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As a common feature of tumors, chromosomal instability (CIN) not only forces carcinomatous evolution, but also
loads cancer cells with extra pressure through a robust imbalance of genome patterning that may be used for
cancer treatment. Errors in cytokinesis increase CIN, so cytokinesis components are valuable targets for treating
cancer. However, due to the short time span and confined space of cytokinesis bridges, profiling cytokinesis fac-
tors is challenging. Taking advantage of engineered ascorbate peroxidase (APEX2), we established a cytokinesis
bridge-APEX reaction in living cells. A total of 218 cytokinesis bridge proteins were identified with high relia-
bility. Knockdown of cytokinesis bridge genes generated micronuclei that activate the cGAS-pathway and cause
apoptosis in cancer cells bearing high CIN rather than low CIN. Thus, our study proposes a strategy for killing
high-CIN tumors regardless of tumor type, and provides a proteome resource of cytokinetic bridges for future

1. Introduction

Tumors are the leading lethal disease for humans. Scientists have
investigated strategies for killing a wide range of tumors for decades.
However, mounting evidence from high-throughput sequencing has re-
vealed high heterogeneity and numerous cancer-associated mutations
within tumors [1,2]. Data from systematic studies further demonstrate
that various signals involved in multifaceted biological processes are
affected by multiple tumor drivers [3-5], limiting the development of
broad-spectrum treatments against tumors. All tumors have a significant
hallmark of chromosomal instability (CIN) to different extents, charac-
terized by changes in chromosomal structure or number [6-8]. Even a
near-diploid cancer cell has been estimated to experience at least one
genome doubling during tumorigenesis [9,10]. CIN promotes cancer
evolution under selection pressure and is associated with poor prog-
noses, aggressive features, and clinical drug resistance [11-14]. How-
ever, CIN also endows cancer cells with a uniform and damaging state
of stress through metabolic alterations, energy burden, and imbalance
of gene expression patterning, which might be specifically targetable for

killing cancer [15-19]. Once beyond the tolerable limitation for stress,
cancer cells collapse and die. Thus, exacerbating CIN may be an effec-
tive strategy for killing tumors. However, methods for elevating CIN to
selectively kill cancer cells are largely unknown.

Cytokinesis defects affect ploidy by increasing CIN of cells [13,20].
With the innate traits of karyotypic complexity and CIN, cancer cells
should be easily induced to break their viability by perturbing certain
factor(s) in the cytokinesis regulatory network. RNAi-based selection for
loss of function, cell imaging, and in vitro experiments have provided
insights into genes involved in cytokinesis. These lines of work outline
the intensive actions of cytoskeleton molecules and cell cycle engines, as
well as energy metabolism factors at the end of mitosis [21-25]. How-
ever, unlike the other stages of the cell cycle that are well studied, the
full picture of cytokinesis is still unknown mainly due to the confined
space of the cytokinetic bridge that limits most experimental operations
[25-27]. Also, the transient process of cytokinesis spans a very short
portion of the cell cycle, increasing the challenge of acquiring compre-
hensive information throughout the cycle. This largely impedes mining
of potential cytokinesis targets for anticancer strategies. Thus, a systemic
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proteome profile of the cytokinesis bridge especially in situ is imperative
and valuable.

In this study, we aimed to decipher the proteome of the cytoki-
netic bridge and explore whether a broad range of cancer cells could
be killed by inducing them to a higher state of CIN by targeting cy-
tokinesis factors. Taking advantage of engineered ascorbate peroxidase
(APEX2) technology [28-30], we established a cytokinesis bridge-APEX
(CB-APEX) reaction to selectively biotinylate cytokinesis bridge proteins
in situ with high spatial specificity. A total of 218 proteins were identi-
fied in the cytokinesis bridge, which are mainly involved in ‘microtubule
binding’, ‘mitotic nuclear division’, ‘telomere maintenance’, and ‘secre-
tory granule membrane’. Numerous cytokinesis bridge genes are highly
expressed across many types of carcinoma. Intriguingly, knockdown of
some cytokinesis bridge genes (e.g. PPP4C and TBCB) elevated cellu-
lar CIN, causing significant cytokinesis failure marked by micronuclei
during cytokinesis in tumor cells bearing innate high-CIN rather than
low-CIN. These micronuclei activated the cGAS-pathway and resulted
in apoptosis in many types of clinical tumors from breast, ovarian, col-
orectal, and gastric cancer patients. Thus, our study proposes a strategy
for killing a broad range of cancer cells bearing high-CIN regardless of
tumor types, and provides a proteome resource of cytokinesis for future
research.

2. Materials and methods
2.1. Ethics

All human materials used in this study were approved by the Medical
Science Research Ethics Committee of Peking University Third Hospi-
tal (IRB00006761-M2019471). Signed informed consents were obtained
from all patients who participated in the study. Mice care and handling
were conducted in accordance with policies promulgated by the Ethics
Committee of the Peking University Health Science Center.

2.2. Chemicals and antibodies

All chemicals were purchased from Sigma except for those
specifically mentioned. Anti-AK2 (NBP1-33160), CDK4 (NBP1-31308),
LMAN2 (NBP1-86768), PP4/PPP4C (NBP2-13802), and Ki67 (NB500-
170) antibodies were purchased from Novus. Anti-HDGF (11344-1-
AP), NME1 (11086-2-AP), PDIA3 (15967-1-AP), SEC61B (51020-2-
AP), TBCB (15782-1-AP), TPT1 (10824-1-AP), TRIM28 (15202-1-AP),
UBE2S (14115-1-AP), IRF3 (11312-1-AP), TMEM173/STING (19851-1-
AP), and p-actin (66009-1-1g) antibodies were purchased from Protein-
tech. Anti-Phospho-IRF-3 (Ser396) (29047), Phospho-STING (Ser366)
(50907), Phospho-Histone H2A.X (Ser139) (2577), cGAS (15102), and
Cleaved Caspase-3 (Aspl75) (9664) antibodies were purchased from
Cell Signaling Technology. Anti-Bax (6A7) (sc-23959) antibody was
purchased from Santa Cruz Biotechnology. Anti-PSMDS8 (ab246883),
SLIRP (ab51523), and TAGLN2 (ab121146) antibodies were purchased
from Abcam. Alexa Fluor® 555 streptavidin (S21381), HRP Strepta-
vidin Protein (21127), anti-MRPS34 (PA5-59872), RPL28 (PA5-62192),
TPM3 (720306) antibodies, FITC anti-alpha Tubulin Monoclonal anti-
body (MA1-19581), anti-alpha Tubulin Monoclonal antibody (A11126),
Alexa Fluor™ 647 Phalloidin (A22287), Alexa FluorTM 633 goat anti-
mouse IgG (A-21126), Alexa FluorTM 633 goat anti-Rabbit IgG (A-
21071), Alexa FluorTM 488 goat anti-mouse IgG (A-11001), Alexa Flu-
orTM 488 goat anti-Rabbit IgG (A-11008), HRP goat anti-mouse IgG
(H+L) secondary antibody (32430), and HRP goat anti-rabbit IgG (H+L)
secondary antibody (31466) were purchased from Thermo Fisher Scien-
tific.

2.3. Plasmid construction

To guide APEX2 to cytokinesis bridges, APEX2 sequence was fused
to the CDS/CDS fragment of cytokinesis candidate genes (CEP55, IN-
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CENP, BIRC5, PDCD6IP, TSG101, CHMP1B, CHMP4C, VPS4B), and sub-
cloned into pcDNA3 with the EGFP tag. To establish a stable cell line
expressing BIRC5-APEX2-EGFP, the sequence of APEX2-EGFP was in-
serted into the endogenous BIRC5 locus using the CRISPR/Cas9 system.
The guide RNA for the BIRC5 gene (CAGCTGGCTGCCATGGATTG) was
designed at https://zlab.bio/guide-design-resources, and was cloned
into the pSpCas9(BB) vector for co-expression with Cas9 (Addgene
plasmid #62988). The donor plasmid contains the APEX2-EGFP se-
quence flanked by ~1,000-bp homologous arms of the BIRC5 locus.
To knock down the expression of target genes (AK2, CDK4, HDGF,
LMAN2, MRPS34, NDUFA9, NME1, PDIA3, PPM1G, PPP4C, PSMDS,
RPL28, SEC61B, SLIRP, TAGLN2, TBCB, TPM3, TPT1, TRIM28, UBE2S,
and cGAS), the oligos encoding shRNA were cloned into pLKO.1 vector.
Sequences of shRNAs are provided in Table S8.

2.4. Cell synchronization

HelLa cells were first synchronized to early S phase with the double
thymidine block procedure. Briefly, when grown to ~40% confluence,
cells were treated with 2 mM thymidine for 15 h, released for 9 h, and
then blocked again with 2 mM thymidine for 15 h. After being washed
out from the second thymidine block, cells were incubated with 0.1
ug/ml nocodazole for 10 h. Arrested cells were synchronously released
by extensive washing (three times) with warm Dulbecco’s Modified Ea-
gle’s Medium (DMEM) containing biotin-phenol (BP) medium and were
then allowed to progress for 60 min into cytokinesis. These cytokinesis
cells were then used for the CB-APEX reaction.

2.5. APEX2-mediated biotinylation

Cells (~3 x 107 for each sample) stably expressing BIRC5-APEX2-
EGFP were incubated with 500 yM BP dissolved in DMEM at 37 °C under
5% CO, for 60 min. H,0, was added to a final concentration of 1 mM
for 1 min at room temperature to initiate the reaction. The reaction was
quenched three times by replacing the medium with an equal volume
of “quencher solution” (10 mM sodium ascorbate, 10 mM sodium azide,
and 5 mM Trolox in DPBS). Cell pellets were immediately lysed in lysis
buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.5% SDS, 0.5% sodium
deoxycholate, 1% Triton X-100, 1 X protease inhibitor cocktail, 10 mM
sodium azide, 10 mM sodium ascorbate, 5 mM Trolox, and 20 mM DTT).
After gentle sonication, the lysates were cleared by centrifugation at
12,000 rpm for 5 min at 4 °C, and then ten times the volume of ice-
cold methanol was added followed by precipitation at -80 °C for 6 h.
Proteins were harvested by centrifugation at 4,000 rpm for 30 min at 4
°C, and then re-dissolved in 1% SDS RIPA buffer. In total, 4 mg protein of
each sample (in 0.2% SDS RIPA buffer) was separately incubated with
150 uL of streptavidin-coated magnetic bead slurry with rotation for
2 h at room temperature. The beads were subsequently washed twice
with 1 mL of RIPA lysis buffer, once with 1 mL of 1 M KCl, once with
1 mL of 0.1 M Na,CO3, once with 1 mL of 2 M urea in 10 mM Tris-HCl
(pH 8.0), and twice with 1 mL RIPA lysis buffer. Biotinylated proteins
were then eluted by boiling the beads in 60 uL of protein loading buffer
supplemented with 20 mM DTT and 2 mM biotin.

2.6. Sample preparation and mass spectrometry

Protein samples for mass spectrometry were prepared according
to a previous study [28]. In brief, biotinylated proteins eluted from
streptavidin beads were run on SDS-PAGE. The gels were stained with
Coomassie G-250 and destained with water. The lane of each sample
was manually cut into seven gel bands. After in-gel digestion, a vac-
uum concentrator was used to completely dry the peptides. The seven
gel fractions were combined into three injections. The dried peptides
were reconstituted in 100 ul of 0.1% formic acid and loaded on to C18
StageTips conditioned with 50 ul of 50% acetonitrile/0.1% formic acid.
The tips were washed twice with 50 ul of 0.1% formic acid, and peptides
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were eluted with 50% acetonitrile/0.1% formic acid, before drying in a
vacuum concentrator.

A Q Exactive mass spectrometer (Thermo Scientific) coupled online
to an Easy-nLC 1200 UPLC (Proxeon) was used for analysis. The ex-
tracted peptides were dissolved with 25 ul of Solvent A (0.1% formic
acid in water), and loaded to a homemade trap column (100 ym x 2
cm) packed with C18 reverse-phase resin (particle size, 3 ym; pore size,
120 108; SunChrom, USA) at a maximum pressure of 220 bar with 12 ul
of solvent A, then separated on a 150 ym x 15 cm silica microcolumn
(homemade, particle size, 1.9 um; pore size, 120 A; SunChrom, USA)
with a gradient of 5-42% mobile phase B (80% acetonitrile and 0.1%
formic acid) at a flow rate of 800 nl/min for 30 min. The gradient elu-
tion conditions (30 min) were: 5% to 15% mobile phase B for 3 min;
15% to 42% for 21 min; 42% to 95% for 1 min; 95% for 5 min. The MS
analysis was performed in data-dependent acquisition (DDA) mode with
full scans (m/z 300-1400) acquired using an Orbitrap mass analyzer at
a mass resolution of 60,000. 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 (HCD) with a nor-
malized collision energy of 27%, then detected in the Orbitrap at a mass
resolution of 15,000. The automatic gain control (AGC Targets) for full
MS was set to 3e6, and that for MS/MS was set to 5e4, with maximum
ion injection times of 20 and 12 ms, respectively. The dynamic exclusion
time was 15 s. Peptide match and isotope exclusion were enabled.

2.7. Protein identification

Raw files were searched against the human RefSeq protein database
(2017/11/01) with Proteome Discoverer (Thermo Fisher Scientific, ver-
sion 2.1) using the SEQUEST HT search engine with percolator. Mass
tolerance for precursor ions was set to 20 ppm; mass tolerances of frag-
ment ions were 0.05 Da for Q Exactive. Oxidation of methionine, car-
bamidomethylation of cysteine, and acetylation of protein N-terminal
were included as variable modifications. A maximum of two missed
cleavages was allowed. All assigned peptides were filtered with a 1%
false discovery rate (FDR) at the peptide level. All identified peptides
were quantified with peak areas derived from their intensity of MSI1.
The procedure was operated as: MS raw data were converted to the
MS-platform independent mzXML format, and the spectral assignments
from PD2.1 were then channeled through an in-house pipeline to con-
struct extracted ion chromatogram (XIC) peaks with their corresponding
intensity values included in mzXML data. The intensity based absolute
quantification (iBAQ) algorithm was used to quantify proteins [31]. To
normalize among loading samples, iBAQ value was converted to a frac-
tion of total (FOT) - iBAQ value of each protein divided by the sum of all
iBAQ values of all proteins in each sample. Thus, FOT number is a rela-
tive concentration for the protein in the total measurable proteome. For
visualization, the FOT number was multiplied by 10°. Three replicates
of reaction and control (in absence of H,0O,, for nonspecific deduction)
experiments were conducted. We only kept protein identifications with
>2 unique peptides in at least one replicate, and positive FOT value in
at least two replicates. Proteins with their mean FOT value in reaction
groups twofold higher than those in control groups were screened out.
Further, proteins with p values (FOT value in reaction groups vs. in con-
trol groups) <0.05 were finally identified. Volcano plots were generated
for visual representation of identified proteins using the R package gg-
plot2.

2.8. Bioinformatics analysis of cytokinesis bridge genes

Overall survival analysis used the database TCGA (The Can-
cer Genome Atlas Program, https://www.cancer.gov/about-
nci/organization/ccg/research/structural-genomics/tcga). In total,
218 cytokinesis bridge genes and clinical tumor samples (9504 analyz-
able samples across 33 types of cancers, see Table S4) from the TCGA
database were divided into four equal parts (bottom quartile, mid-low
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quartile, mid-high quartile, and top quartile) based on the global
expression level of the 218 cytokinesis bridge genes set. The global
expression level was calculated by mean value of log2 (transcripts per
million + 1) of each gene in the set. Survival analysis was performed
with the bottom quartile group (N=2,376, blue, low expression) and
top quartile group (N=2,376, red, high expression) using Kaplan-Meier
curves, which were run on Gene Expression Profiling Interactive
Analysis 2 (GEPIA2) (http://gepia2.cancer-pku.cn) [32]. A log-rank
test was used to compare the survival curves of the two groups, and
a hazards ratio (HR) was calculated based on the Cox PH Model. For
expression analysis of cytokinesis bridge genes in tumor patients and
normal controls, the transcript expression levels of 218 genes in 8,881
tumor samples (27 analyzable cancer types) and 5361 paired normal
tissue samples were extracted from the databases and run in the R
package ggplot2. Mean values of gene expression medians in all tumor
samples and fold change of tumor/normal samples were calculated.
For analysis of genome alterations of 20 representative cytokinesis
bridge genes, annotation of the mutations using Genome Nexus (by
VEP with the canonical UniProt transcript) were standardized by
https://cbioportal.org/. Copy number data sets within the portal were
generated by the GISTIC or RAE algorithms. Both algorithms identify
significantly altered regions of amplification or deletion of genes of
interest across sets of patients. Both algorithms also generate putative
gene/patient copy number specific calls, which are then input into the
portal. Pathway enrichment and GO analysis of cytokinesis bridge pro-
teins were conducted using the Web-based GEne SeT AnaLysis Toolkit
(WebGestalt, http://www.webgestalt.org/) and R-clusterProfiler. p
values for the representative GO terms shown in the present study were
adjusted with the Benjamini-Hochberg procedure [33].

2.9. Immunofiuorescence and 3D reconstruction

Cells were fixed in 4% paraformaldehyde in PBS (pH 7.4) for 30 min
followed by permeabilization in 0.5% Triton-X-100 for 25 min at room
temperature. Then, samples were blocked with 1% BSA-supplemented
PBS for 1 h and incubated with primary antibodies (1:200-1:500) at 4
°C overnight. After washing three times in PBS containing 0.1% Tween
20 and 0.01% Triton-X 100, the cells were incubated with an appropri-
ate fluorescent secondary antibody for 1 h at room temperature. After
washing three times, the cells were stained with Hoechst 33342 (10
pg/ml) for 15 min. Finally, the samples were mounted on glass slides
and observed under a confocal laser scanning microscope at 63x/1.40
(Carl Zeiss 710). Images for 3D reconstruction were obtained from Z-
stack scanning at 0.25 pum intervals capturing the entire cytokinesis
bridge under a confocal microscope at 63x/1.40 (Carl Zeiss 880). After
import of CZI files, different channels of BIRC5-APEX2-EGFP, biotiny-
lated proteins, microtubules, and chromosomes were analyzed using the
Imaris program (Bitplane, Belfast, United Kingdom) [34,35]. 3D surface
rendering was carried out to obtain a 3D reconstruction of cytokine-
sis bridge components in the bridge of dividing cells. Imaris Volume-
Specific Values was used for volume calculation.

2.10. Cell culture and live imaging

HeLa, MCF7, and MRCS5 cells were cultured in DMEM with 10% fetal
bovine serum (FBS). MCF-10A cells were cultured in DMEM/Nutrient
Mixture F-12 with 5% FBS, 1 x ITS, 0.02 ug/ml EGF, 0.5 ug/ml hy-
drocortisone, and 0.1 yg/ml cholera toxin. For live imaging, cells were
grown on imaging culture dishes (NEST, 801001) and observed in Ultra-
VIEW VoX (PerkinElmer) live cell workstation at 37 °C with 5% CO, for
indicated time. Images were analyzed by Volocity (Universal 3D Image).

2.11. Isolation and culture of primary tumor cells

Fresh tumor samples were harvested from patients with diverse
types of cancers. Detailed information of the tumor samples is pro-
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vided in Table S5. After washing with PBS, 0.1 and 0.2 cm?® of the tu-
mor specimen was cut off and mechanically disintegrated into pieces
smaller than 1 mm? using scalpels followed by digestion in 1 x colla-
genase/hyaluronidase buffer (STEMCELL Technologies) at 37 °C with
agitation for 6 h. Further digestion was performed by gentle pipetting
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 min. By fil-
tration through a 40-um filter, single-cell suspensions were obtained.
These cells were then seeded at a density of 0.5-1 x 10°/well onto
6-well plates coated with collagen I and cultured for 36-72 h. Cul-
ture medium was composed of DMEM:F12 supplemented with 5% FBS,
penicillin/streptomycin (1%), gentamycin (0.2%), EGF (10 ng/ml), ade-
nine (20 ug/ml), cholera toxin (10 ng/ml), HEPES (15 mM), insulin (5
ug/ml), hydrocortisone (0.32 pg/ml), and ROCK inhibitor (5 yM). After
stable adhesion, cells could be further cultured and passaged or frozen
in FBS/DMSO (9:1) with 5 uM ROCK inhibitor in liquid nitrogen.

2.12. shRNA lentivirus generation and shRNA knockdown

For shRNA lentivirus generation, shRNA sequences were designed
using “shRNAs for Individual Genes” purchased from Sigma Aldrich.
The sequences of scramble and gene targeting sShRNA were provided in
“Oligonucleotides” above. The pLKO.1 plasmid comprising shRNA was
cotransfected with the packaging plasmids (psPAX2 and pMD2.G) into
HEK293T cells using Lipofectamine 3000™ according to the manufac-
turer’s protocol. Six hours after transfection, the cells were washed and
changed with fresh growth culture media and incubated for another
48 h. Then the culture media containing viral particles were harvested
and centrifuged at 3000 x g for 5 min to remove the cell debris and
filtered by a 0.45 um filter. The viral supernatant was further concen-
trated with a Centricon Plus-20 Centrifugal Filter at 4,000 x g. The con-
centrated lentivirus supernatant was aliquoted and kept at -80 °C before
use. To knock down genes of interest in HeLa cells, 10° HeLa cells were
seeded onto 6-well plates and incubated at 37 °C with 5% CO, until
reaching 30-40% confluence. The concentrated viral supernatant was
added into the culture medium at a multiplicity of infection (MOI) of
20. After 72 h, puromycin was added to the medium at 1 xg/ml for
stable knockdown selection.

2.13. DNA preparation and whole genome sequencing (WGS)

Genomic DNA of cells and tumor samples was extracted and purified
using the DNeasy Blood & Tissue Kit (Qiagen, 69504) according to the
standard protocol. DNA quality was assessed by gel electrophoresis and
a Qubit® 2.0 Flurometer (Life Technologies, CA, USA). A total of 1 ug of
genomic DNA per sample was used for library construction with TruSeq
DNA Sample Preparation Guide (Illumina, 15026486 Rev.C). Qualified
DNA libraries were sequenced using Illumina Whole Genome Sequenc-
ing Service with Illumina HiSeq X (10X, ~30 GB/sample) at the Core
Genomic Facility of Beijing Annoroad Genomics. All data were aligned
to hg38 with BWA (Burrows-Wheeler Alignment tool) [36], arranged
with SAMtools (Sequence Alignment/Map tool) [37], marked with Pi-
card (http://broadinstitute.github.io/picard/), and locally aligned with
GATK (Genome Analysis Toolkit) [38]. Variants were annotated using
ANNOVAR tool (Annotate Variation) [39].

2.14. Chromosomal instability (CIN) assay

CIN assay was performed according to previous studies in which the
weighted-genomic integrity index (wGII) was calculated as a proxy for
CIN level [40,41]. For each sample and each of the 22 autosomal chro-
mosomes, the percentages of gained and lost genomic material were
calculated relative to the ploidy of the sample. The wGII score of a
sample was defined as the average of this percentage value over the
22 autosomal chromosomes. To estimate somatic copy number varia-
tion, R package HMMcopy [42] and software package CNVKkit [43] were
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used to call copy numbers. Correlation between wGlIlIs from HMMcopy
and CNVKkit was assessed using the R package stats. For HMMcopy, the
genome was divided into fixed 1 kb bins, and GC content and average
mappability for bins were extracted from the genome. Read counts for
bins of each sample were extracted from BAM files and corrected by GC
content and mappability. After segmentation, segments of specific copy
number variation events were classify into six states including homozy-
gous deletion (HOMD), heterozygous deletion (HETD), neutral change
(NEUT), gain of chromosome (GAIN), amplification event (AMPL), and
high level amplification (HLAMP), using the Hidden Markov Model
[44]. We used matched Tumor-Normal model for paired knockdown-
control HelLa cells, and used Tumor only model for patient tumor sam-
ples in HMMcopy. CNVKkit version 0.9.7 was used with default parameter
on paired knockdown-control HelLa cells sequencing data.

2.15. Cell proliferation assay by xCELLigence system

Cell proliferation was assessed using the xCELLigence RTCA system
(Acea Bioscience, San Diego, CA, USA, distributed by Roche Diagnostics)
that allows long-term monitoring of live cells in a noninvasive manner
[45,46]. In brief, 5000-10,000 cells were seeded in each well of E-16-
well plates (Roche). Cell proliferation was monitored for 40-70 h at 37
°C in the incubator. Microelectrodes on the bottom of plates were used to
detect impedance changes proportional to the number of adherent cells.
The impedance value of each well was automatically recorded by Real-
Time Cell Analyzer (RTCA) software. Two parallel wells were included
for each sample in one replicate, and three independent replicates were
conducted.

2.16. Patient-derived xenograft (PDX) model

Before implantation, necrotic areas of tumor specimens were re-
moved as extensively as possible using sterile scissors. In total, 8-10
mm? of tumor tissue was subcutaneously implanted into the flanks of 5-
to 6-week-old NOD-SCID mice for the first generation of tumor growth,
followed by weekly measurement of tumor volume with calipers. When
tumor volume reached 800-2,000 mm?3, the mice were sacrificed and
the tumor was removed. The fresh tumor was cut into small pieces (4-
8 mm3) and re-implanted into the flanks of 5- to 6-week-old BALB/c
Nude mice for the second generation of tumor growth. When the tumor
size reached 200-250 mm?3, 5 x 107 copies of gene targeting shRNA
lentivirus or scramble shRNA lentivirus was injected into the tumor.
The tumor growth was monitored for 40-60 days when the volume
reached an ethical limitation of around 2,000 mm?. Each group included
six mice. Tumor volume was calculated using the formula: (shortest
diameter)? x longest diameter x 0.5.

2.17. Western blot

Total protein was extracted from cell lysate by RIPA buffer. Pro-
tein samples were separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and then electrically transferred to
polyvinylidene fluoride membranes. Following transfer, the membranes
were blocked in TBST containing 5% skim milk for 2 h, followed by in-
cubation with primary antibodies (1:500-1:1000 dilution) overnight at 4
°C. After washing in TBST three times, the membranes were incubated
at 37 °C for 1 h with a 1:1000 dilution of HRP-conjugated secondary
antibody. For biotin labeled proteins, streptavidin-HRP conjugate was
used. Finally, protein bands were visualized using an enhanced chemi-
luminescence detection system (Amersham Biosciences).

2.18. Histological staining
Histological staining was performed at the Immunohistochemistry

Core of the Peking University Third Hospital. Tissues were fixed in 10%
neutral-buffered formalin solution for 12-16 h and gradually transferred
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to 70% ethanol. After embedding in paraffin, the tissues were cut in 5
um sections on polylysine-coated slides and stained with hematoxylin
and eosin, or indicated antibodies. The dilutions of anti-Ki67 and anti-
cleaved Caspase 3 were 1:200 and 1:500, respectively. Images were
taken and analyzed using an Olympus BX51 microscope and DP73 CCD
photographic system.

2.19. ¢cGAMP ELISA

cGAMP level was measured with 2°,3’-Cyclic GAMP Enzyme Im-
munoassay Kit (Arbor Assay, K067-H1). In total, 5 x 10° cells were har-
vested, washed with PBS and lysed in 500 u1 RIPA Lysis buffer (Pierce,
89900) on ice for 20 min. Then the samples were centrifuged at 1000 x g
at 4 °C for 15 min, and the supernatant was used to measure cGAMP
concentration according to the manufacturer’s protocol.

2.20. RT-qPCR

The total RNA of tumor cells was extracted by TRIzol reagent (Gibco,
15596026) and the cDNA was synthesized by RevertAid RT Reverse
Transcription Kit (Thermo, K1691). RT-qPCR was carried out on the
StepOnePlus system (ABI) by PowerUp™ SYBR™ Green Master Mix
(Thermo, A25742). Conditions of RT-qPCR were 95 °C for 2 min; 95 °C
for 3 sec and 60 °C for 30 sec for 40 cycles. Expression levels of tar-
get genes were normalized to the expression of the housekeeping gene
GAPDH. The relative mRNA expression level was calculated through the
comparative cycle threshold method (272ACt),

2.21. Flow cytometry

Tumors cells were washed with PBS, trypsinized, and centrifuged at
1500 rpm for 3 min. Then the cells were washed three times with 1%
BSA in PBS at 1,500 rpm for 3 min followed by fixation in 70% ethanol at
4 °C overnight. The fixed cells were washed with ice-cold PBS twice and
incubated with RNaseA (50 pg/ml) at 37 °C for 30 min. After staining
with PI (10 pg/ml) for 30 min, the samples were processed through
an Attune NxT flow cytometer (Life Technologies) and the data were
analyzed using FlowJo software.

2.22. Statistical analyses

All experiments were performed in triplicate unless indicated other-
wise. Means and standard deviations were plotted. Student’s t-test was
used for statistical analyses. P <0.05 (*) was considered statistically sig-
nificant. Statistical details are included in figure legends.

2.23. Data and code accessibility

All raw files and search results for mass spectrometry of cytoki-
nesis bridge proteomics have been deposited in ProteomeXchange via
iProX (www.iprox.org) with the identification No. PXD020754 (for Pro-
teomeXchange) and IPX0002396000 (for iProX). Whole genome se-
quencing (WGS) data of HelLa cells, patient tumor samples, and im-
mortalized cell lines reported in this study have been deposited in
the genome sequence archive of Beijing Institute of Genomics, Chinese
Academy of Sciences, Beijing, China (gsa.big.ac.cn, accession no. PR-
JCA003199).

3. Results
3.1. Targeting APEX2 into cytokinetic bridges

Given the rapid and dynamic process of cytokinesis, a prompt re-
action is required in living cells. APEX2, a genetically encoded protein

tag, has emerged as an efficient tool for proximity-dependent protein
labeling at specific subcellular regions of interest within living cells
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[28-30,47]. Upon addition of hydrogen peroxide (H,0O,) for 1 min
to cells preloaded with the biotin-phenol (BP) substrate, APEX2 gen-
erates biotin-phenoxyl radicals that covalently tag proximal endoge-
nous proteins [48]. In this study, we aimed to target the peroxidase
and establish a reaction specifically within cytokinetic bridges of liv-
ing cells. We started with fusing APEX2-EGFP to eight candidate pro-
teins or domains predicted to be localized in the cytokinetic bridge
[22,26] (Fig. Sla). Among these, four candidates showed relatively
specific localization in the cytokinetic bridge of HeLa cells, including
CEP55-APEX2-EGFP, BIRC5-APEX2-EGFP, CHMP1B-APEX2-EGFP, and
PDCD6IP-APEX2-EGFP. Only BIRC5-APEX2-EGFP was retained exclu-
sively in the bridge during cytokinesis (Figs. 1a, S1b). When we initiated
the CB-APEX reaction by H,0,, only BIRC5-APEX2-EGFP among the
four candidates triggered the reaction precisely in the bridge (Figs. 1b,
S1c). To achieve stable expression, we established BIRC5-APEX2-EGFP
knockin HeLa cells. Consistently, the CB-APEX reaction was successful
in the stable cell line (Fig. 1c), and was thus used for subsequent exper-
iments.

We used 3D reconstruction in the Imaris program based on a se-
ries of high-resolution scans of the cytokinetic bridge to examine the
reaction details in these cells. During cytokinesis, BIRC5-APEX2-EGFP
(colored in green) was specifically targeted to the center of the cy-
tokinetic bridge, which was attached by two bundles of microtubules
(colored in cyan) linked to the segregated chromosomes. Accordingly,
the CB-APEX reaction (colored in transparent red) occurred precisely at
and around BIRC5-APEX2-EGFP without any nonspecific reaction in the
whole cell (Fig. 1d). The volumes of the CB-APEX reaction surrounding
BIRC5-APEX2-EGFP are shown in Fig. 1le. The dynamics of APEX2 fu-
sion throughout the cell cycle were monitored by live cell imaging. In
particular, BIRC5-APEX2-EGFP was exclusively targeted at the cytoki-
nesis bridge during cell division. No non-specific signal was observed
during the full cell cycle except for a weak distribution around the nu-
clear envelope after nuclear envelope breakdown (NEBD) (Fig. 1f, Video
S1). The dynamic intensities of BIRC5-APEX2-EGFP in the cell cycle are
summarized in Fig. 1g. These results suggest that the modified APEX2
can potentially be used for our CB-APEX reaction.

3.2. Proteome capture of cytokinesis bridge proteins and their association
with clinical tumors

As cytokinesis spans a short interval during the full cell cycle, we
strictly synchronized the cells and performed the CB-APEX reaction as
outlined in Fig. 2a. After 1 min, the reaction was quenched and cells
were lysed immediately. The lysate was incubated with streptavidin-
coated magnetic beads and precipitated biotinylated proteins were ana-
lyzed with gel electrophoresis. As shown in Fig. 2b, BIRC5-APEX2-EGFP
biotinylated a mass of proteins in a banding pattern, while few biotiny-
lated proteins were observed in control samples omitting H,O,, BP, or
APEX2, meaning a successful proteomic capture in our system. Next,
we generated proteomic data by nano LC-MS/MS (liquid chromatogra-
phy tandem mass spectrometry). Three biological replicates were per-
formed for CB-APEX reaction groups and control groups (without H,O,,
used for nonspecific deduction). Box plot and correlation analysis of
MS data showed qualified protein abundance and replicate consistency
(Pearson’s correlation coefficient, 0.87-0.92) in both control and reac-
tion groups (Fig. S2a, S2b). A total of 1552 proteins were detected in
the reaction groups (Table S1). The average quantitative values of 459
proteins were twofold higher than those in control groups (Table S2).
Of these, 218 proteins significantly enriched with p values <0.05 were
identified (Fig. 2c, Table S3). To confirm the specificity of the proteomic
list, we aligned the 218 proteins in alphabetical order and spot checked
them every tenth protein, for a total of 218/10~21 (10, 20t, 30th, ...,
210th) proteins, in an unbiased manner. Among the 21 proteins, 18 were
definitely localized at the cytokinetic bridge in dividing cells (Fig. 2d),
meaning that the positive rate of our list is around 85.7%. The 218 pro-
teins are involved in ‘microtubule binding’, ‘mitotic nuclear division’,
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Fig. 1. APEX2 Targeting to the cytokinetic bridge. (a) Subcellular localization of BIRC5-APEX2-EGFP during cytokinesis in HeLa cells. APEX2 was fused to BIRC5
and EGFP followed by transfection and fluorescence detection of BIRC5-APEX2-EGFP (green), a-tubulin (red), and DNA (blue). Both early and late stages of cytokinesis
are shown. (b) CB-APEX reaction in BIRC5-APEX2-EGFP transfected HeLa cells was triggered by biotin-phenol (BP) and H,0,. The captured proteins labeled by biotin
were stained in red, while cell borders were outlined by staining against actin in cyan. (c) CB-APEX reaction in HeLa cells stably expressing BIRC5-APEX2-EGFP.
APEX2-EGFP knockin to the loci of BIRC5 was accomplished using CRISPR-Cas9, forming cells stably expressing BIRC5-APEX2-EGFP for the CB-APEX reaction. The
reaction pattern is consistent with that in (b). This cell line was used for subsequent experiments. Scale bar, 10 ym. (d) 3D reconstruction of BIRC5-APEX2-EGFP
in the cytokinesis bridge. Cells under the CB-APEX reaction were fixed and high-resolution scanned followed by 3D reconstruction with Imaris. The reconstructed
BIRC5-APEX2-EGFP, reaction-captured proteins, microtubule bundles, and segregating chromosomes in the bridge were colored in green, transparent red, cyan, and
blue, respectively. Note BIRC5-APEX2-EGFP was completely surrounded by the reaction-captured proteins. Scale bar, 1 ym. (e) Volumes of BIRC5-APEX2-EGFP and
reaction-captured proteins were calculated by Imaris Volume-Specific Values. Thirty cells from three independent replicates were summarized. The median volumes
of BIRC5-APEX2-EGFP and reaction-captured proteins were 11.6 and 21.0 ym3, respectively. (f) Live imaging of cells stably expressing BIRC5-APEX2-EGFP. The
dynamic translocation of BIRC5-APEX2-EGFP was monitored by real time imaging for 540 min that covers at least a full round of the cell cycle. BIRC5-APEX2-EGFP
exhibited specific localization in the cytokinetic bridge. Enlarged images denoted by yellow arrowheads are key time points of interphase, cytokinesis initiation,
mid-cytokinesis, and cytokinesis completion. Dashed circles indicate cell outlines. Scale bar, 10 ym. (g) Fluorescence kinetics of BIRC5-APEX2-EGFP during the cell
cycle. Relative fluorescence intensities of BIRC5-APEX2-EGFP in the cytoplasm, nucleus, and cytokinesis bridge were separately recorded. Error bars, mean + SD. At
least 30 cells in each group from three independent repeats were examined.

‘telomere maintenance’, ‘secretory granule membrane’, etc. (Fig. S2c). A series of genes were thus filtered out, and the Top 20 candidates
Several proteins, including ARF1 and MRPS34, which are known to be (that are potentially most required for cytokinesis in tumor cells rather
localized on the Golgi apparatus or mitochondria in interphase cells, than in normal cells) were: AK2, CDK4, HDGF, LMAN2, MRPS34, ND-
were also found in our cytokinesis bridge list. We immunostained the UFA9, NME1, PDIA3, PPM1G, PPP4C, PSMD8, RPL28, SEC61B, SLIRP,
proteins in dividing cells and confirmed their presence in the cytokine- TAGLN2, TBCB, TPM3, TPT1, TRIM28, and UBE2S (Figs. 2f and S3 show

sis bridge (Fig. S2d). This finding implies certain new functions of these their subcellular localizations). The individual expression status of the
proteins during cytokinesis that are worth investigating in the future. 20 genes across diverse tumor types such as adrenocortical carcinoma
To identify the association between cytokinesis bridge proteins and (ACQ), bladder urothelial carcinoma (BLCA), breast invasive carcinoma
cancers, we mapped all 218 candidates to the TCGA and GTEx databases, (BRCA), cervical squamous cell carcinoma and endocervical adenocar-
which store patients’ genomic information of different types of can- cinoma (CESQC), etc., are displayed in Fig. 2g, showing that all genes
cers, including breast cancer, cholangiocarcinoma, ovarian cancer, brain were highly expressed in most of the tumor types. The analysis of ge-
glioma, colon tumors, etc., as well as the paired normal controls [49,50]. nomic alterations showed that the Top 20 candidates have an obvious
Across the database of 33 available types of common cancers (Table S4), trend of amplifications but not deletions, further confirming the mRNA
we first compared the overall survival status based on the expression of expression status above (Fig. 2h). These data suggest that the cytoki-
the 218 genes. Cancer patients (n=2,376) with high expression of these nesis bridge proteins tend to be highly expressed in tumor tissues, and
218 genes have significantly shorter survival time than those (n=2376) they could potentially be candidates to target for elevating CIN of cancer
who had low expression of these 218 genes (Fig. 2e). Moreover, we ana- cells.
lyzed the mRNA expression levels of the 218 candidates in the databases
according to two principles: 1, the expression of the gene in tumors is 3.3. CIN elevation by knockdown of candidate cytokinesis bridge genes
higher (log, [fold change] >0.5) than that in the paired normal controls;
and 2, the expression level (normalized transcript-level expression) of Next, we wanted to know whether cellular CIN can be elevated by
the gene is high in tumor tissue. manipulating these cytokinesis bridge factors. The top 20 candidates
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Fig. 2. CB-APEX reaction and proteomics analysis. (a) Flow diagram of CB-APEX reaction. HeLa cells stably expressing BIRC5-APEX2-EGFP were synchronized by
two rounds of thymidine and one round of nocodazole followed by BP addition. The reaction was promptly triggered by H,O, for 1 min. After reaction quenching, cells
were immediately lysed for subsequent experiments. (b) SDS-PAGE of cell lysates from CB-APEX reaction. Cell lysates (from (a)) were incubated with streptavidin-
coated magnetic beads and the precipitated biotinylated proteins were subjected to SDS electrophoresis for western blot against biotin. Reactions in the absence of
H,0,, BP, or APEX2 (in BIRC5-EGFP expressing cells) were negative controls. #-actin was used as a loading control. (¢) Volcano plot analysis of differentially expressed
proteins between reaction and control groups. Proteins in reaction groups that were twofold higher than those in control groups are cut off by the dashed line. A
total of 218 proteins that were significantly enriched with p values < 0.05 are labeled in red. (d) Immunofluorescence staining confirmation of alphabetically ordered
candidates in the proteomic list. Every tenth candidate (10th, 20th, 30th, ....,200th, 210th) of the 218 proteins in alphabetical order were selected for confirmation
without subjective bias. Protein-EGFP coding plasmids were constructed and transfected into HeLa cells followed by immunofluorescent staining. Eighteen out of
the 21 proteins were cytokinesis bridge localization positive, indicated by “YES”. Scale bar, 10 um. (e) An overall survival analysis of cancer patients in the public
TCGA database who had relatively high expression of 218 cytokinesis bridge genes (N=2,376, red) versus cancer patients who had relatively low expression of 218
cytokinesis bridge genes (N=2,376, blue). Logrank p=1.8e-11; p(HR)=2.3e-11. Dotted line dotes 95% confidence interval. (f) Top 20 candidates were screened from
218 cytokinesis bridge genes cut off by higher transcript expression in tumors than in the paired normal controls (log, [fold change] > 0.5, vertical dashed line),
combined with the cut off by high transcript expression (normalized, horizontal dashed line) in tumor tissue per se. TPM, transcripts per million. (g) The individual
expression levels of the top 20 candidates across diverse cancer types. The color schema from blue to red represents log2 (fold change) of gene TPM from low to
high, respectively. Dot size indicates log2 value of TPM. (h) The analysis of genomic alterations of the top 20 candidates in diverse cancer types. All the genes (except
TPT1) show an obvious trend of amplification rather than deletion in multiple types of cancer. The percentage denotes the rate of cancer patients carrying genetic
alteration of cytokinesis gene among all cancer patients in the database. Color barcodes denote different cancer types.
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Fig. 3. Knockdown of cytokinesis bridge genes for CIN elevation. (a) CIN level of HeLa cells upon knockdown of cytokinesis bridge genes of interest was assessed
using the weighted-genomic integrity index (wGII). Fold change of copy number in knockdown cells versus control cells was calculated in HMMcopy. Log2 of the
fold change >1 was labeled in red, while < -1 was labeled in blue. Individual data points denote log2 ratios plotted to corresponding chromosomal location. (b)
Extent of CIN elevation induced by knockdown of cytokinesis bridge genes were summarized from (a), and ranked in descending order. (c) Extent of CIN elevation
induced by knockdown of cytokinesis bridge genes were calculated and summarized from the CNVKkit program, and ranked in descending order. (d) DNA damage in
cytokinesis cells upon knockdown of cytokinesis bridge genes. HeLa cells with or without knockdown of cytokinesis bridge genes were fixed during cytokinesis and
stained against DNA damage marker yH2AX. Scale bar, 10 ym. (e) Rate of cytokinesis cells bearing DNA damage. The percentages of cells bearing DNA damage in
different cytokinesis bridge gene knockdown groups were summarized. Error bars, mean + SD. At least 100 cells in each group from three independent repeats were

examined.

above were individually knocked down by shRNA in Hela cells (Fig.
S4a) followed by whole genome sequencing (WGS) at a coverage depth
of 10X (~30 GB raw data/sample, see deposited data). The CIN of cells
treated by scramble or gene targeting shRNA was then assessed by the
weighted-genomic integrity index (wGII) as a proxy for CIN level using
HMMcopy and CNVkit [40-43,51]. Each assessment method generated
a ranked list showing how much the gene knockdown raised cellular
CIN (by 1082 (shrnA711082 contror)) (Fig. 3a—c), and the two methods were
highly consistent (Fig. S4b). All the individual knockdowns of 20 genes
raised CIN to different extents. PPP4C and TBCB were the top 2 in both
of the lists (Fig. 3b, 3c). Knockdown of either PPP4C or TBCB gener-
ated obvious variations of copy number in global chromosomes com-
pared to the control cell without knockdown (Fig. 3a). The cytokinesis
dysfunction-induced CIN is usually caused by structural chromosome
aberrations originating from DNA damage [52]. We therefore detected
the status of DNA damage in cytokinesis cells upon knocking down cy-
tokinetic bridge genes. Knockdown of these cytokinetic bridge genes,
especially PPP4C and TBCB, resulted in obvious DNA damages in the
chromosome(s) close to the cytokinesis bridge compared to the control
cells treated with scramble shRNA (Fig. 3d), meaning that cytokinesis
errors could give rise to damages or breaks in the chromosomes in or
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near the cytokinetic bridge during cell division. The rates of dividing
cells bearing DNA damage in different knockdown groups are summa-
rized in Fig. 3e. These results suggest that manipulation of cytokinetic
bridge genes, especially PPP4C and TBCB, can elevate cellular CIN.

3.4. Knockdown of cytokinesis bridge genes PPP4C and TBCB suppresses
cancer cell proliferation of diverse high-CIN tumors

Given their effect on increasing CIN, we explored whether depletion
of PPP4C and TBCB would suppress the proliferation of multiple types
of tumor cells. Primary tumor cells were harvested from diverse clin-
ical tumor tissues from 60 patients (15 x 4 types) of breast, ovarian,
colorectal, and gastric cancers (recruited regardless of their pathologi-
cal subtypes). Detailed information for the clinical samples is provided
in Table S5. Note that we also included immortalized tumorigenic cell
lines HeLa and MCF7 (human breast adenocarcinoma cell), and non-
tumorigenic cell lines MCF10A (derived from human mammary epithe-
lial cells widely used as normal breast cells) and MRC5 (derived from
human normal lung tissue) in these experiments. For the patient tumor
materials, we split each tumor mass into three parts for WGS to assess the
innate CIN level of tumors, to generate primary tumor cells for in vitro
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proliferation assays, and to cultivate patient-derived tumor xenografts
(PDX) for in vivo studies.

By analyzing CIN, we ranked all 60 tumor samples and four immor-
talized cell lines (64 in total) in descending order based on their in-
trinsic CIN level (Fig. 4a). Briefly, the eight tumor samples bearing the
highest CIN level were CIN1¢q; oy, CIN2¢orons CIN3grrast; CIN4coron»
CIN5gyary> CIN6gastRIC, CIN7 co10N> and CIN8prpagr. The eight tumor
samples bearing the lowest CIN level were CIN57gyary, CINS8gastRICS
CIN59corons CIN60GasTRIC, CIN61pREAST, CIN62pREAST: CIN63MCF10AS
and CIN64yrcs (Fig. 4a). Accordingly, we tested the expression levels of
the top 20 candidate cytokinesis genes in these 16 tumor samples. As ex-
pected, most of the 20 genes tended to be highly expressed in high-CIN
tumor samples compared with those in low-CIN tumor samples (Figs. 4b,
S5, Table S6), although a few genes (PPM1G, SEC61B, and TRIM28)
showed no difference between high-CIN and low-CIN groups. In partic-
ular, the expression levels of PPP4C and TBCB in CIN1-CIN8 were higher
than those in CIN57-CIN64. Western blot of PPP4C and TBCB confirmed
the mRNA results across paired samples (CIN1¢o;on VS. CIN59corons
CIN3grgast VS- CIN62pppagr) (Fig. 4c). We selected these 16 samples
(eight high-CIN and eight low-CIN) to assess any CIN-dependent dif-
ferential impacts of PPP4C or TBCB knockdown in a cell proliferation
assay using the xCELLigence RTCA system for real-time, non-invasive
monitoring of long term cell growth [45,46].

Confirming our supposition about the likely utility of targeting cy-
tokinesis bridge genes, we observed that lentivirus-based shRNA knock-
down of PPP4C and TBCB (Fig. S6) significantly suppressed prolifer-
ation in all eight of the high-CIN tumor cells compared to their cor-
responding scramble shRNA controls (Fig. 4d). Specifically, we found
that PPP4C knockdown decreased proliferation by around 80% for the
CIN1coron and CIN3grpast cells by 70 and 50 h, respectively, when
their corresponding controls reached a growth plateau. Also, the anti-
proliferative effect was observed upon PPP4C knockdown for the six
remaining high-CIN cells (reduced proliferation ranging from 50.21%
to 78.51%; Fig. 4d). Similarly, TBCB knockdown reduced the prolifera-
tion of high-CIN cells by 66.14% on average with the highest reduction
of 84.44% compared to their non-knockdown controls (Fig. 4d). In con-
trast, mild suppression of proliferation was detected upon knockdown
of PPP4C or TBCB in the low-CIN cells, including for the immortalized
normal cell lines MCF10A and MRC5. The average decrease in prolifera-
tion for the low-CIN cells was 23.71% (Fig. 4e). These results for clinical
samples from patients with highly diverse cancer types clearly demon-
strate that targeting cytokinesis bridge genes PPP4C and TBCB reduces
proliferation of high-CIN cancer cells. To facilitate future research on
cytokinesis bridge components in our list, we searched and summarized
usable inhibitors of all 218 proteins. At least 84 inhibitors against 46
cytokinesis bridge proteins are commercially available or already made
by labs (Table S7). These compounds would be convenient tools to mine
our list for cancer treatment research.

3.5. Knockdown of cytokinesis bridge genes PPP4C and TBCB induces
micronuclei formation and activates cGAS to drive apoptosis

Given the strong anti-proliferative effects upon knockdown of cy-
tokinesis bridge components PPP4C and TBCB, we were curious about
the underlying mechanism. Microscopic analysis of live cells labeled
with dyes that stain microtubules and nuclei revealed that knockdown
of PPP4C or TBCB in high-CIN primary tumor cells prevented most of
the cells from completing cytokinesis, caused diverse abnormal chromo-
some phenotypes, and resulted in production of many micronuclei in
cells (Fig. 5a—d, Video S2-7). Specifically, we observed non-segregated
chromosomes and chromosome fragments near the cytokinetic bridge,
and found abnormal distributions of actin, tripolar division, and asym-
metrical cytokinesis in high-CIN cells upon PPP4C or TBCB knockdown
(Fig. 5a). The micronuclei formation induced by cytokinesis failure is
supported by previous studies [53,54]. The average proportion of these
cells exhibiting micronuclei was 69.15%, with the highest rate of 80.7%
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in CIN1¢oioy cells upon PPP4C knockdown (Fig. 5d). In contrast, we
found that many fewer low-CIN primary tumor cells (mean percentage
of 25.33%) contained micronuclei upon the knockdown of PPP4C or
TBCB (Fig. 5a—d).

Micronuclei originate from the mis-segregation of chromosomes dur-
ing cytokinesis, and these cellular structures contain leaked nuclear
chromatin surrounded by their own envelope that directly contributes
to CIN [53-55]. Leaked nuclear materials are known to drive the activa-
tion of cyclic GMP-AMP synthase (cGAS), a cytosolic sensor of nucleic
acids for both inflammation and DNA-damage responses [56,57]. Thus,
we examined whether PPP4C and TBCB knockdown may activate the
cGAS pathway. We found cGAS activation in high-CIN primary tumor
cells upon knockdown, and specifically noted that the aggregated cGAS
signal was almost exclusively localized to the micronuclei of tumor cells
(Fig. 5e, 5f). Moreover, the cellular level of cGAMP, a 2’-3’-linked cyclic
dinucleotide second messenger produced by activated cGAS [57,58], in
high-CIN tumor cell groups was significantly higher than that in low-
CIN tumor cell groups upon knockdown of PPP4C and TBCB (Fig. 5g).
Consistent with the known sequence of signaling events following cGAS
activation, we found that knockdown of PPP4C or TBCB in high-CIN
primary tumor cells (CIN1qq; on) caused phosphorylation-mediated ac-
tivation of the downstream cGAS target protein stimulator of interferon
genes (STING), (Fig. 5h). Moreover, we confirmed that STING subse-
quently transmitted the cGAS signal to its binding partner interferon
regulatory factor 3 (IRF3) (Fig. 5i). Compared to the high-CIN cells,
the knockdown-induced response of STING and IRF3 was much reduced
in low-CIN cells (CIN62ggpasts since CIN63ycrioa and CIN64ypcs are
non-tumorigenic cell lines, we selected CIN62pgppasy for pairing with
CIN1qoron) (Fig. 5h, 5i).

Immunoblotting against the activated (cleaved) form of the apoptotic
executioner protein caspase-3 and fluorescence staining for active apop-
tosis (kit assay) revealed that knockdown of PPP4C or TBCB in high-CIN
primary tumor cells strongly promoted apoptosis, findings which were
further confirmed by our analysis of the pro-apoptotic pore-forming pro-
tein BCL-2-associated X protein (BAX) (Figs. 5j-1, S7a). When cGAS
was jointly knocked down with PPP4C or TBCB in CIN1lcgon and
CIN62ggpast tumor cells (Fig.S7a), we did not observe phosphoryla-
tion of STING or IRF3 in the high-CIN (CIN1¢q; oy) tumor cells (Fig. 5h,
5i). Accordingly, the apoptotic pathway was not activated in these cells
(Fig. 5j), confirming the cGAS-STING-apoptosis axis upon PPP4C or
TBCB knockdown in high-CIN tumors. Moreover, we noticed that the
basal micronuclei percentages and cGAS activity were slightly increased
in high-CIN tumor cells compared to low-CIN tumor cells (Fig. 5d, 5f).
We in turn examined the basal apoptosis and cell cycle progression in
these tumor cells to rule out an extra cell-killing contribution by basal
apoptosis and cell cycle inhibition. As seen in Fig. S7a, c and d, the basal
apoptosis in high-CIN tumors detected by active apoptosis signal (1.6—
5.2% of detected cells) and BAX signal (2.3-5.6% of detected cells) was
slightly increased compared with that in low CIN tumors (0.4-3.1% for
active apoptosis; 0.9-3.6% for BAX), and basal apoptosis was not sub-
stantially promoted.

In parallel, we tested cell cycle progression of these tumor cells
by flow cytometry. High-CIN samples showed 33.15-64.57% G1 stage
cells, 24.46-44.99% S stage cells, and 10.97-24.51% G2/M stage cells;
low-CIN samples showed 33.84-64.81% G1 stage cells, 24.41-45.64%
S stage cells, and 10.64-24.53% G2/M stage cells (Fig. S7e). Due to
the heterogeneity of tumors from different patients and diverse cancer
types, we did not find obvious trends of cell cycle progression across
high-CIN and low-CIN tumor samples. These results are consistent with
the present understanding of how micronuclei and leaked nuclear ma-
terials can drive cGAS pathway activation and apoptosis, and therefore
provide a highly plausible explanation for the strong anti-proliferative
effects we observed upon knockdown of cytokinesis bridge components
PPP4C and TBCB in high-CIN tumor cells from patients with diverse
cancers.
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Fig. 4. Suppression of cancer cell proliferation by knockdown of cytokinesis bridge genes. (a) Levels of intrinsic CIN in clinical tumor samples and immortalized
cell lines. Intrinsic CIN levels of 60 clinical tumor samples (from 15 breast, 15 ovarian, 15 colorectal, and 15 gastric cancer patients) and four immortalized cell
lines (HaLa, MCF7, MCF10A, and MRC5) were assessed using the weighted-genomic integrity index (wGII) in HMMcopy. Segments of specific copy number variation
events were classified into six states including homozygous deletion (HOMD), heterozygous deletion (HETD), neutral change (NEUT), gain of chromosome (GAIN),
amplification event (AMPL), and high level amplification (HLAMP). CIN levels of different samples were ranked in descending order. (b) mRNA expression levels
of PPP4C and TBCB in high-CIN and low-CIN tumor samples analyzed by quantitative PCR. Error bars, mean + SD from three independent experiments. (c) Protein
expression levels of PPP4C and TBCB in high-CIN (CIN1g; oy VS CIN59¢;on) and low-CIN tumor (CIN3ggpasr VS CIN62gppasr) samples analyzed by western blot.
p-actin was used as a loading control. (d, e) Real-time cell proliferation assay of high-CIN and low-CIN tumor cells upon knockdown of PPP4C or TBCB. 5,000-10,000
cells with or without knockdown of PPP4C or TBCB were seeded into 16-well plates and the proliferation was recorded by the xCELLigence RTCA system, which
enables real-time, non-invasive monitoring of cell growth dynamics. Cell proliferation for each tumor type was automatically monitored over 40-70 h (i.e. until
the control cells for that cell line reached a growth plateau). PPP4C and TBCB knockdown groups are shown by red and blue lines, respectively, and control group
treated with scramble shRNA is shown by grey lines. Error bars represent the standard deviation.
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Fig. 5. Knockdown of cytokinesis bridge genes promotes formation of micronuclei and apoptosis. (a) Abnormal cytokinesis of tumor cells upon knockdown of
PPP4C or TBCB. A variety of abnormal cytokinesis phenotypes were observed upon shRNA knockdown of PPP4C or TBCB in the eight high-CIN tumor cells. Abnormal
cytokinesis phenotypes included micronuclei (white arrowheads, i.e. cell example III from CIN3grpasr tumor cells upon PPP4C knockdown; cell example IV from
CIN4(o on tumor cells upon TBCB knockdown; cell example VI from CIN6ggarpc tumor cells upon TBCB knockdown) and attendant non-segregated chromosomes
and chromosome fragmentation at the cytokinetic bridge (asterisks, i.e. cell example II from CIN1.y oy tumor cells upon PPP4C knockdown; cell example III
from CIN3gggagr tumor cells upon PPP4C knockdown), as well as abnormal actin (yellow arrowhead, i.e. cell example IV from CIN4.q, oy tumor cells upon TBCB
knockdown), tripolar division (dashed circle, i.e. cell example V from CIN5y gy tumor cells upon TBCB knockdown), and asymmetrical cytokinesis (dashed circle, i.e.
cell example VI from CIN6gga1ric tumor cells upon TBCB knockdown). Normal cytokinesis of cell example I from CIN1 oy tumor cells treated with scramble shRNA.
Scale bar, 10 ym. (b) Real-time imaging of cytokinesis upon PPP4C or TBCB knockdown. Cells that were live labeled against microtubules (cell-permeable taxol-
based fluorescent probes) and nuclei (cell-permeable DNA dyes) were monitored with live-imaging. Normal cytokinesis (cell example from CIN1y oy tumor cells
treated with scramble shRNA) produces two daughter cells, while the abnormal cytokinesis (cell example from CIN1 g,y tumor cells) caused by PPP4C knockdown
was characterized by increased numbers of generated micronuclei and frequent apoptosis. Scale bar, 10 ym. (c) Cytokinesis defect rates of low-CIN and high-CIN
cells upon PPP4C or TBCB knockdown. Error bars, mean + SD. At least 100 cells in each group from three independent repeats were examined. (d) Micronuclei
formation rates for low-CIN and high-CIN cells upon PPP4C or TBCB knockdown. Error bars, mean + SD. At least 100 cells in each group from three independent
repeats were examined for containing or not containing micronuclei. (¢) Immunofluorescence staining revealing cGAS activation in tumor cells upon PPP4C or TBCB
knockdown. High-CIN cells featured aggregated cGAS, and the cGAS signal was co-localized with micronuclei in one daughter cell (cell example II from CIN1¢q;on
tumor cells upon PPP4C knockdown), between the separated nuclei of a cell (cell example III from CIN3gggagr tumor cells upon PPP4C knockdown), and in cells with
multiple nuclei (cell example IV from CIN54y,ry tumor cells upon TBCB knockdown). Normal (cGAS inactive) cell example I from CIN1:q; oy tumor cells treated with
scramble shRNA. Boxed areas indicate the co-localization of cGAS and micronuclei. Scale bar, 10 ym. (f) Rates of cGAS activation in the low-CIN and high-CIN cells
upon PPP4C or TBCB knockdown. Error bars, the mean + SD. At least 100 cells in each group from three independent repeats were examined. (g) Cellular cGAMP
level of low-CIN and high-CIN cells upon PPP4C or TBCB knockdown measured by ELISA. Error bars, the mean + SD from three independent experiments. (h, i)
Activation of STING and IRF3 in high-CIN and low-CIN tumor cells upon single knockdown (PPP4C or TBCB) and double knockdown (PPP4C/cGAS or TBCB/cGAS).
Immunoblotting against STING, phosphorylated STING, IRF3, and phosphorylated IRF3 in CIN1¢q; oy (high-CIN) and CIN62yzg4sr (Iow-CIN) cells after knockdown
of PPP4C or TBCB. f-actin was used as a loading control. (j) Immunoblotting against the activated (cleaved) form of the apoptotic executioner protein caspase-3 in
high-CIN (CIN1; on) and low-CIN (CIN62ggpasr) cells after single knockdown (PPP4C or TBCB) and double knockdown (PPP4C/cGAS or TBCB/cGAS). f-actin was
used as a loading control. (k, 1) Fluorescence staining for activated caspase-3 assay and immunofluorescence staining of pro-apoptotic pore-forming protein BAX in
high-CIN (CIN1gq;ox) and low-CIN (CIN62ggpast) cells after single knockdown (PPP4C or TBCB) and double knockdown (PPP4C/cGAS or TBCB/cGAS). Scale bar,

20 ym.
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3.6. Hitting cytokinesis bridge gene PPP4C kills high-CIN tumors in vivo

To test whether intervening cytokinesis bridge genes can kill high-
CIN tumors in vivo, we employed a patient-derived tumor xenograft
(PDX) model in mice. The highest and lowest CIN samples in breast,
ovarian, colorectal, and gastric tumors of patients from Fig. 4a
were selected for inoculation for the highest: CIN1¢o;on> CIN3grEASTS
CIN5gyary, and CIN10gastric (CIN6gastrRIC failed to develop tumors in
PDX, so CIN10g4sTric Was used); and lowest: CIN57 gyary> CIN59¢o1.0ns
CIN60gastRIC, and CIN62pgpast- Fig. 6a shows the growth curve (blue
lines) of the eight PDX tumors of the second generation. We monitored
these mice for 40-60 days when all types of tumor seeds developed
obvious solid tumors. Generally, high-CIN typed tumors and low-CIN
typed tumors did not exhibit significant differences in tumor growth, at
least during our observation. On histochemistry, these tumors were ac-
tively proliferating based on Ki67 staining, accompanying less apoptosis
marked by cleaved caspase-3 (Fig. 6b, 6¢). Upon knockdown of PPP4C
in PDX tumors by PPP4C-shRNA lentivirus since Day 20 after implanta-
tion, we observed significant reduction of all the high-CIN tumors from
30-60 days after implantation. The mean reduced volume of CIN1¢q;on»
CIN3ggeast> CINSgyary, and CIN10gagrric Were 74.1%, 69.8%, 78.7%,
and 74.2%, respectively (Fig. 6a). In contrast, no obvious inhibition of
tumor growth was found on the low-CIN tumors after PPP4C-shRNA
treatment (Fig. 6a).

For immunohistochemistry (IHC), the reduced high-CIN tumor
masses contained fewer Ki67 positive cells and showed intensive sig-
nals of apoptosis, which was very different from that in the control and
low-CIN tumor masses (Fig. 6b, 6¢). When testing the status of cGAS, we
found significant activation of cGAS in high-CIN tumors but not in low-
CIN tumors upon PPP4C knockdown (Fig. 6d, 6e). To further confirm
the cGAS-STING-apoptosis axis in vivo, we knocked down cGAS in addi-
tion to PPP4C in CIN3ggpast PDX mice by shRNA lentivirus since Day
20 after implantation and monitored tumor development. Compared
with the shrunken tumors in the PPP4C single knockdown, tumors in
the cGAS/PPP4C double knockdown became deteriorated with an in-
creased volume (Fig. S8a). Within tumors detected by IHC, more Ki67
positive cells and fewer apoptotic cells were found in cGAS/PPP4C dou-
ble knockdown group than in PPP4C knockdown group (Fig. S8b). We
attribute the elevated fluorescence signal of cGAS in tissue sections upon
the knockdown of PPP4C (Fig. 6d) to a higher level of interferon from
the in vivo microenvironment of the tumor site than the in vitro cultured
tumor cells [59,60].

Interferon-simulated gene expression was recently shown to be over-
active in micronuclei containing cells [56], and the expression of
¢GAS could be specifically induced by interferon through two adjacent
interferon-sensitive response elements (ISREs) in the cGAS promoter
[61]. Accordingly, we measured interferon levels of cultured tumor cells
in vitro and tumor masses harvested from tumor bearing mice. We found
no significant difference of interferon levels between cultured high-CIN
(CIN1coron> CIN3greast> CINSoyarys CIN10gagrric) and low-CIN tu-
mor cells (CIN59¢or.ons CIN62grpasTs CIN57 gyary> CIN6OGasTRIC) UPOD
knockdown of PPP4C. The interferon level was significantly higher in
high-CIN tumor tissues than that in low-CIN tumor tissues, accompany-
ing a mild increase of cGAS expression (Fig. S8c-S8e). Together, these
data suggest that hitting cytokinesis factor PPP4C effectively suppresses
multiple types of high-CIN tumors in vivo.

4. Discussion

Current scientific advances have uncovered high heterogeneity of
human tumors that sharply decreases therapeutic efficacy in clinic
[2,62,63]. Thus, deciphering potential common features of cancer cells
is necessary to design and improve treatment strategies. Most tumor
cells show CIN to different extents characterized by abnormal chromo-
somal content [6,64]. Ongoing CIN continually drives karyotypic di-
versity and allows tumor cells to acquire genetic variations and evolve
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[65,66]. Meanwhile, CIN loads stress on tumor cells per se that pushes
them near collapse. For instance, mammalian cells bearing extra chro-
mosomes have impaired metabolism, proliferation, viability, and fitness
[15], and most human trisomy carriers cannot survive [67]. These find-
ings imply a potential survival limitation beyond which cancer cells die
because they cannot bear CIN-induced stress [68,69]. However, whether
the limitation really exists and how to push cancer cells to break the lim-
itation are unknown. Taking advantage of the engineered peroxidase
of APEX2, we established a CB-APEX reaction precisely within the cy-
tokinetic bridges of living, dividing cells and decoded the proteomics
of cytokinesis factors. Importantly, we found that elevation of cellular
CIN by knockdown of cytokinesis bridge genes can kill diverse types of
high-CIN tumors, making this a promising strategy for cancer treatment
in the future.

Due to innate traits of CIN, tumor cells have tight regulations for
cytokinesis [70]. In our study, 218 high-score proteins were identified
in the cytokinetic bridge. For cellular components, these proteins are
mainly clustered into ‘chromosomal region’, ‘midbody’, ‘spindle’, ‘focal
adhesion’, ‘secretory granule membrane’, ‘nuclear envelope’, and ‘actin
cytoskeleton’, (Fig. S2c), suggesting a complicated regulation network
for this process. Importantly, when mapping the overall expression pat-
terns of the 218 cytokinesis bridge genes to large numbers of cancer pa-
tients in public databases, we found that cancer patients (n=2,376) with
high expression of these 218 genes have significantly shorter survival
than those (n=2,376) who had low expression, demonstrating that high
expression of cytokinesis bridge genes may benefit tumor development.
When focusing on individual genes, we found that the high expression
trend applies to nearly all types of cancers available in the databases.
For example, protein-disulfide isomerase-associated 3 (PDIA3) exhibits
dominant high expression across all tumor types such as esophageal car-
cinoma (ESCA), glioblastoma multiforme (GBM), pancreatic adenocar-
cinoma (PAAD), skin cutaneous melanoma (SKCM), and stomach ade-
nocarcinoma (STAD).

The high expression of cytokinesis bridge genes is strongly reminis-
cent of the high expression of spindle pole clustering proteins in tumor
cells. Centrosome amplification has been observed in many solid tumors
[71,72]. Although in principle centrosome amplification easily causes
multipolar spindles that arrest cell cycle, most tumor cells can appar-
ently suppress multipolarity and fulfill their division by overexpressing
spindle pole clustering proteins, such as TPX2 and HSET [73,74]. Ac-
cordingly, knockdown of signature clustering proteins could cause clus-
ter failure and suppress tumor growth [73,74]. Thus, our results provide
a potentially powerful strategy for treating diverse types of cancers by
targeting cytokinesis bridge genes. Interestingly, among all analyzable
cancer types, only acute myeloid leukemia (AML) patients showed sig-
nificantly low expression of cytokinesis bridge genes. This may imply
an obviously different mechanism of tumor development between solid
tumors and leukemia.

Another benefit for targeting cytokinesis against tumors comes from
its rapid course as well as it being the final step of the cell cycle. Al-
though cancer cells can correct errors for survival during their life cycle
[64], it seems harder to fix abrupt chromosomal aberrations in transient
cytokinesis. Therefore, neither the PPP4C nor TBCB knockdown cells in
our study (based on our live imaging observation) reversed their failed
cytokinesis when the micronuclei had formed and escaped from apop-
tosis. Micronuclei directly contribute to CIN and DNA damage resulting
from nuclear envelope collapse that promptly activates cGAS [53,56].
The rapid response from cytokinesis failure to cGAS-mediated apopto-
sis (the “cytokinesis failure induced micronuclei (CFM)-cGAS-apoptosis”
axis) guarantees the impossibility of self-rescue by cancer cells. Previous
studies have found that cGAS suppresses homologous recombination re-
pair of nuclear DNA damage and contributes to genome destabilization,
uncovering a novel role of cGAS in tumorigenesis [75,76]. This “pro-
tumor” role of cGAS depends on the presence of DNA damages in the
nucleus and constant accumulation of these damages for genome insta-
bility and then tumorigenesis. The “CFM-cGAS-apoptosis” response in
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Fig. 6. Killing high-CIN tumors in vivo by knockdown of cytokinesis bridge genes. (a) Growth curve of diverse types of tumors in PDX model upon knockdown
of cytokinesis bridge gene PPP4C. High-CIN tumors (CIN1¢q;on, CIN3grpasts CINSgyarys CIN10gasTric) and low CIN tumors (CIN59¢q; oy, CIN62pppast,; CIN57 gyarys
CIN60gasric) Of breast, ovarian, colorectal, and gastric cancer patients were treated with scramble or PPP4C shRNA lentivirus in PDX mice. Dotted line denotes time
point of shRNA treatment. Asterisk indicates significant difference between tumor volumes. (b, ¢) Immunohistochemical staining of Ki67 and cleaved Caspase-3 in
high-CIN and low-CIN tumors treated with scramble or PPP4C shRNA lentivirus from PDX mice. Varying number of “+” denotes different levels of positive signal of
Ki67 or cleaved Caspase-3 in tumors. Scale bar, 100 ym. (d) Immunofluorescent staining of cGAS in high-CIN and low CIN tumors treated with scramble or PPP4C
shRNA lentivirus from PDX mice. Upon PPP4C downregulation, cGAS was activated in numerous tumor cells in high-CIN tumors, while the activation occurred in
sporadic tumor cells in low-CIN tumors. Scale bar, 50 ym. (e) Percentage of cGAS positive cells from “D” in high-CIN and low CIN tumors treated with scramble or
PPP4C shRNA lentivirus from PDX mice. Error bars, mean + SD. At least 100 cells in each group from 3-5 independent slides were counted.
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Fig. 7. A model of cancer cell apoptosis induced by the knockdown of
cytokinesis genes PPP4C and TBCB. Cancer cells express high levels of cy-
tokinesis factors such as PPP4C and TBCB that are required for tight regulation
of cytokinesis. The knockdown of PPP4C and TBCB causes cytokinesis failure
leading to micronuclei formation. The micronuclei are recognized by cGAS that
activates STING and IRF3 for apoptosis. The activated apoptosis leads to cancer
cell death.

our study is triggered by micronuclei formation upon cytokinesis fail-
ure during the mitosis of cancer cells, and the micronuclei are quickly
recognized by cytosolic cGAS. Since “CFM-cGAS” activates STING and
apoptosis, the responding cancer cells tend to die (Fig. 7). Thus, the dif-
ferent roles of cGAS hinge on the upstream events of the cell, nuclear
DNA damage, or cytokinesis failure induced micronuclei.

In the confined space of the cytokinetic bridge, besides cytoskeleton
associated proteins, various clusters of components such as histone bind-
ing proteins are found. The presence of histone binding proteins in the
bridge is interesting because it is a further hint of the existence of resid-
ual chromosome(s) or DNA in a time window of cytokinesis. Scientists
have explored this field since the ‘NoCut’ pathway was identified ten
years ago for preventing early cuts in chromosomes during cytokinesis
[77,78]. Moreover, manipulations of cell cycle checkpoints are always
popular therapeutic approaches against cancers. Unlike checkpoints of
G1, S phase, G2/M, or spindle assembly checkpoint in mitosis, no well-
recognized checkpoint has been precisely identified in cytokinesis. Our
cytokinesis proteome would help to figure out whether a checkpoint sys-
tem really exists for cytokinesis and what the components are. Lastly,
to facilitate future research on cytokinesis proteins, we searched and
summarized usable inhibitors (commercially available or already made
by labs) of all 218 proteins. At least 84 inhibitors against 46 cytokinesis
bridge proteins are available and ready for use, making them convenient
tools for mining our proteome resource in the future.

5. Conclusion

This study decodes the cellular proteome of the cytokinetic bridge,
a confined space transiently present during cell division, which is un-
reachable for most conventional proteomic techniques. Elevation of cel-
lular CIN by knockdown of cytokinesis bridge genes such as PPP4C and
TBCB kills diverse types of high-CIN tumors and is a promising strategy
for cancer treatment in the future.
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