Journal of Cancer Research and Clinical Oncology (2024) 150:406
https://doi.org/10.1007/500432-024-05927-8

RESEARCH ——

®

Check for
updates

NUSAP1 promotes gastric cancer radioresistance by inhibiting
ubiquitination of ANXA2 and is suppressed by miR-129-5p

Yugang Ge' - Biao Wang? - Jian Xiao® - Hongshuai Wu* - Qing Shao'

Received: 26 July 2024 / Accepted: 16 August 2024
© The Author(s) 2024

Abstract

Background Radiotherapy is an important strategy for the treatment of advanced gastric cancer (GC), while the radioresis-
tance limits its effectiveness. Nucleolar and spindle associated protein 1 (NUSAP1) was implicated in cancer progression
and chemoresistance. However, the underlying mechanisms of NUSAP1 influencing GC radioresistance remain largely
unknown.

Methods Meta-analysis was conducted to systematically evaluate the prognostic value of NUSAP1 in human cancers. Gene
set enrichment analysis (GSEA) was conducted using The Cancer Genome Atlas (TCGA) and gene expression omnibus
(GEO) datasets. MRNA and protein expressions were detected by qRT-PCR and western blot, respectively. The radiosen-
sitivity of GC cells was observed by colony formation, flow cytometry, comet, immunofluorescence, and animal assays.
Immunoprecipitation assay and mass spectrometry were utilized to identify protein associations. MiRNAs binding with
NUSAPI1 were determined by starbase prediction, luciferase reporter, and RNA immunoprecipitation (RIP) assays.

Results NUSAP1 high expression predicted worse overall survival (OS) and disease-free survival (DFS) with no statistical
heterogeneity through the meta-analysis. Downregulation of NUSAP1 significantly increased GC radiosensitivity by inhibit-
ing colony formation, DNA damage repair, and promoting apoptosis following irradiation. Additionally, NUSAP1 silencing
combined with radiation resulted in a synergistic anti-tumor effect in xenograft mouse model. Mechanistically, NUSAP1
interacted with ANXA2, protecting it against protein degradation via impeding its ubiquitination process. NUSAP1 was
confirmed as a target of miR-129-5p and negatively regulated by it.

Conclusion Our results suggested that NUSAP1 enhanced the radioresistance of GC cells. NUSAP1 could be a promising
target to increase GC radiosensitivity.

Keywords NUSAP1 - Gastric cancer - Radioresistance + ANXA2
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studies have shown that radiotherapy can effectively reduce
the local recurrence rate of GC after surgery and improve
the prognosis of partial patients ( Park et al. 2015; Yu et al.
2018). There are many organs around the stomach and gas-
tric adenocarcinoma is known as not sensitive to radiother-
apy. High dose of gastric irradiation will inevitably bring
about obvious toxic reactions, including gastric ulcer, nor-
mal gastric tissue fibrosis, intestinal perforation, radioactive
liver injury, and pancreatic injury. Hence, it is necessary to
explore potential radiosensitizers to improve the effective-
ness of radiotherapy.

Nucleolar and spindle associated protein 1 (NUSAP1),
as a microtubule-associated protein, participated in chromo-
some separation, cytokinesis, spindle assembly, and ubiqui-
tin-dependent proteolysis ( Li et al. 2016; Raemaekers et al.
2003). Besides, NUSAP1 played a vital role in cancer biol-
ogy. Previous researches revealed that NUSAP1 was abnor-
mally expressed in a variety of tumors. In pancreatic ductal
adenocarcinoma, NUSAP1 bound with transcription factor
c-Myc and HIF-1la to form a complex, increasing LDHA
expression and promoting warburg effect and metastasis
( Chen et al. 2023). NUSAP1 enhanced cancer stemness
via interacting with RACKI to stimulate STAT3 nuclear
translocation in hepatocellular carcinoma ( Li et al. 2022).
NUSAPI could facilitate chemoresistance by inhibiting the
ubiquitination of ATR to potentiate DNA damage repair (
Zhao et al. 2020). Meanwhile, numerous signaling path-
ways were modulated by NUSAPI, including Hedgehog
( Winkelmann et al. 1986), PI3K/AKT ( Luo et al. 2022),
AMPK/PPARY ( Qiu et al. 2021), Wnt/B-catenin ( Zhang
et al. 2020), and so on. NUSAP1 high expression was also
confirmed to be closely correlated with poor prognosis of
cancer patients , such as ovarian cancer ( Gou et al. 2022) ,
non-small cell lung cancer ( Ling et al. 2021), and bladder
cancer ( Chen et al. 2021). Our previously published article
showed that downregulation of NUSAP1 attenuated cell
proliferation, migration, and invasion through suppressing
mTORCI signaling pathway in GC ( Ge et al. 2020). How-
ever, the role and mechanism of NUSAP1 in radioresistance
of GC have not been clarified yet.

In this report, we firstly gathered all eligible articles to
evaluate the prognostic and clinicopathological value of
NUSAPI in human malignancies by conducting a meta-
analysis. Gene set enrichment analyses (GSEA) were per-
formed using the data from The Cancer Genome Atlas
(TCGA) and gene expression omnibus (GEO) database,
gaining functional insights into the mechanisms of radio-
resistance. Then a series of functional assays were carried
out to investigate the influence of NUSAPI on GC radio-
sensitivity in vitro and in vivo. Finally, we explored the
relevant molecular mechanisms of NUSAP1 inducing GC
radioresistance.
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Materials and methods
Search strategy and study selection

Up to August 11, 2024, potential eligible literatures which
analyzed the association between NUSAP1 and the prog-
nosis or clinicopathologic features of cancer subjects were
searched in the following databases: PubMed, Web of Sci-
ence, Embase, Ovid, and Cochrane Library. The following
keywords for searching: (“NUSAP1” or “nucleolar spindle-
associated protein 1”) and (“cancer” or ‘“carcinoma” or
“tumor” or “malignancy” or “neoplasm”) were used. We
also obtained the additional articles through screening the
reference lists of above retrieved publications.

Eligible studies met these criteria: (a) NUSAP1 expres-
sion in cancer specimens was detected, and patients were
grouped according to its expression levels; (b) articles
assessing the correlation of NUSAP1 with the prognos-
tic and clinicopathologic features of cancer patients; (c)
sufficient data for calculating the hazard ratio (HR) with
95% confidence interval (CI) for overall survival (OS) and
disease-free survival (DFS). The exclusion criteria were
as follows: (a) reviews, case reports, letters, comments,
and abstracts; (b) studies only exploring the functions and
molecular mechanism of NUSAPI, or bioinformatics arti-
cles; (c) researches where the required data could not be
extracted.

Data extraction and quality assessment

All the essential data from each identified publication
were extracted by two investigators (Yugang Ge and Biao
Wang) independently, including first author’s name, pub-
lication year, cancer resource, tumor type, total cases, the
number of patients in high and low NUSAPI1 expression
groups, method of NUSAPI detecting, outcome measures,
survival analysis method, follow-up period, HRs and the
corresponding 95% Cls of OS and DFS, as well as patient
number for TNM stage, lymph node metastasis, distant
metastasis, differentiation, and tumor size. If HRs and 95%
Cls were evaluated via univariate and multivariate analy-
sis, the latter was the priority. Engauge Digitizer Version
4.1 ( Tierney et al. 2007) was used to extract the survival
data from Kaplan—Meier curves when these data were not
available. We conducted the quality assessment in line with
Reporting Recommendations for Tumor Marker Prognostic
Studies (REMARK) guidelines (Supplementary Table 1).
The researches with more than 60% scores were considered
as high quality (Supplementary Table 2).
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RNA isolation and qRT-PCR

Total RNA of cells was extracted using TRIzol reagent (Invi-
trogen, USA) according to the manufacturer’s instructions.
NanoDrop ND-2000 spectrophotometer (Thermo Fisher,
USA) was applied to detect the concentration and quality
of purified RNA. The reverse transcription was carried out
employing HiScript III All-in-one RT SuperMix (Vazyme,
R333-01). AceQ SYBR Green Master Mix (Vazyme, Q141-
02) was adopted to perform the real-time qRT-PCR analy-
ses. GAPDH was used as the internal standard. The Revert
Aid First Strand cDNA Synthesis Kit (Thermo Scientific,
USA) was adopted to reverse transcribe miRNAs following
polyadenylation. MiRNA expression levels were normal-
ized with U6. We utilized the 224D method to calculated
the relative expression. All the sequences of primers were
listed in Supplementary Table 3.

Cell culture, transfection, and plasmid construction

The human GC cell lines MKN-45 and HGC-27 were pur-
chased from Shanghai Institutes for Biological Sciences.
Cells were cultured in RPMI 1640 medium (WISENT, Can-
ada) supplemented with 1% penicillin/streptomycin (Gibco,
USA) and 10% fetal bovine serum (Invitrogen, USA). All
cell lines were incubated under standard conditions (37 °C,
5% CO,). To establish stable NUSAP1/ANXA2-knock-
down and NUSAPI/ANXA2-overexpression GC cells,
short-hairpin RNA (shRNA) sequences were packaged
in lentivirus vectors, NUSAPI/ANXA2 was cloned into
pcDNA3.1 vector (GenePharma, China). MiRNA mimics
and their negative controls were also designed and synthe-
sized by GenePharma. Lipofectamine 3000 (Thermo Fisher,
USA) was used to perform the transfection. The specific
sequences were listed in Supplementary Table 4.

Dual luciferase reporter assay

The 3’-UTR sequences of NUSAP1 containing wild-type
or mutated miR-129-5p binding sites were synthesized
and inserted into the pGL3-basic luciferase reporter vector
(Promega, USA). Using Lipofectamine 3000, the luciferase
reporter vectors and miRNA mimics or control were co-
transfected into HEK293T cells. We used the dual lucifer-
ase reporting system (Promega, USA) to measure the Firefly
and Renilla luciferase activities 48 h post-transfection.

RNA immunoprecipitation (RIP)
The Magna RIP KIT (Millipore, USA) was applied to con-

duct the RNA immunoprecipitation assay according to the
manufacturer’s instruction. Briefly, cells were collected

through centrifugation and lysed by NP40. Subsequently,
cells were incubated with anti-Ago2 antibody coated mag-
netic beads at 4 °C overnight. The rabbit IgG antibody was
used as a negative control. After proteinase K treatment, the
coprecipitated RNAs were then detected by gqRT-PCR.

Western blot and immunoprecipitation

RIPA buffer (Beyotime, China) was used to extract the total
protein. Protein concentrations were determined by the
BCA protein assay kit (Thermo Fisher, USA). Protein was
separated through sodium dodecyl sulfate (SDS)-PAGE,
followed by electrotransfer onto polyvinylidene difluoride
(PVDF) membranes. Next, the membranes were incubated
with indicated primary antibodies at 4 °C overnight after
blocked with 5% BSA, followed the incubation by HRP-
conjugated secondary antibodies for two hours at room tem-
perature. Immunoreactive bands were visualized by ECL
chemiluminescent reagents (Millipore, USA) via a Bio-
Spectrum 600 Imaging System (Thermo Fisher, USA). The
antibodies information was listed in Supplementary Table 5.

For immunoprecipitation (IP), we firstly mixed 500—
1000 pg cell lysates and specified antibodies and incubated
them overnight at 4 °C. Afterwards, above immune com-
plex was mixed with protein A/G magnetic beads (Vazyme,
China) and incubated for 0.5 h at room temperature. IP buf-
fer was used to wash the magnetic beads twice, then pure
water was applied to wash the antigen/antibody complex
once. After added 1 x SDS loading buffer, the products were
boiled for five minutes at 95 °C. The immunoprecipitated
protein was analyzed through western blot or mass spec-
trometry (Thermo Fisher, USA).

Immunofluorescent staining

4% paraformaldehyde was used to fix the cells for 10 min.
Then we added 1% Triton X-100 to improve membrane per-
meability for 10 min. Next, 5% BSA was added to block
the non-specific binding for one hour. Above cells were
incubated with the primary antibody against YH2AX at 4 °C
overnight. After washed by PBS, the cells were incubated
with the secondary antibody: Cy3-labeled goat anti—rabbit
IgG for one hour at room temperature. Subsequently, nuclei
were stained by DAPI. Finally, the images were captured via
a laser confocal microscope (THUNDER DMi8, LEICA,
German) to measure the fluorescence of YH2AX.

Comet assay
A CometAssay kit (Trevigen, USA) was used to conduct the

neutral comet assay. Cells treated by 4 Gy irradiation were
digested and resuspended in PBS at a density of 5x10°
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cells/ml. The cells were mixed with low-melting-point aga-
rose gel and poured onto the slides. Dipping the slides in
4 °C lysis solution for 1 h increased the sensitivity. After
washed by the neutral electrophoresis buffer for 30 min, the
slides were subjected to electrophoresis at 21 V for 45 min.
Next, the samples were placed in DNA precipitation solu-
tion for 0.5 h, followed in 70% ethanol for 0.5 h at room
temperature. SYBR green I was adopted to stain the slides.
CASP 1.2.3 beta 1 software (Krzysztof Konca, Poland) was
used to analyze the percentage of DNA in the tail.

Clonogenic survival assay

Harvested GC cells were seeded into six-well plates at dif-
ferent densities: 300, 500, 1000, 2000, 4000 cells per well
for 24 h. Then cells were subjected to doses of 0, 2, 4, 6,
8 Gy X-ray irradiation via a medical linear accelerator
(Elekta, Sweden), respectively. After 2 weeks, 1% crystal
violet was applied to stain the cells and the colonies contain-
ing > 50 cells were counted. The plating efficiency equaled
to the colonies counted/cells plated number of control
group. Surviving fraction (SF) was calculated using the fol-
lowing formula: the number of colonies formed/(the total
number of cells seeded X the plating efficiency). The sur-
vival curves were derived by the single-hit multiple-target
model: SF=1—(1 — EXP(—D/D0))N.

Flow cytometry analysis

The Apoptosis Detection Kit (Multisciences, China) was
used to detect the apoptosis ratio of treated cells. The cells
were harvested and resuspended by the binding buffer. Next,
we added 5 ul Annexin-V-APC and 10 ul propidium iodide
(PI) into the cell suspension and incubated them in the dark
for five minutes. A flow cytometer (BD Biosciences, USA)
was used to analyze the data.

Protein stability and degradation assay

In order to identify the half-life of ANXA2, we used a pro-
tein synthesis inhibitor cycloheximide (CHX) (100 pg/ml)
to treat the cells in different groups for the indicated dura-
tions. Then the cells were harvested at different time points
for western blotting. For the degradation assay, 10uM
MG132 (Beyotime, China) was added to incubate the cells.
After 24 h, we extracted the total protein to conduct western
blot analyses.

Ubiquitination assay

GC cells were transfected with HA-Ub plasmid for 2 days,
then treated by 10uM MG132 for 6 h before harvest. Cell
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lysates were incubated using the anti-ANXA2 antibody for
co-immunoprecipitation, then the ubiquitination level of
ANXA? was evaluated by immunoblotting with an anti-HA
antibody.

Animal experiments

We purchased 4-week-old female BALB/C nude mice from
the Animal Experimental Center of Nanjing Medical Uni-
versity. Nude mice were randomly divided into four groups:
(a) shNC, (b) shNUSAPI, (c) shNC+ionizing radiation
(IR), and (d)shNUSAP1+IR. 4x10° cells were injected
subcutaneously into the right groin of mice. The vernier
caliper was applied to measure the size of tumors every
three days. The tumor volumes were calculated through the
following formula: V(mm?®)=lengthxwidth? /2. Mice were
subjected to X-ray dosage of 8 Gy when the tumors had
reached a volume of 200 mm?. 15 days later, tumor samples
were collected and weighed. The entire experimental proto-
col was performed in accordance with the guidelines of the
Animal Ethics Committee of Nanjing Medical University.

Immunohistochemistry staining (IHC)

The subcutaneous tumor specimens from nude mice were
fixed by 4% paraformaldehyde, and cut into 4 um-thick
sections after embedded by paraffin. The tissue slides were
deparaffinized with xylenes and rehydrated by graded eth-
anol washes, then treated by 3% hydrogen peroxide for
20 min to block endogenous peroxidase activity. The slides
were incubated with specific primary antibodies overnight
at 4 °C. After washing three times, sections were incubated
with the corresponding secondary antibodies for 1 h at
37 °C. Finally, the sections were stained with diaminoben-
zidine solution and hematoxylin, which were then observed
and photographed on a microscope. The antibody used was
listed in Supplementary Table 5.

Statistical analysis and bioinformatics analysis

The SPSS25 and GraphPad Prism 6 were utilized to perform
the statistical analyses, Stata MP14.0 was used for the meta-
analysis. The prognostic value of NUSAP1 on OS/DFS and
the correlation of NUSAP1 with clinicopathological char-
acteristics in human cancers were estimated by pooled HRs
with 95%CIs and pooled ORs with 95% ClIs, respectively.
The chi-squared Q test and I? statistics were applied to cal-
culate the heterogeneity. When there was no obvious het-
erogeneity (I> < 50% or P> 0.1), the fixed effects model was
chosen; otherwise, the random effects model was selected.
We adopted Begg’s funnel plots to determine the publication
bias (Pr>|z|<0.1 was considered as positive) and performed
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sensitivity analyses to evaluate the stability of the results.
The statistical difference between two groups was analyzed
by Student’s t-test, and the differences among multiple
groups were assessed by analysis of variance. The TIMER
(https://cistrome.shinyapps.io/timer/), GEPIA (http://gepia.
cancer-pku.cn/), GEO (https://www.ncbi.nlm.nih.gov/gds/),
and kmplot (https://kmplot.com/analysis/) databases were
applied to analyze the expression of NUSAP1/ANXA?2 in
cancer or the association of them with patients prognosis.
The UCSC cancer browser (https://xenabrowser.net/data-
pages/) was used to evaluate miR-129-5p expression in GC.
Data were shown as means +standard deviation (SD). P
values less than 0.05 were considered as statistically sig-
nificant. GSEA was performed to determine the potential
biological pathways between high-NUSAP1/ANXA2 and
low-NUSAP1/ANXA2 groups. P values of the normalized
enrichment score (NES)<0.05 and false discovery rate
(FDR) q values < 0.25 were considered as statistically sig-
nificant. *P<0.05, **P<0.01, ***P<0.001.

Results

Included studies and characteristics in meta-
analyses

As shown in Supplementary Figs. 1, 769 literatures were
collected from the electronic databases, and then 451 arti-
cles were removed for duplications. Through screening the
titles and abstracts carefully, 296 articles were eliminated,
including reviews, letters, comments, abstracts, only cell or
animal assays, bioinformatics articles, and studies not about
NUSAPI. Regarding the rest 22 literatures, 9 studies lack-
ing in the sufficient data were abandoned via reading the full
texts. At last, 13 eligible articles were enrolled in the current
meta-analysis. All studies were written by English, coming
from China, Germany, and Egypt between 2015 and 2024.
The sample size ranged from 46 to 248, among a total 1695
patients. 11 types of solid cancers were recorded including
breast cancer ( Chen et al. 2015) (rn=1), renal cell carci-
noma ( El-Hussieny et al. 2024; Fang et al. 2016) (n=2),
astrocytoma ( Wu et al. 2017) (r=1), colon cancer ( Liu
et al. 2018) (n=1), hepatocellular carcinoma ( Roy et al.
2018; Wang et al. 2019) (n=2), esophageal squamous cell
carcinoma ( Guan et al. 2019) (n=1), GC ( Guo et al. 2020)
(n=1), bladder cancer ( Chen et al. 2021) (n=1), non-small
cell lung cancer ( Ling et al. 2021) (n=1), ovarian cancer (
Gou et al. 2022) (n=1), pancreatic ductal adenocarcinoma
( Liu et al. 2024) (n=1). Briefly, qRT-PCR and IHC were
adopted to measure NUSAP1 expression and the patients
were split into two groups (low and high expression of
NUSAP1). Multivariate analyses for OS were used in 5

studies. The details of included articles were summarized in
Supplementary Table 6.

Association of NUSAP1 expression with survival and
clinicopathological parameters

Via TIMER database analysis, it was found that NUSAP1
was highly expressed in vast majority of malignancies
(Fig. 1A). Ten studies investigated the correlation between
NUSAPI expression and OS with a total of 1300 patients,
and two studies explored the relationship between NUSAP1
expression and DFSwith a total of 348 cases. We used the
fixed effects model to estimate the pooled HR and 95%CI
because no significant heterogeneity existed among these
studies (I’=13.0%, p=0.323; Fig. 1B). The combined
results showed that high NUSAPI expression was sig-
nificantly relative to poor OS in various cancers (pooled
HR =2.09, 95%CI 1.72-2.54, p<0.001; Fig. 1B). We con-
ducted the sensitivity analysis via removing one study every
time, found that the pooled HR for OS was not remarkably
affected, indicating our results were reliable (Fig. 1C). No
significant publication bias was observed via using Begg’s
funnel plot in HRs for OS (P=0.133; Fig. 1D). Then strati-
fied analyses were performed based on OS analysis type
(multivariate or non- multivariate), cancer type (digestive
system or others), sample size (> 100 or <100), and follow-
up time (> 5 years or <5 years). The results suggested that
high NUSAPI1 expression predicted worse OS in all sub-
groups above (Supplementary Table 7 and Supplementary
Fig. 2A-D). Significant heterogeneity was observed across
researches in the subgroup of follow-up time with more than
5 years, indicating it was the source of heterogeneity. Addi-
tionally, Kaplan-Meier curves with log-rank analysis using
data of TCGA database were applied to evaluate the influ-
ence of NUSAPI expression on OS of above-mentioned
cancer patients. In line with the results of our meta-analysis,
we discovered that elevated NUSAP1 expression predicted
poor OS in 10 types of solid cancers (p <0.001, Fig. 1E).
In addition, our meta-analysis through a fixed-effects
model (I=0%, p=0.802) also revealed that high NUSAP1
expression predicted worse DFS (pooled HR =2.39, 95%CI
1.63-3.49, p<0.001) (Supplementary Fig. 3A). The sensi-
tivity analysis indicated that the result was reliable and no
publication bias for DFS was observed via Begg’s funnel
plot (Supplementary Fig. 3B and C).

Asindicated in Supplementary Table 8, meta-analysis was
performed to expound the correlation of NUSAPI1 expres-
sion with clinicopathological parameters. Significant asso-
ciations were observed between high NUSAP1 expression
and more advanced TNM stage (OR= 3.96, 95%CI 2.27-
6.90), lymph node metastasis (OR= 2.16, 95%CI 1.31-
3.56), distant metastasis (OR= 13.54, 95%CI 3.19-57.49),
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Fig. 1 Meta-analysis of the association of NUSAP1 expression with
cancer prognosis and its GESA in GC. (A) The TIMER database anal-
ysis of NUSAP1 expression in all tumors, including GC. (B) Forest
plot for the correlation between NUSAP1 expression and OS of cancer
patients. (C) Sensitivity analysis of the included studies for OS. (D)
Begg’s funnel plots of the included studies for OS. (E) OS curves of
NUSAP1 were plotted for various cancers from TCGA database using
the GEPIA tool, including Kidney renal clear cell carcinoma (KIRC),

low differentiation (OR = 2.76, 95%CI 1.18-6.48), but not
for larger tumor size (Supplementary Fig. 4A-E).

Downregulation of NUSAP1 increased the
radiosensitivity of GC cells

In our previous study, we found that NUSAP1 could pro-

mote proliferation, migration, and invasion of GC cells.
Next, RNA sequencing data of TCGA and GEO (series:
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Kidney renal papillary cell carcinoma (KIRP), Brain Lower Grade
Glioma (LGG), Colon adenocarcinoma (COAD), Liver hepatocellular
carcinoma (LIHC), Esophageal carcinoma (ESCA), Stomach adeno-
carcinoma (STAD), Bladder Urothelial Carcinoma (BLCA), Lung
adenocarcinoma (LUAD), Lung squamous cell carcinoma (LUSC),
Ovarian serous cystadenocarcinoma (OV), Pancreatic adenocarci-
noma (PAAD). (n=4481). (F) GSEA of NUSAP1 expression based on
TCGA and GEO GC cohort. ***P <0.001

GSE51575 and GSE79973) databases were used to conduct
GSEA. The results showed an obvious enrichment of the
DNA repair-related signaling pathway in GC tissues with
high NUSAP1 expression (Fig. 1F). It is well known that
ionizing radiation can induce DNA double-strand breaks
(DSB), radiosensitivity of tumor cells depends upon the
ability of DNA damage repair(Sugase et al. 2017). It sug-
gested that NUSAP1 may regulate the radiosensitivity of
GC. Firstly, we measured NUSAP1 expression by western
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blot in two GC cell lines after 4 Gy irradiation. As presented
in Fig. 2A, the radiation induced upregulation of NUSAP1
in GC cells, which reached the peak at 48 h after irradiation.
We knocked down NUSAPI in the MKN-45 and HGC-27
cell lines via lentivirus-mediated infection. The transfection
efficiency was examined by western blot (Supplementary
Fig. SA). Then the clonogenic survival assay was carried
out to detect the influence of reducing NUSAP1 expression
on GC cells radiosensitivity. As seen in Fig. 2B, NUSAP1
downregulation caused a substantial decrease of colony for-
mation capacity in MKN-45 and HGC-27 cells after irradia-
tion compared with the control group. The radiation survival
curves contain parameters used to quantitively describe the
effect, such as D, (the dose required to reduce survival to
37% of its value, namely mean lethal dose), Dq (the capa-
bility to accumulate sublethal damage), and SER (sensiti-
zation enhancement ratio). Lower D, or Dq indicates the
elevated radiosensitivity. The D, values were 1.99 and 1.25
for NUSAP1 shRNA treated group in MKN-45 and HGC-
27 cells, which were lower than the control groups (2.79
and 2.07, Fig. 2C). The SERs of MKN-45 and HGC-27 cells
were 1.40 and 1.66, respectively.

Apoptosis is a vital mechanism of irradiation impairing
tumor cells. We applied flow cytometry to elucidate the role
of NUSAP1 on apoptosis induced by irradiation. The apop-
tosis rates in MKN-45 and HGC-27 cells with combination
treatment of NUSAP1 knockdown and radiotherapy were
remarkably increased when compared with those in cells
treated by shNUSAP1 or irradiation alone (Fig. 2D). To
further verify our results, we detected the apoptosis-related
protein including p53, Bak, cleaved caspase 3, and Bel-2.
The pro-apoptotic proteins p53, Bak, and cleaved caspase
3 were significantly upregulated, while the anti-apoptotic
protein Bcl-2 was obviously downregulated when combin-
ing irradiation and NUSAP1 knockdown, as compared with
irradiation or silencing NUSAP1 alone (Fig. 2E). Taken
together, NUSAP! knockdown promoted the irradiation-
induced apoptosis to reduce the radioresistance of GC cells.

NUSAP1 silencing attenuated DNA double-strand
break repair in GC cells

Phosphorylation of H2AX on Ser139 (yH2AX) acted as
a sensitive biomarker of DNA double-strand breaks. A
strengthening in DNA damage manifested as the increased
number of YH2AX focal points. To explore whether
NUSAPI could modulate IR-induced DSBs, we conducted
immunofluorescence to calculate the number of YH2AX
focal points at different time points after subjected to 4 Gy
irradiation. Figure 3A and B showed that NUSAPI-defi-
cient GC cells possessed more YH2AX foci per cell than
the control group after 4 Gy irradiation. Then we performed

western bolt analyses of YH2AX expression and observed
the similar results (Fig. 3C and D). In addition, the comet
assay was adopted to detect DSB 24 h post-irradiation. The
comet tails of GC cells transfected with sAINUSAP1 were
distinctly longer than the control group (Fig. 3E). These
findings revealed that NUSAP1 downregulation suppressed
the repair of IR-induced DSBs.

NUSAP1 downregulation improved the efficacy of
irradiation in GC xenograft tumor models

We used nude mice bearing tumor xenografts to iden-
tify if NUSAPI silencing increased the radiosensitivity of
GC cells in vivo. Compared with the control group, the
IR group and shNUSAPI group presented the moderate
reduction of tumor burden (IR: T/C%=46.56%; shNU-
SAP1: T/C=57.22%) (Fig. 4A and B). Nevertheless, tumor
growth suppression was more obvious when GC cells were
treated by IR combined with shNUSAP1 (shNUSAP1 +1R:
T/C=14.38%) (Fig. 4C). We also observed an additive anti-
tumor effect of the combined IR and shNUSAP1 by mea-
suring the xenograft tumor weight (Fig. 4D). IHC analyses
indicated that Ki-67 level was distinctly lower in tumors
treated with IR in combination with shNUSAPI than in
those treated with either IR or SaINUSAP1 alone (Fig. 4E).

NUSAP1 protected ANXA2 against protein
degradation via inhibiting its ubiquitination

To investigate the molecular mechanism underlying the
influence of NUSAP1 on GC radiosensitivity, we con-
ducted the immunoprecipitation assay to identify the
NUSAPI-interacting proteins. Silver staining assay indi-
cated that the NUSAP1 immunoprecipitated group exhib-
ited several specific bands of proteins in comparison with
the IgG group (Fig. 5A). According to the results of mass
spectrometry, NUSAP1 bound with ANXA?2 at a high bind-
ing score (Fig. 5B). Then we employed co-immunopre-
cipitation assays to confirm the physical binding between
NUSAPI and ANXA2. Western blot analyses determined
that anti-NUSAP1 antibody could immunoprecipitate
ANXA2 and that anti-ANXA2 could immunoprecipitate
NUSAPI (Fig. 5C). However, it was not clear if NUSAP1
influenced ANXA2 expression. Therefore, PCR assays
were conducted to measure ANXA2 mRNA levels when
NUSAPI1 was silenced. We observed that there were no
remarkable differences about the mRNA levels of ANXA2
between the sSINUSAP1 and the control groups (Fig. 5D).
Western blots indicated that ANXA2 protein levels were
reduced when NUSAP1 expression was inhibited (Fig. 5E).
Above results suggested that NUSAP1 could regulate the
expression of ANXA2 at post-transcriptional level. The
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Fig. 2 Downregulation of NUSAP1 increased the radiosensitivity of
GC cells. (A) Western blot was used to detected NUSAP1 expression
at different time points after X-ray irradiation. (B) The colony forma-
tion assay and the irradiation dose-survival curves based on the single-
hit multi-target model were utilized to measure the radiosensitivity of
GC cells transfected with sINUSAP1 or negative control. (C) Radio-

sensitivity parameters of respective cell groups. (D) Apoptosis rates
of GC cells were detected by flow cytometry assay after 4 Gy X-ray
irradiation. (E) Western blot analyses of apoptotic marker proteins in
respective cell groups after irradiation exposure. Error bars indicated
SD. ¥*P<0.05, **P<0.01, ¥***P <0.001
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Fig. 3 NUSAPI silencing attenuated DNA double-strand break repair
in GC cells. (A, B) y-H2AX foci in GC cells following NUSAP1
knockdown were evaluated by immunofluorescence staining after
receiving 4 Gy irradiation. The foci number per cell was detected.
Scale bar =10 um. (C, D) Western blot was performed to assess

ubiquitin—proteasome pathway is a common post-transla-
tional modification that is responsible for degrading 80-85%
target proteins in eukaryotic organisms ( Bustamante et al.
2018). It has been reported that ANXA?2 protein levels could
be changed by ubiquitination modification ( Dai et al. 2023;
Liu et al. 2023). NUSAP1 was previously found to stabilize
ATR via antagonizing its ubiquitination ( Zhao et al. 2020).
We surmised NUSAP1 might also affected ANXA2 expres-
sion via the ubiquitin—proteasome pathway. To confirm this
hypothesis, we evaluated the half-life of ANXA2 to explore
whether NUSAPI regulated AXNA2 protein stability
through using CHX to treat the cell samples for different peri-
ods of time. Interestingly, NUSAP1 downregulation short-
ened the half-life of ANXA2 compared to that of the control
group (Fig. 5F). Then we found that sANUSAP1-mediated
degradation of ANXA2 was rescued by MG132, a prote-
ase inhibitor accurately inhibiting the ubiquitin—proteasome

v-H2AX expression in GC cells at different time points after irra-
diation exposure. (E) The comet assay was used to determine DNA
double-strand break of GC cells in different treatment groups follow-
ing 4 Gy of irradiation. Scale bar =25 pm. Error bars indicated SD.
*P<0.05, ¥**P<0.01, ***P<0.001

pathway, which revealed that NUSAP1 was involved in
regulating ANXA2 protein degradation via ubiquitination
(Fig. 5G). As shown in Fig. 5H, the ubiquitination levels of
ANXA?2 were increased by NUSAP1 depletion. In a word,
these results manifested that NUSAP1 enhanced the stabil-
ity of ANXA?2 through suppressing ubiquitination-mediated
degradation.

NUSAP1 downregulation enhanced GC
radiosensitivity through ANXA2

Firstly, the public databases were applied to predict the
expression of ANXA2 in GC. RNA sequencing data from
TCGA database using the GEPIA tool showed that ANXA2
was upregulated in GC tissues compared with normal tissues
(Fig. 6A), which was similar to the expression pattern of
ANXAZ2 observed in the GEO databases (series: GSE65801
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Fig. 4 NUSAP1 downregulation improved the efficacy of irradiation
in GC xenograft tumor models. (A) Representative images of trans-
planted subcutaneous tumors from mice between various treatment
groups and the negative control group. (B) Influence of NUSAP1
silencing and/or irradiation on the relative tumor proliferation rate of

and GSES51575) (Fig. 6B). Kaplan-Meier plots indicated
that patients with high ANXA?2 expression possessed poor
overall survival and post progression survival (PPS) in GC
(Fig. 6C and D). As previously reported, ANXA2 knock-
down could increase radiosensitivity of nasopharyngeal
carcinoma by activating the p38 MAPK-HSP27 pathway (
He et al. 2022). Subsequently, we conducted GSEA based
on TCGA database and discovered that ANXA2 expression
was positively related with DNA repair-related signaling
pathway in GC tissues (Fig. 6E), suggesting that ANXA2
might affect GC radiosensitivity. Then we adopted lentivi-
rus-mediated infection to reduce ANXA2 expression and
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xenograft tumors in mice. (C) Tumor volumes of xenografts gener-
ated from the respective groups were calculated. (D) Tumor weight of
xenografts in the respective groups was detected. (E) Representative
images of Ki-67 in subcutaneous tumors of nude mice by IHC staining.
Scale bar =50 pum. Error bars indicated SD. **P <0.01, ***P < 0.001

confirmed the satisfactory transfection efficiency via west-
ern blot (Supplementary Fig. 5B). Following be subjected
to increasing dose of irradiation, ANXA2-silenced GC cells
showed decreased colony survival fractions (Fig. 6F and G).
In addition, GC cells treated with sShANXA?2 existed higher
expression of YH2AX at 8 h after receiving 4 Gy irradia-
tion (Fig. 6H). Next, rescue experiments showed that over-
expression of ANXA2 reversed the inhibitory effect on the
colony formation capability of GC cells induced by shNU-
SAP1 following irradiation at various doses (Fig. 6I and
J). Through these data, we concluded that knockdown of
NUSAPI increase GC radiosensitivity via ANXA2.
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Fig. 5 NUSAPI1 protected ANXA2 against protein degradation via
inhibiting its ubiquitination. (A) Silver staining image of immuno-
precipitation assay using anti-NUSAP1 antibody and IgG in HGC-
27 cells. (B) Mass spectrometry image of ANXA2. (C) Extracts of
GC cells were immunoprecipitated with anti-NUSAP1/anti-ANXA2
and control (IgG) antibodies. Co-immunoprecipitated proteins were
detected through western blot with their respective antibodies. (D)
qRT-PCR was conducted to evaluate the effects of NUSAP1 knock-
down on ANXA2 mRNA levels. (E) Western blot was performed to
measure the influence of NUSAPI downregulation on ANXA2 pro-

NUSAP1 was negatively regulated by miR-129-5p in
GC

Aberrant NUSAP1 expression was likely regulated by
miRNAs in GC. Starbase was used to predict the miRNAs

HGC-27

MKN-45

tein levels. (F) Half-life analysis of ANXA2 abundance in GC cells
treated with SAINUSAP1 or negative control for the indicated periods
in the presence of CHX. Quantification of ANXA2 stability was exhib-
ited on the right. (G) GC cells of different groups were treated with
MG132 and ANXA?2 protein levels were detected by western blot. (H)
Immunoblotting analysis of the ubiquitination of ANXA2 in HGC-27
and MKN-45 cells transfected with NUSAP1 shRNA or correspond-
ing control vector. Error bars indicated SD. *P<0.05, **P<0.01,

**kP <0.001

binding with NUSAP1. Combined with the following crite-
rion (miRNA existed lower expression in TCGA GC tissues
than normal tissues, p <0.05), we screened out two miR-
NAs (miR-129-5p and miR-193a-5p) (Fig. 7A). Firstly, we
transfected miR-129-5p mimic, miR-193a-5p mimic, and
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Fig.6 NUSAP1 downregulation enhanced GC radiosensitivity through
ANXAZ2. (A) Expression of ANXA2 in the TCGA GC cohort from
GEPIA website. (B) ANXA2 expression in GC tissues was predicted
by GEO database (series: GSE65801 and GSE51575). (C, D) Kaplan-
Meier survival analyses of the OS (C) and PPS (D) of GC patients with
high versus low ANXA2 expression in the TCGA cohort. The cutoff
value is the median of NUSAP1 expression. (E) GSEA was performed
to explore the signaling pathway impacted by ANXA2 based on TCGA
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GC cohort. (F, G) After ANXA2 was silenced, GC cells were treated
to 2, 4, 6, or 8 Gy of X-ray radiation and the radiosensitivity of them
was determined via the clonogenic survival assay. (H) YH2Ax expres-
sion in GC cells treated with ANXA2 shRNA or negative control
was analyzed by western blot following exposed to 4 Gy irradiation.
(I, J) Survival curves showing the effect of ANXA2 overexpression
on shNUSAPI-induced radiosensitization. Error bars indicated SD.
*P<0.05, **P<0.01, ***P<0.001
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Fig. 7 NUSAPI was negatively regulated by miR-129-5p in GC. (A)
MiRNAs potentially binding with NUSAP1 were predicted by star-
base, which simultaneously existed lower expression in TCGA GC tis-
sues compared with normal tissues. (B) NUSAP1 protein levels were
detected by western blot when MKN-45 cells were transfected with
miR-129-5p mimic or miR-193a-5p mimic. (C) Western blot analy-
sis of the protein level of NUSAP1 in HGC-27 cells treated by miR-
129-5p mimic. (D) gRT-PCR analyses of NUSAP1 mRNA levels in
GC cells treated by miR-129-5p mimic. (E, F) Data extracted from
TCGA were used to evaluate the relative expression of miR-129-5p
in unpaired and paired GC tissues. (G) The correlation of expression

between NUSAP1 and miR-129-5p were assessed by starbase using
TCGA GC cohort. (H) The predicted sequence alignment was shown,
and the dual luciferase reporter assay was carried out to verify the
binding between NUSAP1 and miR-129-5p. (I) Ago2-RIP experi-
ments were conducted, and NUSAP1 RNA levels in the immunopre-
cipitants were detected by qRT-PCR assay. IgG was used as a negative
control. (J) The radiosensitivity of respective groups (miR-129-5p
mimic and miR-129-5p mimic + NUSAP1) was measured by the clo-
nogenic survival assay. Error bars indicated SD. *P < 0.05, ¥**P < 0.01,
***P<0.001
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negative control into GC cells, respectively. QRT-PCR was
used to verify the transfection efficiency (Supplementary
Fig. 5C). Then western blot was conducted to determine the
influence of above two miRNAs upregulation on NUSAP1
protein levels. As shown in Fig. 7B, NUSAP1 expression
was significantly inhibited when overexpressing miR-
129-5p instead of miR-193a-5p in MKN-45 cells, suggesting
that NUSAP1 was the potential target gene of miR-129-5p.
In HGC-27 cells, we also observed that miR-129-5p mimic
caused the reduction of NUSAPI protein level (Fig. 7C).
Besides, the upregulation of miR-129-5p decreased the
mRNA expression levels of NUASP1 in GC cells (Fig. 7D).
Analyses of RNA sequence data from the TCGA database
indicated that miR-129-5p expression was downregulated in
GC tissues compared with unpaired or paired normal tissues
(Fig. 7E and F). A negative association between miR-129-5p
and NUSAP1 was presented in TCGA GC tissues (Fig. 7G).
Next, we performed the dual-luciferase reporter assay to
confirm the direct binding relationship and discovered that
miR-129-5p mimic could dramatically reduce the luciferase
activity of wild-type NUSAP1-3’UTR reporter other than
mutant-type NUSAP1-3’UTR reporter (Fig. 7H). Ago2 is
a key component of the RNA-induced silencing complex
(RISC), playing a crucial role in miRNA-mediated target
mRNA degradation. The Ago2-RIP experiment confirmed
that NUSAP1 was specially enriched by Ago2 antibody
than IgG antibody. Furthermore, miR-129-5p overexpres-
sion caused NUSAPI preferentially accumulation in Ago2-
containing beads in HGC-27 cells (Fig. 71). The subsequent
clonogenic survival assays indicated that GC cells treated
with miR-129-5p mimic presented a remarkable increase in
radiosensitivity (Fig. 7J and K). Rescue experiments were
performed to explore whether NUSAP1 was a function tar-
get of miR-129-5p (Fig. 7J and K)). The results showed that
overexpression of NUSAP1 could reverse the enhancement
of radiosensitivity mediated by miR-129-5p mimic.

Discussion

Gastric cancer possesses high morbidity and mortality rates
globally. There are more than 420,000 new cases of GC
in China every year, which accounts for nearly half of the
world ( Bray et al. 2018). The majority of GC patients in
China are already in the advanced stage when they are diag-
nosed. In these subjects, using surgery is difficult to achieve
a radical cure, while radiotherapy is important for the com-
prehensive treatment ( Zhang et al. 2018). It is necessary
to find the novel radiotherapeutic biomarkers for increasing
the efficacy of radiotherapy in GC.

Our previous study illustrated that NUSAP1 expression
was positively associated with tumor size and lymphatic
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metastasis in GC. Cell proliferation, migration, and invasion
could be inhibited by NUSAP1 knockdown via suppressing
mTORCI signaling pathway ( Ge et al. 2020). Recently, the
accumulated evidence suggested NUSAP1 was abnormally
expressed in various cancers and correlated with their poor
survival as well as aggressive biological behaviors ( Chen et
al. 2023; Chiu et al. 2023; Liu et al. 2024). However, most
researches assessing the prognostic value of NUSAP1 had
the limitation of small sample size. So far, no comprehen-
sive meta-analysis about the association of NUSAP1 expres-
sion with the prognosis of cancer patients was performed.
In view of the critical role of NUSAPI1 in cancer biology,
we firstly conducted a meta-analysis and found that high
expression of NUSAP1 predicted worse OS in ten types of
solid cancers, which was also confirmed by the bioinformat-
ics analysis. The subgroup meta-analyses also showed the
similar results. In addition, our meta-analysis indicated that
there was a close association between NUSAP1 high expres-
sion and more advanced TNM stage, lymph node metasta-
sis, distant metastasis, and low differentiation. These results
proved the vital clinical value of NUSAPI, likely acting as
a biomarker of prognosis and clinical pathology in cancers.

GSEA indicated that high expression of NUSAP1 was
positively associated with DNA repair-related signaling
pathway. Several studies also have reported that NUSAP1
could regulate DNA damage repair in glioblastoma, chronic
lymphocytic leukemia, prostate cancer, basal cell carci-
noma, and hepatocellular carcinoma, in turn, influencing
chemoresistance ( Chiu et al. 2023; Han et al. 2021; Kong
et al. 2023; Zhao et al. 2020; Zhu et al. 2023). The radiosen-
sitivity of cancer cells depended on the ability of repairing
irradiation-induced DNA damage ( Qian et al. 2014). So, we
speculated that NUSAP1 may be involved in the regulation
of radiotherapy resistance in GC. We performed the relevant
radiobiological experiments and observed that silencing
NUSAPI could suppress the colony formation capability,
DNA repair ability, and increased the apoptotic percentage
of GC cells after irradiation. Furthermore, through building a
subcutaneous xenograft model, we identified that NUSAP1
downregulation enhanced the sensitivity of GC cells to
radiation in vivo. Taken together, our results revealed that
NUSAPI could induce the radioresistance in GC.

To further explore the specific molecular mechanism
of NUSAPI in GC radioresistance, the immunoprecipita-
tion and mass spectrometry were conducted. As a result,
ANXA2 was found to bind with NUSAPI1, and silenc-
ing NUSAP1 could decrease its protein expression level
instead of its mRNA level, suggesting NUSAP1 regulated
the expression of ANXA2 at post-transcriptional level.
ANXA2 was a significant member of phospholipid bind-
ing protein family, which was originally reported to pro-
mote osteoclast formation and bone resorption ( Menaa et
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al. 1999). It was well established that elevated expression
of ANXA2 was closely associated with various biological
processes and poor prognosis in multiple cancers, includ-
ing autophagy ( Koh et al. 2024), angiogenesis ( Shi et al.
2024), and mitochondrial homeostasis ( Wang et al. 2023).
Several researches reported that ANXA?2 acted as a ubiqui-
tination substrate. For instance, IncRNA HARI1A acceler-
ated the interaction between TRIM65 and ANXA2, which
induced ubiquitin-dependent degradation of ANXA2 in
non-small cell lung cancer ( Ling et al. 2024). FGF19 inhib-
ited ANXA?2 ubiquitination and subsequently promoted the
malignant behaviors of nasopharyngeal carcinoma ( Shi et
al. 2024). Apart from the critical role in mitosis, Zhao et al.
reported that NUSAPI suppressed the ubiquitin-dependent
proteolysis of ATR, potentiating chemoresistance in glio-
blastoma ( Zhao et al. 2020). Our results also confirmed that
using proteasome inhibitor MG132 rescued the reduction
of ANXA2 protein levels caused by NUSAP1 downregula-
tion, and NUSAP1 protected ANXA?2 from ubiquitination.
Our prediction by applying TCGA and GEO database iden-
tified a relatively increased ANXA2 expression in GC tis-
sues. GC patients with high ANXA2 expression exhibited
shorter overall survival and post progression survival. Simi-
larly, GSEA showed that high expression of ANXA2 was
enriched in DNA repair related signaling pathway. A pre-
vious study demonstrated that silencing ANXA?2 increased
the radiosensitivity via promoting G2/M-phase arrest,
apoptosis, and activating the p38 MAPK-HSP27 pathway
in nasopharyngeal carcinoma ( He et al. 2022). However,
no relevant research investigated the effects of ANXA2
on GC radiosensitivity. We obtained the same experimen-
tal result in GC that ANXA?2 depletion suppressed colony
formation and DSB repair efficacy of irradiated GC cells.
Moreover, overexpressing ANXA2 could reverse NUSAP1
knockdown-induced the enhancement of radiosensitivity in
GC cells. These results elucidated that NUSAP1 increased
ANXA2 stabilization by inhibited its ubiquitination, confer-
ring GC radioresistance.

Next, we investigated the upstream regulatory mecha-
nism governing NUSAP1. MiRNAs are widely known
for exerting biological effects by binding with the 3'UTR
region of target mRNAs to regulate their expression ( Lu
and Rothenberg 2018). We identified NUSAPI as the tar-
get of miR-129-5p based on starbase prediction, RIP, and
luciferase reporter assays. Overexpressing miR-129-5p
caused the reduction of NUSAP1 in mRNA and protein lev-
els. Meanwhile, data from TCGA showed that miR-129-5p
expression was downregulated and negatively correlated
with NUSAP1 expression in GC tissues. MiR-129-5p has
been recognized as a tumor suppressor, which decreased
radioresistance in non-small cell lung cancer ( Xue et al.
2021). Our results proved that miR-129-5p overexpression

dramatically increased the radiosensitivity of GC cells.
Furthermore, NUSAP1 upregulation reversed the promot-
ing effects on the radiosensitivity caused by miR-129-5p
overexpression. Above findings suggested miR-129-5p
increased GC radiosensitivity through the direct inhibition
of NUSAP1 expression.

In conclusion, our study demonstrated that NUSAPI
high expression was associated with poor OS and DFS, as
well as aggressive clinicopathologic features in human can-
cers via meta-analyses. We also confirmed that NUSAP1
induced radioresistance in GC. Mechanistically, we found
that NUSAPI could interact with ANXA2, which protected
it from proteasomal degradation. NUSAP1 was suppressed
by miR-129-5p. The results elucidated a novel axis miR-
129-5p/NUSAP1/ANXA?2 that participated in regulating
GC radiosensitivity. NUSAP1 may be a potential target to
overcome radioresistance of GC.
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