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Abstract

Background Malignant tumours seriously threaten human life and health, and effective treatments for cancer are
still being explored. The ability of SHC SH2 domain-binding protein 1 (SHCBP1) to induce cell cycle disturbance
and inhibit tumour growth has been increasingly studied, but its dynamic role in the tumour cell cycle and corre-
sponding effects leading to mitotic catastrophe and DNA damage have rarely been studied.

Results In this paper, we found that the nucleoprotein SHCBP1 exhibits dynamic spatiotemporal expression dur-

ing the tumour cell cycle, and SHCBP1 knockdown slowed cell cycle progression by inducing spindle disorder,

as reflected by premature mitotic entry and multipolar spindle formation. This dysfunction was caused by G2/M
checkpoint impairment mediated by downregulated WEE1 kinase and NEK7 (a member of the mammalian NIMA-
related kinase family) expression and upregulated centromere/kinetochore protein Zeste White 10 (ZW10) expression.
Moreover, both in vivo and in vitro experiments confirmed the significant inhibitory effects of SHCBP1 knockdown
on tumour growth. Based on these findings, SHCBP1 knockdown in combination with low-dose DNA-damaging
agents had synergistic tumouricidal effects on tumour cells. In response to this treatment, tumour cells were forced
into the mitotic phase with considerable unrepaired DNA lesions, inducing mitotic catastrophe. These synergistic
effects were attributed not only to the abrogation of the G2/M checkpoint and disrupted spindle function but also to
the impairment of the DNA damage repair system, as demonstrated by mass spectrometry-based proteomic

and western blotting analyses. Consistently, patients with low SHCBP1 expression in tumour tissue were more sensi-
tive to radiotherapy. However, SHCBP1 knockdown combined with tubulin-toxic drugs weakened the killing effect

of the drugs on tumour cells, which may guide the choice of chemotherapeutic agents in clinical practice.
Conclusion In summary, we elucidated the role of the nucleoprotein SHCBP1 in tumour cell cycle progression

and described a novel mechanism by which SHCBP1 regulates tumour progression and through which targeting
SHCBP1 increases sensitivity to DNA-damaging agent therapy, indicating its potential as a cancer treatment.
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Introduction

The latest global cancer statistics reported approxi-
mately 19.3 million new cancer cases and 10 million can-
cer deaths in 2020 [1]. Lung cancer is the leading cause
of cancer deaths worldwide. Non-small cell lung cancer
(NSCLC) accounts for 85% of all lung cancer cases [2],
with adenocarcinoma representing 50-60% of NSCLC
cases [3]. Therefore, identifying potential targets to
counteract tumour progression, especially that of lung
adenocarcinoma (LUAD), is critical. Radiotherapy, plat-
inum-based frontline chemotherapy, molecular targeted
therapy, and immunotherapy are the main treatments for
nonsurgical lung cancer [4]. However, the most advanced
NSCLC progresses as a result of treatment resistance,
and the overall mortality rate remains high. Therefore,
novel effective therapeutic approaches for this aggressive
malignancy are urgently needed.

cell senescence?

The cell cycle is a highly controlled process, and the
activity of cell cycle proteins in normal cells is strictly
controlled by cell cycle-specific transcription, protein
degradation, and related CDK inhibitor proteins [5],
machinery that is often disrupted in most human can-
cers, leading to the progression of malignancy. This
special nature of the tumour cell cycle provides oppor-
tunities for tumour-specific targeted therapies. While
normal cells can repair endogenously or exogenously
damaged DNA during G1 arrest, cancer cells often have
a deficient G1-S checkpoint, thus depending on a func-
tional G2—-M checkpoint for DNA repair [6—8]. There-
fore, synthetic therapeutic strategies targeting the G2-M
checkpoint in the tumour cell cycle may yield favour-
able clinical outcomes with little toxicity to normal cells
[6, 9-12]. DNA-damaging agents, including cytotoxic
therapies and radiation, activate a cellular protection sys-
tem that includes cell cycle arrest and DNA repair [13].
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The G2—M checkpoint plays a key role in this process,
allowing cancer cells time to repair DNA damage before
mitosis, thereby preventing cell death caused by severe
genotoxic stress. Hence, molecules targeting the G2-M
transition may increase the efficacy of cancer therapy via
DNA-damaging agents [6-8].

ShcSH2  domain-binding protein (SHCBP1, also
known as mPAL) was first described by Schmandt et al.
in a yeast two-hybrid screen of murine activated T-cell
and embryo libraries [14], followed by reports of its
pro-proliferative and development-related functions
[15-19]. Although the potential cell cycle-related roles
of SHCBP1 in promoting tumour proliferation, includ-
ing LUAD, have been indicated in several studies [15,
20-23], the spatial-temporal expression and distribution
of SHCBP1 in each phase of the tumour cell cycle and its
related cell cycle functions have not been determined. In
addition, whether targeting SHCBP1 could improve the
anti-tumour effects of current chemotherapy strategies in
NSCLC remains largely unknown. The results of the pre-
sent study demonstrated that SHCBP1 is another tumour
target molecule linked to cell cycle and DNA damage, We
investigated the spatial-temporal changes in the nucleo-
protein SHCBP1 throughout the tumour cell cycle and
revealed that SHCBP1 knockdown induced formation of
multipolar spindles because of dysregulated NEK7 and
ZW10 expression, and forced premature mitotic entry
by significantly down-regulating WEElphospho-cdc2
(Tyrl5) axis, leading to a compromised G2-M check-
point. Moreover, DNA damage induces the upregulation
of SHCBP1 expression, and the antitumour effect is aug-
mented by the combination of SHCBP1 inhibition with
low-dose DNA-damaging agents, which induces tumour
cells with unrepaired DNA damage, and especially those
with P53 deficiency, to enter mitosis, triggering mitotic
catastrophe.

Materials and methods

Human lung cancer samples

Specimens of tumour tissues and corresponding adjacent
normal tissues (ANTs) from 213 patients with primary
non-small cell lung cancer (NSCLC) who were referred
for surgical resection to the Department of Thoracic
Surgery, Wuhan Union Hospital, from Feb. 2012 to Dec.
2018 were collected for subsequent immunoblotting,
real-time PCR and immunohistochemistry or immuno-
fluorescence staining. The ANT tissues used in our study
were taken from the surgical margin of the resected lung
tissue. Pathologically, the surgical margins of all patients
were proven to be tumouor free, and the margin distance
(the shortest distance between the surgical margin and
the tumour) was at least 2 cm or greater than the maxi-
mum tumour diameter. These patients were followed up
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once every six months after surgery, and the last follow-
up was in December 2019. All patients received neither
radiotherapy nor chemotherapy prior to surgery. Clini-
cal information, such as age, sex, smoking history, and
clinicopathologic characteristics, including TNM stage
and EGFR mutation status, was collected. Malignant
pleural effusion (MPE) specimens from 24 patients with
lung adenocarcinoma (LUAD) who were referred to the
Department of Respiratory and Critical Care Medicine,
Wuhan Union Hospital, from June 2018 to October 2019
were collected. A tissue microarray (HLugA180Su02)
from 93 patients with LUAD was purchased from Shang-
hai Outdo Biotech Co., Ltd.

All sample collections were performed with the under-
standing and written consent of each subject and in
accordance with the Declaration of Helsinki. The study
protocol was reviewed and approved by the Institu-
tional Review Boards of the Medical Ethics Committee
of Wuhan Union Hospital ([2010] IEC (S202) and [2017]
IEC (S1006)).

Cell lines and cell culture

All cell lines, including HBE, A549, NCI-H1299, NCI-
H460, NCI-H292, HEK293T, HeLa and mouse-derived
Lewis lung carcinoma (LLC) cell lines, were purchased
from American Type Culture Collection (ATCC). The
cells were maintained in RPMI 1640 or DMEM (Gibco,
Carlsbad, CA, USA) supplemented with 10% FBS (Gibco,
Carlsbad, CA, USA) and 1% penicillin/streptomycin in a
5% CO2 incubator at 37 °C. The stable luciferase (LUC)-
expressing A549 (A549-LUC), HeLa (HeLa-LUC) and
LLC (LLC-LUC) cells used in this study were infected
with lentivirus packaged with a LUC overexpression vec-
tor (Ubi-MCS-Luc-IRES-puromycin). Cells were selected
with puromycin (Sigma-Aldrich, 1.5 pg/ml) for 7 days
after lentiviral infection for 72 h, followed by puromycin
(0.5 pg/ml) maintenance.

Mouse models

Five- to six-week-old male C57BL/6 mice and female
BALB/c nude mice were purchased from Changzhou
Cavens Laboratory Animal Ltd. Mice were raised under
specific pathogen-free conditions in the Experimental
Animal Center of Tongji Medical College and allowed to
adapt to housing in the animal facility for 1 week before
the initiation of experiments. Mice were ear-tagged and
randomly grouped prior to the experiment. The C57BL/6
mouse lung cancer metastasis model was generated via
tail vein injection of LLC-LUC cells. Female BALB/c
nude mice were used to establish a subcutaneous tumour
model. Animals were photographed using biolumi-
nescence (Goldbio Firefly D-Luciferin, potassium salt,
#115144-35-9) under an in vivo optical imaging system
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(In Vivo FX PRO, Bruker Corporation) at the indicated
times to track tumour growth and metastasis.

Knockdown of SHCBP1 by RNA interference and lentiviral
infection

In this study, SHCBP1 knockdown was accomplished by
transfecting cancer cells with siRNAs against SHCBP1
via Lipofectamine™ RNAiMAX Transfection Reagent
(Thermo Fisher Scientific, #13778150) following the
manufacturer’s instructions. The sequences of the four
different siRNAs used are listed in the key resources table
of the Supplementary materials. siRNA3 and siRNA4
were used for verification. For in vivo or in vitro experi-
ments requiring long-term observation, lentivirus-car-
rying SHCBP1 short hairpin (sh)RNAs were used for
SHCBP1 knockdown. SHCBP1-shRNA was constructed
into a hU6-MCS-CMV-EGFP plasmid stably expressing
green fluorescent protein (GFP). The sequences of the
shRNAs can be found in the key resources table of the
Supplementary materials. The methods used for lentivi-
rus packaging, infection and cell selection are described
in the Supplementary materials.

Immunohistochemical staining and scoring

The human NSCLC tissues from Wuhan Union Hospital
and the purchased tissue microarray were subjected to
immunohistochemical (IHC) staining for SHCBP1 and
Ki67 following the standard protocol, which was per-
formed with horseradish peroxidase (HRP) conjugates
and diaminobenzidine (DAB) detection. IHC images
were acquired by a Nikon Biological Microscope (Ni-
E, Japan), and the IHC staining of SHCBP1 and Ki67
was scored by two observers in a blinded manner (see
details in the Supplementary methods). The IHC staining
scores were used for subsequent survival and correlation
analyses.

Immunofluorescence staining

Lung adenocarcinoma tissue was paraffin-embedded
and sectioned, and cells were processed as previously
indicated. Then, the tissue and cells were subjected to
immunofluorescence staining for SHCBP1, a-tubulin,
y-tubulin, YH2AX, phosphorylated histone H3 (Ser10),
PLK1, RACGAP1, MKLP1, and NPM1. Tissue process-
ing was the same as that for IHC staining described
previously, except that secondary antibodies conjugated
with Alexa Fluor were used. Cells growing in 12- or
24-well plates with sterile glass slides were washed with
PBS, fixed in 4% PFA for 15 min at room temperature,
permeabilized with PBS containing 0.5% Triton-X100
and blocked in PBS containing 3% BSA. While pro-
tected from light, the sections were incubated with pri-
mary antibodies overnight at 4 °C and then with Alexa
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Fluor—conjugated secondary antibodies for 1 h at 37 °C.
Hoechst was used for nuclear staining. High-resolution,
3D confocal imaging of the slides was performed with an
LSM 780 laser scanning confocal microscope (Carl Zeiss,
AG, Germany).

Preparation of cytoplasmic and nuclear fractions

The treated cells were washed and scraped with cold
PBS. A portion of the cells was directly lysed to extract
total protein (T) and stored at —80 °C. The other samples
were then centrifuged and resuspended in cytoplasmic
extraction buffer. The cells were then properly homog-
enized and centrifuged at 4000 rpm for 5 min (4 °C).
The supernatant was centrifuged again at 13000 rpm for
15 min (4 °C) to obtain the second supernatant (cytoplas-
mic fraction), which was stored at —80 °C until use. The
nuclei in the pellet were isolated by gradient centrifuga-
tion with sucrose solution and resuspended in nuclear
extraction buffer for 20 min at 4 °C. After sonication and
centrifugation at 15,000 X g for 15 min at 4 °C, the super-
natant (nuclear fraction) was stored at —80 °C. Finally, the
total, cytoplasmic and nuclear fractions were subjected
to western blot analysis. GAPDH and Lamin Bl served
as loading controls for the cytoplasmic and nuclear frac-
tions, respectively.

Coimmunoprecipitation

To detect endogenous interactions between SHCBPI,
RACGAP1, MKLP1 and PLK1, tumour cells growing
in 10 cm dishes were lysed in 1 ml of NP-40 buffer sup-
plemented with PMSF and complete protease inhibitor
cocktail. Following centrifugation at 12,000 x g at 4 °C for
5 min, the supernatants were collected, and the protein
concentrations were determined using a BCA protein
quantification kit. Lysates containing 0.5-2 mg of protein
were subjected to IP (depending on the protein abun-
dance), and some lysates were stored at —80 °C as immu-
noblotting controls. Briefly, lysates (1 mg protein) were
diluted with NP-40 buffer to 500—800 pl and incubated
with 30 pl protein A/G agarose beads and 5 pg primary
antibody overnight at 4 °C with vertical rotation. Then,
the immunoprecipitates were washed and resuspended in
Tris-SDS buffer, boiled at 95 °C for 5 min, and chilled on
ice, followed by centrifugation at 16,200 X g for 5 min. The
supernatants were then mixed with p-mercaptoethanol
and bromophenol blue for subsequent western blotting.

Western blotting

Frozen tissue specimens were ground under liquid nitro-
gen for protein extraction. Cells were plated on 12-well
or 6-well plates and treated as indicated. Whole-cell
extracts were prepared using western lysis buffer sup-
plemented with PMSF and complete protease inhibitor



Zhou et al. Cell Communication and Signaling (2024) 22:131

cocktail. The protein concentration was determined by
the BCA method as described above. Lysates contain-
ing 5-30 pg of protein (mixed with B-mercaptoethanol
and bromophenol blue) were loaded onto SDS-PAGE
gels and transferred onto nitrocellulose membranes.
The membranes were blocked in 3% w/v milk and then
incubated with the specific diluted primary antibody
overnight at 4 °C. The membranes were washed and then
incubated with a 1:10,000 dilution of the secondary anti-
body (IRDye® 800CW anti-rabbit or mouse IgG). The
membranes were again washed in TBST, and the sig-
nals were visualized and analysed using Odyssey CLX
(LI-COR, USA). The membranes were stripped using
Restore” Western Blot Stripping Buffer (Thermo Fisher)
for sequential detection.

RNA extraction and real-time polymerase chain reaction
(RT-qPCR)

Total RNA was extracted from frozen tissue specimens
and cells with TRIzol buffer using a standard RNA extrac-
tion protocol. The RNA was then reverse transcribed to
c¢DNA using a ¢cDNA synthesis kit (TOYOBO). Finally,
the mRNA levels were quantified in triplicate using a
real-time PCR system (CFX Connect Real-Time PCR
Detection System, Bio-Rad) with a SYBR-Green-based
All-in One qPCR RT Kit (Genecopoeia). The changes in
the expression of the target genes relative to the expres-
sion of the housekeeping gene control were determined
by the 2"AACt method. All the primer sequences used
are provided in the supplementary materials (Table S4).

Cell cycle synchronization

For cell synchronization, cells were synchronized to the
GO phase in serum-free medium, to the G1/S phase by
double thymidine blockade, to the late G2 phase by
RO3306 arrest and to the early M phase by nocodazole
treatment. Briefly, cells were synchronized to the GO
phase by serum deprivation with a culture medium con-
taining 0.2% FBS for 16—18 h. To synchronize cells to the
G1/S phase, 2.5 mM thymidine (at 50-70% confluency)
was added to the culture for 16 h, after which the cells
were released for 8 h and then incubated again in thy-
midine for 16 h. Cells were arrested in the late G2 phase
by adding 9 uM RO3306 for 20-24 h and in the early M
phase after treatment with 0.2-0.4 pM nocodazole for
12-16 h. Cells were either collected for protein-related
analyses or released from the above arrest for subsequent
assays.

DNA damage attack in G2 phase

Cells were synchronized in S phase by double thymidine
treatment, followed by a 5-8 h release (depending on the
doubling times of different cell lines) to allow progression
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into G2 phase, and pulsed with 15 pM etoposide for 1.5 h
to induce robust DNA damage in G2 phase before wash-
ing and releasing into fresh medium (with or without
0.2 uM nocodazole).

Flow cytometry (FCM) staining and cell cycle analysis
For the FCM analysis of apoptosis, 1.0-5.0x10° cul-
tured cells were collected by trypsin digestion without
EDTA and washed twice by cold PBS. After centrifuged
at 800 rpm for 5 min, cells were resuspended in 200 pL
1xAnnexin V Binding Buffer (BD Pharmingen) and
stained under dark with 2 pl APC -conjugated Annexin
V antibody (BD Pharmingen) for 30 min. After being
washed twice, cells were resuspended in 200 uL of 1xAn-
nexin V Binding Buffer again and added with 5 uL 7-AAD
to incubate for 15-20 min, which were finally examined
by BD LSRFortessa X-20 flow cytometer (San Diego,CA).
For the FCM analysis of the cell cycle, trypsinized cells
were fixed overnight in 70% ethanol at -20 °C, washed
with staining buffer, and stained with an anti-phospho-
histone H3 (PHH3) antibody (Alexa Fluor® 488 Conju-
gate; Cell Signaling Technology, 1:100) at 4 °C for 30 min.
DNA was subsequently stained with 40 pg/ml propid-
ium iodide (PI) solution for 15-20 min. The cells were
finally examined by flow cytometry. All of the acquired
flow cytometry data were analysed with FlowJo 10.0 or
ModFit LT5.0 software. To dynamically study the pro-
cess of tumour cell cycle progression, we blocked A549,
NCI-H1299 and HeLa cells at the G1/S or G2/M phase
by double thymidine or RO3306 blockade as previously
mentioned, followed by release into fresh medium for
various time periods and subsequent cell cycle analysis.

Click-EdU pulse chase flow cytometry assay

A549 cells transfected with siCtrl or siSHCBP1 were
incubated with 10 pM EdU (Click-iT" EdU Alexa
Fluor™ 647 kit, Thermo Fisher Scientific, Cat# C10424)
for 45 min, after which the medium was removed and
replaced with new medium containing 20 pM thymidine
for 0, 2, 4, 6, 8, 10, 12, 14, 16, or 18 h. The cells were sub-
sequently harvested for EQU and PI staining according
to the manufacturer’s instructions, after which FCM was
performed. Finally, fractions of cells in the EdU-negative
Gl-phase compartment, EdU-negative G2/M phase
compartment, and fraction of EdAU positive cells that
have divided were analyzed [24—27].

Cell proliferation assays

Cell growth was estimated by live cell imaging (Celigo
imaging cytometer, Nexcelcom), a Cell Counting Kit-8
(CCK8) assay, or an EdU incorporation assay (Thermo
Fisher Scientific) according to the manufacturer’s
instructions. Tumour cells were infected with shCtrl
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or shSHCBP1 lentivirus (expressing GFP) for 48-72 h
or otherwise indicated and then subjected to the above
assays. The specific details and procedures can be found
in the Supplementary materials.

Colony formation assay

In triplicate, cells infected with shCtrl or shsSHCBP1 len-
tivirus for 72 h were seeded in 6-well plates at 500—1500
cells per well containing 1.5 ml of medium. After cultur-
ing for 10-14 days in a 37 °C, 5% CO2 incubator, the cells
were fixed with 4% paraformaldehyde, stained with crys-
tal violet dye, and then observed under a Nikon Biologi-
cal Microscope (Japan).

B-galactosidase staining

To investigate cell senescence, [B-galactosidase (SA-B-
Gal) staining was performed using a commercial kit
(Cell Signaling Technology) following the manufac-
turer’s instructions. Briefly, cells were cultured to~60%
confluence in 12-well plates, transfected with control or
SHCBP1 siRNA for 24-36 h and subsequently treated
with low-dose etoposide (1 pM for A549 cells and 3 uM
for HeLa cells) or the corresponding vehicle for another
24 h. The cells were fixed with 1Xfixative solution at
room temperature for 15-20 min, washed with PBS three
times and incubated with B-galactosidase staining solu-
tion (pH 6.0) overnight at 37 °C in a shaking incubator
in the dark. Senescent cells produced a green fluorescent
product and were observed and photographed under a
Nikon biomicroscope (Ni-E, Japan).

Proteomic analysis
For sample preparation, four sets of cell samples were
prepared, each with two biological replicates. Briefly,
NCI-H1299 cells were transfected with control or
SHCBP1 siRNA for 24 h and then exposed to 5 pM
etoposide or the corresponding vehicle (DMSO) for 24 h.
The cells were washed and scraped off in 500 pl cold PBS
on ice and subsequently lysed and ultrasonicated. After
the proteins were digested with trypsin, the peptides
were desalted on a Strata X C18 SPE column (Phenom-
enex), vacuum-dried, labelled with a tandem mass tag
(TMT), and separated according to the instructions for
the LC-MS/MS system (see details in the Supplementary
methods). The resulting MS/MS data were processed
using the MaxQuant search engine (v.1.5.2.8). Tandem
mass spectra were searched against the human UniProt
database concatenated with the reverse decoy database.
The search parameters were set to the modified default
values.

The protein concentration was quantified by taking the
median of the corresponding specific peptide quantifica-
tion values. For each replicate experiment, the ratio of
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protein quantification values between two different sam-
ples (fold change) was considered the differential expres-
sion of the comparison group. For each comparison, we
used the average fold change (FC) and coefficient of vari-
ation (CV) of the fold change (FC) values of two repeated
experiments to identify the differentially expressed pro-
teins (DEPs) for which the CV value was<0.2 and the
FC was>1.25 or<0.80. The MS information and analysis
between each comparison group are listed in the Supple-
mentary Materials.

The proteins were functionally annotated by GO analy-
sis into three categories: biological process (BP), cellular
compartment (CC) and molecular function (MF). The
Encyclopedia of Genes and Genomes (KEGG) data-
base was used to identify enriched pathways. Two-tailed
Fisher’s exact tests were used to test the enrichment of
the DEPs against all identified proteins. A corrected p
value <0.05 was considered to indicate statistical signifi-
cance. To identify evolutionary homologues (ortholo-
gous and paralogous) of DEPs, we performed euKaryotic
Conserved Orthologous Groups (KOG) analysis. Fur-
thermore, to cluster DEPs according to the expression
patterns of the four groups of samples that received dif-
ferent treatments, we applied fuzzy c-means clustering
(k=6, m=2) to all DEPs by using the R package Mfuzz.

Mouse experiment

A total of 1 x 10° LLC-LUC cells (LLCs with stable lucif-
erase expression) infected with shCtrl or shSHCBP1
lentivirus for 4-5 days were injected into 6—7-week-old
C57BL/6 mice through tail vein to establish the mouse
lung metastasis model. The mice were weighed every
other day and their hair, breathing and activity were
observed. The first in vivo imaging was performed to
observe systemic metastasis of lung cancer cells in mice
on day 25 after inoculation with LLC-LUC cells. The sec-
ond in vivo imaging was performed on the 30th day and
the surviving mice were sacrificed. At the same time, the
lung tissues were removed for formaldehyde fixation and
photographed.

To establish xenograft tumour model, female BALB/c
nude mice aged 6 to 7 weeks were randomly divided
into two groups (shCtrl vs. sShSHCBP1). 5x10° A549-
LUC cells (A549 cells with stable luciferase expression)
infected with shCtrl or shSHCBP1 lentivirus for 4 to
5 days were subcutaneously inoculated in the right hind
limb of each mouse in two groups. Subcutaneous tumour
size and the body weight of the mice were monitored
every other day, tumour volume was measured with a cal-
iper and calculated using the formula V (cm3) = (length x
width?)/2. Mice were subjected to in vivo imaging using
bioluminescence and sacrificed 23 days after tumour
inoculation.
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To identify the combination effects in vivo, 5 x 10°
HeLa-LUC cells (Hela cells with stable luciferase expres-
sion) infected with shCtrl or shSHCBP1 lentivirus for
4-5 days were subcutaneously inoculated in the bilat-
eral inguinal region of BALB/c nude mice, respectively.
The tumour-bearing mice were given low-dose etoposide
(15 mg/kg) or the normal saline (NS) through intraperi-
toneal injection every other day when the subcutaneous
tumour reaching around 200 cm? and the mice were
sacrificed 31 days after tumour inoculation (study end
point). Mice underwent in vivo imaging before the first
etoposide (day 21) administration and after the last
etoposide administration (day 31). At the study end
point, all tumour specimens will be randomly selected to
detect the knockdown efficiency of SHCBP1 through the
RT-PCR and western blotting analysis. All animal experi-
mental protocols in this study were approved by the Ani-
mal Care Committee of Tongji Medical College ([2017]
IACUC: S849) and complied with AALAC and NIH ani-
mal care guidelines.

Statistical analysis

All data were shown as mean +* standard deviation (SD) or
n (%). The cutoff for gene expression in public database
was defined by average values. Student’s t test (paired
or unpaired), one-way analysis of variance (ANOVA)
with multiple comparisons, and x2 analysis were used to
compare the difference in cancer cells, tissue samples or
clinical data. Animal data and the cell proportion change
curve of each cell cycle phase were analyzed by Two-
Way ANOVA. Log-rank test was used to assess survival

(See figure on next page.)
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significance. All statistical tests used are noted in figure
legends and performed using GraphPad Prism 7.0 soft-
ware (GraphPad) or SPSS (version 26). A two-tailed p
value <0.05 was considered statistically significant and
was represented by *, p<0.05; **, p<0.01; ***, p<0.001;
##%%, p<0.0001.

Results

High SHCBP1 levels indicates poor survival outcomes

and low sensitivity to DNA-damaging treatment in NSCLC
patients

To determine the clinical significance of SHCBP1 in
NSCLC, we analyzed publicly available datasets (TCGA,
Oncomine, and TIMER), clinical lung cancer specimens,
and LUAD tissue microarray data to examine SHCBP1
expression in tumour and normal tissues, and the cor-
relation of SHCBP1 with patient clinical characteristics.
The clinical characteristics of 504 patients with LUAD
from the TCGA database are shown in Table S1. Higher
SHCBP1 expression were found in tumour tissues than
in normal tissues of public database (Fig. 1A, B), and
was significantly correlated with TNM clinical stage in
patients with LUAD (all p<0.05) (Table S1), positively
correlated with MKI67 (proliferation marker), but nega-
tively correlated with NKX2.1 (a differentiation marker)
expression in tumour tissues (Fig. 1C). GO, BP and
KEGG pathway enrichment analysis of 346 genes highly
correlated with SHCBP1 (r>0.5, p<0.0001) showed
involvement of mainly chromosome separation, DNA
replication, cell cycle and DNA damage repair pathways
(Fig. 1D, E), indicating that high SHCBP1 expression

Fig. 1 High expression of SHCBP1 in LUAD tissues was associated with poor prognosis. A SHCBP1 expression in paired tumour and normal tissues
in pan-cancer data of TCGA. The Oncomine dataset (left panel) represents the expression of SHCBP1 in the existing pan-cancer database. The
selected criteria were fold change > 2 and p-value <0.0001. The SHCBP1expression in 37 kinds of tumour types with or without adjacent normal
tissues determined by TIMER from TCGA (right panel). Statistical significance is represented as *, P<0.05; **, P<0.01; ***, P<0.001. Boxplots indicate
median, lower and upper quartile. B SHCBP1T mRNA expression in paired LUAD and normal tissues (n=>57) from the TCGA database. Paired t-test
was used for the analysis; ****, P<0.0001. C Correlation analysis of mRNA expression level between SHCBP1 and MKI67 or NKX2-1 in LUAD tissues
from TCGA database (n=504). Pearson correlation analysis provides correlation coefficient (r) and P -value. D, E GO (D) and KEGG (E) enrichment
analysis of 346 genes significantly correlated with SHCBP1 expression (p <0.0001, r>0.5) in LUAD tissues (data downloaded from online database,
http://www.cbioportal.org/). The enrichment analysis was performed by using the R package cluster Profiler. Only the top 10 scoring pathways

are presented. F, G Kaplan-Meier overall survival curves of LUAD patients with high or low SHCBP1expression (stratified by median value) (F)

and LUAD patients receiving radiotherapy with high or low SHCBP1expression (stratified by median value) (G). Data was downloaded from http://
www.oncolnc.org/. p values were determined by log-rank test. HR, hazard ratio. H Western blot analysis of SHCBP1 expression in tumour tissues
and paired normal tissues taken from 81 patients with surgically resected LUAD. T, tumour tissue; ANT, adjacent normal tissue. | SHCBPT mRNA level
in tumour tissues and paired normal tissues taken from 77 patients with surgically resected LUAD detected by Real-time quantitative PCR (qRT-PCR).
Line graph analyzed by paired t-test, each data point represents the mean value of three technical replicates of one sample. T, tumour tissue;

ANT, adjacent normal tissue. J Representative immunohistochemistry images of SHCBP1 and Ki67 staining in different clinical stages of patients
with LUAD. Scale bars, 100um. The area surrounded by a box in stage Il was magnified, which highlights the SHCBP1 staining in tumour cells.

K Representative immunofluorescence images of SHCBP1 staining in two patients with LUAD. Scale bars, 50um. The area surrounded by a box

was magnified. L, M Kaplan—-Meier overall survival and progression-free survival curves of patients with surgically resected NSCLC (L) or LUAD

(M) with high or low SHCBP1 expression. SHCBP1 expression was stratified by the immunohistochemistry staining score (high, score=12; low,
score < 12). N, O Immunohistochemical staining (N) and Kaplan-Meier survival curves (O) of SHCBP1 expression in tissue microarrays from 93
patients with LUAD from another hospital. #, refers to the last 6 patients without ANT. T, tumour tissue; ANT, adjacent normal tissue
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in tumour tissues may play a role in tumour cell cycle
progression and related DNA damage repair function.
Survival analysis revealed that high SHCBP1 expres-
sion indicated poor patient survival (p=0.0003, hazard
ratio [HR]=1.73 [95% CI, 1.29-2.23]) (Fig. 1F). Among
the 59 LUAD patients who received radiotherapy, those
with high SHCBP1 expression showed a worse survival
prognosis (Fig. 1G), with a much higher HR than that in
Fig. 1F (HR: 4.65 vs. 1.73), suggesting that LUAD patients
with high SHCBP1 expression may be less sensitive to
radiotherapy.

Moreover, 213 lung cancer tissues from Wuhan Union
Hospital and LUAD tissue microarrays from another
hospital were analyzed (Table S2, S3). SHCBP1 expres-
sion, quantified by the immunohistochemical (IHC) scor-
ing, was also significantly correlated with patient tumour
stages and ki67 index (p<0.05) (Table S2, S3). Western
blotting and qRT-qPCR analyses showed higher SHCBP1
expression in tumour tissues than in adjacent normal tis-
sues (ANTs) (Fig. 1H-I), with most ANTs hardly express-
ing SHCBP1 (Fig. 1H). SHCBP1 and ki67 expression were
synchronously increased with the increase of pathologi-
cal stage in LAUD patients (Fig. 1]). In addition, SHCBP1
was found to be mainly expressed in the nucleus of can-
cer cells in NSCLC tissues, regardless of IHC or immu-
nofluorescence staining (Fig. 1], K), which may be related
to its functions. Overall survival and progression-free
survival (PFS) were consistent with previous reports [15,
16], in which high SHCBP1 level predicted poor patient
survival (Fig. 1L-M). The IHC staining of SHCBP1 on
LUAD tissue microarrays further validated that conclu-
sion (Fig. IN-O). Furthermore, most primary LUAD cells
isolated from patients with malignant pleural effusion
also showed relatively high and heterogeneous SHCBP1
expression (Supplementary Fig. 1A-B), as normal lung

(See figure on next page.)
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tissues hardly express SHCBP1 (Fig. 1H), and SHCBP1
mRNA levels were significantly correlated with EPCAM,
MKI67, and PCNA mRNA levels (r>0.8, p<0.001) (Sup-
plementary Fig. 1C-D). In general, the online public data-
bases and LAUD specimens from two hospitals showed
high SHCBP1 expression in cancer tissues, and the
expression was closely correlated with patient survival
and tumour proliferation. Additionally, patients with
higher SHCBP1 expression tended to be less sensitive to
radiotherapy.

Dynamic expression and subcellular localization of SHCBP1
throughout the tumour cell cycle

SHCBP1 is mainly located in the nucleus and relatively highly
expressed in the G2 and M phases of the cell cycle

To understand why SHCBP1 was closely correlated with
tumour proliferation, we first assessed its expression in
human-derived cell lines, including immortalized bron-
chial epithelial (HBE), lung cancer (A549, NCI-H1299,
NCI-H460, NCI-H292), HeLa, and 293wt cells. SHCBP1
expression was higher in all tumour cells than in immor-
talized HBE and 293wt cells (Supplementary Fig. 2A—C).
Based on the SHCBP1 expression levels and the purpose
of better studying the tumour cell cycle, we mainly used
A549 (lowest expression, p53 wild type), NCI-H1299
(medium expression, p53 null), HeLa (highest expression,
classic tumour tool cells that are widely used in cell cycle
research), and HBE cells in the subsequent experiments.
Previous correlation analysis of SHCBP1 showed that the
cell cycle ranked first in the KEGG enrichment pathway,
mainly involving chromosome separation and DNA rep-
lication (Fig. 1E). To determine the specific function of
SHCBP1 in the cell cycle, we assessed its dynamic expres-
sion and subcellular localization throughout the cell cycle
(Figs. 2 and 3). SHCBP1 protein was detected mainly in

Fig. 2 SHCBP1 is mainly located in the nucleus, with increased expression during the G2 and M phases of the cell cycle. A Representative
western blot images of SHCBP1, Cyclin B1 and PLK1 protein in total (T), cytoplasmic (Cyto), and nuclear (Nuc) extracts of A549, H1299 and Hela
cells after treating with low-dose ETOP (A549, 1uM; H1299, 5 uM; Hela, 3 uM) or vehicle for 3 h and 24 h. GAPDH and Lamin B1 were used

as internal controls for cytoplasmic and nuclear extracts, respectively. B, C Immunofluorescence (IF) staining (B) and western blot densitometric
analysis (C) of SHCBP1 and PLK1 throughout the cell cycle of HBE, A549, H1299 and Hel.a cells (cells were synchronized to GO, G1/S, and G2/M
phase by serum starvation, double thymidine and RO3306 block, respectively). In the IF staining (B), cells were co-stained with anti-SHCBP1
antibody (red), anti-a-tubulin antibody (green), and Hoechst (blue); Scale bars, 100 um. Representative Western blot images of panel (C) are
shown in Supplementary Fig. 4, data are expressed as mean +SD (n=3 independent experiments) and analyzed by the unpaired Student’s t test
(ns, not significant; *, P<0.05; **, P<0.01; ***, P<0.001; **** P<0.0001). Note: asyn, asynchronized. PLK1: well-known G2-M phase-associated
proteins. D, E Western blot densitometric analysis of SHCBP1 and PLK1 in A549 and Hela cells analyzed at indicated time points after nocodazole
(NOCO) (D) and double thymidine (TdR) release (E), respectively. Data are expressed as mean +SD (n=3 independent experiments) and analyzed
by the unpaired Student’s t test (ns, not significant; *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001). F Immunofluorescence staining of SHCBP1
at indicated time points after RO3306 release in A549 and Hela cells. Cells were co-stained with anti-SHCBP1 antibody (red), anti-y-tubulin antibody
(green), and Hoechst (blue). Scale bars, 100um. G, H Representative immunofluorescence images (G) showing co-localization of SHCBP1 (green)
with PHH3 (Ser10) (red) and the corresponding statistical analysis (H) of SHCBP1 mean fluorescence intensity between PHH3 (Ser10) positive

and negative cells. The PHH3 (Ser10) positive cells (mitotic cells) are highlighted by the white arrows; Scale bars, 20 um. Data in panel (H) are
expressed as mean = SD (n >4, with at least 200 cells per analysis) and analyzed by the unpaired Student’s t test (****, P<0.0001)
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the nucleus of tumour cells, with a small amount pre-
sent in the cytoplasm (Fig. 2A). Meanwhile, SHCBP1 co-
localization and immunoprecipitation with the nucleolar
protein NPM1 showed diffuse SHCBP1 expression in the
nucleus but not the nucleoli (Supplementary Fig. 3A-B).
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When the cells entered mitosis, the nucleolus disap-
peared and SHCBP1 was concentrated at the spindle
poles (Supplementary Fig. 3A). Moreover, the expres-
sion of SHCBP1 changed dynamically with the cell cycle
(Fig. 2B-F), with the lowest expression in GO phase,
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Fig. 3 SHCBP1 dynamically localizes to centrosomes and different spindle sites during cell mitosis. A Immunofluorescence analysis of SHCBP1
localization (red) throughout the cell cycle (interphase; early and late prophase; prometaphase; metaphase; early, middle, and late anaphase;

and telophase) as assessed by co-staining with y-tubulin (green) and Hoechst (blue). White boxes mark the centrosome in the interphase

or after cytokinesis; white-arrowheads indicate the spindle poles during the mitosis; yellow-arrowheads point to the central spindle; white arrows:
midbody. Scale bars, 20 um. B Immunofluorescence co-staining of SHCBP1 (green) and a-tubulin (red) in NSCLC cells. White boxes: centrosomes;
white arrows: midbody. Scale bars, 20 um. C Immunofluorescence co-staining of SHCBP1 (green) and a-tubulin (red) at the midbody. Scale bars,

8 um. D Immunofluorescence co-staining of SHCBP1 (green) and PLK1 (red) or RACGAP1 (red) in NSCLC cells. White arrows indicate midbody. Scale
bars, 10 um
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followed by G1 and S phases, and peaked in G2 and M
phase (Fig. 2B, C). Natural release assays of nocodazole
(synchronized in M phase), double thymidine (TdR)
(synchronized in G1/S phases), and RO3306 (synchro-
nized in late G2 phase) blocks further confirmed rela-
tively higher SHCBP1 expression in G2 and M phase of
the cell cycle (Fig. 2D-F). SHCBP1 expression gradually
increased when entering G2-M phase (Fig. 2D), and
decreased with M phase exit (Fig. 2E, F), comparable to
the expression trends of PLK1 and Cyclin B1, both well-
known G2-M phase-associated proteins (Supplementary
Fig. 4). Moreover, SHCBP1, PLK1, and PHH3 (Ser10)
expression in tumour cells gradually increased with
increasing paclitaxel concentration, further demonstrat-
ing higher SHCBP1 expression in M phase (Supplemen-
tary Fig. 3C-E). Similarly, SHCBP1 expression in tumour
cells increased after docetaxel (DTX) exposure (Supple-
mentary Fig. 3F). The co-localization assay also showed
higher SHCBP1 expression in PHH3 (Serl0)-positive
cells than in PHH3 (Ser10)-negative cells (Fig. 2G, H).

SHCBP1 dynamically localizes to centrosomes and different
spindle sites during cell mitosis

Next, we further explored its changes in localization
during the cell cycle. Consistent with previous studies
[20-22], SHCBP1 was observed in the centrosome, cen-
tral spindle, and midbody of dividing cells (Fig. 3A-D).
However, a panoramic view of the dynamic localization
of SHCBP1 throughout the cell cycle has not yet been
reported. Co-localization of SHCBP with y- or a-tubulin
in tumour cells continuously released from G2-M
(RO3306) block at different time points showed that
SHCBP1 changed from a diffuse and uniform nuclear dis-
tribution to aggregation in mitotic spindle-related sites
when the cells entered the mitotic phase from interphase
(Fig. 3A). In the prophase and metaphase of mitosis,
SHCBP1 mainly dynamically accumulated in the spindle
poles (centrosomes) and mitotic spindle sites; however,
during anaphase to telophase, SHCBP1 gathered to the
central spindle and then the midbody sites, finally partic-
ipating in cytokinesis (Fig. 3A, B). SHCBP1 also accumu-
lated at the centrosome during the interphase (Fig. 3A).
Interestingly, SHCBP1 distribution varied in the mid-
body, from the end, on both sides, or in the middle of the
microtubule bundles of the two daughter cells (Fig. 3C).
SHCBP1 reportedly co-localized with the centralspin-
dlin complex (RACGAP1 and MKLP1) at the midbody
and was responsible for cytokinesis [20, 21]. A recent
study further demonstrated the physical interaction of
SHCBP1 with PLK1 in mitotic cells to promote tumour
cell mitosis through an SHCBP1-PLK1-MISP axis. Our
findings also showed the high coincidence of SHCBP1
with the centralsplindlin complex and PLK1 regardless of
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the expression and distribution (Fig. 3D, Supplementary
Fig. 3G-J). However, we only observed the physical inter-
action of SHCBP1 with RACGAP1 and MKLP1, but not
with PLK1 in asynchronous tumour cells (Supplementary
Fig. 3K), suggesting that SHCBP1 may only interact with
PLK1 in the mitotic phase.

SHCBP1 knockdown promotes premature mitotic entry

by compromising the WEE1-mediated G2-M checkpoint

To test whether the high expression and dynamic locali-
zation of SHCBP1 in M phase was closely associated with
its functions in tumour cells, we performed SHCBP1
knockdown in NSCLC (A549 and NCI-H1299) and HeLa
cell lines to observe their effects on cell cycle progression
(Fig. 4A-E). The knockdown efficiencies of them in these
cells are shown in Supplementary Fig. 5. Cells transfected
with control (siCtrl) or SHCBP1 siRNA (siSHCBP1) were
synchronized to the G1-S phase by double TdR block
and then released into regular media, with samples har-
vested at different time points (Fig. 4A, B). DNA histo-
grams obtained by flow cytometry of all cells at different
time points after release from the TdR block are shown in
Supplementary Fig. 6. The cell cycle progression of A549
cells lagged in siSHCBP1 group, with flat cell proportion
curves during each phase (G1, S, G2—M), while the curve
slopes of each phase in the siCtrl group were significantly
higher than those of the siSHCBP1 group (Fig. 4A). Con-
sistently, click-EdU pulse-chase FCM assay that ensures
uninterrupted cell cycle also showed inactive cell cycle
progression in A549 cells, such as delayed G1 phase
(Fig. 4B i) and arrested G2/M phase (Fig. 4B ii), as well
as lagging cell division (Fig. 4B iii). Similarly, when EdU
was washed off after incubation for 45 min, there were
significantly fewer EdU positive cells in the siSHCBP1
group than in the siCtrl group, which further indicated
that the cell proliferation was inhibited after SHCBP1
knockdown (Fig. 4B iv). However, in HeLa cells, the curve
lag of the siSHCBP1 group was not as obvious as that in
A549 cells (Supplementary Fig. 7A), indicating that A549
cells may be more sensitive to SHCBP1 inhibition. How-
ever, the change curve of cell proportions in the G2 phase
of HeLa cells peak at 8 h after release from TdR block
but showed lower proportions in the siSHCBP1 group
than in the siCtrl group (G2 phase curve in Supplemen-
tary Fig. 7A ii). Correspondingly, the M phase (PHH3
positive) curve showed higher proportions of cells in the
siSHCBP1 group compared to the control group from
4 to 8 h after release (M phase curve in Supplementary
Fig. 7A ii), indicating premature M phase entry after
SHCBP1 inhibition. But the proportion of G1 phase cells
in the siSHCBP1 group was lower than that in the siCtrl
group at 12-16 h after release (G1 phase curve in Sup-
plementary Fig. 7A ii), suggesting that the prematurely
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entered M-phase cells did not progress into the G1 phase
normally (i.e., failed mitotic exit).

To further verify our hypothesis, we transfected A549,
NCI-H1299, and HeLa cells with siCtrl or siSHCBP1
siRNA and then treated them with 0.1 uM DTX, which
arrest cells at M-phase, with a peak effect at 12-16 h, at
different time points to observe the differences in cell
proportion from the G1 to M phases (Fig. 4C-D and Sup-
plementary Fig. 7B). The changes of A549 cells in the
siSHCBP1 group during each cell cycle phase still lagged
behind those in the siCtrl group, but with higher propor-
tions of M-phase cells in the 4N (G2+ M) phase curve in
the siSHCBP1 group during continuous exposure (Fig. 4C
ii). Compared to the siCtrl group, NCI-H1299 and HeLa
cells in the siSHCBP1 group consistently showed higher
proportions of M-phase cells throughout the cell cycle or
in the 4N (G2 + M) phase curve (Fig. 4D and Supplemen-
tary Fig. 7B). These findings demonstrated that SHCBP1
knockdown in tumour cells forced cells to prematurely
enter the M phase.

Therefore, we inferred that the activity of CDK1 (also
cdc2), a key kinase that regulates the transition of cells
from G2 to M phase, might be dysregulated. CDK1 acti-
vation requires dephosphorylation of Tyrl5 residues
[28, 29]. To test this, we first synchronized NCI-H1299
and HeLa cells to the turning point of the G2—M phase
by releasing cells from TdR double-block for indicated

(See figure on next page.)
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time, and then released them again into fresh media for
0, 3, and 6 h (with or without nocodazole) to observe
the M-phase entry of cells from the G2 phase. Detec-
tion of M-phase entry (determined by PHH3 and phos-
cdc25c¢ [Thr48]) and phos-cdc2 [Tyrl5]) after SHCBP1
knockdown by western blotting showed that SHCBP1
inhibition increased the mitotic index and significantly
reduced phos-cdc2 (Tyrl5) level regardless of nocoda-
zole exposure (Fig. 4E-F, Supplementary Fig. 8A-C).
Our findings suggested that the early M phase entry
after SHCBP1 inhibition occurred due to decreased
CDK1-Tyr15 phosphorylation, which removed the inhi-
bition of CDK1 activity and increased the cell transition
from G2 to M phase. WEE1 kinase is a key gatekeeper
of the G2-M transition through inhibitory phospho-
rylation of CDK1 at the conserved Tyrl5 residues and
is an effective anti-cancer target [6, 30—32], we subse-
quently examined the expression of WEE1 kinase pro-
tein and mRNA levels after SHCBP1 knockdown in
three tumour cell lines (Fig. 4G, H). Consistent with
our supposition, WEE1 mRNA and protein and p-cdc2
(Tyr1l5) protein levels were both significantly down-
regulated after SHCBP1 knockdown, while total cdc2
protein was not. In general, our experimental results
in the three cell lines showed that SHCBP1 knockdown
induced premature M-phase entry during cell cycle by
damping the WEE1-pcdc2 (Tyrl5) axis, the gatekeeper
of the G2—M phase transition.

Fig.4 SHCBP1 knockdown slows tumour cell cycle but promotes premature mitotic entry by compromising the WEET-mediated G2-M
checkpoint. A Cell cycle analysis of A549 cells transfected with control or SHCBP1 siRNA at indicated time points after double thymidine (TdR)
release. (i), flow cytometry plots of cells released at various time points and normally growing asynchronous (asyn) cells analyzed by using ModFit
LT 5.0 and FlowJo software. Cells were stained with or without PHH3 (Ser10)-FITC antibody followed by propidium iodide (PI) staining. PHH3
(Ser10) positive cells indicating cells in M phase have been marked by small boxes on the dot plot. (ii) the line plot shows the change trend

of cell proportion in each cell cycle phase (cell proportion of G1, S, G2 and M phase to the whole cell cycle, and the M phase to the G2 +M [4N]
phase) over the released time. Data are expressed as mean+SD (n=3 independent experiments) and analyzed by the two-way ANOVA test (ns,

not significant; *, P<0.05; **, P<0.01; *** P<0.001; ****, P<0.0001). B Click-EdU pulse chase flow cytometry analysis of A549 cells. Cells transfected
with siCtrl or siSHCBP1 were pulsed with 10 uM EdU for 45 min, and then changed to medium containing 20 uM thymidine to chase and analyze
cellsat0,2,4,6,8,10,12, 14,16, 18 h, cells were harvested at indicated time point for click-EdU reaction and Pl staining and then subjected

to flow cytometry analysis. Fractions of cells in the EdU-negative G1-phase compartment (i), EdU-negative G2/M phase compartment (ii), fraction
of EdU positive cells that have divided (iii), and fraction of EdU positive cells at chase 0 h (iv) were analyzed. Data are expressed as mean+SD (n=3
independent experiments) and analyzed by the two-way ANOVA test (i-iii) and unpaired Student’s t test (iv), respectively (ns, not significant; ¥,
P<0.05; **, P<0.01;*** P<0.001; *** P<0.0001). C, D A549 (C) and NCI-H1299 (D) cells transfected with control or SHCBP1 siRNA were subjected
to 0.1 uM docetaxel (OTX) treatment forO0 h, 3 h,5h, 7 h, 10 h, 12 h and 24 h for cell cycle analysis, respectively. The legends of (i) and (ii) are similar
to those in A. E, F NCI-H1299 and Hela cells transfected with control or SHCBP1 siRNA were synchronized to late G2 phase after the indicated
times of release from double thymine (TdR), followed by treatment with nocodazole (NOCO) or vehicle for 0 h, 3 h and 6 h. Representative
western blot images of SHCBP1, phos-cdc2(Tyr15), phos-cdc25c(Thr48) and PHH3 (Ser10) with GAPDH as internal reference at each time point

(E) and the corresponding density analysis (F) are shown. Data are expressed as mean £ SD, P values were determined by unpaired Student’s t test
(ns, not significant; ¥, P<0.05; **, P<0.01; ***, P<0.001; **** P<0.0001). G Representative western blot images of WEE1, p-cdc2(Tyr15) and total
cdc2 in A549, NCI-H1299 and Hela cells analyzed after SHCBP1 knockdown. HWEET mRNA expression of A549, NCI-H1299 and Hela cells

relative to GAPDH mRNA expression in cells transfected with control or SHCBP1 siRNA are shown. Relative WEET mRNA expression of siSHCBP1
group was calculated as a fold-change versus the siCtrl group. Data are expressed as mean +SD (n=3 independent experiments) and analyzed

by the unpaired Student’s t test (***, P<0.001; ****, P<0.0001)
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SHCBP1 knockdown causes multipolar spindle formation
and delays mitotic exit in tumour cells

As previously described, HeLa cells showed not only
premature mitotic entry but also delayed mitotic exit
(Fig. 4B iii). To unravel the mechanism behind this obser-
vation, HeLa, A549, and HBE cells transfected with siCtrl

wer [ ]
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or siSHCBP1 were synchronized to the late G2 phase by
RO3306 block and released into fresh media for 0.5, 1,
2, and 3 h, respectively. Cells were collected for immu-
nofluorescence staining for «- and y-tubulin, as well
as Hoechst, to observe mitosis entry and exit (Supple-
mentary Fig. 8D-F, Fig. 5A, B). These cells reached the
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M phase peak at 0.5 and 1 h after RO3306 release. Most
had exited the M phase at 2 h and 3 h, during which time
almost no round mitotic cells were observed except for
in HeLa cells (Supplementary Fig. 8D-F). HeLa cells
had more round mitotic cells in the siSHCBP1 group
than in the siCtrl group at 3 h after RO3306 release
(Fig. 5A), indicating that SHCBP1 inhibition affected cell
exit from mitosis, while the proportion of M-phase cells
in the A549 siSHCBP1 group at 0.5 and 1 h was lower
(Fig. 5A), consistent with previous finding that A549
was more sensitive to siSHCBP1 treatment and pre-
sented significantly slowed cell cycle progression after
SHCBP1 knockdown. To explain why mitotic exit was
disrupted, we analyzed the proportions of mitotic-cells-
before-anaphase to all M-phase cells at 0.5 and 1 h after
RO3306 release (Fig. 5B). Almost all M-phase cells were
in prophase to metaphase at 0.5 h after release and most
began to enter the anaphase and subsequently exit the M
phase at 1 h or 2 h after release (Supplementary Fig. 8D-
E, Fig. 5B). However, at 1 or 2 h after RO3306 release, the
proportion of mitotic-cells-before-anaphase to the total
M-phase cells was significantly higher in the siSHCBP1
group than in the control group (Fig. 5B), suggesting that
SHCBP1 inhibition prevented mitotic cells from enter-
ing anaphase, precluding successful M phase exit. We
further found that HeLa and HBE cells released from the
RO3306 block at 0.5 h in the siSHCBP1 group presented
many mitotic cells containing multipolar (mostly tripo-
lar) spindles (Fig. 5C), about 3—fourfold more than in the
siCtrl cells (Fig. 5D). Therefore, mitotic cells could not
move smoothly from metaphase to anaphase, resulting in
delayed M-phase exit (Fig. 5E).

To determine the reasons for the multipolar spindle
formation and subsequent suppression of the metaphase-
anaphase transition in tumour mitotic cells after SHCBP1

(See figure on next page.)
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inhibition, we screened a series of centrosome and spin-
dle assembly checkpoint (SAC) related proteins (data not
shown). NEK7 expression in four tumour cell lines was
significantly down-regulated while ZW10 were upregu-
lated, regardless of protein and mRNA levels (Fig. 5F, G).
NEK?7 is the smallest NIMA-related kinase in mammals;
its role in mitosis includes centrosome enrichment and
microtubule nucleation, which are important for inter-
phase centrosome replication, prophase centrosome sep-
aration, and metaphase spindle assembly [33-36]. NKE7
inhibition leads to defective mitotic spindles and induces
multipolar spindle formation [36—38]. Therefore, reduced
NEK?7 expression indicates centrosome and mitotic spin-
dle disorder. We have previously demonstrated that
SHCBP1 localized on centrosomes throughout the cell
cycle (Fig. 3). Therefore, SHCBP1 may maintain the func-
tions of tumour cell centrosomes and spindles by regu-
lating NEK7 expression. Zw10 protein is a kinetochore
component necessary for proper SAC activity in both
Drosophila and mammals [39] to ensure correct chro-
mosome separation at the beginning of the anaphase of
mitosis [40—45]. These findings indicate the importance
of ZW10 as a SAC component to maintain the high fidel-
ity of mitosis. Thus, the up-regulation of ZW10 expres-
sion in the siSHCBP1 cells indicated SAC activation to
delay the metaphase-anaphase transition. Also, we found
that after WEE1 knockdown, the NEK7 expression at
mRNA and protein levels were down-regulated while the
ZW 10 expression was up-regulated, which was consist-
ent with SHCBP1 knockdown.

SHCBP1 knockdown inhibits tumour growth and increases
cell apoptosis and senescence

As SHCBP1 played a critical role in cell cycle pro-
gression, we then sought to verify whether targeting

Fig. 5 SHCBP1 knockdown causes multipolar spindle formation and delays mitotic exit in tumour cells. A The percentage of mitotic cells
counted in Hel.a, A549 and HBE cells transfected with control or SHCBP1 siRNA after release from RO3306 block (9uM) for indicated time.
Immunofluorescence staining for a-tubulin (red) and y-tubulin (green) followed by confocal fluorescence imaging and cell counting were

performed at each time point. Three different fields at each time point were randomly selected for counting at least 500 cells within each field. Data
are shown as mean+SD (n=3) and analyzed by the unpaired Student’s t test. ***, P<0.001; ****, P<0.0001; ns=not significant. B The percentage

of mitotic cells prior to anaphase in total M-phase cells was analyzed from the same experiment in (A). Three different fields at each time point
were randomly selected for counting at least 200 mitotic cells within each field. Data are shown as mean+SD (n=3) and analyzed by the unpaired
Student’s t test. **, P<0.01; ***, P<0.001. C Representative immunofluorescence images of a-tubulin (red) and y-tubulin (green) staining after 0.5 h
release from RO3306 arrest (9 uM) in Hel.a and HBE cells transfected with siCtrl or siSHCBP1. White arrows indicate the cells with multipolar spindle
in M phase. Scale bars, 20 um. D The percentage of cells with multipolar spindle in M phase over total mitotic cells in the same experiment from (C)
were analyzed. Three different fields were randomly selected for counting at least 200 mitotic cells within each field. Data are shown as mean+SD
(n=3) and analyzed by the unpaired Student’s t test. *** P<0.001. E Representative immunofluorescence images of multipolar spindle formation
throughout M phase in Hela cells transfected with SHCBP1 siRNA compared to siCtrl cells with normal spindle pole formation throughout M phase.
a-tubulin (red), y-tubulin (green), and Hoechst (blue) were co-stained in cells. Scale bars, 5 pm. F, G Western blot images (F) and mRNA expression
(G) analysis of changes in NEK7, ZW10, cyclin B1, PLK1, XLF and yH2AX in A549, NCI-H460, Hel.a and NCI-H1299 cells transfected with SHCBP1 siRNA
compared to controls. GAPDH was used as internal reference. Data are shown as mean +SD (n=3) and analyzed by the unpaired Student’s t test. ¥,
P<0.05; **, P<0.01;** P<0.001; **** P<0.0001
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SHCBP1 could inhibit tumour growth in vitro and
vivo. After infection with shSHCBP1 or shCtrl lentivi-
rus, the growth of A549 and HeLa cells were visualized
and quantified using the Celigo imaging cytometer
for 5 consecutive days. Consistent with previous find-
ings [46, 47], SHCBP1 knockdown significantly inhib-
ited A549 and HeLa cell proliferation (Fig. 6A-B).
The results of longitudinal CCKS8, EdU incorpora-
tion, and clonogenic assays also confirmed this finding
(Fig. 6C-H). Moreover, cell apoptosis and senescence
were increased in SHCBP1 siRNA treated A549, NCI-
H1299, and HeLa cells (Fig. 61, J). Out of these, A549
showed the most significant apoptosis (Fig. 6I) and a
more obvious phenomenon in senescence (Fig. 6]),
indicating that tumour cells with low SHCBP1 expres-
sion were more sensitive to SHCBP1 intervention, but
the different residual SHCBP1 levels after knockdown
may also account for this phenomenon.

In addition, SHCBP1 inhibition in the in vivo A549
subcutaneous xenograft (Fig. 6K, L) and the tail-vein
injected LLC metastasis mouse models (Supplemen-
tary Fig. 9) also remarkably attenuated tumour growth.
During this period, the body weight growth curves
of mice in the shCtrl and shSHCBP1 groups did not
differ significantly; however, tumour growth was sig-
nificantly slower in the shSHCBP1 group than that in
the shCtrl group (Fig. 6M, Supplementary Fig. 9E-G).
Meanwhile, the fluorescence intensity and tumour
weight of mouse subcutaneous tumours differed sig-
nificantly between the two groups (Fig. 6N).

(See figure on next page.)
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Targeting SHCBP1 in combination with low-dose
DNA-damaging drugs triggers mitotic catastrophe

in tumour cells due to G2-M checkpoint abrogation

Our previous data showed that SHCBP1 knockdown led
to early M-phase entry by downregulating WEE1 expres-
sion and subsequently reducing CDK1 phosphorylation
at Tyr15, resulting in the abrogation of the G2—M check-
point in tumour cells (Fig. 4). As cell survival is highly
dependent on cell cycle arrest after DNA damage, and
targeting the G2—-M checkpoint in tumour cells com-
bined with DNA-damaging treatment are getting more
and more attention [48-50], we then examined the anti-
tumour effects of the combination of siSHCBP1 with
DNA-damaging agents. We observed increased SHCBP1
protein levels in tumour cells with escalating doses of
DNA-damaging agents (within a cell-lethal dose) expo-
sure, including etoposide (ETOP), cisplatin (CDDP), and
radiation (Supplementary Fig. 10A-C). The same phe-
nomena were observed in SHCBP1 immunostaining after
low-dose ETOP treatment (Supplementary Fig. 10D),
with the increased SHCBP1 expression mainly existed
in the nucleus (Fig. 2A). These results indicated that
SHCBP1 may participate in the DNA damage response.
Moreover, as has been reported, we found that tumour
cells were arrested at the G2 phase to varying degrees
after 20 h of low-dose ETOP administration, while they
were arrested in the G1/S phase at 24 h after low-dose
CDDP administration, with gradual S or G2 phase arrest
after 48 h of CDDP treatment (Supplementary Fig. 11).
Then, we detected the percentage of PHH3-positive
M-phase tumour cells after SHCBP1 knockdown com-
bined with low-dose ETOP or CDDP treatment by immu-
nostaining assay, flow cytometry, and western blotting

Fig. 6 SHCBP1 knockdown inhibits tumour growth and increases cell apoptosis and senescence. A-B Representative images (A) and cell counts
(B) of live-cell imaging of A549 and Hela cell growth for 5 consecutive days following infection with green fluorescent protein (GFP)-tagged shCtrl
or shSHCBP1 lentiviruses for 72 h. Only cells with green fluorescence were counted. Three wells were repeated in each group, and four visual
fields were randomly selected from each well for cell counting; Data are presented as mean £ SD and analyzed by two-way analysis of variance
[ANOVA]; **** P<0.0001. C CCK8 assay in A549 and Hela cells after 72 h infection with GFP-tagged shCtrl or shCBP1 lentivirus. Data are expressed
as mean+SD (n=5 per group). P value was determined by two-way ANOVA test. D, E Representative images (D) and quantification (E) of EdU
incorporation assays in A549 and Hela cells after 96 h infection with shCtrl or shSHCBP1 lentivirus. At least five visual fields with a minimum

of 200 cells per field were randomly selected for cell counting. Data are expressed as mean + SD, and the p value was determined by the unpaired
Student’s t test. F-H The proliferative ability of A549 and Hela cells infected with GFP-tagged shCtrl or shCBP1 lentivirus was determined

through a plate colony formation assay. Representative fluorescence images (F) at the indicated time and colonies stained with 0.5% crystal violet
(G, H) at the 14th day are shown. Scale bars, 50 um. | Representative flow cytometry plots of apoptosis in A549, NCI-H1299 and Hela cells 48 h

after transfection with control or SHCBP1 siRNA. The cells were stained with 7-AAD and APC-labeled Annexin V prior to recognition of early (Annexin
V+/7-AAD -) and late (Annexin V+/7-AAD +) apoptosis. J Microscopy of senescence associated 3-galactosidase staining cells (blue) in A549

and Hela cells 72 h after transfection with control or SHCBP1 siRNA or transfected with siRNA for 48 h followed by 24 h incubation with low-dose
etoposide (A549 cells, T um; Hela cells, 3 uM); Scale bars, 100 um. K-N BALB/c nude mice (7 mice per group) were injected subcutaneously

with 5x 10 A549-LUC cells (stably expressing luciferase) that had been infected with shCtrl or shSHCBP1 lentivirus for 4-5 days, respectively. In-vivo
bioluminescence imaging (K) and isolated subcutaneous tumours (L) of two groups of tumour-bearing mice at the end point (23 days after tumour
inoculation) are shown. M Mouse weight and tumour growth curve util the end point; N the average tumour radiance (bioluminescence intensity,
p/sec/cm.?/sr) and tumour weight at the end point were analyzed. P values were determined by the two-way ANOVA test and unpaired Student’s t
test, respectively. ns=not significant; ***, P<0.001; *** P<0.0001
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analysis (Fig. 7A-D). After ETOP or CDDP administra-
tion, almost no PHH3-positive cells were observed in
the siCtrl group of A549 and HeLa cells, indicating they
were arrested in the G2 or G1/S phase. But the siSH-
CBP1 group showed PHH3 positivity in HeLa but not
A549 cells (Fig. 7A), the latter may be due to the severely
inhibited cell cycle progression. Several PHH3-positive
cells were observed in the siCtrl group of p53-mutant
NCI-H1299 cells after ETOP or CDDP administration
for 24 or 40 h; however, the percentage of PHH3-posi-
tive cells was significantly higher in the siSHCBP1 group
than that in the siCtrl group (Fig. 7A—-C). The real-time
imaging video of NCI-H1299 and HeLa cells treated with
SHCBP1 siRNA combined with low-dose ETOP showed
similar effects, as reflected by the earlier appearance of
rounded mitotic cells (Supplementary video 1 and 2). In
addition, the proportion of sub-G1 cells in NCI-H1299
and HeLa cells in the siSHCBP1 group also increased sig-
nificantly after ETOP or CDDP administration (Fig. 7C),
consistent with increased yH2AX levels in these tumour
cells (Fig. 7D). In contrast, YH2AX and p53 expression
decreased in A549 and HelLa cells treated with SHCBP1
siRNA combined with docetaxel (DTX) or paclitaxel
(PTX) (Fig. 7D), indicating that targeting SHCBP1

(See figure on next page.)
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combined with DNA-damaging agents enhanced the
anti-tumour effect, which might be attenuated when
combined with microtubule-toxic drugs. This was also
verified by CCK8 assay (Supplementary Fig. 12).

To confirm that the abnormal M phase entry in cells
treated with SHCBP1 siRNA combined with DNA-
damaging agents was due to G2—M checkpoint abroga-
tion, we synchronized cells to G2 phase by allowing cell
progression for 5-7 h after double thymidine release and
then exposed them to 15 uM etoposide for 1.5 h, followed
by release into fresh media with or without nocodazole
to analyze the G2-phase cells entering the M phase after
DNA damage. NCI-H1299 and HeLa cells stopped at
the G2 phase and did not enter the M phase until 13 h
after ETOP removal (Fig. 7E and Supplementary Fig. 13),
whereas these cells started entering the M phase 3-6 h
after vehicle removal (Fig. 4F). As expected, 13 h after
ETOP or vehicle removal, higher PHH3 expression was
detected in the siSHCBP1 group compared to the siC-
trl group; Meanwhile, lower levels of p-cdc2 (Tyrl5)
and higher levels of YH2AX were observed in SHCBP1
siRNA-treated cells (Fig. 7E). Similarly, asynchronous
A549, NCI-H1299 and HeLa cells treated with low-dose
ETOP or CDDP for 24 h showed decreased WEE1 and

Fig. 7 Targeting SHCBP1 in combination with low-dose DNA-damaging drugs triggers mitotic catastrophe in tumour cells due to G2-M
checkpoint abrogation. A, B A549, NCI-H1299 and Hel.a cells were transfected with control or SHCBP1 siRNA for 24 h, and then treated

with low-dose etoposide (A549 cells, T uM; NCI-H1299 cells, 5 uM; Hela cells, 3 uM) or vehicle for 24 h, respectively. Representative
immunofluorescence images of PHH3 (red) and a-tubulin (green) co-staining (A) and statistics of PHH3-positive cell counts (B) are shown. Scale
bars, 200 um. At least three fields of view were randomly selected with at least 300 cells per field for cell counting. Data are expressed as mean +SD
and analyzed by unpaired Student’s t test; ns=not significant; ***, P<0.001. C NCI-H1299, HeLa and A549 cells were transfected with control

or SHCBP1 siRNA for 24 h, followed by treatment with either low-dose etoposide (ETOP, same as in A and B) or cisplatin (CDDP) or corresponding
vehicle (DMSO) for 24 h or 40 h; CDDP: NCI-H1299 (10 uM), HelLa (5 uM), A549 (5 uM). Flow cytometry plots and histograms of cells stained

with PHH3 (Ser10)-FITC antibody and propidium iodide (PI) are shown. Mitotic cells that are positive for PHH3(Ser10) were circled out by small

boxes. Black arrows indicate the sub G1-phase cells. D Western blot analysis of SHCBP1, PHH3(Ser10), yH2AX and P53 in NCI-H1299, HeLa and A549
cells, cells were transfected with control or SHCBP1 siRNA for 24 h, followed by 24 h treatment with various chemotherapeutic drugs, respectively;
docetaxel (DTX), paclitaxel (PTX), etoposide (ETOP) and cisplatin (CDDP). GAPDH was used as internal reference. E NCI-H1299 and Hel.a cells
transfected with control or SHCBP1 siRNA were synchronized in G2 phase by allowing progression for indicated time after double thymidine
release and then pulsed with 15 uM etoposide for 1.5 h, then washed out into fresh media with or without nocodazole (NOCO) for 13 h. Western
blot analysis of the SHCBP1, p-cdc2(Tyr15), PHH3, and yH2AX was performed in these cells with GAPDH as internal reference. F Western blotting
was performed for SHCBP1, WEE1, p-cdc2 (Tyr15) and total cdc2 in A549, NCI-H1299 and Hela cells which were transfected with control or SHCBP1
SIRNA for 24 h, followed by incubation with vehicle solution, low-dose ETOP or CDDP (concentrations are the same as previously described) for 24 h,
respectively. G HeLa and NCI-H1299 cells transfected with control or SHCBP1 siRNA for 24 h were subjected to low-dose ETOP (3 uM for Hela cells
and 5 uM for H1299 cells) or corresponding vehicle for another 24 h. Representative immunofluorescence images of a-tubulin (red) and yH2AX
(green) co-staining in these cells are shown (scale bars, 100 pm). The right panel of NCI-H1299 cells displays the magnified views highlighted

in the left panel by the white boxes, and the white arrows indicate the cells undergoing mitotic catastrophe with micronuclei formation. The
white-arrowheads in the Hela cells highlight cells with higher yH2AX level after SHCBP1 knockdown. H NCI-H1299 and Hela cells received

the same treatment as in (G), and stained with Liu stain for quick checking (left panel). The area marked by the box is magnified, and the black
arrows indicate cells undergoing mitotic catastrophe with micronuclei formation; Scale bars, 50 um. Histogram (right panel) shows the percentage
of micronucleated cells over total cells. Data are expressed as mean + SD and analyzed by unpaired Student’s t test; ****, P<0.0001. I NCI-H1299
and Hela cells received the same treatment as in (G). Representative immunofluorescence images of PHH3 (red) and a-tubulin (green) co-staining
in cells using single-photon confocal microscope. White arrows indicate cells with multipolar spindles. White-arrowheads indicate chromosomal
fragmentation. Scale bars, 20 um. J A549, Hela, and NCI-H1299 cells transfected with control or SHCBP1 siRNA for 24 h were subjected to low-dose
ETOP for 36 h or synchronized through TdR release, followed by exposure to low-dose ETOP for 36 h. Representative flow cytometry plots show
co-staining with 7-AAD and APC-labeled Annexin V for identification of early (Annexin V+/7-AAD-) and late (Annexin V+/7-AAD +) apoptosis
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p-cdc2 (Tyr15) levels after SHCBP1 knockdown (Fig. 7F).
These data demonstrated that targeting SHCBP1 in
tumour cells abrogated WEEI-phosphorylated cdc2
(Tyr15) axis-mediated maintenance of the G2—M check-
point, which is responsible for the premature mitotic
entry with unrepaired DNA damage.

The DNA-damaging agent ETOP induced G2 arrest in
tumour cells, while SHCBP1 inhibition prompted cells
with unrepaired DNA damage to override this arrest and
enter the M phase (Fig. 7A-D), which may trigger the
onset of mitotic catastrophe and lead to cell death [7, 51—
53]. Consistent with our hypothesis, nearly 40% of NCI-
H1299 cells treated with SHCBP1 siRNA combined with
low-dose ETOP showed micronuclei cells, accompanied
by higher yH2AX expression (Fig. 7G, H). Likewise, HeLa
cells showed a consistent phenomenon, but was less pro-
nounced than that in NCI-H1299 cells (Fig. 7G, H). In
addition, cells in the siSHCBP1 group with unscheduled
mitotic entry after ETOP administration also showed
aberrant mitosis, mainly characterized by lagging or
broken chromosomes and multipolar spindle formation
during cell division (Fig. 7I). Consistently, we observed a
higher frequency of cell apoptosis in the siSHCBP1 group
after ETOP administration compared to the siCtrl group
combined with ETOP (Fig. 7]). This difference was more
pronounced when ETOP was administered after TdR
synchronization (Fig. 7]), which may be related to the
increased chance of cells simultaneously entering the M
phase after synchronization.

Targeting SHCBP1 in combination with low-dose
DNA-damaging drugs compromises DNA repair

To further investigate the molecular mechanisms under-
lying the beneficial effects of the combination strat-
egy, NCI-H1299 cells were transfected with control

(See figure on next page.)
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or SHCBP1 siRNA and then incubated with low-dose
ETOP for 24 h for unbiased proteomic analysis. Together,
288, 233, 491, 454, 263, and 155 differentially expressed
proteins (DEPs) were detected in siSHCBP1 versus
siCtrl, siCtrl+ETOP versus siCtrl, siCtrl+ETOP ver-
sus siSHCBP1, siSHCBP1+ETOP versus siCtrl, siSH-
CBP1+ETOP versus siSHCBP1 and siSHCBP1+ETOP
versus siCtrl + ETOP groups, respectively (Fig. 8A). Clus-
ters of Orthologous Groups of proteins (COG/KOG)
analysis classified the DEPs into four functional clus-
ters (Fig. 8B). DEPs related to “chromatin structure and
dynamics” and “replication, recombination, and repair”
function, which were classified into the information stor-
age and processing functions, were enriched in compa-
rable numbers in the siCtrl+ETOP versus siCtrl and
siSHCBP1+ETOP versus siCtrl+ETOP groups. How-
ever, these DEPs were increased and decreased in the
siCtrl + ETOP versus siCtrl and siSHCBP1 +ETOP versus
siCtrl+ ETOP groups, respectively (Fig. 8B). KEGG and
GO analyses were further conducted. The top enriched
functions revealed that DNA damage repair pathways,
such as the Fanconi anemia, homologous recombina-
tion (HR), and mismatch repair pathways; the cell cycle
process, including sister chromatid segregation, spindle
organization; and cell cycle checkpoint process, were sig-
nificantly up-regulated in the siCtrl+ETOP versus siC-
trl group, while the DNA replication and the cell cycle
pathways were down-regulated in the siSHCBP1+ETOP
versus siCtrl+ ETOP group (Fig. 8C, D). These data indi-
cated activation of the DNA repair system and cell cycle
checkpoint in NCI-H1299 cells treated with DNA-dam-
aging agent, but some of these precise controls were lost
after siSHCBP1 combined treatment.

Given the above observations, we then performed
a soft clustering analysis using Mfuzz package [54] to

Fig. 8 Targeting SHCBP1 in combination with low-dose DNA-damaging drugs compromises DNA repair function. NCI-H1299 cells were

transfected with control or SHCBP1 siRNA for 24 h and then treated with 5 uM etoposide or corresponding vehicle for 24 h. The cells were collected
for proteomic analysis to identify differentially expressed proteins (DEPs) between siCtrl, siSHCBP1, siCtrl+ETOP, siSHCBP1 +ETOP. A Number of DEPs
in siSHCBP1 vs. siCtrl, siCtrl+ETOP vs. siCtrl, siCtrl + ETOP vs. siSHCBP1, siSHCBP 1+ ETOP vs. siCtrl, siSHCBP1 4+ ETOP vs. siSHCBP1 and siSHCBP 1 +ETOP
vs. siCtrl+ETOP groups, respectively. B Histograms representing clusters of orthologous groups (COG) classification in siCtrl +ETOP vs. siCtrl

and siSHCBP1 + ETOP vs. siCtrl+ ETOP. The identified differential proteins were classified into four categories (“poorly characterized’,"metabolism’,
“cellular processes and signaling” and “information storage and processing”) according to the COG analysis. The horizontal axis represents

the number of corresponding differential proteins. The clusters of “Chromatin structure and dynamics”and “replication, recombination and repair”
in the category of information storage and processing are highlighted in orange. C, D KEGG pathway and GO (Gene Ontology) analysis of biological
process (GO-BP) for the up-regulated DEPs between siCtrl+ETOP vs. siCtrl (C) and the down-regulated DEPs between siSHCBP1+ETOP vs.
siCtrl+ETOP (D). E DEPs clustered by their expression pattern across the different treatment group were achieved by applying fuzzy c-means
clustering analysis using the R package Mfuzz. Left panel: Six clusters of DEPs with different expression patterns (n=number of DEPs). Right

panel: Heatmaps of each cluster with the top two KEGG pathways and GO analyses of molecular function (GO_MF), cell component (GO_CQ),
biological process (GO_BP) and protein domain are displayed. F, G NCI-H1299 (F) and Hela cells (G) were subjected to the same treatment

as in A-E (24 h siRNA transfection followed by 24 h low-dose ETOP or CDDP exposure), cells were collected for western blot analysis of SHCBP1,
phosphorylated-CHK1, phosphorylated-CHK2, DDB2, XLF and RRM2 with GAPDH as internal reference. NCI-H1299 (5 uM ETOP, 10 uM CDDP); Hel.a
(3 UM ETOP, 5 uM CDDP)
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detail the change patterns of DEPs among these four
groups. Proteins in the same clusters showed similar
expression trends [54]. Six cluster types were finally
enriched according to the DEPs (Fig. 8E). The top two
KEGG pathways and GO results are displayed. Consist-
ently, the DEPs of cluster 2, with HR and cell cycle pro-
cess enrichment, showed slight increases in these DEPs
in the siSHCBP1 group compared to the siCtrl, with
dramatic increases after ETOP treatment; however,
DEPs in the siSHCBP1+ETOP group did not increase
to the same level as in the siCtrl+ETOP group, sug-
gesting insufficient DNA damage repair and cell cycle
checkpoint after the combination strategy. The same
expression change pattern could be found in P53 wild-
type A549 cells, but the magnitude of change was not
as obvious as that of H1299 cells. However, it can be
seen from the figure that cell cycle inhibition occurs
in almost all clusters, which further indicates that the
proliferation of A549 cells is significantly inhibited after
SHCBP1 knockdown (Supplementary Fig. 14). Moreo-
ver, the DEPs in cluster 6 showed an increased trend
in ferroptosis after SHCBP1 knockdown, a trend that
was more obvious after the combination of SHCBP1
knockdown and ETOP administration (Fig. 8E), sug-
gesting another effective factor contributing to tumour
lethality.

Based on the proteomic findings, we then examined
the expression of DNA-damage associated proteins,
including phospho-CHK1, phospho-CHK2, DDB2, XLF,
and RRM2 in the NCI-H1299 and HeLa cell lines after
the same treatment (Fig. 8F, G). Western blotting analysis
showed decreased pCHK2 but not pCHK1 levels in the
siSHCBP1+ETOP group compared to the siCtrl+ETOP
group; DDB2 and XLF showed a downward trend after
SHCBP1 knockdown with or without ETOP, but RRM2
only decreased in the NCI-H1299 cells (Fig. 8F, G). Alto-
gether, targeting SHCBP1 in combination with low-dose
DNA-damaging drugs not only attenuated tumour cell
cycle checkpoints but also compromised DNA repair,

(See figure on next page.)
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leading to the synergistic effects of the combination
strategy.

SHCBP1 knockdown synergistically enhances

the tumour-killing effects of DNA-damaging drugs in vivo
To test the anti-tumour effects of the combination strat-
egy in vivo, we established xenografts of HeLa-LUC
cells pre-infected with shCtrl or shSHCBP1 lentivirus
in nude mice and began treatment with relatively low-
dose ETOP (intraperitoneal, 15 mg/kg, every other day,
3 times) once the tumours reached~200 mm? in size
(Fig. 9A). The expression of SHCBP1 in mouse subcuta-
neous tumour tissues was also detected by western blot
analysis throughout the modeling period (Supplementary
Fig. 15). While both shSHCBP1 and ETOP monothera-
pies moderately slowed tumour growth, combination
therapy significantly repressed tumour growth more than
either treatment alone (Fig. 9B, C). The mouse weight-
gain curves did not differ among the four groups, dem-
onstrating that the low-dose ETOP did not cause severe
adverse effects (Fig. 9D). However, the subcutaneous
tumour growth curve differed significantly among the
four groups, indicating that the combination strategy
with shSHCBP1 and ETOP significantly delayed the
tumour growth compared to any monotherapy (Fig. 9E).
Moreover, the tumour radiance intensity and weight on
the 31st day after tumour inoculation were higher in the
shCtrl/shSHCBP1 + normal saline (NS) group than in the
shSHCBP1 +ETOP group (Fig. 9F, G), indicating that the
combination strategy induced a synergistic tumour-kill-
ing effect.

Discussion

This study revealed the spatiotemporal distribution
of SHCBP1 during the cell cycle process and demon-
strated that G2—-M checkpoint abrogation (downregu-
lated WEE1 expression) and mitotic multipolar spindle
formation (dysregulated NE7 and ZW10 expression) in
tumour cells were caused by SHCBP1 inhibition. These

Fig.9 SHCBP1 knockdown synergistically enhances the tumour-killing effects of DNA-damaging drugs in vivo. BALB/c nude mice (6 mice

per group) were injected subcutaneously in both flanks with 5x 10° Hela-LUC cells (stably expressing luciferase) that had been infected

with shCtrl or shSHCBP1 lentivirus for 4-5 days, respectively. The tumour-bearing mice were given etoposide (15 mg/kg) or the normal saline

(NS) through intraperitoneal injection every other day when the subcutaneous tumour reaching around 200 cm.?, and the mice were finally
sacrificed 31 days after tumour inoculation (end point). A Schematic diagram of the whole process of the tumour-bearing mouse experiment. B,
C In-vivo bioluminescence imaging (left: sShSHCBP1, right: shCtrl) (B) and isolated subcutaneous tumours (C) of two groups of tumour-bearing
mice at the end point (31 days after tumour inoculation) are shown. D, E mouse weight (D) and tumour growth curve (E) util the end point
among the groups; Black arrows represent the time points of etoposide or NS intervention. Data are expressed as mean+SD and analyzed

by the two-way ANOVA test; ¥, P<0.05; ***, P<0.001; ****, <0.0001. F, G Average tumour radiance (p/sec/cm3/sr) (F) of shCtrl and shSHCBP1
groups were analyzed in NS and ETOP groups on days 21 and 31 after tumour inoculation. Tumour weight (G) of shCtrl and shSHCBP1 groups were
analyzed in NS and ETOP groups at the end point. Data are expressed as mean = SD, p values were determined by the paired t-test. **, P<0.01; ***,

P<0.001; **** P<0.0001
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changes forced tumour cells to prematurely enter the M
phase and subsequently experienced spindle dysfunction
in the M phase, leading to tumour cell cycle disruption
and tumour suppression in vitro and vivo. Moreover, we
found that low-dose DNA-damaging agents can upregu-
late the expression of SHCBP1. Based on the theory that
tumour cell survival during DNA damage largely depends
on efficient cell cycle checkpoints, we further demon-
strated that the combination of SHCBP1 inhibition and
low-dose DNA-damaging drugs had synergistic effects
on tumouor therapy. Mechanistically, SHCBP1 inhibi-
tion attenuated DNA-damaging drug-induced G2 phase
arrest by compromising the WEEl-mediated G2-M
checkpoint, subsequently inducing mitotic catastrophe
and enhancing DNA damage. However, SHCBP1 knock-
down combined with tubulin-toxic drugs weakened
the killing effect of the drugs on tumour cells, which is
an interesting phenomenon that deserves further study.
Moreover, we suggest that tumours with lower SHCBP1
expression are more sensitive to DNA-damaging agents,
which may aid in the selection of chemotherapeutic
agents in clinical practice.

Our findings demonstrated the important clinical
role of SHCBP1 in tumour progression. SHCBP1 is not
only an effective prognostic indicator but also a poten-
tial biological treatment target, which was confirmed in
this study of tumour data collected from three different
clinical sources (TCGA database, Union Hospital clini-
cal sample, and out-of-hospital tissue array). These data
revealed upregulated SHCBP1 expression in the tumour
tissues of patients and verified the association of SHCBP1
with clinical stage and survival prognosis in patients with
NSCLC, consistent with previous findings on SHCBP1
[15, 16, 46]. In addition, compared with that of patients
in the SHCBP1 low-expression group, the survival prog-
nosis of LUAD patients in the SHCBP1 high-expression
group who received radiotherapy was worse, indicating
that lung cancer patients with low SHCBP1 expression
are more sensitive to radiotherapy.

Mechanistically, We revealed the spatiotemporal
expression of SHCBP1 during the cell cycle process, as
indicated by the relatively upregulated expression in the
G2 and M phases and its dynamic change of distribu-
tion in the cell cycle, with localization to the centrosome,
co-localization with the centrasplindlin complex (RAC-
GAP1, MKLP1) at different spindle sites during the mito-
sis, and gathering to the midbody during the cytokinesis,
consistent with previous studies reporting that SHCBP1
binds to the central spindle, recruits cytokinesis-related
proteins, and promotes cell division [20-22]. There-
fore, SHCBP1 knockdown increased the tendency for
aberrant mitosis which may be responsible for tumour
growth inhibition. Consistently, we found that SHCBP1
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knockdown induced multipolar spindle formation and
delayed mitotic exit in tumour cells, which also caused
moderate DNA damage in the treated tumour cells, and
the downregulated NEK7 expression and upregulated
ZW10 expression caused by the SHCBP1 inhibition may
account for the disrupted mitosis. Previous studies dem-
onstrated that NEK7 is a centrosomal kinase required
for proper spindle formation during mitosis [33-35].
And NEK?7 knockdown results in various mitotic defects,
including multipolar spindle phenotypes [33], mitotic
delay at metaphase with fragile mitotic spindles [35], and
apoptosis following mitotic arrest [35]. Incorrect chro-
mosome-spindle attachments during mitosis can activate
the mitotic checkpoints, which in turn arrest cells in the
M phase [55]. In this study, we found that the protein
and mRNA levels of Zw10 were up-regulated. Research-
ers have reported that Zwl0 and rough deal (Rod) are
new components of the SAC [41, 42]. In the case of kine-
tochore misattachment to the mitotic spindle, the RZZ
(Rod, ZW10 and Zwilch) complex and Madl protein
bind to the kinetochore to induce a spindle checkpoint
signal to block cells from staying in the metaphase until
the kinetochore and the mitotic spindle are properly con-
nected [44, 45]. So we consistently observed a delayed
transition of cells from metaphase to anaphase during
mitosis (Fig. 5A, B), leading to the delayed mitotic exit.
In addition, we found that the premature M-phase
entry in tumour cells after SHCBP1 knockdown was
due to WEE1 kinase downregulation, which resulted
in decreased CDK1 phosphorylation at the Tyrl5 resi-
due. CDK1 activation requires the dephosphoryla-
tion at residues Thr14 and Tyr15 and plays a key role in
G2-M phase transition [28, 29]. WEEL is a nuclear ser-
ine/threonine protein kinase that directly phosphoryl-
ates the Tyrl5 residue of CDK1 to inactivate and induce
cell cycle arrest at the G2—M transition [56, 57]. There-
fore, targeting SHCBP1 in tumour cells could abrogate
the G2-M checkpoint by inhibiting the WEE1-pCDK1
(Tyrl5) axis. However, despite premature mitotic entry,
tumour cell cycle progression was slowed, and this
change was accompanied by a slight increase in YH2AX
levels (Fig. 5F). These effects occurred due to subsequent
mitotic disturbances (increased multipolar spindle for-
mation and delayed metaphase-to-anaphase transition),
resulting in delayed mitotic exit and DNA damage. In
other words, cells that prematurely enter the M-phase
prematurely experience spindle disorders and DNA-
damaging lesions. Researchers have shown that target-
ing WEE1 kinase results in extensive replication stress,
such as aberrant replication firing, increased fork deg-
radation, and nucleotide deprivation [58-63], as well as
an override of DNA damage checkpoints, leading to pre-
mature mitotic entry [7, 32], making it an effective target
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for inducing cell death. In our study, targeting SHCBP1
showed a consistent strong inhibitory effect on tumour
progression both in vitro and in vivo, likely mainly
through WEE1 kinase downregulation. Besides, three
different siRNAs targeting WEE1 kinase also showed
downregulated NEK7 expression and upregulated ZW10
expression, which was consistent with the findings of
SHCBP1 knockdown, suggesting that targeting SHCBP1
may exert antitumour effects partly by dysregulating
WEE1-NEK7-ZW10 axis.

An increasing number of studies suggest that com-
promising the G2-M checkpoint may allow enhanced
genotoxic drug therapy [48-50, 64], prompting us to
explore the synergistic tumour-killing effects of target-
ing SHCBP1 combined with low-dose DNA-damaging
agents in vitro and in vivo. We found that low-dose
DNA-damaging agents can induce increased expression
of SHCBP1 (Supplementary Fig. 10). Moreover, clini-
cal TCGA data suggested increased sensitivity to radio-
therapy and longer survival in patients with low SHCBP1
expression (Fig. 1G). Most chemotherapy and radiation
therapies directly damage DNA or target the basic cellu-
lar and metabolic processes that indirectly lead to DNA
damage. DNA damage response (DDR) triggers cell cycle
checkpoint activation, promoting repair by pausing the
cell cycle or, in the case of irreparable DNA damage, trig-
gering programmed cell death [65, 66]. Therefore, abro-
gating the DNA damage-induced G2-M checkpoint
by SHCBP1 inhibition poses additional cytotoxicity, as
cells subjected to siSHCBP1 enter mitosis and attempt
chromosome segregation with extensive DNA damage,
ultimately leading to mitotic catastrophe and cell death.
Consistent with these findings, after ETOP or CDDP
administration, we observed an increased mitotic index
in siSHCBP1-treated NCI-H1299 and HeLa cells com-
pared to that in control cells, followed by an increased
number of cells with micronucleation phenotypes and
elevated yH2AX levels. This phenomenon was more
prominent in NCI-H1299 cells, suggesting that cells with
TP53 mutations, which are deficient in the G1-S check-
point and fully dependent on the G2—M checkpoint, were
more sensitive to this combination. Similarly, in preclini-
cal models of cancer, G2 checkpoint inhibition has been
shown to enhance the efficacy of genotoxic drugs [9],
preferentially sensitized TP53-deficient tumour cells to
DNA damage [67-69].

Additionally, mass spectrometry analysis of NCI-
H1299 and A549 cells treated with SHCBP1 siRNA and
low-dose ETOP further indicated that the combination
treatment not only compromised the cell cycle check-
point but also attenuated DNA damage repair, as revealed
by decreased levels of DNA damage repair proteins,
including pCHK2, DDB2, XLE, RRM2 and etc. Therefore,
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the homologous recombination (HR) function and Fan-
coni anemia pathway were relatively dampened (Fig. 8E).
Similarly, WEE1 kinase inhibitors could compromise HR
through CDK1-mediated phosphorylation of BRCA1 and
BRCA2 [70-72]. Therefore, siSHCBP1-mediated WEE1
kinase downregulation may account for these two effects
(compromised cell cycle checkpoint and DNA damage
repair function) in tumour therapy. These data suggest
that targeting SHCBP1 could disrupt cell cycle homeo-
stasis and attenuate the DNA repair system, thereby sen-
sitizing tumour cells to DNA-damaging agents.

Collectively, our findings demonstrated SHCBP1
involvement in cell cycle regulation, and verified that
SHCBP1 knockdown delayed cell cycle progression, pro-
moted premature mitotic entry and multipolar spindle
formation, inhibited M phase exit, and promoted cell
apoptosis and senescence to inhibit tumour progression.
Moreover, SHCBP1 inhibition in tumour cells abrogated
the G2-M checkpoint by downregulating the WEE1
kinase to break the balance between genotoxic stress and
the cell cycle arrest and repair system, resulting in fur-
ther tumour growth inhibition. This effect was largely
augmented when combined with low-dose DNA-dam-
aging agents, leading to mitotic catastrophe and tumour
cell death. Our results provide a preclinical rationale for
the role of SHCBP1 in predicting tumour prognosis and
as a therapeutic target. In recent years, targeting WEE1
kinase has attracted great interest in cancer therapy,
and clinical trials of WEE1 inhibitors as monotherapies
or combination chemotherapies are ongoing in patients
with refractory solid tumours [73-76]. Obviously,
SHCBP1 may also be a promising target for the treatment
of lung cancer patients in the near future, especially those
with TP53 mutations, either alone or in combination
with DNA-damaging agents.
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UM ETOP for real-time recording. The rounded cells in the real-time video
indicate mitotic cells.

Acknowledgements

We would like to thank the individuals who have donated their tissues for
scientific experimentation and analysis. We are very grateful to Professor
Youming Lu and his laboratory staff (The Institute of Brain Research, Collabora-
tive Innovation Center for Brain Science, HUST) for their kind help and support
in this study. We also appreciate the technical and experimental support
provided by the Medical Subcenter of HUST Analytical & Testing Center. We
thank BioRender (https://biorender.com/) for providing us with templates to
draw the graphical abstract.

Authors’ contributions

M.Z.and Y.J. designed and conceptualized the experiments. M.Z, LM.D,,
JB.C,YML, ZRY.and YQ.C. performed all the experiments and data analysis
unless specified otherwise. GH.Y, JJX, M.Z, LMD, ZRY, SWS, and T.TL.
participated in clinical sample collection and processing. M.Z, LM.D.,, and
ZR.Y. performed prognostic follow-up in these patients. PL., FH. and M.Z. con-
ducted related bioinformatics analysis for the TCGA and the proteomic data.
Y.J. participated in management of experimental execution. M.Z. wrote the
manuscript. Y.J, SW.S,, ZRY, and LM.D. edited the manuscript. All the authors
reviewed and approved the final submission.

Funding

This study was supported by the Wuhan Union Hospital (2022xhyn012, M.Z),
National Science and Technology Major Project (20192X09301-001, Y.J.), the
National Natural Science Foundation of China (81770096, 82070099, Y.J)),
and Fundamental Research Funds for the Central Universities, HUST
(2017JYCXJJ030, M.Z).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Competing interests
The authors declare no competing interests.

Author details

'Department of Respiratory and Critical Care Medicine, Hubei Province Clinical
Research Center for Major Respiratory Diseases, NHC Key Laboratory of Pulmo-
nary Diseases, Union Hospital, Tongji Medical College, Huazhong University

of Science and Technology, Wuhan, Hubei 430030, China. 2Hubei Province Key
Laboratory of Biological Targeted Therapy, MOE Key Laboratory of Biological
Targeted Therapy, Union Hospital, Tongji Medical College, Huazhong Univer-
sity of Science and Technology, Wuhan, Hubei 430022, China. *Hubei Province
Engineering Research Center for Tumour-Targeted Biochemotherapy, Union

Page 27 of 29

HospitalTongji Medical CollegeHuazhong University of Science and Technol-
ogy, Wuhan, Hubei 430022, China. “Department of Critical Care Medicine,
Institute of Anesthesia and Critical Care Medicine, Union Hospital, Tongji Medi-
cal College, Huazhong University of Science and Technology, Wuhan 430022,
China. °Department of Translational Medicine Center, Union Hospital, Tongji
Medical College, Huazhong University of Science and Technology, Wuhan,
Hubei 430022, China. °Medical Subcenter of HUST Analytical & Testing Center,
Tongji Medical College, Huazhong University of Science and Technology,
Wuhan, Hubei 430022, China. Department of Thoracic Surgery, Union Hospi-
tal, Tongji Medical College, Huazhong University of Science and Technology,
Wuhan, Hubei 430022, China.

Received: 25 September 2023 Accepted: 1 February 2024
Published online: 16 February 2024

References

1. Sung H, et al. Global cancer statistics 2020: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA
Cancer J Clin. 2021;71:209-49. https://doi.org/10.3322/caac.21660.

2. Molina JR, Yang P, Cassivi SD, Schild SE, Adjei AA. Non-small cell lung
cancer: epidemiology, risk factors, treatment, and survivorship. Mayo Clin
Proc. 2008;83:584-94. https://doi.org/10.4065/83.5.584.

3. Wang M, Herbst RS, Boshoff C. Toward personalized treatment
approaches for non-small-cell lung cancer. Nat Med. 2021;27:1345-56.
https://doi.org/10.1038/541591-021-01450-2.

4. Hirsch FR, et al. Lung cancer: current therapies and new targeted
treatments. Lancet. 2017,389:299-311. https://doi.org/10.1016/50140-
6736(16)30958-8.

5. Sherr CJ, Roberts JM. Living with or without cyclins and cyclin-dependent
kinases. Genes Dev. 2004;18:2699-711. https://doi.org/10.1101/gad.
1256504.

6. KawabeT. G2 checkpoint abrogators as anticancer drugs. Mol Cancer
Ther. 2004;3:513-9.

7. De Witt Hamer PC, Mir SE, Noske D, Van Noorden CJ, Wiirdinger T. WEET1
kinase targeting combined with DNA-damaging cancer therapy catalyzes
mitotic catastrophe. Clin Cancer Res. 2011;17:4200-7. https://doi.org/10.
1158/1078-0432.Ccr-10-2537.

8. ChenT, Stephens PA, Middleton FK, Curtin NJ. Targeting the S and G2
checkpoint to treat cancer. Drug Discovery Today. 2012;17:194-202.
https://doi.org/10.1016/j.drudis.2011.12.009.

9. van Bijsterveldt L, Durley SC, Maughan TS, Humphrey TC. The challenge of
combining chemo- and radiotherapy with checkpoint kinase inhibitors.
Clin Cancer Res. 2021;27:937-62. https://doi.org/10.1158/1078-0432.
Ccr-20-3358.

10. Smith HL, Southgate H, Tweddle DA, Curtin NJ. DNA damage checkpoint
kinases in cancer. Expert Rev Mol Med. 2020,22: e2. https://doi.org/10.
1017/erm.2020.3.

11. Goi K, et al. DNA damage-associated dysregulation of the cell cycle
and apoptosis control in cells with germ-line p53 mutation. Can Res.
1997,57:1895-902.

12. Massagué J. G1 cell-cycle control and cancer. Nature. 2004;432:298-306.
https://doi.org/10.1038/nature03094.

13. O'Connor MJ. Targeting the DNA damage response in cancer. Mol Cell.
2015;60:547-60. https://doi.org/10.1016/j.molcel.2015.10.040.

14. Schmandt R, Liu SK, McGlade CJ. Cloning and characterization of mPAL,
a novel Shc SH2 domain-binding protein expressed in proliferating cells.
Oncogene. 1999;18:1867-79. https://doi.org/10.1038/sj.onc.1202507.

15. ShiW, et al. Hyperactivation of HER2-SHCBP1-PLK1 axis promotes tumour
cell mitosis and impairs trastuzumab sensitivity to gastric cancer. Nat
Commun. 2021;12:2812. https://doi.org/10.1038/s41467-021-23053-8.

16. LiuL, et al. EGF-induced nuclear localization of SHCBP1 activates
B-catenin signaling and promotes cancer progression. Oncogene.
2019;38:747-64. https://doi.org/10.1038/541388-018-0473-z.

17. Shao L, et al. UPF1 regulates the malignant biological behaviors of glio-
blastoma cells via enhancing the stability of Linc-00313. Cell Death Dis.
2019;10:629. https://doi.org/10.1038/541419-019-1845-1.


https://biorender.com/
https://doi.org/10.3322/caac.21660
https://doi.org/10.4065/83.5.584
https://doi.org/10.1038/s41591-021-01450-2
https://doi.org/10.1016/s0140-6736(16)30958-8
https://doi.org/10.1016/s0140-6736(16)30958-8
https://doi.org/10.1101/gad.1256504
https://doi.org/10.1101/gad.1256504
https://doi.org/10.1158/1078-0432.Ccr-10-2537
https://doi.org/10.1158/1078-0432.Ccr-10-2537
https://doi.org/10.1016/j.drudis.2011.12.009
https://doi.org/10.1158/1078-0432.Ccr-20-3358
https://doi.org/10.1158/1078-0432.Ccr-20-3358
https://doi.org/10.1017/erm.2020.3
https://doi.org/10.1017/erm.2020.3
https://doi.org/10.1038/nature03094
https://doi.org/10.1016/j.molcel.2015.10.040
https://doi.org/10.1038/sj.onc.1202507
https://doi.org/10.1038/s41467-021-23053-8
https://doi.org/10.1038/s41388-018-0473-z
https://doi.org/10.1038/s41419-019-1845-1

Zhou et al. Cell Communication and Signaling

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

(2024) 22:131

. Chen J, Lai F, Niswander L. The ubiquitin ligase mLin41 temporally pro-

motes neural progenitor cell maintenance through FGF signaling. Genes
Dev. 2012,26:803-15. https://doi.org/10.1101/gad.187641.112.

. LiYP, etal. ATRIM71 binding long noncoding RNA Trincr1 represses FGF/

ERK signaling in embryonic stem cells. Nat Commun. 2019;10:1368.
https://doi.org/10.1038/541467-019-08911-w.

Asano E, et al. The Aurora-B-mediated phosphorylation of SHCBP1 regu-
lates cytokinetic furrow ingression. J Cell Sci. 2013;126:3263-70. https://
doi.org/10.1242/jcs.124875.

Asano E, et al. SHCBP1 is required for midbody organization and cytoki-
nesis completion. Cell cycle (Georgetown, Tex). 2014;13:2744-51. https://
doi.org/10.4161/15384101.2015.945840.

Montembault E, et al. Nessun Dorma, a novel centralspindlin partner,

is required for cytokinesis in Drosophila spermatocytes. J Cell Biol.
2010;191:1351-65. https://doi.org/10.1083/jcb.201007060.

Dai, Y. et al. Rucaparib inhibits lung adenocarcinoma cell proliferation and
migration via the SHCBP1/CDK1 pathway. FEBS J. 2023.https://doi.org/10.
1111/febs.16933.

Gatti G, et al. MYC prevents apoptosis and enhances endoreduplication
induced by paclitaxel. PLoS ONE. 2009;4:e5442. https://doi.org/10.1371/
journal.pone.0005442.

Higashikubo R, White RA, Roti Roti JL. Flow cytometric BrdUrd-pulse-
chase study of heat-induced cell-cycle progression delays. Cell Prolif.
1993;26:337-48. https://doi.org/10.1111/j.1365-2184.1993.tb00329 x.
Higashikubo R, Ragouzis M, Moros EG, Straube WL, Roti Roti JL. Radiofre-
quency electromagnetic fields do not alter the cell cycle progression of
C3H 10T and U87MG cells. Radiation research. 2001;156:786-95. https://
doi.org/10.1667/0033-7587(2001)156[0786:refdnal2.0.co;2.

Bialic, M., Al Ahmad Nachar B, KoZlak M, Coulon V, Schwob E. Measuring
S-phase duration from asynchronous cells using dual EdU-BrdU pulse-
chase labeling flow cytometry. Genes. 2022;13. https://doi.org/10.3390/
genes13030408.

Krek W, Nigg EA. Mutations of p34cdc2 phosphorylation sites induce
premature mitotic events in Hela cells: evidence for a double block to
p34cdc2 kinase activation in vertebrates. EMBO J. 1991;10:3331-41.
Solomon MJ, Glotzer M, Lee TH, Philippe M, Kirschner MW. Cyclin activa-
tion of p34cdc2. Cell. 1990;63:1013-24. https://doi.org/10.1016/0092-
8674(90)90504-8.

Mir SE, et al. In silico analysis of kinase expression identifies WEET as a
gatekeeper against mitotic catastrophe in glioblastoma. Cancer Cell.
2010;18:244-57. https://doi.org/10.1016/j.ccr2010.08.011.

Do K, Doroshow JH, Kummar S. Wee1 kinase as a target for cancer
therapy. Cell cycle (Georgetown, Tex). 2013;12:3159-64. https://doi.org/
10.4161/cc.26062.

Geenen JJJ, Schellens JHM. Molecular pathways: targeting the protein
kinase weeT in cancer. Clin Cancer Res. 2017;23:4540-4. https://doi.org/
10.1158/1078-0432.Ccr-17-0520.

Yissachar N, Salem H, Tennenbaum T, Motro B. Nek7 kinase is enriched at
the centrosome, and is required for proper spindle assembly and mitotic
progression. FEBS Lett. 2006;580:6489-95. https://doi.org/10.1016/jfebsl
€t.2006.10.069.

Kim S, Kim S, Rhee K. NEK7 is essential for centriole duplication and cen-
trosomal accumulation of pericentriolar material proteins in interphase
cells. J Cell Sci. 2011;124:3760-70. https://doi.org/10.1242/jcs.078089.
O'Regan L, Fry AM. The Neké6 and Nek7 protein kinases are required

for robust mitotic spindle formation and cytokinesis. Mol Cell Biol.
2009;29:3975-90. https://doi.org/10.1128/mcb.01867-08.

Kim S, Lee K, Rhee K. NEK7 is a centrosomal kinase critical for microtubule
nucleation. Biochem Biophys Res Commun. 2007,360:56-62. https://doi.
0rg/10.1016/j.bbrc.2007.05.206.

Bertran MT, et al. Nek9 is a Plk1-activated kinase that controls early cen-
trosome separation through Nek6/7 and Eg5. EMBO J. 2011,30:2634-47.
https://doi.org/10.1038/emboj.2011.179.

Salem H, et al. Nek7 kinase targeting leads to early mortality, cytokinesis
disturbance and polyploidy. Oncogene. 2010;29:4046-57. https://doi.org/
10.1038/0nc.2010.162.

Wainman A, Giansanti MG, Goldberg ML, Gatti M. The Drosophila RZZ
complex - roles in membrane trafficking and cytokinesis. J Cell Sci.
2012;125:4014-25. https://doi.org/10.1242/jcs.099820.

Williams BC, Goldberg ML. Determinants of Drosophila zw10 protein
localization and function. J Cell Sci. 1994;107(Pt 4):785-98.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 28 of 29

Chan GK, Jablonski SA, Starr DA, Goldberg ML, Yen TJ. Human Zw10 and
ROD are mitotic checkpoint proteins that bind to kinetochores. Nat Cell
Biol. 2000;2:944-7. https://doi.org/10.1038/35046598.

Kops GJ, et al. ZW10 links mitotic checkpoint signaling to the structural
kinetochore. J Cell Biol. 2005;169:49-60. https://doi.org/10.1083/jcb.
200411118.

Matson DR, Stukenberg PT. CENP-l and Aurora B act as a molecular
switch that ties RZZ/Mad1 recruitment to kinetochore attachment
status. J Cell Biol. 2014;205:541-54. https://doi.org/10.1083/jcb.20130
7137.

Scaérou F, et al. The ZW10 and Rough Deal checkpoint proteins func-
tion together in a large, evolutionarily conserved complex targeted to
the kinetochore. J Cell Sci. 2001;114:3103-14.

Silié V, McAinsh AD, Millar JB. KNL1-bubs and RZZ provide two sepa-
rable pathways for checkpoint activation at human kinetochores. Dev
Cell. 2015;35:600-13. https://doi.org/10.1016/j.devcel.2015.11.012.

Lu H, et al. FGF13 interaction with SHCBP1 activates AKT-GSK3a/p sign-
aling and promotes the proliferation of A549 cells. Cancer Biol Ther.
2020;21:1014-24. https://doi.org/10.1080/15384047.2020.1824512.
Gao W, et al. SOX2-induced upregulation of IncRNA LINCO1561 pro-
motes non-small-cell lung carcinoma progression by sponging miR-
760 to modulate SHCBP1 expression. J Cell Physiol. 2020;235:6684—-96.
https://doi.org/10.1002/jcp.29564.

Koniaras K, Cuddihy AR, Christopoulos H, Hogg A, O'Connell MJ. Inhibi-
tion of Chk1-dependent G2 DNA damage checkpoint radiosensitizes
p53 mutant human cells. Oncogene. 2001;20:7453-63. https://doi.org/
10.1038/sj.0nc.1204942.

Lin AB, McNeely SC, Beckmann RP. Achieving precision death with cell-
cycle inhibitors that target DNA replication and repair. Clin Cancer Res.
2017;23:3232-40. https://doi.org/10.1158/1078-0432.Ccr-16-0083.
Brandsma |, Fleuren EDG, Williamson CT, Lord CJ. Directing the use of
DDR kinase inhibitors in cancer treatment. Expert Opin Investig Drugs.
2017;26:1341-55. https://doi.org/10.1080/13543784.2017.1389895.

. Denisenko TV, Sorokina IV, Gogvadze V, Zhivotovsky B. Mitotic catas-

trophe and cancer drug resistance: a link that must to be broken. Drug
Resist Updat. 2016;24:1-12. https://doi.org/10.1016/j.drup.2015.11.002.
Galluzzi L, et al. Molecular mechanisms of cell death: recommenda-
tions of the nomenclature committee on cell death 2018. Cell Death
Differ. 2018;25:486-541. https://doi.org/10.1038/s41418-017-0012-4.
Vitale |, Galluzzi L, Castedo M, Kroemer G. Mitotic catastrophe: a
mechanism for avoiding genomic instability. Nat Rev Mol Cell Biol.
2011;12:385-92. https://doi.org/10.1038/nrm3115.

Kumar L, Futschik ME. Mfuzz: a software package for soft clustering of
microarray data. Bioinformation. 2007,2:5-7. https://doi.org/10.6026/
97320630002005.

Lara-Gonzalez P, Westhorpe FG, Taylor SS. The spindle assembly
checkpoint. Current biology : CB. 2012;22:R966-980. https://doi.org/10.
1016/j.cub.2012.10.006.

McGowan CH, Russell P. Human Wee1 kinase inhibits cell division by
phosphorylating p34cdc2 exclusively on Tyr15. EMBO J. 1993;12:75-85.
Parker LL, Piwnica-Worms H. Inactivation of the p34cdc2-cyclin B
complex by the human WEET tyrosine kinase. Science (New York, NY).
1992;257:1955-7. https://doi.org/10.1126/science.1384126.

Beck H, et al. Cyclin-dependent kinase suppression by WEET kinase
protects the genome through control of replication initiation and
nucleotide consumption. Mol Cell Biol. 2012;32:4226-36. https://doi.
org/10.1128/mcb.00412-12.

Haynes B, Murai J, Lee JM. Restored replication fork stabilization, a
mechanism of PARP inhibitor resistance, can be overcome by cell cycle
checkpoint inhibition. Cancer Treat Rev. 2018;71:1-7. https://doi.org/
10.1016/j.ctrv.2018.09.003.

Parsels LA, et al. PARP1 trapping and DNA replication stress enhance
radiosensitization with combined WEE1 and PARP inhibitors. Mol
Cancer Res. 2018;16:222-32. https://doi.org/10.1158/1541-7786.
Mcr-17-0455.

Toledo L, Neelsen KJ, Lukas J. Replication catastrophe: when a checkpoint
fails because of exhaustion. Mol Cell. 2017,66:735-49. https://doi.org/10.
1016/j.molcel.2017.05.001.

Toledo LI, et al. ATR prohibits replication catastrophe by preventing
global exhaustion of RPA. Cell. 2013;155:1088-103. https://doi.org/10.
1016/j.cell.2013.10.043.


https://doi.org/10.1101/gad.187641.112
https://doi.org/10.1038/s41467-019-08911-w
https://doi.org/10.1242/jcs.124875
https://doi.org/10.1242/jcs.124875
https://doi.org/10.4161/15384101.2015.945840
https://doi.org/10.4161/15384101.2015.945840
https://doi.org/10.1083/jcb.201007060
https://doi.org/10.1111/febs.16933
https://doi.org/10.1111/febs.16933
https://doi.org/10.1371/journal.pone.0005442
https://doi.org/10.1371/journal.pone.0005442
https://doi.org/10.1111/j.1365-2184.1993.tb00329.x
https://doi.org/10.1667/0033-7587(2001)156[0786:refdna]2.0.co;2
https://doi.org/10.1667/0033-7587(2001)156[0786:refdna]2.0.co;2
https://doi.org/10.3390/genes13030408
https://doi.org/10.3390/genes13030408
https://doi.org/10.1016/0092-8674(90)90504-8
https://doi.org/10.1016/0092-8674(90)90504-8
https://doi.org/10.1016/j.ccr.2010.08.011
https://doi.org/10.4161/cc.26062
https://doi.org/10.4161/cc.26062
https://doi.org/10.1158/1078-0432.Ccr-17-0520
https://doi.org/10.1158/1078-0432.Ccr-17-0520
https://doi.org/10.1016/j.febslet.2006.10.069
https://doi.org/10.1016/j.febslet.2006.10.069
https://doi.org/10.1242/jcs.078089
https://doi.org/10.1128/mcb.01867-08
https://doi.org/10.1016/j.bbrc.2007.05.206
https://doi.org/10.1016/j.bbrc.2007.05.206
https://doi.org/10.1038/emboj.2011.179
https://doi.org/10.1038/onc.2010.162
https://doi.org/10.1038/onc.2010.162
https://doi.org/10.1242/jcs.099820
https://doi.org/10.1038/35046598
https://doi.org/10.1083/jcb.200411118
https://doi.org/10.1083/jcb.200411118
https://doi.org/10.1083/jcb.201307137
https://doi.org/10.1083/jcb.201307137
https://doi.org/10.1016/j.devcel.2015.11.012
https://doi.org/10.1080/15384047.2020.1824512
https://doi.org/10.1002/jcp.29564
https://doi.org/10.1038/sj.onc.1204942
https://doi.org/10.1038/sj.onc.1204942
https://doi.org/10.1158/1078-0432.Ccr-16-0083
https://doi.org/10.1080/13543784.2017.1389895
https://doi.org/10.1016/j.drup.2015.11.002
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/nrm3115
https://doi.org/10.6026/97320630002005
https://doi.org/10.6026/97320630002005
https://doi.org/10.1016/j.cub.2012.10.006
https://doi.org/10.1016/j.cub.2012.10.006
https://doi.org/10.1126/science.1384126
https://doi.org/10.1128/mcb.00412-12
https://doi.org/10.1128/mcb.00412-12
https://doi.org/10.1016/j.ctrv.2018.09.003
https://doi.org/10.1016/j.ctrv.2018.09.003
https://doi.org/10.1158/1541-7786.Mcr-17-0455
https://doi.org/10.1158/1541-7786.Mcr-17-0455
https://doi.org/10.1016/j.molcel.2017.05.001
https://doi.org/10.1016/j.molcel.2017.05.001
https://doi.org/10.1016/j.cell.2013.10.043
https://doi.org/10.1016/j.cell.2013.10.043

Zhou et al. Cell Communication and Signaling (2024) 22:131

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

Elbaek CR, Petrosius V, Serensen CS. WEE1 kinase limits CDK activities
to safeguard DNA replication and mitotic entry. Mutat Res. 2020,819—
820:111694. https://doi.org/10.1016/j.mrfmmm.2020.111694.
Matheson CJ, Backos DS, Reigan P. Targeting WEET kinase in cancer.

Trends Pharmacol Sci. 2016;37:872-81. https://doi.org/10.1016/].tips.2016.

06.006.

Ciccia A, Elledge SJ. The DNA damage response: making it safe to play
with knives. Mol Cell. 2010;40:179-204. https://doi.org/10.1016/jmolcel.
2010.09.019.

O'Connell MJ, Walworth NC, Carr AM. The G2-phase DNA-damage
checkpoint. Trends Cell Biol. 2000;10:296-303. https://doi.org/10.1016/
50962-8924(00)01773-6.

Leijen S, et al. Phase Il study of WEET inhibitor AZD1775 plus carboplatin
in patients With TP53-mutated ovarian cancer refractory or resistant to
first-line therapy within 3 Months. J Clin Oncol. 2016;34:4354-61. https://
doi.org/10.1200/jc0.2016.67.5942.

Guertin AD, et al. Unique functions of CHK1 and WEE1 underlie synergis-
tic anti-tumour activity upon pharmacologic inhibition. Cancer Cell Int.
2012;12:45. https://doi.org/10.1186/1475-2867-12-45.

Bridges KA, et al. MK-1775, a novel Wee1 kinase inhibitor, radiosensitizes
p53-defective human tumour cells. Clin Cancer Res. 2011;17:5638-48.
https://doi.org/10.1158/1078-0432.Ccr-11-0650.

Buisson R, et al. Coupling of homologous recombination and the check-
point by ATR. Mol Cell. 2017,65:336-46. https://doi.org/10.1016/j.molcel.
2016.12.007.

Dréan A, et al. Modeling therapy resistance in BRCA1/2-mutant cancers.
Mol Cancer Ther. 2017;16:2022-34. https://doi.org/10.1158/1535-7163.
Mct-17-0098.

Esashi F, et al. CDK-dependent phosphorylation of BRCA2 as a regula-
tory mechanism for recombinational repair. Nature. 2005;434:598-604.
https://doi.org/10.1038/nature03404.

Lheureux S, et al. Adavosertib plus gemcitabine for platinum-resistant or
platinum-refractory recurrent ovarian cancer: a double-blind, ran-
domised, placebo-controlled, phase 2 trial. Lancet (London, England).
2021;397:281-92. https://doi.org/10.1016/50140-6736(20)32554-x.

Liu JF, et al. Phase Il study of the WEET inhibitor adavosertib in recurrent
uterine serous carcinoma. J Clin Oncol. 2021;39:1531-9. https://doi.org/
10.1200/jc0.20.03167.

Cuneo KC, et al. Dose escalation trial of the Wee1 inhibitor adavosertib
(AZD1775) in combination with gemcitabine and radiation for patients
with locally advanced pancreatic cancer. J Clin Oncol. 2019;37:2643-50.
https://doi.org/10.1200/jc0.19.00730.

Leijen S, et al. Phase | study evaluating WEET inhibitor AZD1775 as mono-
therapy and in combination with gemcitabine, cisplatin, or carboplatin
in patients with advanced solid tumours. J Clin Oncol. 2016,34:4371-80.
https://doi.org/10.1200/jc0.2016.67.5991.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 29 of 29


https://doi.org/10.1016/j.mrfmmm.2020.111694
https://doi.org/10.1016/j.tips.2016.06.006
https://doi.org/10.1016/j.tips.2016.06.006
https://doi.org/10.1016/j.molcel.2010.09.019
https://doi.org/10.1016/j.molcel.2010.09.019
https://doi.org/10.1016/s0962-8924(00)01773-6
https://doi.org/10.1016/s0962-8924(00)01773-6
https://doi.org/10.1200/jco.2016.67.5942
https://doi.org/10.1200/jco.2016.67.5942
https://doi.org/10.1186/1475-2867-12-45
https://doi.org/10.1158/1078-0432.Ccr-11-0650
https://doi.org/10.1016/j.molcel.2016.12.007
https://doi.org/10.1016/j.molcel.2016.12.007
https://doi.org/10.1158/1535-7163.Mct-17-0098
https://doi.org/10.1158/1535-7163.Mct-17-0098
https://doi.org/10.1038/nature03404
https://doi.org/10.1016/s0140-6736(20)32554-x
https://doi.org/10.1200/jco.20.03167
https://doi.org/10.1200/jco.20.03167
https://doi.org/10.1200/jco.19.00730
https://doi.org/10.1200/jco.2016.67.5991

	The dynamic role of nucleoprotein SHCBP1 in the cancer cell cycle and its potential as a synergistic target for DNA-damaging agents in cancer therapy
	Abstract 
	Background 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Human lung cancer samples
	Cell lines and cell culture
	Mouse models
	Knockdown of SHCBP1 by RNA interference and lentiviral infection
	Immunohistochemical staining and scoring
	Immunofluorescence staining
	Preparation of cytoplasmic and nuclear fractions
	Coimmunoprecipitation
	Western blotting
	RNA extraction and real-time polymerase chain reaction (RT–qPCR)
	Cell cycle synchronization
	DNA damage attack in G2 phase
	Flow cytometry (FCM) staining and cell cycle analysis
	Click-EdU pulse chase flow cytometry assay
	Cell proliferation assays
	Colony formation assay
	β-galactosidase staining
	Proteomic analysis
	Mouse experiment
	Statistical analysis

	Results
	High SHCBP1 levels indicates poor survival outcomes and low sensitivity to DNA-damaging treatment in NSCLC patients
	Dynamic expression and subcellular localization of SHCBP1 throughout the tumour cell cycle
	SHCBP1 is mainly located in the nucleus and relatively highly expressed in the G2 and M phases of the cell cycle
	SHCBP1 dynamically localizes to centrosomes and different spindle sites during cell mitosis

	SHCBP1 knockdown promotes premature mitotic entry by compromising the WEE1-mediated G2–M checkpoint
	SHCBP1 knockdown causes multipolar spindle formation and delays mitotic exit in tumour cells
	SHCBP1 knockdown inhibits tumour growth and increases cell apoptosis and senescence
	Targeting SHCBP1 in combination with low-dose DNA-damaging drugs triggers mitotic catastrophe in tumour cells due to G2–M checkpoint abrogation
	Targeting SHCBP1 in combination with low-dose DNA-damaging drugs compromises DNA repair
	SHCBP1 knockdown synergistically enhances the tumour-killing effects of DNA-damaging drugs in vivo

	Discussion
	Acknowledgements
	References


