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Recent work has made it clear that pericentriolar material (PCM),
the matrix of proteins surrounding centrioles, contributes to most
functions of centrosomes. Given the occurrence of centrosome
amplification in most solid tumors and the unconventional survival
of these tumor cells, it is tempting to hypothesize that gel-like
mitotic PCM would cluster extra centrosomes to defend against
mitotic errors and increase tumor cell survival. However, because
PCM lacks an encompassing membrane, is highly dynamic, and is
physically connected to centrioles, few methods can decode the
components of this microscale matrix. In this study, we took
advantage of differential labeling between two sets of APEX2-
centrosome reactions to design a strategy for acquiring the PCM
proteome in living undisturbed cells without synchronization

Introduction

Centrosome amplification is one of the most significant features of
solid tumors (1-3). Through advances in cell imaging and clinical
resource analysis, centrosome amplification has been observed at all
stages of tumor development (4, 5). When cells enter mitosis, the two
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treatment, which identified 392 PCM proteins. Localization of
ubiquitination promotion proteins away from PCM was a pre-
dominant mechanism to maintain the large size of PCM for
centrosome clustering during mitosis in cancer cells. Depletion of
PCM gene kinesin family member 20A (KIF20A) caused centro-
some clustering failure and apoptosis in cancer cells in vitro and
in vivo. Thus, our study suggests a strategy for targeting a wide
range of tumors exhibiting centrosome amplification and provides
a proteomic resource for future mining of PCM proteins.

Significance: This study identifies the proteome of pericentriolar
material and reveals therapeutic vulnerabilities in tumors bearing
centrosome amplification.

centrosomes assemble microtubules on each side, forming a two pole-
containing spindle that drives chromosome segregation for cell divi-
sion (6). It is well known that multiple centrioles cause the formation of
extra spindle poles and dramatic chromosomal errors, which usually
result in mitotic catastrophe (7, 8). To withstand the risk of cell death
induced by mitotic catastrophe, tumor cells evolve an enhanced ability
to cluster extra centrioles into the spindle pole, which restores order to
mitosis, enabling cell survival and proliferation (2, 9-12). Thus,
deciphering the systematic factors required for centrosome clustering
in tumor cells will be of a great value not only for understanding tumor
evolution, but also for providing accurate targets for killing tumors.

The centrosome is an organelle with a complicated structure whose
center contains a pair of orthogonal centrioles that are approximately
250 nm in diameter, 200-400 nm in length, and characterized by a
radial arrangement of microtubule triplets (13). The centrioles are
surrounded by a proteinaceous matrix of pericentriolar material
(PCM), which is an electron-dense material and obviously grows
during mitosis (14, 15). Given that PCM is insoluble and highly
dense (3, 6, 16), it is easy to imagine that the proteinaceous matrix
contributes to extra centrosome clustering. This idea is supported by
several clues from previous studies; for example, researchers have
found that PCM exists as a gel-like condensate (16, 17), PCM proteins
such as centrosomal protein 215 (CEP215) promote the clustering of
extra centrosomes into pseudobipolar spindles, thereby ensuring
viable cell division (18), and there is an excessive increase of PCM
in centrosome-amplified cancer cells (19). Through mass spectrom-
etry (MS) analyses of isolated centrosomes from Drosophila and
human cells, previous studies identified around 250 and 500 centro-
some proteins, respectively, without distinguishing between the com-
ponents of centrioles and PCM (20, 21). With the development of
high-resolution imaging, scientists revealed the higher-order organi-
zation of PCM, which is characterized by a complex molecular
composition and hierarchical architecture (22, 23). However, prote-
omic profiling of PCM components in live cells has remained a
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challenge, largely due to its close connection to the centriole, its
nonmembranous structure, and highly dynamic nature.

Over the past years, proteomic labeling methods have been devel-
oped previously (24-27). Among these methods, the engineered
ascorbate peroxidase APEX2 offers the highest reaction kinetics,
requiring only 1-minute labeling. Upon the addition of H,0,, APEX2
catalyzed the oxidation of biotin-phenol (BP) substrate into highly
reactive phenoxyl-free radical, which quickly reacts with electron-rich
amino acid residues (e.g., Tyr, Trp, His, and Cys) in surrounding
proteins (25, 28, 29). In our attempts to label centrosomes, we were
surprised to observe that when APEX2-EGFP was fused to SAS-6
centriolar assembly protein (SAS6), a coiled-coil protein in the center
of centrosome (3), the APEX reaction was specifically blocked by the
highly dense PCM during mitosis. In contrast, when APEX2-EGFP
was fused to pericentrin (PCNT), which is localized in PCM (30), the
APEX reaction occurred during both interphase and mitosis as
expected. This difference in labeling inspired us to design a strategy
for profiling the mitotic PCM proteome. By subtracting the proteome
obtained using the SAS6-APEX2-EGFP reaction from that obtained
using the PCNT-APEX2-EGFP reaction, we obtained a mitotic PCM
proteome consisting of 392 components from live and undisturbed
cells without any synchronization treatment. The PCM proteome
shows the highest overlap with known centrosome proteins among
existing centrosome proteomes, and also consists of numerous pre-
viously unidentified components. Of note, the genes encoding these
PCM proteins tended to be highly expressed in a large population of
patients with a wide variety of cancers. Distinct correlations of PCM
protein sets with diverse types of tumors including breast, ovarian,
colon, lung cancers were demonstrated. Importantly, we found that a
considerable portion of cancer cells containing extra centrioles as a
result of spontaneous centriole amplification or PKL4 overexpression
can survive due to their intrinsic centrosome clustering ability. How-
ever, these cancer cells die upon disruption of the PCM gene kinesin
family member 20A (KIF20A) in vitro and in vivo. Mechanically,
KIF20A maintained PCM size for centrosome clustering by driving
ubiquitination promotion proteins away from PCM. Thus, our study
establishes the proteome of PCM distinguishable from that of the
whole centrosome, reveals a strategy for killing tumors with centro-
some amplification by targeting PCM components, and provides a
proteomic resource for antitumor drug development.

Materials and Methods

Ethic

Human materials used in this study were approved by the Medical
Science Research Ethic Committee of Peking University Third Hos-
pital (IRB00006761-M2019471). We obtained signed informed con-
sents from all patients participating in the study. Animal experiments
were approved by the Institutional Animal Care and Use Committee of
Peking University Health Science Center (LA2018256).

Chemicals and antibodies

Except for those specifically mentioned, all chemicals were pur-
chased from Sigma. Anti-KLC2 (NBP1-83723, RRID: AB_11015689)
and Ki67 (NB500-170, RRID: AB_10001977) antibodies were pur-
chased from Novus. Anti-CKAP4 (16686-1-AP, RRID: AB_2276275),
CRMP2 (14686-1-AP, RRID: AB_10638925), HSC70 (10654-1-AP,
RRID: AB_2120153), HSPBP1 (10211-1-AP, RRID: AB_2121242),
KIF20A (67190-1-Ig, RRID: AB_2882485), RIPK1 (17519-1-AP,
RRID: AB_10642833), VAPB (14477-1-AP, RRID: AB_2288297),
PLK4 (12952-1-AP, RRID: AB_2284150), and B-actin (66009-1-1g,
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RRID: AB_2782959) antibodies were purchased from Proteintech.
Anti-PCM1 (5213S, RRID: AB_10556960), ubiquitin (3933S, RRID:
AB_2180538), and cleaved caspase-3 (Aspl75 9664, RRID:
AB_2070042) antibodies were purchased from Cell Signaling Tech-
nology. Anti-WDRI (sc-393130, RRID: AB_2910154) and SAS6 (sc-
81431, RRID: AB_1128357) antibodies were purchased from Santa
Cruz Biotechnology. Anti-USP15 (ab97533, RRID: AB_10678830),
H2B (ab1790, RRID: AB_302612), UBAl (ab180125, RRID:
AB_2910149), PSMC5 (ab178681, RRID: AB_2910151) antibodies
were purchased from Abcam. Anti-CETN3 (HPA063704, RRID:
AB_2685097) was purchased from Sigma-Aldrich. Alexa Fluor 555
streptavidin (521381, RRID: AB_2307336), horseradish peroxidase
(HRP) Streptavidin Protein (21127, RRID: AB_141596), anti-PDLIM5
(38-8800, RRID: AB_2533388) antibody, FITC anti-alpha tubulin
mAb (MA1-19581, RRID: AB_1070276), Alexa FluorTM 633 goat
anti-mouse IgG (A-21126, RRID: AB_2535768), Alexa Fluor 633 goat
anti-Rabbit IgG (A-21071, RRID: AB_141419), Alexa Fluor 488 goat
anti-mouse IgG (A-11001, RRID: AB_2534069), Alexa Fluor 488 goat
anti-Rabbit IgG (A-11008, RRID: AB_143165), HRP goat anti-mouse
IgG (H+L) secondary antibody (32430, RRID: AB_1185566), and
HRP goat anti-rabbit IgG(H+L) secondary antibody (31466, RRID:
AB_10960844) were purchased from Thermo Fisher Scientific.

Plasmid construct

To guide APEX2 to centrosome, its sequence was fused to the
CDS/CDS fragment of SAS6 and PCNT, and subcloned into
pcDNA3 (RRID: Addgene_13031) with the tag of EGFP. For estab-
lishment of stable cell line expressing SAS6-APEX2-EGFP or PCNT-
APEX2-EGFP, CRISPR/Cas9 was used to insert a sequence of
APEX2-EGFP into the endogenous SAS6 or PCNT locus. The guide
RNAs for SAS6 gene (AACTGTTTGGTAACTGCCC) and PCNT
gene (TGTTTAATCATCGGGTGGC) were designed at https://zlab.
bio/guide-design-resources and cloned into pSpCas9(BB) vector (RRID:
Addgene_62988) for coexpression with Cas9. APEX2-EGFP sequence
flanked by approximately 1,000-bp SAS6- or PCNT-homology arms
is present in the donor plasmid. Knockdown of target genes (KIF20A,
CKAP4) was achieved by cloning oligos encoding short hairpin RNA
(shRNA) into pLKO.1 vector (RRID: Addgene_8453). Supplementary
Table S1 provides sequences of shRNAs.

Cell synchronization

Double thymidine block was used to synchronize HEK293T cells
(RRID: CVCL_0063) to early S-phase. After growing to approximately
40% confluence, cells were treated with 2 mmol/L thymidine for
15 hours, released for 9 hours, and blocked again for 15 hours. Cells
were washed out of the second thymidine block by extensive washing
(three times) with warm DMEM and allowed to progress for the
specified time after being released. Afterward, the cells were incubated
with 500 umol/L BP dissolved in DMEM under 5% CO, for 30 minutes
and used for the APEX reaction. All cells used were cultivated for less
than 30 passages, and routinely tested negative for Mycoplasma by
PCR.

APEX2-mediated biotinylation

Cells stably expressing SAS6-APEX2-EGFP or PCNT-APEX2-
EGFP were incubated with 500 pwmol/L BP dissolved in DMEM for
60 minutes at 37°C under 5% CO,. To initiate the reaction, H,O, was
added at a concentration of 1 mmol/L for 1 minute at room temper-
ature. The reaction was quenched three times by replacing the medium
with an equal volume of “quencher solution” (10 mmol/L sodium
ascorbate, 10 mmol/L sodium azide, and 5 mmol/L Trolox in DPBS).
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Cell pellets were then immediately lysed in lysis buffer [50 mmol/L
Tris-HCl (pH 7.4), 150 mmol/L NaCl, 0.5% SDS, 0.5% sodium
deoxycholate, 1% Triton X-100, 1x protease inhibitor cocktail,
10 mmol/L sodium azide, 10 mmol/L sodium ascorbate, 5 mmol/L
Trolox, and 20 mmol/L DTT]. Lysates were gently sonicated before
being centrifuged at 12,000 rpm for 5 minutes at 4°C, then added ice-
cold methanol and precipitated at —80°C for 6 hours. After centrifug-
ing at 4,000 rpm for 30 minutes at 4°C, the proteins were redissolved in
1% SDS RIPA buffer. A 4 mg protein sample (in 0.2% SDS RIPA buffer)
was incubated separately for 2 hours with 150 uL of streptavidin-
coated magnetic beads slurry. The beads were then washed twice
with 1 mL of RIPA lysis buffer, once with 1 mL of 1 mol/L KCl, once
with 1 mL of 0.1 mol/L Na,CQO3, once with 1 mL of 2 mol/L urea in
10 mmol/L Tris-HCI (pH 8.0), and twice with 1 mL RIPA lysis buffer.
After this, biotinylated proteins were eluted by boiling the beads in
protein loading buffer containing 20 mmol/L DTT and 2 mmol/L biotin.

Sample preparation and mass spectrometry

The sample for MS was prepared according to previous stud-
ies (25, 31). Briefly, biotinylated proteins eluted from streptavidin
beads were analyzed on SDS-PAGE. After staining with Coomassie G-
250 and destaining with water, each lane of each sample was manually
cut into six bands. The six gel fractions were combined into three
injections and dried with a vacuum concentrator after in-gel digestion.
The dried peptides were reconstituted in 0.1% formic acid and loaded
on to C18 StageTips conditioned with 50% acetonitrile/0.1% formic
acid. Following two washes with 0.1% formic acid, peptides were eluted
with 50% acetonitrile/0.1% formic acid and dried in a vacuum
concentrator.

An Orbitrap Fusion Lumos mass spectrometer coupled online to
an Easy-nLC 1200 UPLC (Thermo Fisher Scientific) was used for
analysis. The extracted peptides were dissolved with 25 UL of solvent
A (0.1% formic acid in water), and loaded to a homemade trap
column (100 um x 2 cm) packed with C18 reverse-phase resin
(particle size, 3 um; pore size, 120 A; SunChrom) at a maximum
pressure of 220 bar with 12 pL of solvent A, then separated on a
150 um x 15 cm silica microcolumn (homemade, particle size,
1.9 wm; pore size, 120 A; SunChrom) with a gradient of 11%-95%
mobile phase B (80% acetonitrile and 0.1% formic acid) at a flow rate
of 600 nL/minute for 30 minutes. The gradient elution conditions
(30 minutes) were: 11% to 13% mobile phase B for 2 minutes; 13%
to 32% for 16 minutes; 32% to 42% for 7 minutes; 42% to 95% for
1 minute; 95% for 4 minutes. An Orbitrap mass analyzer was used
to acquire full scans (m/z 350-1,550) with a mass resolution of
120,000 for the MS analysis in a data-dependent manner. The
most intense ions selected under top-speed mode were isolated in
Quadrupole with a 1.6 m/z window and fragmented by higher
energy collisional dissociation with a normalized collision energy
of 32%, then detected in the Orbitrap at a mass resolution of 15,000.
With maximum ion injection times of 50 and 22 ms, the AGC
Targets (automatic gain control) for full MS and MS-MS were set to
4e5 and 5e4, respectively. Dynamic exclusion time was 30 seconds,
and peptide match and isotope exclusion were enabled.

Protein identification

Using Proteome Discoverer (Thermo Fisher Scientific, version 2.1,
RRID: SCR_014477), raw files were searched against the human
RefSeq protein database (November 1, 2017; RRID: SCR_003496).
For Q Exactive, the mass tolerance for precursor ions was set to
20 ppm, while the mass tolerance for fragment ions was 0.06 Da.
Oxidation of methionine, carbamidomethylation of cysteine, and
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acetylation of protein N-terminal were included as variable modifica-
tions. The number of missed cleavages is limited to two. All peptides
are filtered by a false discovery rate of 1%. The peak areas of all
identified peptides were calculated on the basis of their MSI intensity.
We used intensity-based absolute quantification (iBAQ) to quantify
proteins (32). To normalize loading samples, fraction of total (FOT)
was calculated as iBAQ value divided by total iBAQ value of proteins in
each sample and multiplied by 10°. We conducted three replicates of
PCNT-APEX2-EGFP (reaction A) and SAS6-APEX2-EGFP (reaction
B). We kept only protein identifications with at least two unique
peptides in at least one replicate, as well as FOT values that are positive
in at least two replicates. Proteins with their mean FOT value in
reaction A groups significantly higher than those in reaction B groups
were screened out (P < 0.05). Minus-versus-Add (MA) plot was
conducted for visual representation of identified proteins by R
packages (ggplot2, RRID: SCR_014601).

Bioinformatics analysis of PCM genes

A transcript expression analysis was conducted for 392 PCM
genes in 9,018 tumor samples (28 cancer types analyzable) and
5,526 paired normal controls (Supplementary Table S2) from the
databases of The Cancer Genome Atlas (TCGA; https://www.cancer.
gov/about-nci/organization/ccg/research/structural-genomics/tcga,
RRID: SCR_003193) and GTEx (Genotype Tissue Expression,
https://commonfund.nih.gov/GTEx/, RRID: SCR_013042) and run
in R package (ggplot2). We calculate the mean value of gene ex-
pressional medians in all tumor samples and fold change between
tumor and normal samples. For overall survival analysis from
databases of TCGA on 392 PCM genes, 2,376 tumor patients (across
33 analyzable types of cancers) who relatively highly expressed the
392 genes were compared with a parallel population of 2,376
tumor patients who relatively lowly expressed the 392 genes by
Kaplan-Meier curve. Log-rank test compares the survival curves of
the two groups, and HRs calculates the HR based on Cox PH Model.
The genome alterations of 20 representative PCM genes were anno-
tated by Genome Nexus and standardized by https://cbioportal.org/.
Gene Ontology (GO) enrichment analysis of PCM proteins were
performed by the R-clusterProfiler package (RRID: SCR_016884)
and a Cytoscape plugin, CluGO. The Benjamini-Hochberg proce-
dure was used to adjust the P values for the representative GO
terms shown in the current study (33).

The protein-protein interaction (PPI) network of PCM proteins
was constructed and visualized by STRING database (RRID:
SCR_005223) and Cytoscape software (RRID: SCR_003032), respec-
tively. The crucial genes in PPI network were identified using a
Cytoscape plugin, CytoHubba (RRID: SCR_017677). Liquid-liquid
phase separation propensity (pLLPS) adopted from the FuzDrop
database (https://www.pnas.org/content/117/52/33254). Set 0.6 as
pLLPS threshold, proteins with pLLPS larger than 0.6 were regarded
as high LLPS propensity proteins. The pharmacologic data of centro-
some declustering drug noscapine were obtained from CellMiner
(https://discover.nci.nih.gov/cellminer/home.do), a freely available
tool that organizes and stores raw and normalized data that represent
multiple types of molecular characterizations and pharmacologic
levels.

Immunofluorescence and three-dimensional reconstruction
Cells were fixed in 100% ice-cold methanol at —20°C for 10 minutes.
The samples were then blocked with 1% BSA-supplemented PBS for
1 hour and incubated with the indicated primary antibodies (1:200-
1:500) overnight at 4°C. After washing three times in PBS containing
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0.1% Tween 20 and 0.01% Triton-X 100, cells were incubated with an
appropriate fluorescent secondary antibody for 1 hour at room
temperature. After washing three times, cells were stained with
Hoechst 33342 (10 pg/mL) for 15 minutes. Finally, samples were
mounted on glass slides and observed under a confocal laser scanning
microscope at 63x/1.40 (Carl Zeiss 710). A Z-stack scan of the
centrosome was performed at 0.25-lm intervals to obtain the images
for three-dimensional (3D) reconstruction. The Imaris program (Bit-
plane, RRID: SCR_007370) was used to analyze different channels of
PCNT/SAS6-APEX2-EGFP, biotinylated proteins, PCM1, and chro-
mosomes imported from CZI files (34, 35). We used 3D surface
rendering to reconstruct centrosome components in cells.

Cell culture and living imaging

HEK293T cells were cultured in DMEM with 10% FBS. MDA-MB-
231 cells (RRID: CVCL_0062) were cultured in RPMI1640 Medium
with 10% FBS. All cells used were cultivated for less than 30 passages,
and routinely tested negative for Mycoplasma by PCR. Live imaging
was conducted by growing cells in imaging culture dishes (NEST,
801001) and observing them in an UltraVIEW VoX (PerkinElmer) live
cell workstation at 37°C with 5% CO; for the indicated time. Volocity
(Universal 3D Image, RRID: SCR_002668) was used to analyze the
images.

Isolation and culture of primary tumor cells

Tumor samples were collected from patients with breast cancer.
Supplementary Table S3 contains detailed information about the
tumor samples. Following washing with PBS, 0.1-0.2 cm® of tumor
specimen was cut into smaller than 1 mm? pieces, then digested with
collagenase/hyaluronidase buffer (STEMCELL Technologies) for
6 hours at 37 °C with agitation. For further digestion, gently pipette
in trypsin (0.25%) and then in a solution of Dispase (5 units/mL) and
DNase I (0.05 mg/mL; STEMCELL Technologies) for 5-10 minutes.
We obtained single-cell suspensions by filtration through a 40-um
filter, which were then seeded into 6-well plates coated with collagen I.
The culture medium composed of DMEM:F12 supplemented with
5% FBS, penicillin/streptomycin (1%), gentamycin (0.2%), EGF
(10 ng/mL), adenine (20 pg/mL), cholera toxin (10 ng/mL), HEPES
(15 mmol/L), insulin (5 ug/mL), hydrocortisone (0.32 pg/mL), and
ROCK inhibitor (5 umol/L). Following stable adhesion, cells could be
cultured and passaged or frozen in liquid nitrogen in DMSO/EFBS (9:1)
with ROCK inhibitors of 5 pmol/L.

shRNA lentivirus generation and shRNA knockdown

The pLKO.1 plasmid containing shRNA was cotransfected with
the packaging plasmids psPAX2 (RRID: Addgene_12260) and
pMD2.G (RRID: Addgene_12259) into HEK293T cells using
Lipofectamine 3000 according to the manufacturer’s protocol. The
cells were washed 6 hours after transfection and then changed to
fresh growth culture media and allowed to incubate for an addi-
tional 48 hours. The media containing viral particles was subse-
quently centrifuged for 5 minutes at 3,000 x g to remove cell debris
and filtered by a 0.45-pum filter. We then concentrated the viral
supernatant with a Centricon Plus-20 centrifugal filter at 4,000 X g.
Lentivirus supernatants were aliquoted and stored at —80°C until
use. For knockdown of interest genes in MDA-MB-231 cells, 10°
cells were seeded in a 6-well plate at 37°C with 5% CO,, and
incubated until 30%-40% confluence was reached. We added 20
multiplicities of infection of the viral supernatant to the culture
medium. Puromycin was added to the medium 72 hours later at
1 pug/mL for stable knockdown selection.
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Cell proliferation assay by xCELLigence system

Cell proliferation was measured using xCELLigence RTCA system
(Acea Bioscience, distributed by Roche Diagnostics) that allows a
noninvasive, long-term monitoring of live cells. The proliferation of
cells was monitored for 40-70 hours at 37°C in the incubator after
seeding 5,000-10,000 cells in each well of E-16-well plates (Roche).
Microelectrodes were used on the bottom of the plate to monitor
impedance changes in proportion to the number of adherent cells.
Real-Time Cell Analyzer (RTCA) software automatically recorded the
impedance values of each well. For each sample, two parallel wells were
included in one replicate, and three independent duplicates were
performed.

Flow cytometry

Go-Gy, S, and G,-M cell-cycle profiles were assessed using propi-
dium iodide (PI) staining. Cells were trypsinized and washed with 1%
BSA in PBS (1,500 rpm, 5 minutes) before being fixed in 70% ethanol.
For total DNA staining, including those used for determination of sub-
G; population and ploidy analyses, a 20-minute incubation at 37°Cina
solution of PI/RNaseA (10 ug/mL and 0.1 mg/mL, respectively) in PBS
was performed. Samples were analyzed using an Attune NxT flow
cytometer (Life Technologies) and the data were processed by FlowJo
software (RRID: SCR_008520).

Xenograft tumor mouse model

A total of 2 x 10° primary tumor cells in a volume of 100 pL (1:1
mixture of PBS and Matrigel) were injected into the flanks of 5 to
6 weeks old female NOD-SCID mice (RRID: IMSR_JAX:001303),
followed by caliper measurements of tumor volume every week. The
tumor was injected with 5 x 107 copies of ShRNA-targeting lenti-
viruses or scrambled shRNA lentiviruses when it reached 200-
250 mm”. The tumor growth was monitored for 40-60 days after
reaching 2,500 mm® as an ethical limit. Each group had 6 mice and
the animals were randomized. Tumor volume was calculated from
digital caliper raw data by using the formula: V = (shortest
diameter)? x longest diameter x 0.5.

Immunoprecipitation and Western blot analysis

Immunoprecipitation was performed with the indicated anti-
bodies according to the protocol of ProFound Mammalian Co-
Immunoprecipitation Kit (Pierce). Western blots were performed
using RIPA buffer to extract total protein from cell lysates. We
separated proteins using PAGE (SDS-PAGE) and then electrotrans-
ferred them to polyvinylidene fluoride membranes. The membranes
were then blocked in Tris buffered saline with Tween 20 (TBST)
containing 5% skimmed milk for 2 hours, and then incubated with
primary antibodies overnight at 4°C using the indicated dilutions
(1:500-1:1,000). Following three washes in TBST, the membranes
were incubated for 1 hour with 1:1,000 dilution of HRP-conjugated
secondary antibody. For biotin-labeled proteins, streptavidin-HRP
conjugate was used. Finally, protein bands were visualized by enhanc-
ed chemiluminescence detection system (Amersham Biosciences).

Microscale thermophoresis

Microscale thermophoresis (MST) was performed according to the
previous work as described previously (36). In brief, purified recom-
binant protein was labeled with a RED-NHS protein labeling kit
(NanoTemper) according to standard protocol. The protein was then
incubated at a constant concentration (10-50 nmol/L) with 2-fold
serial dilutions of indicated protein in MST optimized buffer
(50 mmol/L Tris-HCI pH 7.4, 150 mmol/L NaCl, 10 mmol/L MgCl,,

Cancer Res; 82(14) July 15, 2022

2202 1940100 || U0 18sn Aleiqr] 80usios YiesH Alsieaun Bumiad Aq Jpd 9/G62/2266.41€/9.52/tL/28/ipd-alole/sa1180ue0/B10"S|euINolioBE//:dNY WOl PSPEOjuMOd

2579



Xie et al.

0.05% Tween-20). Equal volumes of binding reactions were mixed by
pipetting and incubated for 15 minutes at room temperature. Mixtures
were enclosed in standard-treated or premium-coated glass capillaries
and loaded into the instrument (Monolith NT.115, NanoTemper).
Measurement protocol times were as follows: fluorescence before
5 seconds, MST on 30 seconds, fluorescence after 5 seconds, delay
25 seconds. For all the measurements, 200-1,000 counts were obtained
for the fluorescence intensity. The measurement was performed at
20% and 40% MST power. Fopm = F1/Fo (Fporm: Normalized fluores-
cence; F;: fluorescence after thermodiffusion; Fy: initial fluorescence
or fluorescence after T-jump). Kd values were determined with the
NanoTemper analysis tool.

Electron microscopy

Cultured cells were fixed in 2.5% glutaraldehyde and 4% PFA,
treated with 1% OsO,4, washed and progressively dehydrated. The
samples were then incubated in 1% uranyl acetate in 70% methanol,
before final dehydration, preimpregnation with ethanol/epon (2/1,
1/1, 1/2) and impregnation with epon resin. After mounting in
epon blocks for 48 hours at 60°C to ensure polymerization, ultra-
thin sections (70 nm) were cut on an ultramicrotome (Ultracut E,
Leica) and analyzed using a Philips Technai 12 transmission elec-
tron microscope.

In vitro motor motility assay

The in vitro motor motility assay followed a previously described
protocol (37). Briefly, the polarity of microtubules was marked using
different fluorescent labels to distinguish plus and minus ends. The
GMPCPP-stabilized (Roche, NU-405L) microtubule seeds (5% Alexa-
647 labeled and 10% biotin labeled) were immobilized on coverslips
using NeutrAvidin protein. A total of 8 umol/L 10% rhodamine-
labeled tubulin was then added to the dynamic assay buffer (BRB80
supplemented with 1% P-mercaptoethanol, 80 mmol/L p-glucose,
80 pg/mL glucose oxidase, 32 pg/mL catalase, 160 pg/mL casein,
0.001% tween, 1 mmol/L MgCl,, 2 mmol/L GTP). After incubating for
5 minutes at 350C, we washed out free tubulin dimers with BRB80
containing 20 umol/L taxol, which stopped the polymerization and
stabilized the “polarity-marking” microtubules. Next, GFP-UBA1
was added to the taxol-stabilized microtubule assay buffer (BRB80
supplemented with 1% B-mercaptoethanol, 80 mmol/L p-glucose,
80 pg/mL glucose oxidase, 32 pg/mL catalase, 160 pg/mL casein,
0.001% tween, 1 mmol/L MgCl,, 20 pmol/L taxol, 1 mmol/L ATP) in
the presence or absence of KIF20A. Images were collected every
0.1 seconds using a total internal reflection fluorescence microscope
(Olympus IX83-ZDC, objective: 100x 1.49 N.A. Olympus) equipped
with an Andor 897 Ultra EMCCD camera (Andor).

Histologic staining

Histologic staining was done at Peking University’s Third
Hospital’s Immunohistochemistry Core. For 12-16 hours, tissues
were fixed in 10% neutral-buffered formalin solution before being
transferred to 70% ethanol. The tissues were embedded in paraffin
and cut into 5 um sections on polylysine-coated slides and stained
with hematoxylin and eosin, or indicated antibodies. Anti-Ki67 and
anti-cleaved caspase-3 were diluted 1:200 and 1:500, respectively.
Images were taken and analyzed using an Olympus BX51 micro-
scope and DP73 CCD camera.

Statistical analyses
Unless otherwise specified, all experiments were conducted in three
biologically independent replicates. Means and SDs were plotted.
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Student ¢ test was used for statistical analyses. P < 0.05 (*) was
considered statistically significant. Statistical details are included in
figure legends.

Data availability

All raw files and search results for MS of PCM proteomics have been
deposited in ProteomeXchange (RRID: SCR_004055) via iProX (www.
iprox.org) with the identification no. PXD020754 (for ProteomeX-
change) and IPX0003115000 (for iProX).

Results

Designing the APEX reaction for capture of the PCM proteome

To achieve centrosomal targeting, we inserted APEX2-EGFP into
the endogenous loci of PCNT and SAS6 in human embryonic kidney
293T cells (Supplementary Fig. S1A and S1B). PCNT is reported to be
retained in PCM throughout the cell cycle, while SAS6 is the core
scaffold of the centriole that is tightly surrounded by PCM (3, 30).
When monitoring the behaviors of PCNT-APEX2-EGFP and SAS6-
APEX2-EGFP in 293T cells, we found that both fusion proteins
were specifically retained at centrosomes during the entire cell cycle,
and they were colocalized with endogenous pericentriolar material
1 (PCM1), a representative PCM marker (Fig. 1A; Supplementary
Videos S1 and S2). Accordingly, we observed that a biotin-labeled
reaction triggered by PCNT-APEX2-EGFP (reaction A) specifically
occurred at centrosomes during both interphase and mitosis (Fig. 1B),
and the reaction signal remained stable throughout the cell cycle
(Fig. 1C). However, the reaction triggered by SAS6-APEX2-EGFP
(reaction B) occurred only during interphase but not mitosis, although
the fluorescent signal of SAS6-APEX2-EGFP was always detectable
(Fig. 1B and C). By performing 3D reconstruction based on a series of
high-resolution scans of the centrosome using the Imaris program, we
verified that PCNT-APEX2-EGFP was colocalized with, but not
covered by, endogenous PCM1, and that the APEX labeling reaction
occurred normally. In contrast, SAS6-APEX2-EGFP was tightly
enclosed by endogenous PCM1 and no reaction signal was detected
(Fig. 1D and E). This inspired us to design a strategy for acquiring the
mitotic PCM proteome in living cells by subtracting the proteome set
obtained from SAS6-APEX2-EGFP labeling (set B) from that obtained
from PCNT-APEX2-EGFP labeling (set A; Fig. 1F). This strategy
avoids the use of any synchronization treatments that would impair the
centrosome and the spindle, and provides a natural protein profile of
mitotic PCM in cycling live cells.

Proteomic profiling of mitotic PCM

To obtain the proteomes that are specifically labeled by PCNT-
APEX2-EGFP or SAS6-APEX2-EGFP from live cells, 293T cells stably
expressing PCNT-APEX2-EGFP and SAS6-APEX2-EGFP, respective-
ly (Supplementary Fig. S2A), were incubated with BP for half an hour,
and the labeling reactions were triggered by H,O, for 1 minute. After
quenching, cells were lysed immediately and biotinylated proteins
were affinity enriched with streptavidin-coated beads. Enriched pro-
teins were resolved by gel electrophoresis, digested into tryptic pep-
tides, and quantified with LC/MS-MS. As shown in Fig. 2A, both
PCNT-APEX2-EGFP (reaction A) and SAS6-APEX2-EGFP (reaction
B) biotinylated a large number of proteins, while very few proteins
were biotinylated in the negative control samples (wild-type 293T
cells), indicating that proteomic capture in our system was successful.
We generated proteomic data from three biological replicates for each
of the reaction A and B. Protein abundance is displayed in violin plots
and the correlation analysis shows good consistency between replicates
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APEX reaction design for acquiring PCM proteome. A, Subcellular localization of PCNT-APEX2-EGFP and SAS6-APEX2-EGFP in interphase (Inter) and mitosis 293T
cells. Endogenous PCM1 was used as centrosome marker. Scale bar, 5 um. B, APEX reaction catalyzed by PCNT-APEX2-EGFP (left) and SAS6-APEX2-EGFP (right) in
interphase and mitotic (pro-M, meta-M, and ana-M) 293T cells. Magnified areas show the positive reaction catalyzed by PCNT-APEX2-EGFP during both the
interphase and mitotic stages, named reaction A, and the positive reaction catalyzed by SAS6-APEX2-EGFP during interphase but not the mitotic stage, named
reaction B. Scale bar, 5 um. C, Signal intensities of the APEX reactions catalyzed by PCNT-APEX2-EGFP (reaction A) and SAS6-APEX2-EGFP (reaction B). 293T cells
expressing PCNT-APEX2-EGFP or SAS6-APEX2-EGFP were synchronized to S-phase and released at the indicated times, followed by the APEX reaction and biotin
staining. The relative fluorescent intensity was calculated by ImageJ. At least 30 cells in each group from three independent repeats were examined. Data are
presented as mean values + SD. D, 3D reconstruction of the APEX reaction in mitotic 293T cells. Mitotic cells undergoing the APEX reaction were fixed and scanned at
high resolution, then 3D reconstruction was performed with the Imaris program. The reconstructed PCNT/SAS6-APEX2-EGFP, endogenous PCM1, reaction-captured
proteins, and chromosomes are green, transparent red, transparent yellow, and blue, respectively. Note that no APEX reaction occurred in SAS6-APEX2-EGFP cells
during mitosis. Scale bar, 1um. E, APEX reaction rates of cells expressing PCNT-APEX2-EGFP or SAS6-APEX2-EGFP during interphase and mitosis. At least 30 cells
in each group from three independent repeats were examined. Data are presented as mean values + SD. P values were calculated by unpaired two-tailed Student
t tests. *, P < 0.05 was considered statistically significant. F, Strategy for acquiring the mitotic PCM proteome in living cells. PCNT-APEX2-EGFP localizes at PCM
and preferentially labels both PCM proteins (inner PCM) during interphase and grown PCM (cyan) during mitosis (in total as set A). In contrast, SAS6-APEX2-EGFP
localizes at the centriole and preferentially labels centriole proteins during interphase (set B). Deducting proteome set B from proteome set A, a natural mitotic

PCM proteome is acquired without any synchronization treatments.

(Pearson correlation coefficient, 0.88-0.94; Supplementary Fig. S2B
and S2C). A total 0f 2,401 (for set A) and 2,379 (for set B) proteins were
detected (Supplementary Table S4). The intensity-based absolute
quantification (iBAQ) algorithm was used to quantify proteins, which
divides the sum of all precursor-peptide intensities by the number of
theoretically observable peptides. We normalized each protein’s iBAQ
value to the sum of all iBAQ values, generating a normalized iBAQ
value for each protein (32, 38, 39). By comparing average normalized
iBAQ values, 392 proteins from set A that were significantly more
abundant than those in set B (i.e., set A minus set B) were identified as
mitotic PCM components (Fig. 2B; Supplementary Table S5). To
verify the reliability of MS data, the proteomic data were also searched
against the Human Peptide Atlas database and neXtProt human
proteins database, respectively. The protein expression levels analyzed
by the three databases are strongly correlated with each other in all
samples (Supplementary Fig. S2D-S2F). And most PCM proteins
(99.2%) can be recognized in the other two databases (Supplementary
Fig. S2G), and their peptides were validated by the uniqueness

AACRJournals.org

examination of the neXtProt peptide uniqueness checker (Supple-
mentary Fig. S2H-S2I). These results indicate that the identified
proteins in our study are reliable.

To assess the specificity of the PCM list, we combined three well-
known databases, that is, the Human Protein Atlas (https://www.
proteinatlas.org/, 548 centrosome proteins), GO database (http://
geneontology.org/, 908 centrosome proteins), and MiCroKit (Mid-
body, Centrosome, Kinetochore, Telomere, and Spindle) database
(http://microkit.biocuckoo.org/, 540 centrosome proteins), and the
proteomics data from a study of isolated human centrosomes (40) to
generate a comprehensive reference set containing a total of 1,478
annotated centrosome proteins. A total of 40.4% of our PCM proteins
were found in this comprehensive reference, and the percentage is
higher than that in existing reports of centrosome-related proteo-
mics (20, 40, 41). Through GO analysis, we found that these PCM
proteins were mainly annotated to centrosome-related processes such
as “centrosome cycle,” “membrane docking,” “cilium assembly,” and
“G,-M transition of mitotic cell cycle” (Fig. 2C), further confirming
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Figure 2.

Profiling and analysis of the mitotic PCM proteome. A, Biotin Western blot analysis of SDS-PAGE-separated cell lysates from cycling 293T cells stably expressing
(knock in) PCNT-APEX2-EGFP or SAS6-APEX2-EGFP. Wild-type cycling 293T cells were used as a negative control. 3-Actin was used for a loading control. B, MA plot
analysis of differentially expressed proteins between reaction A and reaction B. A total of 392 proteins that were significantly enriched in reaction A than those in
reaction B with P values < 0.05 are labeled in red. C, GO enrichment analysis of 392 PCM genes. The first lap indicates top 10 GO term in “biological process,” “cellular
component,” and “molecular function.” The second and the third laps indicate the g value and the number of the genes for specified GO terms, respectively. The fourth
lap indicates enrichment factors of each GO term. D, Immunofluorescence staining confirmation of representative mitotic PCM proteins that were not previously
recognized. Endogenous PCM proteins were stained with indicated antibodies in mitotic 293T cells. Endogenous H2B, which is retained at chromosomes, was used as
negative control. Scale bar, 5 um. E, A grouped network of representative biological processes and functionally enriched genes analyzed by ClueGO. The node size
indicates the term enrichment significance. Names of the most significant terms are labeled. The term of “protein deubiquitination” and the specific protein names are
shown in red. F, The PPI network of the top 100 hub proteins of 392 PCM proteins. Hub size denotes relative abundance of the PCM protein. The color schema from
yellow to red denotes interacting degree from low to high. G, Violin plot showing the distribution of LLPS propensity scores for the identified PCM proteins or the
remaining proteins in the human proteome. LLPS propensity scores were extracted from the database of FuzDrop. Center line, median; box limits, upper and lower
quartiles. H, Enrichment analysis for cellular compartments of PCM proteins with high LLPS propensity scores. The color key from blue to red represents the
overlapping significance from low to high. Dot size indicates the count of overlapped proteins for specified GO terms. I, Intrinsic disorder scores for two example PCM
proteins enriched for membraneless organelles. The scores were obtained from www.pondr.com, and the black bars indicate the predicted IDRs.
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the nature of the PCM proteome. In particular, this list contained
representative PCM proteins such as PCM1, y-tubulin ring complex,
CEP164, CEP152, CEP192, cytoskeleton associated protein 5
(CKAP5), Ninein, PCNT, CDK5RAP2, and microtubule-associated
protein 4. In addition, many previously unidentified PCM proteins
such as CKAP4, heat shock cognate 71 kDa protein (HSC70), KIF20A,
PDZ, and LIM domain 5 (PDLIM5), ubiquitin specific peptidase 15
(USP15), and VAMP associated protein B and C (VAPB) were
identified (Fig. 2D). Of note, polo like kinase 1 (PLK1) was found
in the PCM pool, while its family member PLK4, as well as SAS4, SAS6,
and centrin3, which are core centriole components but not mitotic
PCM components (3), were absent, validating the relative accuracy of
the current PCM list.

In addition to the biological processes shown in Fig. 2C, several
interesting cellular events such as “stress granule assembly,” “mRNA
metabolism,” “posttranscriptional gene silencing,” and “cell shape”
were found to be involved in PCM proteins (Fig. 2E; Supplementary
Table S6). Intriguingly, deubiquitination-related proteins such as
USP15, USP 9 X-linked (USP9X), ubiquitin C-terminal hydrolase
L1 (UCHLL1), and OTU domain-containing protein 4 (OTUD4) were
found enriched in the PCM matrix (Fig. 2E). Given the disparate sizes
of interphase PCM and mitosis PCM, it is possible that activating
deubiquitination in the mitotic PCM may be a major mechanism
for maintaining the large size of PCM. Because of the high density of
PCM, we suspect that there must be abundant protein interactions
among the PCM components that lay the foundation for the nature
and functions of the centrosome. We thus built a PPI network using
STRING and Cytoscape. Almost all the PCM proteins (373/392)
formed a network consisting of 3,364 known or predicted interactions
(Supplementary Fig. S2J), suggesting the tight association of proteins
within the PCM matrix. Among the top 100 proteins that were ranked
by the number of interactions formed, 17 belong to the CEP family
proteins and five are HAUS augmin like complex subunit (HAUS)
family proteins (Fig. 2F). These findings are consistent with the roles of
the CEP and HAUS proteins, which are essential for centrosome
integrity (42-45). It is also worth noting that among the proteins with
the most interactions, cyclin dependent kinase 1 (CDK1), PLK1, and
protein phosphatase 2 regulatory subunit A (PPP2R1A) ranked in the
top three, indicating that phosphorylation and dephosphorylation
frequently occur in the PCM microenvironment (Fig. 2F).

Increasing evidence has shown that membraneless organelles can
assemble from their constituent molecules into biomolecular con-
densates through phase separation (46). However, whether the for-
mation of mitosis PCM is mediated by phase separation is contro-
versial (47). To explore the potential role of phase separation in PCM
formation, we asked whether our identified PCM proteins are enriched
for proteins with high droplet-forming propensities. We used a
recently published database, FuzDrop, which quantifies the propensity
for formation of liquid-like droplets across the human proteome. We
found that PCM proteins displayed an overall higher propensity to
form droplets compared with non-PCM proteins (Fig. 2G; Sup-
plementary Fig. S2K). Intriguingly, the PCM proteins with high
propensity scores are enriched for distinct cellular components, with
the top two terms relating to non-membrane-bounded organelles
(Fig. 2H). In line with the picture that intrinsic disordered regions
(IDR) within proteins may contribute to phase separation (48), some
of these enriched PCM proteins such as treacle ribosome biogenesis
factor 1, ataxin 2 like, LIM domain containing preferred transloca-
tion partner in lipoma, splicing factor 1, RNA binding motif protein
X-linked and nuclear autoantigenic sperm protein indeed contain
IDRs (Fig. 2I; Supplementary Fig. S2L), as estimated by PONDR.
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These results are consistent with the hypothesis that proteins with
phase separation capacity may contribute to the formation of the
mitotic PCM.

Association between PCM proteins and clinical tumors

To investigate the association between the PCM proteins and
clinical tumors, we mapped all 392 candidates to TCGA and GTEx
databases, which store genomic information from patients with
different types of cancers, including breast cancer, ovarian cancer,
colon tumors, cholangio carcinoma, and brain glioma, as well as the
information from paired normal controls (9,018 tumor samples and
5,526 normal controls; Supplementary Table S2). Interestingly, we
found that the global expression patterns of the 392 genes could be
used to classify the data between tumors and normal controls. In
particular, colon adenocarcinoma (COAD), esophageal carcinoma
(ESCA), uterine carcinosarcoma, breast invasive carcinoma (BRCA),
glioblastoma multiforme (GBM), testicular germ cell tumors were
significantly distinguished from the control group, implying the deep
involvement of PCM proteins in the development of these cancers
(Fig. 3A). Among the 392 PCM genes, 280 tended to be more highly
expressed in tumor samples compared with their paired normal
controls (Fig. 3B). We next analyzed the top 20 most highly ex-
pressed PCM genes, namely cell division cycle 6 (CDC6), CDKI,
CEP55, CKAP2, desmoglein 2 (DSG2), desmoplakin (DSP), gamma-
glutamylcyclotransferase (GGCT), G,- and S-Phase expressed 1
(GTSEI), KIF11, KIF20A, NDC80 kinetochore complex component
(NDC80), NIMA related kinase 2 (NEK2), NUF2 component of
NDC80 kinetochore complex (NUF2), poly(A) binding protein
cytoplasmic 1 (PABPCI), PLK1, regulator of chromosome conden-
sation 2 (RCC2), ribophorin II (RPN2), solute carrier family 2
member 1 (SLC2AI), trophinin associated protein (TROAP), TTK
protein kinase (TTK). Analysis of the expression levels of the 20 genes
across diverse tumor types, such as cervical squamous cell carcinoma
and endocervical adenocarcinoma, COAD, ESCA, lung squamous
cell carcinoma, ovarian serous cystadenocarcinoma (OV), thymoma,
and uterine corpus endometrial carcinoma, revealed that all the genes
were highly expressed in most of the tumor types (Fig. 3C). Also,
analysis of genomic alterations revealed that the top 20 candidates
tended to be amplified but not deleted, which was consistent with the
aforementioned high levels of expression in these tumors (Fig. 3D).
We compared the overall survival of patients, determined from the
database, with the expression of the 20 PCM genes. Interestingly, pa-
tients with cancer (n = 2,376) in which PCM genes were highly express-
ed had significantly shorter survival times than those (n = 2,376) in
which these genes were lowly expressed (Fig. 3E).

Compared with RNA expression data in TCGA, clinical proteomic
data could provide more accurate information on how and why cancer
develops. We thus mapped all 392 PCM proteins to the clinical
proteomic tumor analysis consortium (CPTAC) database, which
includes proteomic information from patients with different types of
cancers as well as the information from paired normal controls (49).
Correlation analysis of RNA expression and protein levels of PCM
genes shows that the protein levels of most PCM genes have positive
correlation with that of RNA expression significantly, for example,
86.4% in BRCA, 93.6% in liver hepatocellular carcinoma (LIHC;
Supplementary Fig. S3A-S3D). Consistent with RNA expression
analysis, global expression patterns of the 392 PCM proteins could
also classify the data between tumors and normal controls, implying
the deep involvement of PCM proteins in these cancers’ development
(Supplementary Fig. S3E-S3L). PCM proteins are significantly highly
expressed in different cancers (50.9% in BRCA, 55.1% in LIHC), and
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Figure 3.

Mitotic PCM proteins are associated with tumors. A, Principal component analysis (PCA) of available pairs of tumors and normal controls from TCGA and GTEx
databases based on the global comparison expression of 392 PCM genes. Representative types of cancers that were significantly distinguished from the normal
group are labeled in red. B, Global comparison of the expression of 392 PCM genes in TCGA and GTEx databases. A total of 280 PCM genes were more highly
expressed in tumor tissues than in their paired controls (P< 0.05). The most differentially expressed genes are labeled. TPM, transcripts per million. C, The expression
levels of the top 20 PCM genes across diverse cancer types. The color scheme from blue to red represents the log, (fold change) of TPM from low to high. Dot size
indicates the log, value of TPM. D, Genomic alterations analysis of the top 20 candidates in diverse cancer types. All the genes show obvious amplification (or at least
partial amplification) in a wide variety of cancers. The percentage denotes the percentage of cancer patients carrying genetic alterations in the analyzed gene out of
all patients with cancer in the database. Color barcodes denote different cancer types. E, Overall survival analysis of patients with cancer in TCGA database with
relatively high expression of the top 20 PCM genes (N = 2,376; red) versus patients with cancer with relatively low expression of the top 20 PCM genes (N = 2,376;
blue). Log-rank P = 0; HR (high) = 2.2; P (HR) = 0. Dotted line denotes 95% confidence interval. F, Global expression of 392 PCM genes in representative cancer cells
that were sensitive (ME.MDA.N, LE.RPMI.8226, and LE.SR) and resistant (BR.T.47D, LC.NCI.H226, and OV.OVCAR.4) to the declustering drug noscapine in the
CellMiner database. RPKM, fragments per kilobase of exon model per million mapped fragments. Glso, the concentration that causes 50% inhibition of cell growth.
Higher values equate to higher resistivity of cells. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5 interquartile range; points, outliers. G, The
expression heatmap of 392 PCM genes in most noscapine-sensitive versus most noscapine-resistant cells from F. The color schema from blue to red represents the
relative level of gene expression from low to high, respectively. H, Representative genes that are commonly highly expressed in all the noscapine-resistant cells are
framed and labeled. I, Representative genes that are highly expressed in specific noscapine-resistant cell lines are framed and labeled.
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most of the top 20 highly expressed PCM genes in RNA expression
analysis are consistently highly expressed in CPTAC database (Sup-
plementary Fig. S3M-S3T). Therefore, the analysis of clinical prote-
ome data from CPTAC further supports our results.

Because the PCM proteins are proposed to cluster extra centro-
somes and increase tumor cell survival, we hypothesized that tumors
that are resistant to centrosome declustering drugs would have more of
a requirement for these PCM genes. Thus, we delved into public
databases for any data on cancer cells treated with centrosome
declustering drugs. Using CellMiner (https://discover.nci.nih.gov/cell
miner/home.do), which is designed for the integration and study of
molecular and pharmacologic data for NCI-60 cancerous cell lines
screened with over 100,000 chemical compounds and natural pro-
ducts, we analyzed gene expression patterns in cells treated with the
centrosome declustering drug noscapine (50). Across the 56 available
types of cancerous cells, we compared the three most noscapine-
sensitive cells (ME.MDA.N, LE.RPMI.8226, and LE.SR) with the three
most noscapine-resistant cells (BR.T.47D, LCNCIL.H226, and OV.
OVCAR4). Intriguingly, the global expression level of PCM genes in
noscapine-resistant cells was significantly higher than that in nosca-
pine-sensitive cells (Fig. 3F). When looking into the detailed expres-
sion patterns of PCM genes across these tumor cells, we found that the
noscapine-resistant cells commonly highly expressed a series of genes
including USP15, CAND1, SPTANI, ANKRD17, CTNNBI,SCLT1, and
METAPI (Fig. 3G and H). Moreover, the three types of noscapine-
resistant tumor cells had specific sets of highly expressed genes. The
breast cancer cell line BR.T.47D tended to have higher expression of
HAUS3, CCDC15, SLC25A18, and MAPIA, while the lung cancer and
ovarian cancer cell lines LCNCL.H226 and OV.OVCAR.4 had elevated
expression levels of CKAP2, IQGAPI, CKAP4, and SERINCI, and
CCDC18,NUP153, HSPBP1,and LMTK2, respectively (Fig. 3I). These
findings suggested that PCM genes contribute to the resistance to
centrosome declustering drugs, and that targeting PCM-related pro-
teins/genes might decrease the resistance to this type of drugs.

PCM proteins KIF20A and CKAP4 are required for centrosome
clustering in cancer cells bearing extra poles

Next, we focused on breast cancer and mined potential PCM
candidates that are required for the survival of breast cancer cells. We
marked the 392 PCM genes from the data of breast cancer patients
and the related controls from TCGA and GTEx. Of note, 52 genes
were significantly more highly expressed in breast tumor tissues
(Fig. 4A). We selected KIF20A and CKAP4, two newly identified
PCM candidates among the 52 highly expressed genes in tumors
(Fig. 4A and B; Supplementary Fig. S3U), for deeper research. In
particular, KIF20A expression is significantly positively correlated
with the chromosome instability(Supplementary Fig. S3V). Tumor
tissues highly expressing KIF20A exhibit higher stemness score,
indicating that these tumors tend to be poorly differentiated (Sup-
plementary Fig. S3W). Consistently, we found that higher KIF20A
expression was associated with poor prognosis of patients with breast
cancer in disease specific survival analysis (Supplementary Fig. S3X).
In addition to investigating the subcellular localization of endoge-
nous KIF20A and CKAP4 (Fig. 2D), we costained the two proteins
with centriole marker SAS6 and PCM marker PCM1 in breast cancer
MDA231 cells, and reconstructed the centrosome structure by 3D
modeling. As expected, both endogenous KIF20A and CKAP4 were
colocalized with PCM1, occupying the outer sphere of the whole
centrosome, while the centriole protein SAS6 was retained within
the center of the centrosome and was surrounded by KIF20A and
CKAP4 (Fig. 4C).

AACRJournals.org

Proteomic Mapping and Targeting of Mitotic PCM

To explore the roles of KIF20A and CKAP4 in centrosome clus-
tering, we established breast cancer cells bearing extra poles by stably
expressing PLK4, a multiple centriole inducer (51), in MDA231 cells
(MDA231-PLK4; Supplementary Fig. S4A) and monitored them using
live cell imaging. When compared with normal MDA231 cells, 22.3%
of which showed transient extra poles during mitosis, MDA231-PLK4
cells showed a higher rate (58.5% of cells) of transient extra pole
formation, which resulted from PLK4-induced multiple centriole
formation (Fig. 4D and E). Of note, a substantial portion of the extra
pole-bearing cells among both MDA231 cells and MDA231-PLK4 cells
did not die from mitotic errors, but overcame the final formation of
extra poles and survived, producing a new generation (Fig. 4D-F;
Supplementary Video S3 and S4): in particular, we observed clustering
of poles in 88.6% of extra pole-bearing cells in the MDA231 group
and 59.2% of those in the MDA231-PKL4 group, and these cells
thus survived. When KIF20A was knocked down in MDA231 and
MDA231-PLK4 cells (Supplementary Fig. S4B), the percentages of
cells with transient extra poles reached 42.8% and 88.4%, respectively
(Fig. 4D and E). Importantly, upon the knockdown of KIF20A,
nearly all extra pole-bearing cells from both the MDA231 and
MDA231-PKL4 groups were not able to cluster multiple poles, leading
to mitotic catastrophe (Fig. 4D-F; Supplementary Video S5). A similar
phenotype was observed in CKAP4 knockdown cells (Fig. 4D-F;
Supplementary Fig. S4B; Supplemenatry Video S6).

Using the xCELLigence RTCA system for real-time monitoring
of long-term cell proliferation, we found that the knockdown of
KIF20A or CKAP4 suppressed proliferation of MDA231 cells, and
the suppression was reinforced in MDA231-PKL4 cells (Fig. 4G). It
is known that mitotic catastrophe induces apoptosis (52, 53). We
thus measured the occurrence of apoptosis of these cells. In a flow
cytometry assay, MDA231 cells showed normal percentages of cells
in each stage of the cell cycle, with few dead cells marked by sub-G;.
In contrast, KIF20A or CKAP4 knockdown caused increased per-
centages of both mitotic-stage cells and sub-G; cells. As expected,
the percentages of mitotic wandering cells and sub-G; cells were
dramatically higher in MDA231-PKL4 cells upon KIF20A or CKAP4
knockdown (Fig. 4H; Supplementary Fig. S4C). Consistent with this,
fluorescence staining for active apoptosis and immunoblotting against
the activated (cleaved) form of the apoptotic executioner protein
caspase-3 revealed that knockdown of KIF20A or CKAP4 in both
MDA231 and MDA231-PKIL4 cells obviously promoted apoptosis
(Fig. 41 and J). These data indicate that PCM proteins are required for
the survival of cancer cells bearing extra spindle poles, and that disrup-
tion of PCM genes could be an effective strategy for killing tumors.

PCM protein KIF20A drives ubiquitination promotion proteins
away from PCM

Because KIF20A presents a more significant trend of high expres-
sion than CKAP4 across wide types of cancers, we selected KIF20A for
mechanistic investigation of centrosome cluster. For this aim, we
synchronized MDA231 cells to mitosis and immunoprecipitated
proteins that potentially associated with KIF20A by anti-KIF20A
antibody (Fig. 5A). MS analysis identified 227 proteins from the
immunoprecipitated solution. By mapping with the 392 PCM protein
set, 31 proteins were filtered out that may interact with KIF20A in
PCM during mitosis (Fig. 5B; Supplementary Table S7). Intriguingly,
seven ubiquitination promotion proteins [ubiquitin A-52 residue
ribosomal protein fusion product 1 (UBA52), ubiquitin like modifier
activating enzyme 1 (UBA1), proteasome 20S subunit beta 2 (PSMB2),
proteasome 26S subunit ATPase 1 (PSMC1), proteasome 26S subunit
ATPase 2 (PSMC2), proteasome 26S subunit ATPase 5 (PSMC5), and
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Knockdown of PCM genes declusters spindle poles of cancer cells and promotes cell death. A, Expression comparison of global genes between breast cancer tissues
and normal control tissues (TCGA and GTEx databases) with 392 PCM genes highlighted. A total of 52 PCM genes were significantly more highly expressed and are
labeled in red. The g value represents the significance of gene expressional difference between breast cancer samples versus the pairing controls. The significance
threshold was set to g = 0.01. FC, fold change. B, Comparison of KIF20 and CKAP4 expression between breast cancer and paired control tissues. The 1,085 cancer and
291 paired control samples from TCGA and GTEx databases were included. Center line, median; box limits, top and bottom quartiles; whiskers, 1.5x interquartile
range. C, 3D reconstruction of endogenous SAS6 and PCM1 with KIF20A or CKAP4 at the centrosome in mitotic 293T cells. Mitotic 293T cells were stained with
antibodies against SAS6, PCM1, KIF20A, or CKAP4, followed by high-resolution scanning and 3D reconstruction. Both KIF20A and CKAP4 surround SAS6 and
colocalize with PCM1. Scale bar, Tum. D, Centrosome clustering ability in MDA231 cells and in MDA231-PLK4 cells with or without the knockdown of KIF20A or CKAP4.
Representative examples of normal mitotic spindles with correct number centrioles (from MDA231 cells), mitotic spindles bearing extra centrioles undergoing
centrosome clustering (from MDA231-PLK4 cells), mitotic spindles bearing extra centrioles that cannot cluster centrosome (in three poles, from MDA231-PLK4 cells
with KIF20A knockdown), and mitotic spindles bearing extra centrioles that cannot cluster centrosome (impaired spindle, from MDA231-PLK4 cells with CKAP4
knockdown) are shown. Scale bar, 5 um. E, MDA231 and MDA231-PLK4 cells with or without the knockdown of KIF20A or CKAP4 were lively labeled with cell-
permeable taxol-based fluorescent probes against microtubules. (Continued on the following page.)
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proteasome 26S subunit non-ATPase 9 (PSMD9)] were found
among the 31 candidates, indicating that KIF20A would regulate
ubiquitination event in PCM (Fig. 5B). As KIF20A belongs to
Kinesin superfamily motor proteins that functions for intracellular
transport (54), we hypothesized that KIF20A drives ubiquitination
promotion proteins away from PCM to decrease ubiquitination
for maintaining the large size of PCM during mitosis. Thus, we
expressed and purified (or purchased) recombinant proteins of
GST-KIF20A, GST-UBAS52, GST-UBA1, GST-PSMB2, GST-PSMC1,
GST-PSMC2, GST-PSMC5, and GST-PSMD9 (Fig. 5C), and exam-
ined binding affinity of KIF20A between these ubiquitination pro-
motion proteins by MST, a sensitive assay for biomolecules affinity.
Analysis of binding curves showed that KIF20A directly bound
UBA1 and PSMC5 with high affinity [dissociation constant (Kd),
0.82 pmol/L and 1.97 pmol/L, respectively], and KIF20A mildly
bound PSMB2 and PSMD9 (Kd, 5.93 umol/L and 6.92 pumol/L,
respectively; Fig. 5D; Supplementary Fig. S5A-S5C), implying that
the motor protein KIF20A may transport the ubiquitination pro-
motion proteins away from PCM.

Next, we detected protein level of endogenous UBA1 and PSMC5 at
the centrosome in mitotic MDA231 cells by immunofluorescent
staining. Of note, compared with weak signal of UBA1 and PSMC5
in control cells, accumulated UBA1 and PSMC5 were obviously ob-
served at the centrosome in KIF20A knockdown cells bearing clus-
tering-failed extra spindle poles (Fig. 5E and F). As expected, these
cells showed higher intensity of ubiquitination marked by ubiquitin
in the presence of proteasome inhibitor MG132 (Fig. 5G). Con-
sistently with the staining results in MDA231 shKIF20A cells,
when KIF20A was depleted in the 293T cells stably expressing
PCNT-APEX2-EGFP, the global ubiquitination level was elevated
in the PCM proteome captured by streptavidin-coated beads
(Fig. 5H). Accordingly, the size of the mitotic PCM was decreased
upon KIF20A knockdown in MDA231 cells revealed by the fluo-
rescence intensity of PCNT and electron microscope (Fig. 5I;
Supplementary Fig. S5D). To validate the transport manner of the ubi-
quitination promotion protein by KIF20A, we tracked GFP-UBA1
behavior in motor motility assay in the microtubule assay buffer
containing active “polarity-marking” microtubules. In the absence
of KIF20A, GFP-UBA1 was distributed in the buffer and could not
associated with microtubules. While when KIF20A was added,
GFP-UBA1 was aggregated along microtubules and transported
from minus ends (corresponding to centrosomes in cells) to plus
ends (corresponding to chromosomes in cells; Fig. 5J-M; Supple-
mentary Videos S7, S8, and S9). Collectively, these data suggest
that PCM protein KIF20A maintains PCM integrity for centrosome
clustering during mitosis by driving ubiquitination promotion
proteins away from PCM.

Proteomic Mapping and Targeting of Mitotic PCM

Disruption of PCM gene KIF20A kills cancer cells bearing extra
poles in vivo

To investigate whether disruption of PCM gene KIF20A could kill
tumors in vivo, we harvested fresh tumor masses from 10 patients
with breast cancer. Detailed information about the clinical samples is
provided in Supplementary Table S3. Primary tumor cells isolated
from each mass were lively labeled against microtubules with cell-
permeable taxol-based fluorescent probes for microscopic analysis of
mitosis. Three nontransformed cell lines, 293T, human fetal lung
fibroblast (MRC5) cells, and retinal pigment epithelial (RPE1) cells,
were used for comparison. As expected, all nontransformed 293T,
MRCS5, and RPE1 cells showed sporadic extra pole formation during
mitosis, with 2.6%, 3.1%, and 0.8% of cells, respectively. Notably, the
10 primary tumor cell lines from patients with breast cancer
(referred to as Tumor I to Tumor X) had significantly higher rates
of extra pole formation (28.8%, 24.5%, 22.8%, 20.9%, 20.2%, 17.9%,
17.4%, 16.4%, 14.7%, and 14.4% of cells, respectively) than non-
transformed cells (Fig. 6A). We then selected Tumor I (28.8% of
cells with extra poles), Tumor V (20.2% with extra poles), and
Tumor X (14.4% with extra poles) for a patient-derived xenograft
(PDX) mouse model study. We monitored these PDX mice for 40—
55 days when all tumor cells developed into obvious solid tumors.
Tumor X grew a little faster than Tumor I and Tumor V, but there
was no significant difference in growth rate (Fig. 6B, blue lines).
Histochemical analysis revealed that these tumors were actively
proliferating labeled by Ki67, and there was less apoptosis marked
by cleaved caspase-3 (Fig. 6C and D). Intriguingly, when KIF20A
was knocked down in PDX tumors using a KIF20A-shRNA lenti-
virus at day 20 after implantation, we observed dramatic shrinking of
Tumor I and Tumor V, and mild shrinking of Tumor X. The mean
reductions in volume of Tumor I, V, and X were 75.9%, 76.8%, and
51.6%, respectively (Fig. 6B, red lines). IHC analysis revealed that
the shrunken tumor masses contained fewer Ki67-positive cells and
showed strong signals of apoptosis, which was very different from
the observations in control tumor masses (Fig. 6C and D). To
confirm the declustering effect of KIF20A knockdown in vivo, we
harvested tumor masses and recorded the number of mitotic cells in
frozen sections by performing immunofluorescence staining against
microtubules and PCM1. Most of the mitotic cells in Tumor I,
Tumor V, and Tumor X showed two spindle poles. In contrast, when
these tumors were treated with KIF20A shRNA, a large number of
extra pole-bearing cells (64.7% of cells in Tumor I, 60.5% in Tumor
V, and 48.3% in Tumor X) were found among the mitotic cells. All
the extra pole-bearing cells contained multiple foci of PCM1 with
disordered or unseparated chromosomes (Fig. 6E and F). These data
suggest that targeting PCM proteins such as KIF20A effectively kills
tumors in vivo.

(Continued.) The percentage of cells with transient extra poles was determined by live cell imaging. At least 30 cells in each group from three independent
repeats were examined. Data are presented as mean values + SD. P values were calculated by unpaired two-tailed Student t tests. *, P < 0.05 was considered
statistically significant. F, The rate of dividing and surviving cells in transient extra pole-containing cells from E. At least 30 cells in each group from three
independent repeats were examined. Data are presented as mean values + SD. P values were calculated by unpaired two-tailed Student t tests. *, P < 0.05
was considered statistically significant. G, Real-time cell proliferation assay of MDA231and MDA231-PLK4 cells upon knockdown of KIF20A or CKAP4. A total
of 5,000-10,000 cells were seeded into 16-well plates and the proliferation was monitored by the xCELLigence RTCA system over a course of 60 hours (i.e.,
until the control cells treated with scramble shRNA reached a growth plateau phase). Data are presented as mean values 4 SD. H, Cell-cycle flow assay for
MDA231 and MDA231-PLK4 cells with or without the knockdown of KIF20A or CKAP4. Blue area indicates G, stage cells, and red area indicates G,-M stage
cells. The percentage of cells in the sub-G; population is marked. I, Fluorescence staining for active apoptosis in MDA231 and MDA231-PLK4 cells with
or without the knockdown of KIF20A or CKAP4 detected by GreenNuc Caspase-3 Assay Kit. The green fluorescence in nucleus indicates active apoptosis.
Scale bar, 10 um. J, Immunoblotting against the activated (cleaved) form of the apoptotic executioner protein caspase-3 in MDA231 and MDA231-PLK4 cells
with or without the knockdown of KIF20A or CKAP4. B-Actin was used as a loading control.
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KIF20A transports ubiquitination promotion proteins away from PCM. A, MDA231 cells were lysed and immunoprecipitated with anti-KIF20A antibody or I9G. The
immunoprecipitated proteins were analyzed by SDS-PAGE with Coomassie blue staining. B, Venn diagram of 227 proteins identified from KIF20A-
immunoprecipitated samples and 392 PCM protein set. A total of 31 proteins were filtered out that may interact with KIF20A in the PCM set, including seven
ubiquitination promotion proteins listed below. C, Purification of recombinant proteins GST-KIF20A, GST-UBA52, GST-UBAT, GST-PSMB2, GST-PSMCI1, GST-PSMC2,
GST-PSMC5, and GST-PSMD9 visualized by Coomassie blue staining. D, /n vitro binding assay between KIF20A and ubiquitination promotion proteins. The binding
affinity between KIF20A and UBAT, PSMC5, PSMB2 or PSMD9 was measured by MST. Inset, thermophoretic movement of fluorescently labeled proteins.
Fnorm = F1/FO (Fnorm, normalized fluorescence; F1, fluorescence after thermodiffusion; FO, initial fluorescence or fluorescence after T-jump). Kd, dissociation
constant. E-G, Left, immunofluorescent staining of endogenous UBAT (E), PSMCS5 (F), and ubiquitin (G) in MDA231 cells with or without the knockdown of KIF20A.
Cellsin G were treated with proteasome inhibitor MG132. Scale bar, 5 um. The relative fluorescent intensity at the centrosome was calculated by ImageJ on the right.
At least 30 cells in each group from three independent repeats were examined. P values are calculated by unpaired two-tailed Student ¢ tests. *, P < 0.05 was
considered statistically significant. Center line, median; box limits, top and bottom quartiles; whiskers, 1.5x interquartile range. H, After APEX reaction, 293T cells
stably expressing PCNT-APEX2-EGFP with or without the knockdown of KIF20A were lysed and incubated with streptavidin-coated beads. Enriched proteins were
analyzed for protein ubiquitination by Western blotting. B-Actin was used as a loading control. I, Left, immunofluorescent staining of endogenous PCNT in MDA231
cells with or without the knockdown of KIF20A. Scale bar, 5 um. (Continued on the following page.)
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Discussion

The centrosome was first found more than a hundred years ago for
the formation of two spindle poles during cellular mitosis (3). The
centrosome contains a pair of orthogonal centrioles localized at the
core, which is surrounded by a proteinaceous matrix of PCM (3). It was
recently realized that the PCM matrix plays a broad variety of roles in
mitosis progression, DNA damage response, as well as protein deg-
radation (55, 56). More importantly, given the centrosome amplifi-
cation in most solid tumors (1-3) and the unconventional survival of
tumor cells with extra centrosomes (2, 9-12), it is tempting to imagine
that PCM, a highly dense and gel-like condensate that rapidly grows
during mitosis (3, 6, 16, 17), would cluster extra centrosomes and
defend against mitotic errors, enabling tumor cell survival. Thus,
deciphering PCM components, especially PCM proteins that are
technically inseparable from centrioles, will not only facilitate a deeper
understanding of centrosome biology, but also provide a valuable
resource for targeting tumors. However, because of the amorphous
appearance of PCM, which lacks an encompassing membrane, its
highly dynamic behavior, and physical connection to the centriole, no
current strategy is capable of decoding the profile of this microscale
matrix. In this study, taking advantage of differential labeling between
PCNT-APEX2-EGFP (set A) and SAS6-APEX2-EGFP (set B), we were
able to obtain a PCM proteome by subtracting set B proteins from set A
proteins identified in living and undisturbed cells without any syn-
chronization treatment. When mapping our PCM proteins to three
well known databases, that is, the Human Protein Atlas (548 centro-
some proteins), GO database (908 centrosome proteins), and MiCro-
Kit database (540 centrosome proteins), and data from a proteomics
study of isolated human centrosomes (40), we found that 40.4% of our
PCM proteins were present in at least one of these databases. This
percentage is higher than that in existing reports on centrosome-
related proteomics (20, 40, 41), and also higher than the overlap
observed when any of three databases above were compared with the
others. In addition, given the peripheral localization of PCM proteins
and the absence of a membrane surrounding the centrosome, con-
ventional techniques may be not able to recover all centrosome
components. We believe that the 392 proteins identified in the current
work might provide a relatively full picture of PCM, especially in
living cells.

By analyzing PPI networks using STRING and Cytoscape, we found
that 373 of the 392 proteins participated in more than 3,000 interac-
tions within the microscale matrix, making the amorphous PCM a
unique region characterized by high-density protein binding and
dynamics. Many of the proteins with a large number of interactions
are involved in phosphorylation and deubiquitinination, suggesting
that these processes are important in the mitotic PCM. It is well known
that phosphorylation promotes the recruitment of proteins; these
proteins create new expansive outer layers of the PCM, which sub-
stantially increases centrosome diameter (16, 57, 58). However, wheth-
er deubiquitination is an incidental event or a predominant event
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like phosphorylation is unclear. Recently, scientists discovered that
USP33 deubiquitinates centrosome protein CCP110, and antagonizes
SCF™ F_mediated ubiquitination and degradation of CCP110,
making it the first centrosome deubiquitinating enzyme identified
whose expression regulates centrosome homeostasis (59). Considering
that various deubiquitination-related proteins such as USP15, USP9X,
UCHLL1, and OTUD4 are significantly enriched in the PCM network
generated using our proteomic data, we propose that deubiquitination
is a predominant biological mechanism for maintaining PCM size
during mitosis. Other lines of evidence show that spindle tension is
required for the cluster of multiple centrosomes into a bipolar spindle
array in tumor cells bearing extra centrosomes (12, 60, 61). Depletion
of proteins involved in microtubule-kinetochore attachment, such as
the chromosomal passenger complex proteins [aurora-B, inner cen-
tromere protein (INCENP), survivin, and borealin] and Ndc80 micro-
tubule-kinetochore attachment complex proteins (NDC80, SPC24,
and SPC25), induces spindle multipolarity (12). Also, centromere
dysfunction can compromise mitotic spindle pole integrity (61).
Thus, the combination analysis of our PCM proteins and centromere
proteins (62, 63) would much valuable for understanding the funda-
mental events in mitosis.

In particular, we found that ubiquitination promotion proteins
such as UBA1 and PSMC5 were driven away from the centrosome by
PCM protein KIF20A. KIF20A belongs to kinesin superfamily pro-
teins that mediate the transport of various cargos, including the
newly synthesized protein complexes, vesicles and mRNAs along the
microtubule filaments to their destinations (54). Previous work
revealed that KIF20A could specifically bind to the GTP-bound
form of RAB6, which controlled the motility and localization of the
Golgi apparatus in interphase cells (64). Recently, KIF20A was
observed involved the regulation of the chromosome passenger
complex at chromosomes in mitotic cells (65). Our new recognition
of KIF20A at the centrosome where microtubule minus ends are
enriched defines the starting point of this kinesin in mitotic cells,
highlighting the export of ubiquitination promotion proteins from
the centrosome. Coordinating with the enrichment of deubiquitina-
tion proteins, this is an efficient way for maintaining PCM growth for
extra pole cluster. Another attractive finding comes from database
analysis of the centrosome-declustering drug noscapine. A striking
difference in the expression of the 392 PCM genes was observed
between the most noscapine sensitive and nonsensitive cancer cells,
implying the involvement of the PCM components in centrosome-
declustering drug resistance. To date, centrosome declustering drugs
have not been applied widely as clinical treatments, although in
principle they should kill tumors effectively. On the basis of our
findings, it is easy to imagine that tumor cells could counteract
centrosome-declustering drugs by overexpressing certain PCM fac-
tors, such as CEP164, KIF20A, METAPI, and ALS2. Using centro-
some-declustering drugs not in isolation, but in combination with the
disruption of a PCM factor(s), may substantially improve anti-cancer
effect in the future.

(Continued.) The relative fluorescent intensity at the centrosome was calculated by ImageJ on the right. At least 30 cells in each group from three independent
repeats were examined. P values were calculated by unpaired two-tailed Student ¢ tests. *, P< 0.05 was considered statistically significant. Center line, median; box
limits, top and bottom quartiles; whiskers, 1.5x interquartile range. J, Frames from time-lapse recordings showing GFP-UBAT1 (green) moved along a microtubule
from minus to plus end in the presence of KIF20A protein. The moving direction is indicated by the green arrow. The minus ends and plus ends of microtubules were
labeled with Alexa-647 (blue) and rhodamine (red) tubulins, respectively. K, Frames from time-lapse recordings showing the distribution of GFP-UBA1 (green) in the
microtubule assay buffer containing “polarity-marking” microtubules in the absence of KIF20A protein. GFP-UBAT1 could not be associated with microtubules. L,
Frames from time-lapse recordings showing “polarity-marking” microtubules in the microtubule assay buffer as a control. M, The moving velocity of GFP-UBA1 on
microtubules calculated by ImageJ. At least 30 microtubule fibers in each group from three independent repeats were examined. Center line, median; box limits, top

and bottom quartiles; whiskers, 1.5x interquartile range.
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*, P < 0.05 was considered statistically significant.
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