2.5-fold for parental RPE1 (USP28A) cells; similar results
were obtained for PCNTA cells (Fig. 2 A). After 4 d in cen-
trinone, ~75% of control cells lacked centrioles, as indicated by
absence of a focus of y-tubulin staining (Fig. 2 B); by contrast,
all remaining CDK5RAP2A cells retained centrioles (Fig. 2 B).
These results suggest that centriole loss is synthetically lethal
with the absence of PCNT or CDK5RAP2, so that in the absence
of CDK5RAP2, only cells with residual centrioles survive cen-
trinone treatment.

To determine why centrioles are essential for cell prolifera-
tion in the absence of PCNT or CDK5RAP2, we imaged mitosis
after treating cells with centrinone or DMSO for 3 d and
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classified the mitotic outcomes into four categories (Fig. 2 C).
This analysis revealed penetrant chromosome segregation fail-
ure in centrinone-treated CDK5RAP2A or PCNTA cells (Fig. 2 D,
Video 1, and Video 2). Mitotic duration was also significantly
prolonged in centrinone-treated CDK5RAP2A and PCNTA cells,
relative to centrinone treatment or the CDK5RAP2 or PCNT de-
letions treated with DMSO (Fig. 2 E). Thus, centriole loss in RPE1
cells lacking PCM matrix proteins leads to a high rate of mitotic
failure.

As centrioles could not be depleted in PCNTA or CDK5RAP2A
cells, we inverted the order of the perturbations by using cen-
trinone treatment to generate a population of cells lacking
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Figure 2. PCNT-CDK5RAP2 and centrioles act in parallel to direct spindle assembly and chromosome segregation. (A and B) Analysis of relative
proliferation (A) and centrosome number measured by counting y-tubulin foci (B) following 4-d mock (DMSO [D]) or centrinone (C) treatment. Scale bar, 10
um. (C) Live imaging of mitosis for the indicated conditions using the procedure on the left. Cells were first treated with DMSO (D) or centrinone (C) to
generate centriole-less cells, labeled with SiR-DNA for 2 h, and then imaged at 5-min intervals. Mitotic outcomes were classified into four categories, rep-
resentative examples of which are shown in the image series. Note that the “Normal Segregation” category images are from the Control sequence in Fig. 1 C.
Numbers on the top left of image panels indicate time after NEBD in minutes. Colored squares to the right indicate the labeling scheme for each outcome. Scale
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bar, 5 um. (D and E) Quantification of mitotic outcomes (D) and mitotic duration (E) for the indicated conditions. Error bars in E are the 95% CI. (F) RNAi
analysis. Left: Immunoblot of indicated conditions. a-tubulin is a loading control; numbers below indicate relative total band intensities. Right: Quantification of
nuclear morphology as a readout of mitotic outcomes. Mean and SD from three independent experiments are plotted. At least 200 nuclei were scored per
condition per experiment. P values are from t tests. (G) Mitotic spindle morphology for the indicated conditions; for detailed protocol, see Fig. S2 A. Arrow
marks extra microtubule focus frequently observed in centrinone-treated cells. Fixed cells were stained to label microtubules and DNA. Scale bar, 10 um.
**, P < 0.03; ***, P < 0.00L; ****, P < 0.0001. IB, immunoblot; IF, immunofluorescence; ns, not significant; tub, tubulin.

centrioles followed by RNAi to deplete PCNT or CDK5RAP2
(Fig. 2 F). An initial approach assessing mitotic outcomes by
counting abnormal nuclei in fixed cells confirmed strong syn-
ergy between PCNT or CDK5RAP2 depletion and centrinone-
mediated centriole removal (Fig. 2 F). In contrast to PCNT or
CDK5RAP2, which were important only when centrioles were
absent, CEP192 was important in both the presence and absence
of centrioles (Fig. 2 F). Spindle assembly was assessed using a
synchronization protocol in which cells were collected in mitosis
in the presence of nocodazole and then fixed 30 min after no-
codazole washout (Fig. 2 G and Fig. S2 A). PCNT or CDK5RAP2
depletion did not significantly perturb bipolar spindle formation
under these conditions. Centrinone-treated cells exhibited re-
duced fidelity of bipolar spindle formation, primarily due to the
frequent presence of an extra focus of microtubules (Fig. 2 G,
white arrow). However, in centrinone-treated PCNT or CDK5RAP2-
depleted cells, spindles failed to form, and only a small mass of
disorganized microtubules was observed in the vicinity of the
chromosomes (Fig. 2 G). This result suggests that defective
spindle assembly underlies the mitotic failure observed in cells
that lack both centrioles and PCM matrix proteins. To com-
plement the fixed analysis, we used live imaging to monitor bi-
polar spindle formation, which indicated that both 1-centrosome
and acentriolar cells failed to build bipolar spindles following
CDK5RAP2 depletion (see Fig. 3 E and associated text below).
Using acute centrinone treatment, we confirmed that the mitotic
failure observed in centrinone-treated CDK5RAP2- or PCNT-
depleted cells requires centriole loss and not just inhibition of
PLK4 activity (Fig. S2 B).

We conclude that that loss of PCM matrix proteins is well-
tolerated when centrioles are present but highly detrimental for
spindle assembly when centrioles are absent. Thus, PCM matrix
proteins and centrioles can function independently of each other
to promote spindle formation.

PCM matrix proteins are required for the formation of
CEP192-containing foci during acentriolar mitosis

To understand how the PCM matrix contributes to acentriolar
spindle assembly, we imaged RPE1(USP284) cells with in situ
mNeonGreen-tagged CEP192 (Gemble et al., 2019). After incu-
bation with centrinone for 4 d (Fig. 3 A), a time point when ~75%
of the cell population lacks centrioles (Fig. 2 B; Wong et al.,
2015), CEP192 foci were not observed during interphase. How-
ever, after NEBD, small CEP192 foci became visible and gradually
coalesced into larger foci at the poles of acentriolar spindles
(Fig. 3 A; Meitinger et al., 2020; Yeow et al., 2020); the polar foci
persisted into anaphase but dispersed soon after (Video 3).
CEP192 fluorescence in the polar foci at anaphase onset was
about half of that at centrosomes in control cells at NEBD (Fig. 3
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B). CEP192 fluorescence in the spindle region increased after
NEBD, concurrent with coalescence of the mitotic foci (Fig. 3 B).
Imaging CEP192:mNeonGreen (mNG) with a red fluorescent
EB3 fusion that marks microtubules showed that multiple
CEP192 foci were associated with microtubules and progres-
sively concentrated at the spindle poles during self-organized
acentriolar spindle assembly (Fig. 3 C and Video 4). CEP192
foci at the poles of acentriolar spindles also contain PCNT,
CDK5RAP2, CEP152, PLK4, and y-tubulin (Meitinger et al.,
2020), none of which exhibited focal localization in inter-
phase, indicating that acentriolar PCM foci form during mitosis.
In contrast to centrinone-treated control RNAI cells, centrinone-
treated cells depleted of PCNT or CDK5RAP2 did not form
CEP192 foci or bipolar spindles (Fig. 3 D). We conclude that the
CEP192-containing foci at the poles of acentriolar spindles re-
quire PCNT and CDK5RAP2 and resemble the mitotic PCM
matrix that accumulates around centrioles during mitotic entry,
except that foci form de novo after NEBD instead of before NEBD
when templated by a centriole.

Following inhibition of centriole formation with centrinone,
an intermediate on the path to the acentriolar state is the for-
mation of daughter cells with one instead of the normal two
centrioles. To assess if the PCM matrix proteins are important
for one-centriole mitosis, we treated RPE1(USP28A) cells expressing
CEP192::mNG and an mCherry fusion with the MAP4 microtubule-
binding domain (MBD) with centrinone. The number of CEP192
foci present before NEBD indicated if individual cells had one or
zero centrioles (Fig. 3 E). In control RNAi cells treated with
centrinone, all imaged one- and zero-centriole cells exhibited
bipolar division, with CEP192 foci present at the acentriolar
spindle poles (Fig. 3 E and Video 5). By contrast, following RNAi
of CDK5RAP2, all one- and zero-centriole cells failed to as-
semble bipolar spindles, and CEP192 foci were only associated
with the centriole-containing pole (Fig. 3 E and Video 5). Thus,
CDK5RAP2 is required for bipolar spindle assembly in cells
with either one or zero centrioles, and successful spindle as-
sembly is associated with the CDK5RAP2- and PCNT-dependent
formation of acentriolar PCM foci.

Formation of acentriolar PCM foci after mitotic entry requires
microtubules and PLK1 activity

The PCM foci in acentriolar RPE1 cells form as microtubules
assemble and are sorted into a self-organized bipolar spindle
(Fig. 3 C), raising the question of whether microtubule assembly
and reorganization are required for foci formation. To assess the
involvement of microtubules, we treated acentriolar cells with
nocodazole (Fig. 4 A). At a time after NEBD when live imaging of
control acentriolar cells revealed robust CEP192 foci at the spindle
poles, similar foci were not observed in nocodazole-treated
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Figure 3. PCM components form foci independently of centrioles after mitotic entry in a CDK5RAP2-PCNT dependent manner. (A) Live imaging of
DMSO or centrinone-treated RPE1 cells with in situ mNG-tagged CEP192. Scale bar, 10 pum. (B) Fluorescence intensity quantification of CEP192 foci (left) and
CEP192 in the spindle region (right). Error bars represent SD. (C) Live imaging of acentriolar foci formation following mitotic entry. Microtubules are visualized
using a transgenic EB3:mApple fusion. Scale bar, 10 um. (D) Analysis of CEP192 foci formation for the indicated conditions. Scale bar, 10 um. (E) Live imaging
of CEP192 foci formation and bipolar division in control and CDK5RAP2-depleted cells; microtubules are visualized using a transgenic fusion of mCherry with
the microtubule-binding domain of MAP4. Numbers on top left of each panel indicate time in minutes after NEBD. Scale bar, 10 um. C, centrinone; cent,

centriole; D, DMSO; ROI, region of interest.

acentriolar cells (Fig. 4 A and Video 6), indicating that forma-
tion of acentriolar PCM foci requires microtubule assembly.
One possibility is that the PCM matrix proteins nucleate mi-
crotubules, and motor-dependent self-organization collects
their minus ends to promote foci formation. Such a mechanism
would be similar to the one previously suggested for the
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formation of acentriolar PCM foci in Drosophila somatic cells,
which relies on minus-end-directed microtubule motors (Moutinho-
Pereira et al., 2009).

The assembly and maintenance of the mitotic PCM matrix
around centrioles requires the activity of PLK1, which is thought
to control the ability of matrix molecules to interact with each
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Figure 4. Requirements for assembly and maintenance of PCM foci in acentriolar cells. (A) Analysis of CEP192 foci formation after mitotic entry in
control, nocodazole-treated, or PLK1-inhibited acentriolar cells generated by centrinone treatment. (B) CEP192 foci presence on monopolar spindles generated
by PLK1 versus Eg5 inhibition. (C and D) Effect of depolymerizing microtubules (C) or inhibiting PLK1 (D) on maintenance of CEP192 foci formed after mitotic
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other (Cabral et al., 2019; Conduit et al., 2014; Dobbelaere et al.,
2008; Haren et al., 2009; Lane and Nigg, 1996; Lee and Rhee,
2011; Woodruff et al., 2015). To determine whether the forma-
tion of acentriolar PCM foci also requires PLK1, we treated cells
with the PLKl-specific inhibitor GSK461364 (Gilmartin et al.,
2009). Robust CEP192 foci were observed in live imaging by
60 min after NEBD in DMSO-treated cells. Foci of similar size
and intensity were never observed in GSK461364-treated cells
(n =21; Fig. 4, A and B; and Video 6); in four treated cells, minute
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foci were transiently observed (Fig. S3 A), but these failed to
coalesce. As PLK1 inhibition prevents bipolar spindle formation
and results in monopolar structures, we also analyzed monop-
olar mitotic arrays resulting from inhibition of the kinesin Eg5
(KIF11) in centrinone-treated cells. Robust CEP192 foci were
present at the center of monopolar acentriolar arrays in all Eg5-
inhibited cells (n = 21; Fig. 4 B). PLKI targeting and function in
PCM assembly around centrioles is thought to require CEP192
and its orthologues (Alvarez-Rodrigo et al., 2019; Decker et al.,
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2011; Meng et al., 2015). Consistent with this, inducibly knocking
out CEP192, like PLK1 inhibition, also prevented the formation of
acentriolar foci containing CDK5RAP2 and PCNT (Fig. S3, B and
C). Thus, PLK1 kinase activity, potentially associated with CEP192,
is required for the formation of acentriolar PCM foci during mi-
tosis, analogous to the requirement for centrosome-targeted PLK1
in the expansion of the mitotic PCM matrix around centrioles.

We next assessed if microtubules and PLK1 activity were
required to maintain acentriolar CEP192 foci in mitotic cells. We
imaged individual cells until they formed one or more clear
CEP192 foci (~1 h after NEBD), added nocodazole or the PLK1-
specific inhibitor GSK461364, and continued imaging (Fig. 4, C
and D). Nocodazole treatment resulted in CEP192 foci either
declustering into smaller foci or remaining stable over an ~100-
min imaging period (Fig. 4 C). By contrast, PLK1 inhibition led to
dissipation of acentriolar foci over time (Fig. 4 D). Thus, both
microtubules and PLK1 activity are required to form acentriolar
PCM foci during mitosis, but only PLKI activity is continuously
required to maintain them after their formation. By contrast, the
requirement for microtubules is specific for acentriolar PCM
foci, as prior work has suggested that microtubules are not re-
quired for the mitotic accumulation of PCM around centrioles
(Khodjakov and Rieder, 1999).

The CM2 domain-containing C-terminal region of CDK5RAP2 is
required to form PCM foci and for acentriolar spindle
assembly

Acentriolar PCM foci appear to form via a mechanism similar to
the mitotic expansion of the PCM matrix around centrioles.
Human CDKS5RAP2 and Drosophila Cnn have a conserved
C-terminal CM2 motif that, based on structural work on Cnn, is
thought to drive self-association by interacting with an internal
leucine zipper-containing region in a PLK1 phosphorylation-
dependent fashion (Citron et al., 2018; Feng et al., 2017; Wang
et al., 2010). The CDK5RAP2 CM2 domain also mediates an in-
teraction with PCNT. Disrupting the interaction between PCNT
and CDK5RAP2 by mutating PCNT also disrupts mitotic PCM
assembly (Kim and Rhee, 2014). Thus, the CDK5RAP2 CM2 do-
main likely promotes both self-interaction and an interaction
with PCNT that underlie PCM matrix assembly.

To determine if the C-terminal CM2 domain-containing re-
gion of CDK5RAP2 is required for the formation of acentriolar
PCM foci, we treated RPE1(USP28A) cell lines stably expressing
either WT or C-terminally truncated (AC) mClover-tagged
CDK5RAP2 from RNAi-resistant transgenes (Fig. 5 A) with
centrinone, followed by RNAI to deplete endogenous CDK5RAP2,
and analyzed mitotic outcomes (Fig. 5 B). Immunoblotting con-
firmed RNAI efficacy and showed that WT CDK5RAP2 was ex-
pressed at near-endogenous levels, whereas AC CDK5RAP2 was
expressed at a higher level (Fig. 5 C); unlike WT CDK5RAP2, AC
CDK5RAP2 did not exhibit centrosome or Golgi localization (Fig.
S4). While WT CDK5RAP2 restored CEP192 foci and significantly
suppressed the mitotic defects observed following endogenous
CDK5RAP2 depletion in acentriolar cells, AC CDK5RAP2 was
unable to do so (Fig. 5, D-F).

We conclude that the CM2-containing C-terminal region of
CDK5RAP? is essential for the formation of acentriolar PCM foci

Watanabe et al.

Parallel mechanisms for spindle assembly

TR
(J’ k(J
IV

and for spindle assembly in the absence of centrioles. This result,
combined with PLK1 dependence, suggests that acentriolar PCM
foci have a structural foundation similar to the PCM matrix that
accumulates around centrioles during mitosis.

The y-tubulin complex-binding CM1 motif of CDK5RAP2 is
required for acentriolar spindle assembly

CDK5RAP2 family proteins have a short motif in the
N-terminus, called CM], that binds to and activates microtubule
nucleation by y-tubulin complexes (Fig. 6 A; Choi et al., 2010;
Samejima et al., 2008; Zhang and Megraw, 2007). To test if
y-tubulin complex binding by CDK5RAP2 is important for
acentriolar spindle formation, we expressed CDK5RAP2 with a
F75A mutation (labeled CM1™ in figures; Fig. 6 A) that disrupts
y-tubulin complex binding by CDK5RAP2 (Choi et al., 2010). The
F75A CM1 mutant, which was expressed at a modestly higher
level than WT CDK5RAP2 (Fig. 6 B), failed to support bipolar
spindle formation and exhibited penetrant mitotic phenotypes
following endogenous CDK5RAP2 depletion in acentriolar cells
(Fig. 6, C-E). Thus, CMI-dependent docking of y-tubulin com-
plexes onto CDK5RAP2 is essential for acentriolar spindle
formation.

While analyzing cells expressing CM1™** CDK5RAP2, we
noticed that even without endogenous CDKSRAP2 depletion,
centrinone treatment caused significant proliferation defects.
This suggested that the F75A CM1 mutant, which is expressed at
a higher level than endogenous CDK5RAP2 (Fig. 6 F), functioned
as a dominant negative. Live imaging 3 d after centrinone
treatment without endogenous CDK5RAP2 depletion revealed
that whereas transgene-encoded WT CDK5RAP2 had no signif-
icant effect on mitotic outcomes, CMI™ut CDK5RAP2 caused
segregation failure at a frequency similar to CDK5RAP2 deple-
tion (Fig. 6 G). Thus, the F75A CMI1 mutant has a dominant-
negative effect when centrioles are depleted, likely due to its
higher expression relative to endogenous CDK5RAP2.

The dominant effect of the F75A mutant, defective in
y-tubulin complex interaction, may be due to the fact that this
mutant retains a functional CM2 domain, which enables it to
outcompete endogenous CDK5RAP2 for self-interaction and in-
teraction with PCNT. To test this idea, we expressed a double
F75A; AC mutant. The double mutant was expressed at a higher
level than the F75A CM1 mutant alone (Fig. 6 F) but, in contrast
to the single mutant, did not exhibit significant mitotic defects
after 3-d centrinone treatment (Fig. 6 G). Thus, the dominant-
negative effect of the F75A CMI1 mutant following centrinone
treatment requires the CM2-containing C-terminal region of
CDK5RAP2. We conclude that acentriolar mitosis requires CM2-
mediated assembly of a matrix with functional CM1 motifs that
can dock y-tubulin complexes.

Analysis of cancer cell lines suggests existence of PCNT-
CDKS5RAP2 and centriole-independent mechanism(s) for
acentriolar spindle formation

The finding that PCNT and CDK5RAP2 form acentriolar foci and
become essential for spindle assembly in centrinone-treated
RPE1 cells prompted us to analyze whether this was also true
in other human cell lines derived from different tissue-origin
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Figure 5. The C-terminal CM2-containing region of CDK5RAP2 is required for PCM foci formation and acentriolar mitosis. (A) Schematic of CDK5RAP2
highlighting predicted coiled-coils and the conserved CM1 and CM2 regions. The AC mutant deletes the C-terminal 168 amino acids that contain CM2.
(B) Protocol for combining centrinone treatment and replacement of endogenous CDK5RAP2 with RNAi-resistant engineered variants. (C) Immunoblotting of
the indicated conditions; mClover was detected using an anti-GFP antibody. a-Tubulin is a loading control. (D) Summary of mitotic outcomes in live imaging of
the indicated conditions. (E) Mitotic duration for the indicated conditions. Error bars are 95% CI. P values are from t tests. (F) Immunofluorescence of

acentrosomal CEP192 foci formation in fixed mitotic cells lacking centrioles. A centrin antibody was used to confirm centriole depletion. Scale bar, 10 um.
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P < 0.001; ****, P < 0.0001. IB, immunoblot; IF, immunofluorescence; ns, not significant; tub, tubulin.

cancers: HeLa (cervical carcinoma), DLD1 (colorectal carcino-
ma), and U20S (osteosarcoma). As a first step, we analyzed PCM
component localization in acentriolar mitotic spindles after
centrinone treatment. In contrast to a recent report suggesting a
lack of PCNT and CDK5RAP?2 at the poles of acentriolar spindles
in HeLa cells (Chinen et al., 2020), we found that HeLa cells, like
RPE1 cells, reliably had foci containing CEP192, PCNT, and
CDKS5RAP2 at their spindle poles (Fig. 7 A and Fig. S5 A). While
DLD1 cells assembled bipolar acentriolar spindles with aligned
chromosomes, no CEP192 foci were detected at their spindle
poles (Fig. 7 A and Fig. S5 A), and PCNT and CDK5RAP2 foci were
only observed in a subset of cells (Fig. 7 A and Fig. S5 A). PCM
foci were also observed at a reduced frequency in acentriolar
spindles of U20S cells (Fig. S5 B). This difference suggested that
DLD1 and U20S cells employ an acentriolar spindle assembly
pathway that does not require PCM matrix foci.

To test this idea, we generated PCNT and CDK5RAP2 knock-
outs in HeLa and DLD] cells; target loss was confirmed by immu-
noblotting and immunofluorescence (Fig. 7, B and C). Knockouts of

Watanabe et al.
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PCNT and CDK5RAP2 were viable in HeLa and DLD], indicating
that, as in RPEI1 cells, PCM matrix proteins are also not essential
for viability when centrioles are present. Following centrinone
treatment, the HeLa cell PCNT and CDK5RAP2 knockouts ex-
hibited a severe spindle assembly defect (Fig. 7 D), with >90% of
Hela cells exhibiting misaligned chromosomes and long-term
mitotic arrest (Fig. 7 D and Video 7). Imaging using Silicone
Rhodamine (SiR)-tubulin to visualize microtubules (Lukinavi¢ius
et al., 2014) revealed that the spindles formed after centrinone
treatment were small and unstable (Fig. 7 E and Video 8). We note
that the centrinone treatment in this analysis was only for 30 h,
and the majority of imaged cells were undergoing one-centrosome
divisions. This was because, as with the RPE1 cells, longer cen-
trinone treatment of the HeLa PCNT and CDK5RAP2 knockouts
resulted in extensive lethality (data not shown).

By contrast to HeLa and RPE1 cells, the DLD1 PCNT and
CDK5RAP2 knockouts analyzed in parallel exhibited only mildly
enhanced defects when treated with centrinone. In live imaging
using SiR-DNA, 50-60% of the double-inhibited cells progressed
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Figure 6. The y-tubulin complex-binding CM1 region of CDK5RAP2 is critical for acentriolar mitosis. (A) CDK5RAP2 schematic highlighting the
N-terminal CM1 region; mutation of the conserved F75 residue to alanine blocks y-tubulin binding (red asterisk). (B) Immunoblots of the indicated conditions.
mClover was detected using an anti-GFP antibody; a-tubulin is a loading control; numbers below indicate relative total band intensities. (C) Mitotic outcomes
observed by live imaging following centrinone treatment for the indicated conditions. (D) Mitotic duration in centrinone for the indicated conditions. Error bars
are 95% Cl. P value is from a t test. (E-G) Analysis of engineered CDK5RAP2 variants in the presence of endogenous CDK5RAP2. (E) Images of DMSO and
centrinone-treated cells expressing WT or CM1 mutant CDK5RAP2; endogenous CDKSRAP2 is present in all conditions. (F) Immunoblots showing expression of
the CM1 mutant, the C-terminal truncation, and the double mutant variants of CDK5RAP2. a-Tubulin is a loading control; numbers below indicate relative total
band intensities. (G) Mitotic outcomes using live imaging following centrinone treatment for the indicated conditions. The key for the different outcomes is in C.

*** P < 0.001. IB, immunoblot; tub, tubulin.

through mitosis, aligning and separating their chromosomes
without visible defects (Fig. 7 D and Video 9). Microtubule
imaging revealed bipolar spindle formation (Fig. 7 E and Video
10); in fact, in the imaging analysis with SiR-tubulin, the 10-20%
mitotic arrest observed in the analysis with SiR-DNA was not
seen. This difference could be because SiR-DNA enhanced mi-
totic defects or because a mild microtubule-stabilizing effect of
SiR-tubulin suppressed defects. While we did not generate
knockouts in U20S cells, RNAi-based depletion of CDK5RAP2 in
conjunction with centrinone treatment suggested that they be-
have similarly to DLD1 cells (Fig. S5, C and D).

Collectively, the analysis in RPE1, HeLa, DLDI, and U20S cells
suggests that some human cell types are able to assemble spin-
dles capable of supporting chromosome alignment and segre-
gation without centrioles or PCM matrix proteins. These
findings illustrate the complexity of microtubule generation
pathways that contribute to spindle assembly in human cells and
highlight the utility of centrinone as a tool for analyzing mi-
crotubule generation mechanisms in diverse contexts.

Discussion

Centrosomes, composed of a centriolar core surrounded by a
pericentriolar matrix, generate microtubules for spindle as-
sembly. Classical experiments suggested a division of labor in
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which the centrioles recruit and organize a proteinaceous PCM
matrix (Bobinnec et al., 1998; Mazia et al., 1960; Sluder and
Rieder, 1985) that, in turn, docks y-tubulin-containing com-
plexes to nucleate microtubules (Frankel, 1976; Gould and
Borisy, 1977; Keryer et al., 1984; Moritz et al., 1995, 1998;
Osborn and Weber, 1976; Schnackenberg et al., 1998). Here, we
test this organizational concept by deconstructing the centro-
some in nontransformed RPEI cells and three cancer cell lines:
HeLa, DLDI1, and U20S. We characterize mitosis in cells with
centrioles that lack the PCM matrix proteins PCNT and
CDK5RAP2, in cells with PCNT and CDK5RAP2 that lack cen-
trioles, and in cells lacking both. In two of the cell lines (RPE1
and Hela), a similar phenomenon was observed in which cells
lacking either centrioles or PCM matrix proteins were able to
assemble spindles, but simultaneous loss of both PCM matrix
and centrioles severely compromised spindle assembly. When
centrioles were absent in these cell lines, acentriolar PCM foci
formed that contributed to spindle assembly; conversely, when
PCNT and CDK5RAP2 were absent, spindle assembly was sup-
ported by a centriole-based PCM matrix-independent pathway.
Surprisingly, the two cancer cell lines DLD1 and U20S retained
the ability to assemble a spindle in the absence of both centrioles
and PCM matrix proteins, suggesting that they can deploy mi-
crotubule generation pathways that do not require either cen-
trioles or PCM matrix proteins.

Journal of Cell Biology
https://doi.org/10.1083/jcb.202006010

920z Arenigad 60 uo 3senb Aq 4pd010900Z0Z Al/066£E81/0109002028/Z /6 | Z/4Pd-8loie/qol/Bio sseidny/:dpy wouy pepeojumoq

10 of 17


https://doi.org/10.1083/jcb.202006010

TR
(J’ k(J
IV

o-tub/ HeLa CDK5RAP2 o-tub/ PCNT  a-tub/

DLD1 CDK5RAP2 ci-tub/ PCNT  o-tub/

CDK5RAP2 PCNT
CDK5RAP2 o-tub/

HeLa CEP192 a-tub/

Centrinone

PCNT

DLD1

DMSO

Centrinone

3

g
S
=
o
a
3
g
3
;:
S
Normal Lagging 5
B HeLFa: t |CD#’1<5RAP2A Parental #1 Centri Segregation Chromatin %
arental #2 arental #2 Plate Centrinone SiR-DNA Live S ti Mitotic &
J ‘ ‘ =~ ‘ PCNT Cells — 30, (600nM) 5, Imaging Fare I prvost oy o
250- . . 50 i g
- | 250}-. - -—‘CDKSRAPZ HeLa DLD1 &
100 100+ - 2
50%---‘ soﬂ---‘a-tub | - s
% 801 I x 3
DLD1  cpK5RAP2A PCNTA ﬁ 60 % 601 I I o
Parental #1  #2 Parental #1 #2 = 40 2 40 %
— N
el | = PONT 20 201 S
250~ 250 0 0 §
250 250 p— T T T | T | I | | T T T T T T T 1 T 1
- e = = | CDKSRAP? 5C6Cobce DC DC DC DC DC s
| IS R E— | IS i SN [ SR SN S— =
S0 M- 5D C-{U Parental  #1 #2 #1 #2 Parental #1  #2 #1  # 8
CDK5RAP2A PCNTA CDK5RAP2A PCNTA §
ﬁ
o
E DI\:I)?O Bipolar spinde assembly & elongation '8
Plate Centrinone gir_Tubulin Live [ Unstable collapsing spindles (>4h arrest) §
Cells 30h (50 nM) o Imaging Mitotic exit without spindle assembly g
Hela DLD1 ‘%
Control ~ PCNTA CDK5RAP2A Control ~ PCNTA CDK5RAP2A E
3 3 8
r o
g€ € H(E3 e | € )
5 o g
£ " L £ ' $ ) 3
o o >
SiR-Tubulin SiR-Tubulin
100 100 - - - B
80 80
= 60 = 60
o o
=40 =X 40
20 20
G T T T T G T T T T T T T T T T
DC DC DC DC DC DC bDC DC DC
| NS [y Sl N SN | | NN [ IS S S —
Parental ~ #1 #2 #1 #2 Parental #1 #2 #1 #2
CDK5RAP2A PCNTA CDK5RAP2A PCNTA

Figure 7. HelLa and DLD1 cells differ in their mechanism of acentriolar spindle assembly. (A) Immunofluorescence of control DMSO- versus centrinone-
treated Hela and DLD1 cells. Scale bar, 5 pm. (B) Immunoblots of knockout HelLa and DLD1 cells. Two independent clones are shown for each line. a-tubulin is
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outcomes in live imaging of chromosome dynamics for the indicated conditions. Protocol is schematized on the top left. n = 50 cells per condition. (E) Mi-
crotubule imaging in mitotic cells for the indicated conditions. Protocol is schematized on the top left. n = 50 cells per condition. Scale bar, 5 um. C, centrinone;

D, DMSO; tub, tubulin.

Acentriolar PCM matrix foci can promote spindle assembly
independently of centrioles

Akey finding from our analysis is that formation of the PCM foci
that support acentriolar spindle assembly resembles the mitotic
accumulation of PCM matrix around centrioles. Like the mitotic
PCM matrix, formation of acentriolar PCM foci depends on
protein-protein interactions mediated by the CM2 domain of
CDK5RAP2 (Citron et al., 2018; Feng et al., 2017; Kim and Rhee,
2014; Wang et al., 2010) and on PLK1 kinase activity (Cabral
et al., 2019; Conduit et al., 2014; Dobbelaere et al., 2008; Haren
et al., 2009; Lane and Nigg, 1996; Lee and Rhee, 2011; Woodruff
et al., 2015). We additionally investigated the mechanism by
which acentriolar PCM foci nucleate microtubules, finding that
microtubule generation by acentriolar PCM foci depends on
y-tubulin complex binding to CDK5RAP2. Collectively, these
results suggest that acentriolar spindle assembly requires the
formation of bona fide PCM matrix with CM1-docked y-tubulin
complexes.

One difference between acentriolar and centriole-directed
PCM matrix assembly is that the PCM matrix around cen-
trioles begins to accumulate before NEBD and does not require
microtubules, whereas acentriolar PCM foci assemble via a
microtubule-dependent process after NEBD. One explanation for
microtubule requirement may relate to the ability of PCNT to
interact with dynein and be transported toward microtubule
minus ends (Tynan et al., 2000; Young et al., 2000), a phe-
nomenon recently shown to occur cotranslationally (Sepulveda
et al., 2018). CDK5RAP2 also associates with the microtubule
minus end-directed motor HSET (Chavali et al., 2016), which
has both motor and nonmotor microtubule binding activities,
and is implicated in clustering of microtubule-organizing cen-
ters (Kleylein-Sohn et al, 2012; Kwon et al, 2008). During
acentriolar spindle assembly, minus end-directed transport of
PCNT-CDK5RAP2 complexes may drive a feedback loop between
microtubule generation and PCM material coalescence. We note
that a similar minus end motor-based coalescence mechanism
has been proposed for the formation of acentriolar PCM foci in
Drosophila somatic cells (Moutinho-Pereira et al., 2009), sug-
gesting that the ability of the PCM to assemble independently of
centrioles via a microtubule-dependent process is likely to be
conserved.

A centriole-anchored mechanism generates microtubules for
spindle assembly in cells lacking PCM matrix proteins

RPE1 and HeLa cells undergo surprisingly normal mitosis in the
absence of PCNT and CDK5RAP2, echoing prior work in chicken
DT40 knockout and human cancer cell lines (Barr et al., 2010;
Fong et al., 2008; Wang et al., 2013). Centrioles are present at the
spindle poles of these cells, and removing them causes segre-
gation failure, suggesting that the pathway driving spindle as-
sembly in the absence of PCM matrix proteins is centriole-based.
One potential candidate for acting in this pathway is CEP192,
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which functions as a complex scaffold at the centrosome,
docking kinases important for centriole duplication and matu-
ration and also binding to and promoting the centrosomal re-
cruitment of y-tubulin complexes (Gomez-Ferreria et al., 2007,
2012; Joukov and De Nicolo, 2018; Joukov et al., 2014; Meng et al.,
2015; Zhu et al., 2008). Both candidate-focused and unbiased
approaches will be needed to determine the molecular basis for
the robust centriole-based microtubule generation pathway that
is sufficient to support spindle assembly in the absence of the
PCNT-CDK5RAP2 PCM matrix.

Centrinone reveals a diversity of acentriolar spindle

assembly pathways

Our analysis in RPEI and HeLa cells led us to expect that the
synergy between PCNT-CDK5RAP2 inhibitions and centriole
loss would be conserved in other human cell lines. Contrary to
this expectation, our analysis of DLD1 and U20S cells indicates
that this is not the case. When acentriolar spindles in the four
cell lines were compared, RPE1 and HeLa cell spindles reliably
contained acentriolar PCM foci at their spindle poles, whereas
DLD1 and U20S cell spindles frequently did not. Notably, failure
of spindle assembly when combining centriole loss and PCNT-
CDK5RAP?2 inhibitions was observed in the two cell lines that
robustly formed acentriolar PCM foci. These data suggest that
ability of cells to form acentriolar PCM foci correlates with the
functional importance of PCM components in acentriolar spin-
dle assembly. In addition, these results indicate the existence of
additional mechanism(s) that can support acentriolar spindle
assembly.

In recent work, the ubiquitin ligase TRIM37 has been sug-
gested to control acentriolar spindle assembly following PLK4
inhibition-mediated centriole loss (Meitinger et al., 2020; Yeow
et al., 2020). When TRIM37 is elevated, it targets CEP192 for
degradation, which prevents the formation of PCM matrix foci
and inhibits acentriolar spindle assembly (analysis of TRIM37
was conducted in RPE1, neuroblastoma CHPI134, and breast
cancer MCF7 cells). The correlation between loss of acentriolar
PCM foci and spindle assembly failure in response to TRIM37
elevation suggests that in CHP134 and MCF?7 cells, as in RPE1 and
Hela cells, acentriolar spindle assembly is reliant on the for-
mation of PCM matrix-based foci. Consistent with this prior
work, we show here that induced CEP192 knockout prevents the
formation of acentriolar PCM foci by PCNT-CDK5RAP2. Ad-
dressing how CEP192 acts in both the centriole-based and
acentriolar spindle assembly pathways is an important future
goal emerging from this work.

Overall, our results highlight the fact that there can be sig-
nificant differences in the mechanisms that generate micro-
tubules for spindle assembly between human cell lines. Whether
these differences arise due to cell transformation or are a con-
sequence of their origins in distinct tissues will be an interesting
question for future investigation. Understanding this diversity

Journal of Cell Biology
https://doi.org/10.1083/jcb.202006010

920z Arenigad 60 uo 3senb Aq 4pd010900Z0Z Al/066£E81/0109002028/Z /6 | Z/4Pd-8loie/qol/Bio sseidny/:dpy wouy pepeojumoq

12 of 17


https://doi.org/10.1083/jcb.202006010

may suggest new avenues for specifically targeting the division
of particular cancer cell types and could facilitate understanding
tissue-specific phenotypes observed for mutations in human
genes encoding centrosomal proteins (such as mutations in
CDK5RAP2 that compromise the proliferation of neural pro-
genitors in microcephaly; Jayaraman et al., 2018; Nano and
Basto, 2017).

Materials and methods

Chemical inhibitors

The chemical inhibitors used in this study were the PLK4 in-
hibitor centrinone (LCR-263; 150-200 nM; synthesized by
Sundia MediTech); the PLKI inhibitor GSK461364 (PLK1i; 100
nM; Selleck Chemicals); the Kifl1/Eg5 inhibitor monastrol (Eg5i;
20 wM; Tocris Bioscience), and nocodazole (8.3 uM; Sigma-
Aldrich).

Antibodies

Antibodies against Cep192 (1-211 aa; used at 0.5 pg/ml for im-
munofluorescence), SAS6 (501-657 aa; used at 0.5 ug/ml for
immunofluorescence), and PLK4 (814-970 aa; used at 0.5 pg/ml
for immunofluorescence) were used as previously described
(Meitinger et al., 2016). The following antibodies were pur-
chased from commercial sources, with their working concen-
trations indicated in parentheses: anti-CDK5RAP2 (1:1,000 for
immunofluorescence in Fig. 7, A and C; ab86340; Abcam) anti-
CDK5RAP2 (1:1,000 for immunofluorescence in Fig. 1, A and D,
and Western blotting in Figs. 2 F, 6 F and S5 C; 06-1398; Milli-
pore), anti-CDK5RAP2 (1:500 for Western blotting in Fig. 1 A,
Fig. 5 C, Fig. 6 B, and Fig. 7 B; A300-554A; Bethyl Laboratories,
Inc.), anti-CEP152 (1:1,000; Abcam), anti-PCNT (1:2,000 for
immunofluorescence, 1:500 for immunoblotting; ab4448; Ab-
cam), GTU-88 (anti-y-tubulin; 1:1,000; Sigma-Aldrich), DM1A
(anti-a-tubulin; 1:5,000; Sigma-Aldrich), YOL1/34 (anti-a-tubulin;
1:500; Millipore), anti-GFP (1:500; 598; Medical and Biological
Laboratories), and anti-Centrinl (1:1,000; 20H5; Milli-
pore). Antigens for anti-CDK5RAP2 and anti-PCNT anti-
bodies are indicated in Fig. S1. Secondary antibodies were
purchased from Jackson ImmunoResearch Laboratories
and GE Healthcare.

Cell lines
All cell lines used in this study are listed in Table S1. hTERT-RPE1
(human telomerase reverse transcriptase-immortalized RPE-1)
cells were grown in F12/DMEM, HeLa and Lenti-X 293T cells in
DMEM, DLD1 cells in RPMI-1640, and U20S cells in McCoy’s 5A.
All growth media contained 10% FBS, 100 pg/ml streptomycin,
and 100 U/ml penicillin. Cell lines were maintained in 37°C and
5% CO,. As the results of our localization analysis in HeLa cells
differed from a prior report (Chinen et al., 2020), we submitted
our HeLa cell line to the American Type Culture Collection for
short tandem repeat profiling. The results indicated that our
Hela line is an exact match for American Type Culture Collec-
tion HeLa CCL-2.

The following transgenes, under control of the cytomegalo-
virus immediate early (CMV) or Ubiquitin C (UBC) promoters,
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were stably integrated into the genome using lentiviral con-
structs (Table S2): mCherry-MAP4 (CMV promoter; neomycin
resistance gene); EB3-mApple (CMV promoter; neomycin resis-
tance gene); CDK5RAP2-mClover (UBC promoter; neomycin re-
sistance gene) ; CDK5RAP2-AC-mClover (UBC promoter; neomycin
resistance gene); CDK5RAP2-F75A-mClover (UBC promoter; neo-
mycin resistance gene), and CDK5RAP2- F75A-AC-mClover (UBC
promoter; neomycin resistance gene). Cells were selected for
1wk in 400 pg/ml G418.

For generating CRISPR/Cas9-mediated knockout lines,
gRNAs targeting CDK5RAP2 (gRNA-1, GAAGAGGACGTCACCGTC
CC; gRNA-2, GTCCTTCATGTTCCGTGCTC) or PCNT (gRNA-1,
GCAAGAGCAGCGGCGCAGAA; gRNA-2, GGCTGTCGATGCGTC
TGTCC) were cloned into the lentiviral vector lentiCRISPR v2 (a
gift from F. Zhang, Broad Institute, Cambridge, MA; Addgene
plasmid no. 52961; http://n2t.net/addgene:52961; RRID:Addg-
ene_52961; Sanjana et al., 2014) and PX459v2 (a gift from F.
Zhang; Addgene plasmid no. 48139; http://n2t.net/addgene:
62988; RRID:Addgene 62988; Ran et al., 2013). To generate
knockouts in DLD], cells were transiently transfected with
PX459v2 constructs (Table S2) using Lipofectamine 3000
(Thermo Fisher Scientific) according to the manufacturer’s in-
structions. To generate knockouts in HeLa and RPE], the Cas9
gene and two gRNAs were simultaneously delivered using len-
tiviral constructs (Table S2).

Viral particles were generated by transfecting the lentiviral
packaging constructs into LentiX-293T cells using Lenti-X
Packaging Single Shots (Clontech). 48 h after transfection,
virus-containing medium was harvested and added to the
growth medium of cells in combination with polybrene (EMD
Millipore; 2.5 ug/ml for DLD1 and HeLa; 8 ug/ml for RPE1). Cells
were selected with puromycin (4 pg/ml for DLDL; 10 pg/ml for
RPEL; 3 ug/ml for Hela) for 4-5 d and subsequently plated in
low density (less than one cell per well) into 96-well plates.
Single clones were screened by immunoblotting, immunoflu-
orescence, and sequencing.

RPE1 CEP192-mNeonGreen were described previously
(Meitinger et al., 2020). In brief, RPE1 cells were transiently
transfected with pX459 expressing Cas9 as well as a gRNA (CGA
CTAATTGGTGAAGCTCT) that targets CEP192 close to the stop
codon and subsequently infected with infectious recombinant
adeno-associated virus (rAAV) particles containing the repair
construct. The repair construct contained the left and right
flanking region of the gRNA target site (960 bp and 672 bp;
excluding the stop codon); the mNeonGreen coding sequence,
for C-terminal fusion to CEP192, and the neomycin resistance
gene aminoglycoside phosphotransferase from Tn5 were cloned
between the left and right homology arms. The expression of the
neomycin resistance gene is linked to endogenous CEP192-
NeonGreen expression through a P2A sequence. Cells were se-
lected in 400 pg/ml G418.

Cells were transfected with siRNAs (final 8 nM) using Lipo-
fectamine RNAIMAX (Thermo Fisher Scientific) according to the
manufacturer’s guidelines. The following siRNAs were used in
this study (Sigma-Aldrich): MISSION siRNA Universal Negative
Control #1; 5'-GCTAGTATGTCTGATACTTGG-3' (Park et al.,
2014) for CEPI192; 5'-GCAGCUGAGCUGAAGGAGA[DT][DT]-3’
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(Lee and Rhee, 2011) for PCNT; and 5'-UGGAAGAUCUCCUAA-
CUAA[DT][DT]-3" (Fong et al., 2008) for CDK5RAP2.

Proliferation assays

Experiments were performed as described previously (Meitinger
et al., 2016). In brief, 100,000 cells/plate were seeded in 10-cm
plates in triplicate per condition and grown in centrinone (200
nM) or DMSO. Cells were counted every 4 d and diluted to
100,000 cells/plate. Cell counting was performed using a TC20
automated cell counter (Bio-Rad).

Immunofluorescence

For immunofluorescence, 10,000 cells per well were seeded into
96-well plates 1 d before fixation. Cells were fixed in 100 pl ice-
cold methanol for 5 min at -20°C, washed twice with 100 pl
washing buffer (PBS containing 0.1% Triton X-100), and blocked
with 100 pl blocking buffer (PBS containing 2-3% BSA, 0.1%
Triton X-100, and 0.1% sodium azide) for 1 h at room tempera-
ture or overnight at 4°C. After blocking, cells were incubated
with primary antibody in fresh blocking buffer (concentrations
as indicated above) for 2 h at room temperature or overnight at
4°C. Cells were washed three times with washing buffer before
1 h incubation with the secondary antibody and DNA-staining
Hoechst 33342 dye. Finally, cells were washed three times with
washing buffer before inspection.

Imaging and quantification

Images were acquired on either a CellVoyager CV7000 or a CQ1
spinning disk confocal imaging system (Yokogawa Electric
Corporation) equipped with a 20x (0.75 NA), 40x (0.95 NA), or
60x (water, 1.2 NA) U-PlanApo objective and a 2,560 x 2,160
pixel sSCMOS camera (Andor). Images were taken either with no
or 2 x 2 binning. Image acquisition and data analysis were
performed using CellVoyager CV7000 software and Image]
(Fiji), respectively. 5 x 2 pm z-sections were acquired with
25-50% laser power and 150 ms/z-section at 5-min intervals for
9-20 h, unless otherwise indicated.

For quantification of centrosomal or acentriolar foci signals,
maximum intensity z-stack projections were analyzed using
Image]. A rectangular box (area 1, Al) was drawn around the
signal, and the mean intensity in the box was measured (mean
intensity 1, I1). To correct for background signal, the box was
expanded by 2 pixels on each side (area 2, A2), and the mean
intensity was measured (mean intensity 2, 12). The signal and
area differences between the two boxes were used to calculate
the mean background signal per pixel {B = [(A2 x I2) - (A1 x I1)]/
(A2 - A1)}. The centrosome and acentriolar foci intensities were
calculated by subtracting the background signal (I1 - B).

For analysis of abnormal nuclei, cells with multiple nuclei,
micronuclei, or abnormally shaped nuclei (with blebbing nuclei
or with “holes” in the nucleus) were counted among total cells
examined as shown in Fig. 2 F.

Live cell imaging

Schematics of experimental protocols are shown in the figures
or described in the text. To monitor spindle formation and mi-
tosis, the indicated cell lines were treated with DMSO or 200 nM
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centrinone for 3-4 d and/or transfected with siRNAs for 36 h
before inspection. HeLa and DLDI1 cell lines with and without
CDK5RAP or PCNT knockouts were treated with 150 nM cen-
trinone for 30 h and subsequently filmed every 10 min for 20 h.
DNA and microtubules were labeled with SiR-DNA (50-500 nM)
or SiR-tubulin (50 nM) 2 h before initiation of imaging.

For experiments in Fig. 4, cells were treated for 4 d in cen-
trinone, transferred into 96-well imaging plates, and imaged
every 5 min using CV7000. After 1-2 h, imaging was paused to
add the indicated inhibitors (Nocodazole, PLKi, and Eg5i) and
subsequently continued with the same settings for another 2 h to
evaluate the effect on acentriolar CEP192 foci formation and
maintenance.

For mitotic synchronization in combination with RNAi
(Fig. 2 G, Fig. 3 D, and Fig. S2 A), cells were treated for 4 d with
DMSO or 200 nM centrinone before a 13-h S-phase arrest in
2 mM thymidine. Subsequently, cells were washed twice with
PBS before transfection of specific siRNA (control, CDK5RAP2,
and PCNT). Cells were then transferred into 96-well plates and
incubated for 9 h in DMSO or 200 nM centrinone. 2 mM thy-
midine was added for 12 h, and then the cells were released
from the S-phase arrest for 7 h before addition of 100 ng/ml
nocodazole for 5 h to enrich mitotic cells. The mitotic cells
were incubated on ice in fresh medium to depolymerize mi-
crotubules, washed twice with PBS, and incubated for 30 min
in fresh prewarmed medium at 37°C to allow mitotic spindle
reformation.

Immunoblotting

For immunoblotting experiments shown in Fig. 2 F, Fig. 5 C, and
Fig. 6, B and F, similar numbers of asynchronously growing cells
were harvested from six-well dishes with 2 x Laemmli SDS
sample buffer at 80-90% confluence, lysed by sonication, and
directly applied to immunoblotting. To confirm CDK5RAP2 and
PCNT knockouts (Fig. 1 A and Fig. 7 B), cells were cultured in 10-
cm plates, harvested at 50-80% confluence, and lysed by soni-
cation in RIPA buffer (Cell Signaling) with an additional protease
and phosphatase inhibitor cocktail (Thermo Fisher Scientific).
Cell debris was removed by centrifugation. Cell extract con-
centrations were normalized based on a Protein Assay (Bio-Rad).
For every sample, 30 ug protein/lane was run on Mini-
PROTEAN gels (Bio-Rad) and transferred to polyvinylidene di-
fluoride membranes using a TransBlot Turbo system (Bio-Rad).
Blocking and antibody incubations were performed in Tris-
buffered saline with 0.1% Tween-20 (TBS-T) + 5% nonfat dry
milk. Detection was performed using HRP-conjugated secondary
antibodies (GE Healthcare) with WesternBright Sirius (Advansta)
or SuperSignal West Femto (Thermo Fisher Scientific) substrates.
Membranes were imaged on a ChemiDoc MP system (Bio-Rad).

Statistical analysis

Statistical analysis was conducted using Prism v8 (GraphPad). P
values were determined by t tests. In Fig. 1, C and E, Fig. 2, E and
F, Fig. 5E, Fig. 6 D, and Fig. S1C, unpaired t tests assuming equal
SD were performed. P > 0.05 (not significant [ns]); **, P < 0.01;
*** P < 0.001; and ****, P < 0.0001. Data distribution was as-
sumed to be normal, but this was not formally tested.

Journal of Cell Biology
https://doi.org/10.1083/jcb.202006010

920z Arenigad 60 uo 3senb Aq 4pd010900Z0Z Al/066£E81/0109002028/Z /6 | Z/4Pd-8loie/qol/Bio sseidny/:dpy wouy pepeojumoq

14 of 17


https://doi.org/10.1083/jcb.202006010

Online supplemental material

Fig. S1 shows the strategy for PCNT and CDK5RAP2 knockout
generation, genotyping results, and analysis of CEP192 intensity.
Fig. S2 shows the protocol employed for analysis of spindle as-
sembly after nocodazole washout and results of acute centrinone
treatment. Fig. S3 depicts further analysis of PLKl1-inhibited
acentriolar cells and analysis of an inducible CEP192 knockout.
Fig. S4 shows localization of WT and AC CDK5RAP2. Fig. S5
shows quantification of acentriolar foci at spindle poles in dif-
ferent cell lines and RNAi-based analysis of U20S cells. Video
1 and Video 2 show mitotic chromosome dynamics imaged using
SiR-DNA in control and CDK5RAP2A (Video 1) or PCNTA (Video
2) RPE1 cells, treated with DMSO or centrinone. Video 3, Video 4,
and Video 5 show in situ tagged CEP192:mNG in DMSO or
centrinone-treated RPEI cells, along with transgene-encoded
mRFP::H2b (Video 3), mApple:EB3 (Video 4), or mCherry:
MAP4 MBD (Video 5). Video 6 shows in situ tagged CEP192::
mNG and transgene-encoded mRFP::H2b in centrinone-treated
RPE1 cells, also treated with nocodazole or a PLK1 inhibitor.
Video 7 and Video 8 show control and knockout HeLa lines
treated with DMSO or centrinone and labeled with SiR-DNA
(Video 7) or SiR-tubulin (Video 8). Video 9 and Video 10 show
control and knockout DLDI lines treated with DMSO or cen-
trinone and labeled with SiR-DNA (Video 9) or SiR-tubulin
(Video 10). Table S1 lists human cell lines used in the study,
and Table S2 lists plasmids constructed for cell line engineering.
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Figure S1. PCNT and CDK5RAP2 knockout cell line generation scheme, genotyping, and analysis of centrosomal CEP192 intensity. (A and
B) Schematics of the encoded protein, the genomic locus, and gRNAs employed to target the locus. The antigens for the antibodies used are depicted above the
protein cartoon. Genotyping results for the knockout clones employed in the analysis are shown on the right. For CDK5RAP2, a 5-bp insertion in exon 1and a
3-bp deletion in exon 3 were found in the clones. For PCNT, a single-bp insertion was observed in exon 1. Immunofluorescence and immunoblotting data are
shown in Fig. 1 A. (C) Quantification of CEP192 centrosomal intensity in the parental Control (RPE1 USP284) and knockout cell lines. Centrosomal intensity
was measured in fixed mitotic cells; for example images, see Fig. 1 B. ****, P < 0.0001 from unpaired t tests. Error bars are 95% Cl.
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Figure S2. Analysis of spindle assembly following recovery from nocodazole treatment of synchronized cells and results of acute centrinone
treatment. (A) Schematic of protocol used to synchronize cells, release into nocodazole, and recover from nocodazole before fixation and immunofluo-
rescence. siRNA transfection was used to deplete CDK5RAP2 or PCNT in order to assess the impact on spindle assembly. (B) Analysis of acute centrinone
treatment of CDK5RAP2- and PCNT-depleted cells. Centriole loss following centrinone treatment requires cell division; thus, in the first 24 h after addition of
centrinone, PLK4 kinase activity is inhibited but centrioles are still present. Acute centrinone treatment did not result in a synthetic mitotic defect in com-
bination with CDK5RAP2 or PCNT depletion. Ctrl, control.
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Figure S3.  Examples of small CEP192 foci in PLK1-inhibited acentriolar mitotic cells and analysis of induced CEP192 knockout. (A) Example of small
CEP192 foci observed in PLK1-inhibited acentriolar cells. Two examples are shown. Note that control cell image shown is 60 min after NEBD; the left PLK1-
inhibited cell is 95 min after NEBD and the right PLK1-inhibited cell is 40 min after NEBD. Scale bar, 10 um. (B) Top: Schematic of experimental approach. The
inducible CEP192 knockout cell line was described previously (Meitinger et al., 2020). Cells were first treated with centrinone, and then CEP192 was inducibly
deleted by adding doxycycline to express Cas9. Cells were then fixed and processed for immunofluorescence. Middle and bottom: Analysis of CDK5RAP2
(middle) and PCNT (bottom) localization in the indicated conditions. Note that the centrinone-only condition is the iCEP192 knockout cell line treated with
centrinone but not with doxycycline. Scale bar, 10 um. (C) Quantification of metaphase frequency (left) and acentriolar foci frequency (right) in the indicated
conditions. Metaphase alignment is greatly reduced in frequency in centrinone-treated mitotic cells in which CEP192 has been knocked out; thus, the
quantification of acentriolar foci only employed prometaphase stage cells from the control. Note that by metaphase, essentially all centrinone-treated control
cells have robust acentriolar foci at their spindle poles (e.g., see Fig. S5 A). Dox, doxycycline; KO, knockout.
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Figure S4. Localization of WT and C-terminally deleted CDK5RAP2 in control and centrinone-treated cells. CDK5RAP2 localizes to the centrosome and
to the Golgi apparatus. The Golgi localization is retained in centrinone-treated cells that lack centrosomes. Neither centrosome nor Golgi localization is ob-
served for AC CDK5RAP2. Scale bar, 10 pm.
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Figure S5. Quantification of acentriolar foci at spindle poles of HeLa and DLD1 cells and analysis of acentriolar mitosis in U20S cells. (A) Left:
Metaphase stage RPE1(USP284) cells treated with DMSO or centrinone (for 4 d) and labeled for PCM components. Right: Quantification of acentriolar PCM foci
at spindle poles in RPE1(USP28A), Hela, and DLD1 cells. For images of Hela and DLD1 cells, see Fig. 7 A. (B) Immunofluorescence analysis of control and
centrinone-treated U20S cells. Scale bar, 5 pum. (C) Immunoblot showing CDK5RAP2 depletion by RNAi in U20S cells. (D) Functional analysis of mitotic
outcomes and mitotic duration in CDK5RAP2-depleted acentriolar U20S cells. Error bars are 95% Cl. Unlike HelLa or RPE1 cells, a strong synergistic defect was
not observed when comparing control and CDK5RAP2-depleted acentriolar U20S cells. C, centrinone; D, DMSO; tub, tubulin.
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Video 1. Control and CDK5RAP2A RPE1 cells labeled with SiR-DNA and imaged at 20x magnification. 8 x 2-um z-stacks were acquired every 5 min.
Image frames shown are maximum intensity projections at each time point. Playback is sped up 900x relative to real-time. Elapsed time shown is in hours:
minutes, and scale bar is 10 um. KO, knockout.

Video 2. Control and PCNTA RPE1 cells labeled with SiR-DNA and imaged at 20x maghnification. 8 x 2-um z-stacks were acquired every 5 min. Image
frames shown are maximum intensity projections at each time point. Playback is sped up 900x relative to real-time. Elapsed time shown is in hours:minutes,
and scale bar is 10 um. KO, knockout.

Video 3. DMSO or centrinone-treated RPE1 cells expressing in situ mNeonGreen-tagged CEP192 and transgene-encoded mRFP-H2b. 5 x 2-um
z-stacks were acquired every 5 min at 60x magnification. Image frames shown are maximum intensity projections at each time point. Playback is sped up 900x
relative to real-time. Elapsed time shown is in hours:minutes, and scale bar is 10 pm.

Video 4. DMSO or centrinone-treated RPE1 cells expressing in situ mNeonGreen-tagged CEP192 and transgene-encoded mApple-fused EB3. 7 x
2-pm z-stacks were acquired every 5 min at 40x magnification. Image frames shown are maximum intensity projections at each time point. Playback is sped
up 900x relative to real-time. Elapsed time shown is in hours:minutes, and scale bar is 10 um.

Video 5. Centrinone-treated RPE1 cells expressing in situ mNeonGreen-tagged CEP192 and transgene-encoded mCherry-fused microtubule-binding
domain of MAP4. One-centrosome and zero-centrosome cells are shown in control RNAi versus CDK5RAP2 RNAI. 8 x 2-um z-stacks were acquired every
5 min at 40x magnification. Image frames shown are maximum intensity projections at each time point. Playback is sped up 900x relative to real-time. Elapsed
time shown is in hours:minutes, and scale bar is 10 pm.

Video 6. Centrinone-treated RPE1 cells expressing in situ mNeonGreen-tagged CEP192 and transgene-encoded mRFP-H2b either mock-treated with
DMSO or treated with nocodazole or a PLK1 inhibitor. 7 x 2-pm z-stacks were acquired every 5 min at 60x magnification. Image frames shown are
maximum intensity projections at each time point. Playback is sped up 900x relative to real-time. Elapsed time shown is in hours:minutes, and scale bar is
10 um.

Video 7. Indicated Hela cell lines labeled with SiR-DNA and imaged at 40x magnification. 5 x 2-pm z-stacks were acquired every 10 min. Image frames
shown are maximum intensity projections at each time point. Playback is sped up 1,800x relative to real-time. Elapsed time shown is in hours:minutes, and
scale bar is 10 pm.

Video 8. Indicated HelLa cell lines labeled with SiR-tubulin and imaged at 40x magnification. 5 x 2-pm z-stacks were acquired every 10 min. Image
frames shown are maximum intensity projections at each time point. Playback is sped up 1,800x relative to real-time. Elapsed time shown is in hours:minutes,
and scale bar is 10 pm.

Video 9. Indicated DLD1 cell lines labeled with SiR-DNA and imaged at 40x maghnification. 5 x 2-um z-stacks were acquired every 10 min. Image frames
shown are maximum intensity projections at each time point. Playback is sped up 1,800x relative to real-time. Elapsed time shown is in hours:minutes, and
scale bar is 10 pm.

Video 10. Indicated DLD1 cell lines labeled with SiR-tubulin and imaged at 40x magnification. 5 x 2-um z-stacks were acquired every 10 min. Image
frames shown are maximum intensity projections at each time point. Playback is sped up 1,800x relative to real-time. Elapsed time shown is in hours:minutes,
and scale bar is 10 um.
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Tables S1 and S2 are provided online. Table S1 lists human cell lines used in this study. Table S2 lists plasmids used in this study.
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