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USP10/XAB2/ANXA2 axis promotes DNA @
damage repair to enhance chemoresistance
to oxaliplatin in colorectal cancer
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Abstract

Background Oxaliplatin-based chemotherapy is the first-line treatment for colorectal cancer (CRC). However,
oxaliplatin resistance remains a major challenge contributing to treatment failure and poor prognosis. An increased
capacity for DNA damage repair is a key mechanism underlying oxaliplatin resistance. Although XPA binding protein
2 (XAB2) is implicated in various DNA damage repair mechanisms, its specific role in mediating oxaliplatin resistance
remains unclear.

Methods XAB2 was identified through analysis of public datasets. Western blot analysis and immunohistochemistry
were performed to evaluate XAB2 expression, while survival analysis was performed to assess its clinical significance
in CRC. Functional experiments were then conducted to assess the impact of XAB2 on proliferation, DNA damage
repair, and oxaliplatin resistance in CRC. RNA sequencing (RNA-seq) and Chromatin immunoprecipitation-sequencing
(ChIP-seq) were used to identify XAB2 target genes. Co-immunoprecipitation (Co-IP) and mass spectrometry were
used to identify the proteins interacting with XAB2. Dual-luciferase reporter assays, ChIP-gPCR, Co-IP, ubiquitination
site mass spectrometry, and ubiquitin assays were used to analyse the interactions and potential mechanisms
involving XAB2, Annexin A2 (ANXA2), and ubiquitin-specific protease 10 (USP10).

Results XAB2 was found to be expressed in CRC and was associated with poor prognosis in patients with CRC.
XAB2 promoted CRC cell proliferation and enhanced oxaliplatin resistance by promoting DNA damage repair.
Mechanistically, CRC cells treated with oxaliplatin exhibited increased USP10 nuclear expression. USP10 bound to
XAB2 and deubiquitinated XAB2 K48-linked polyubiquitination at K593, thereby stabilising XAB2 by reducing its
degradation via the ubiquitin-proteasome pathway. XAB2 upregulates ANXA2 expression at the transcriptional level
by binding to the ANXA2 promoter, thereby promoting DNA damage repair, mitigating oxaliplatin-induced DNA
damage, and enhancing oxaliplatin resistance.
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Conclusions In summary, this study demonstrates that the USP10/XAB2/ANXA2 axis promotes proliferation, DNA
damage repair, and oxaliplatin resistance in CRC. These findings uncover a novel mechanism of oxaliplatin resistance
in CRC and suggest potential therapeutic targets for improving the efficacy of oxaliplatin in CRC treatment.
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Background
In 2022, more than 1.92 million new cases of colorectal
cancer (CRC) and over 900,000 deaths from CRC were
reported worldwide [1]. Most patients with early-stage
CRC can be effectively treated through surgery. However,
approximately 20% of patients are initially diagnosed
with metastatic CRC, and up to 50% of those with local-
ised lesions will eventually progress to metastatic CRC
[2]. Therefore, combining chemotherapy is crucial for
patients with CRC. The FOLFOX regimen—oxaliplatin
combined with 5-fluorouracil and calcium folinate—is
the current first-line chemotherapy for CRC, effectively
alleviating disease progression in patients with advanced
disease. However, a significant limitation of the regimen
is acquired resistance, which is a major cause of thera-
peutic failure [3]. Various biological processes, includ-
ing cell apoptosis and DNA damage repair, are thought
to contribute to oxaliplatin resistance [4, 5]; however, the
molecular mechanisms underlying oxaliplatin resistance
in CRC remain unclear and require urgent investigation
to identify potential biomarkers and therapeutic targets.
XPA binding protein 2 (XAB2), which contains the tet-
ratricopeptide repeat motif, plays a crucial role in pre-
mRNA splicing, cellular senescence, and DNA damage
repair [6, 7]. In recent years, the link between XAB2 and
the DNA damage response (DDR) has garnered increas-
ing attention. XAB2 has been shown to be closely asso-
ciated with DNA damage repair mechanisms, including
homologous recombination and nucleotide excision
repair [8, 9]. Additionally, DDR is closely linked to tumor
biology. On the one hand, DDR is essential for maintain-
ing genomic stability [10]. In normal cells, DDR defects
may lead to gene mutations, increased genomic instabil-
ity, and, ultimately, cancer [11]. On the other hand, DDR
deficiencies in tumor cells provide an opportunity for
tumor treatment by increasing sensitivity to DNA-dam-
age-inducing drugs. Given the role of XAB2 in DDR, it
may be implicated in cancer development and resistance
to DNA-damage-inducing chemotherapy medications.
Ubiquitination occurs within the ubiquitin-proteasome
system (UPS) [12]. Ubiquitin-protein ligases and deubiq-
uitinases (DUBs) counteract each other to maintain bal-
ance in the ubiquitination process. Among the various
types of DUBs, ubiquitin-specific proteases (USPs) con-
stitute the largest proportion [13]. Increasing evidence
links USPs to tumor progression. USP10, a key member
of the USP family, has been shown to play a role in vari-
ous biological processes in CRC, including proliferation,

metastasis, and stemness [14—16]. However, the specific
targets and biological functions of USP10 in CRC require
further investigation. Understanding the specific targets
and roles of USP10 in CRC could lead to innovative ther-
apeutic opportunities.

Annexin A2 (ANXA2) promotes the progression of
several cancers, including oesophageal, pancreatic, and
gastric cancers [17-19]. High ANXA2 expression in
CRC is associated with poor prognosis in patients [20].
Additionally, ANXA2 promotes proliferation, epithelial-
mesenchymal transition, and chemotherapy resistance in
CRC [21-23]. Given its multifaceted role, ANXA2 may
serve as both a diagnostic and prognostic biomarker as
well as a potential therapeutic target for CRC treatment.
Therefore, studying the association between ANXA2
and CRC cellular behaviour is crucial for understanding
ANXA2 function in CRC and may provide novel scien-
tific insights for improving human health.

In this study, CRC cells treated with oxaliplatin exhib-
ited an increase in nuclear expression of USP10. USP10
bound to XAB2 and deubiquitinated it at K593, thereby
stabilising XAB2 by reducing its degradation through
the ubiquitin-proteasome pathway. XAB2 upregulated
ANXA2 expression at the transcriptional level by bind-
ing to its promoter, thereby promoting proliferation and
DDR in CRC, facilitating oxaliplatin-induced DNA dam-
age repair, and enhancing oxaliplatin resistance. In sum-
mary, this study aimed to provide insights into the role
of XAB2 in CRC, revealing the potential of targeting the
USP10/XAB2/ANXA2 axis to enhance chemotherapy
sensitivity in CRC.

Methods

Cell lines and cell culture

HEK-293T cells (JNO-H0488), the normal human
colonic epithelial cell line NCM460 (JNO-H0138), and
human CRC cell lines HCT116 (JNO-H0125), SW480
(JNO-HO0143), SW620 (JNO-H0144), RKO (JNO-H0140),
and HT29 (JNO-H0131) were purchased from Guang-
zhou Jennio Biotech (Guangzhou, China). Oxaliplatin-
resistant CRC cell line HCT116/L-OHP (MXC469) was
purchased from Shanghai MEIXUAN Biological Tech-
nology (Shanghai, China). All cell lines tested negative
for mycoplasma contamination. HEK-293T and NCM460
cells were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM), and all other cells were cul-
tured in RPMI 1640 medium. All cells were cultured in
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10% foetal bovine serum and 1% penicillin/streptomycin
with 5% CO, at 37 °C.

Human tissues

Fifty pairs of paraffin-embedded CRC tissues and corre-
sponding adjacent non-neoplastic tissues were collected
in this study to validate XAB2 expression through immu-
nohistochemistry (IHC). Additionally, eight pairs of fresh
CRC tissues and adjacent non-neoplastic tissues were
collected. This study received approval from the Research
Ethics Committee of the First Affiliated Hospital of China
Medical University, and informed consent was obtained
from all enrolled patients.

In vivo xenografts

Approximately 2x 10° cells were resuspended in 100 pl
PBS and subcutaneously injected into 5-week-old female
BALB/c nude mice (hfkbio, Beijing, China). The length
(L) and width (W) of the tumors were measured weekly,
and the tumor size was calculated according to the for-
mula: V=1/2xLxW?, After 4 weeks, the mice were euth-
anized, and xenograft tumor tissues were collected for
subsequent analyses.

Statistical analysis
Statistical Package for the Social Sciences (SPSS) 21.0 and
GraphPad Prism 9.2.0 were used for statistical analyses.
All data are presented as mean + standard deviation (SD).
For data following a normal distribution, the Student’s
t-test was used to compare two independent groups,
while a one-way analysis of variance (ANOVA) was used
for the comparison of three or more groups, followed
by Sidak multiple comparisons test for univariate com-
parisons. Pearson’s chi-square test was used to analyse
the association between XAB2 expression and clinico-
pathological parameters. The Kaplan-Meier method and
log-rank test were used to assess patient survival rates.
Statistical significance was set at a threshold of P<0.05.
A detailed explanation of the methods can be found in
Additional file 1.

Results

XAB2 is highly expressed in CRC and associated with poor
prognosis in patients with CRC

Open-access Gene Expression Omnibus datas-
ets (GSE9348, GSE122985, GSE39582, GSE71187,
GSE35279, and GSE21815) were analysed to identify
potential oncogenes involved in CRC progression [24—
29]. The results from these six datasets were intersected,
yielding 24 differentially expressed oncogenes, among
which XAB2 is the only gene whose expression or bio-
logical function has not yet been studied in CRC. The
expression level of XAB2 in each dataset was depicted
by a heatmap (Fig. 1A). The high expression of XAB2
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was subsequently validated using data from unpaired
and paired colorectal adenocarcinoma (COADREAD)
cohorts in The Cancer Genome Atlas (TCGA) (Fig. 1B-
C). Based on the TCGA dataset, XAB2 was found to be
highly expressed in various cancer types, including colon
adenocarcinoma (COAD) and rectal adenocarcinoma
(READ) (Fig. 1D). Quantitative real-time PCR (QRT-PCR)
and western blot analyses revealed that XAB2 expres-
sion at both mRNA and protein levels were significantly
higher in CRC cells than that in normal colonic epithe-
lial cells (Fig. 1E). Furthermore, analysis of eight pairs of
fresh CRC tissues and adjacent non-neoplastic tissues,
demonstrated higher XAB2 protein levels in CRC tissues
than that in adjacent non-neoplastic tissues (Fig. 1F),
which was also confirmed by IHC. Representative images
of various XAB2 expression levels are shown in Fig. 1G.
Notably, high XAB2 protein expression was observed in
66% (33/50) of the CRC tissues compared to only 42%
(21/50) in adjacent non-neoplastic tissues (Fig. 1H).
Next, the association between XAB2 expression levels
and prognosis in patients was analysed. Higher XAB2
levels were significantly correlated with higher T stage
(P=0.014) and higher TNM stage (P=0.022) (Table S1).
Additionally, analysis using the TCGA and Kaplan-Meier
plotter website (http://kmplot.com/analysis/) revealed
that higher XAB2 levels were associated with shorter
overall survival (OS) and progression-free survival (PES)
(Fig. 1I and Fig. S1A). A nomogram was constructed
based on clinical parameters (TNM stage, age, residual
tumor, CEA level, and XAB2 expression) to predict 1-, 3-,
and 5-year OS in patients with CRC (Fig. S1B). The bias-
corrected line of the calibration plot was closely aligned
with the ideal (Fig. S1C). The time-dependent receiver
operating characteristic (ROC) curve of the nomogram
showed that the area under the curve (AUC) for predict-
ing the 1-, 3-, and 5-year OS in patients with CRC was
0.824, 0.846, and 0.774, respectively (Fig. S1D). Collec-
tively, these findings strongly suggest that XAB2 is highly
expressed in CRC and is a potential predictive biomarker
for OS in CRC.

XAB2 promotes CRC cell proliferation in vitro and in vivo

To elucidate the role of XAB2 in CRC, we used siRNAs
to knockdown XAB2 in CRC cells (HCT116 and SW480)
with higher basal XAB2 expression and overexpressed
XAB2 in CRC cells (HT29 and RKO) with lower basal
expression. Western blot analysis confirmed the effective-
ness of XAB2 knockdown and overexpression (Fig. 2A-
B). Cell Counting Kit-8 (CCK8) and colony formation
assays revealed that XAB2 knockdown significantly
inhibited cell proliferation, while XAB2 overexpres-
sion significantly enhanced this effect (Fig. 2C-F). Next,
SW480 cells with stable XAB2 knockdown and RKO
cells with stable XAB2 overexpression were established
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Fig. 1 (See legend on next page.)
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Fig. 1 XAB2 is highly expressed in CRC and is associated with poor prognosis in patients with CRC. A Overlap of differentially expressed (adjusted P
value <0.05 and|logFC|=1) oncogenes from six datasets and expression levels of XAB2 in six datasets. B-C Expression levels of XAB2 in unpaired and paired
COADREAD cohorts from TCGA. D Expression levels of XAB2 in unpaired samples grouped by cancer type from TCGA. E gRT-PCR (left) and western blot
(right) analysis of XAB2 expression in the normal human colonic epithelial cell line NCM460 and CRC cell lines. F Western blot analysis of XAB2 expression
in eight pairs of fresh CRC and adjacent non-neoplastic tissues. G Representative XAB2 IHC staining images in CRC and adjacent non-neoplastic tissues. H
Statistical analysis of XAB2 expression in CRC and adjacent non-neoplastic tissues. | Kaplan—Meier analysis showing OS curves of patients with CRC strati-
fied by high versus low XAB2 expression from TCGA. Data are presented as mean+SD (*P <0.05, **P<0.01, ***P<0.001)

and subcutaneously injected into nude mice to evalu-
ate the effect of XAB2 on CRC cell proliferation in vivo.
Consistently, XAB2 knockdown significantly inhibited
tumor growth, while XAB2 overexpression significantly
promoted tumor growth (Fig. 2G-H). Moreover, IHC
revealed that the ratio of Ki67-positive cells and PCNA-
positive cells was higher in the XAB2 overexpression
group, while the ratio was lower in the XAB2 knockdown
group, supporting the role of XAB2 in promoting CRC
tumor growth (Fig. S2).

XAB2 increases the resistance of CRC cells to oxaliplatin by
promoting DNA damage repair

Oxaliplatin is a first-line chemotherapy drug for CRC,
and DNA damage repair has been implicated in oxali-
platin resistance [30, 31]. Gene set enrichment analysis
(GSEA) of the TCGA database indicated a relationship
between XAB2 and apoptosis, as well as DNA damage
repair (Fig. 3A). Therefore, we hypothesized that XAB2
could influence the response of CRC cells to oxaliplatin.
We first performed CCK8 assays to assess oxaliplatin
sensitivity in both HCT116 and HCT116/L-OHP cells.
The results indicated a significant increase in oxaliplatin
resistance in the HCT116/L-OHP cells, as evidenced by a
resistance index of 10.57 (Fig. 3B). Next, we detected the
expression level of XAB2 in both HCT116 and HCT116/
L-OHP cells. The results showed that the expression
level of XAB2 in HCT116/L-OHP cells was significantly
higher than that in HCT116 cells, suggesting that XAB2
may be related to oxaliplatin resistance (Fig. 3C). In light
of the above-obtained results, we next performed CCK8
and flow cytometry assays to evaluate the potential effect
of XAB2 expression levels on the response of CRC cells
to oxaliplatin. The results showed that XAB2 knockdown
increased CRC cell sensitivity to oxaliplatin, as evidenced
by lower half-maximal inhibitory concentration (IC50)
values and a higher apoptotic rate (Fig. 3D and F). Con-
versely, XAB2 overexpression rendered CRC cells more
resistant to oxaliplatin, with higher IC50 values and lower
apoptotic rates (Fig. 3E and G).

To investigate the effect of XAB2 on oxaliplatin-
induced DNA damage, the level of DNA damage marker
- YH2AX was assessed using immunofluorescence (IF)
and western blot assays. The results showed that XAB2
knockdown increased the susceptibility of CRC cells to
oxaliplatin-induced DNA damage, while XAB2 overex-
pression alleviated oxaliplatin-induced DNA damage in

CRC cells (Fig. 4A-D). Additionally, an alkaline comet
assay was performed, revealing that a higher percent-
age of tail DNA and longer tail moments were associated
with severe DNA damage. After 48 h of treatment with
oxaliplatin (7.5 pM), XAB2-knockdown cells exhibited
longer comet tails and a higher percentage of tail DNA
(Fig. 4E). In contrast, XAB2-overexpressing cells exhib-
ited shorter comet tails and a lower percentage of tail
DNA (Fig. 4F). These results consistently indicate that
XAB2 promotes DNA damage repair and enhances CRC
cell resistance to oxaliplatin.

ANXA2 is identified as a target of XAB2 and mediates
XAB2-induced progression in CRC

To further elucidate the potential mechanism of XAB2
in CRC, RNA-sequencing (RNA-seq) and Chroma-
tin Immunoprecipitation sequencing (ChIP-seq) were
performed to identify potential transcription targets of
XAB?2. Intersection analysis revealed 217 candidate tran-
scriptional targets directly regulated by XAB2 with 202
genes significantly downregulated in cells with stable
XAB2 knockdown (Fig. 5A). ChIP-seq analysis revealed
that 15.34% of peaks were located at the promoter-
transcription start site (TSS) (Fig. 5B). The distribution
of peaks across chromosomes is shown in Fig. 5C. The
screened genes were positively regulated by XAB2 and
were identified by ChIP-seq as being located at the pro-
moter-TSS. Finally, MMP9, ANXA?2, and DLX2—genes
that ranked highly in fold change and have been reported
to be associated with DNA damage repair and drug resis-
tance—were selected as potential transcription targets
for XAB2 [22, 32-34]. Among these, ANXA2 was con-
firmed via qRT-PCR to be positively regulated by XAB2
at the mRNA level, while MMP9 and DLX2 were not
regulated by XAB2 at the mRNA level (Fig. 5D). Addi-
tionally, ChIP-seq data revealed significant XAB2-bind-
ing peaks in the promoter region of ANXA2 (Fig. 5E).
Thus, we hypothesised that ANXA2 could be a potential
target gene of XAB2. The top five motifs with the most
significant differences are shown in Fig. 5F. Compari-
son of these motifs with the promoter-binding region of
ANXA?2 suggested that the fourth motif (Fig. 5F) might
serve as a potential binding site. Therefore, ChIP-qPCR
assay results indicated that position 3 (P3) could be the
binding site between XAB2 and the ANXA2 promoter
(Fig. 5G). Figure 5H illustrates the predicted wild-type
and mutant binding sites between XAB2 and the ANXA2
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Fig. 3 XAB2 increases the resistance of CRC cells to oxaliplatin. A GSEA performed using TCGA database, showing XAB2-related enrichment plots. B
HCT116 and HCT116/L-OHP cells treated with varying concentrations of oxaliplatin for 48 h. Cell viability was analysed using CCK8 assay, and IC50 values
were presented. The resistance index was calculated by dividing the IC50 for HCT116/L-OHP cells by that of HCT116 cells. C Western blot (left) analysis
and gRT-PCR (right) of XAB2 expression in CRC cell line HCT116 and oxaliplatin-resistant CRC cell line HCT116/L-OHP. D-E CRC cells treated with varying
concentrations of oxaliplatin for 48 h. Cell viability was analysed using CCK8 assay, and IC50 values were presented. F-G Flow cytometry assays assessing
the effect of XAB2 on apoptosis of cells treated with or without oxaliplatin (7.5 uM) for 48 h. Data are presented as mean+SD (**P<0.01, ***P<0.001)

promoter. The dual-luciferase reporter assay showed that
XAB2 overexpression increased reporter luciferase activ-
ity, which was diminished upon mutating the ANXA2
promoter-binding site (Fig. 5I). Western blot analysis
indicated that XAB2 positively regulates ANXA?2 expres-
sion at the protein level (Fig. 5J-L). Collectively, these
data indicate that XAB2 activates ANXA2 expression by
binding to its promoter.

Next, we evaluated whether XAB2 promoted CRC
progression through ANXA2 and whether ANXA2
plays a direct role in modulating oxaliplatin sensitivity.
The results of the in vitro and in vivo functional experi-
ments indicated that ANXA2 knockdown reverses the
effects of XAB2 overexpression on CRC cell prolifera-
tion (Fig. 6A-D). The results of the CCK8 assay and flow
cytometry indicated that ANXA2 knockdown reverses
the effect of XAB2-induced oxaliplatin resistance in CRC
cells, resulting in lower IC50 values and higher apoptotic
rates (Fig. 6E-F). The results of the in vivo experiments
indicated that knockdown of ANXA2 could increase the
oxaliplatin sensitivity of CRC cells (Fig. S3).

The level of YH2AX was assessed using western blot
and IF assays. The results indicated that ANXA2 knock-
down reversed the reduction in oxaliplatin-induced
DNA damage caused by XAB2 overexpression (Fig. 7A-
B). Moreover, an alkaline comet assay was performed in
CRC cells after 48 h of exposure to oxaliplatin (7.5 uM).
Notably, ANXA2 knockdown significantly reversed the
DNA repair effect induced by XAB2, with longer comet
tails and a higher percentage of tail DNA observed in
ANXA2-knockdown cells (Fig. 7C). These findings sug-
gest that ANXA?2 mediates XAB2 to promote CRC prolif-
eration and DNA damage repair, thereby increasing CRC
cell resistance to oxaliplatin.

USP10 interacts with XAB2 and stabilises its protein
expression

Ubiquitination and deubiquitination play critical roles
in the DNA damage response [35, 36]. Several proteins
of the USP family, including USP3, USP7, USP37, and
USP39, are involved in DDR [37-40]. However, the role
of ubiquitination and deubiquitination in XAB2 regula-
tion remains unclear. Therefore, mass spectrometry (MS)
was performed to identify potential molecules interact-
ing with XAB2, and the results indicated that USP10 may
interact with XAB2 (Fig. 8A). Next, co-immunoprecipita-
tion (Co-IP) assays were performed on SW480, HCT116,

and HEK-293T cells, confirming that USP10 binds to
XAB2 (Fig. 8B-C). Platinum based-drugs, as DNA dam-
age inducers, can activate ATM kinase activity, thereby
causing downstream protein nuclear translocation [41,
42]. Previous studies have demonstrated that USP10
translocates into the nucleus following DNA damage,
stabilizing nuclear protein expression [43, 44]. Therefore,
after treating CRC cells with oxaliplatin (7.5 uM) for 24 h,
an IF assay was performed, and nuclear, cytoplasmic,
and total proteins were extracted for western blot assay
to determine whether oxaliplatin induces this change
in USP10 by activating ATM kinase activity. The results
indicated that on the one hand, oxaliplatin induced ATM
kinase activity, leading to USP10 nuclear translocation,
which can be inhibited by the ATM inhibitor Ku55933.
On the other hand, oxaliplatin slightly increased the total
expression of USP10. These factors collectively led to an
increase in nuclear expression of USP10 after exposure to
oxaliplatin (Fig. 8D-E). In addition, to identify the struc-
tural domain of USP10 that mediates its interaction with
XAB2, truncated mutant fragments of USP10 were gen-
erated, including mutant 1 (M1) with amino acids 1-100
of USP10, mutant 2 (M2) with amino acids 101-400 of
USP10, and mutant 3 (M3) with amino acids 401-798
of USP10 (Fig. 8F). Co-IP assays demonstrated that the
amino-terminal region (amino acids 1-100) of USP10
mediated the physical interaction with XAB2, whereas
the amino acids 101-400 or amino acids 401-798 did not
have this effect (Fig. 8G).

USP10 deubiquitinates substrates and maintains
their stability. To verify whether USP10 can stabilize
XAB2, qRT-PCR and western blot analyses were per-
formed, revealing that USP10 does not regulate XAB2
at the mRNA level, while XAB2 protein levels gradually
increased with higher amounts of transfected USP10
plasmids (Fig. 9A-B). Consistently, the XAB2 protein
levels decreased upon USP10 knockdown (Fig. 9C). To
investigate whether this effect depends on USP10 deubiq-
uitination activity, CRC cells were treated with spautin-1,
a specific inhibitor of USP10 deubiquitination, for 24 h.
The results indicated that spautin-1 decreased XAB2 lev-
els in a concentration-dependent manner (Fig. 9D). The
half-life of XAB2 protein under cycloheximide (CHX)
treatment was prolonged by the proteasome inhibitor
MG132, suggesting that the ubiquitin-proteasome path-
way plays a crucial role in XAB2 protein degradation
(Fig. 9E-F). Furthermore, overexpression of USP10-wild
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Fig. 4 XAB2 enhances DNA damage repair of CRC cells. A-B Distribution of yH2AX in CRC cells treated with oxaliplatin (7.5 uM) for 24 h analysed via IF.
YH2AX is stained green, and the nucleus is stained blue. Scale bar =20 um. C-D Expression levels of yH2AX in CRC cells treated with oxaliplatin (7.5 uM)
for 24 h analysed using western blot analysis. E-F Representative images (left) and bar charts (right) from alkaline comet assays of control cells, XAB2-
overexpressing cells, and XAB2 knockdown cells treated with oxaliplatin (7.5 uM) for 48 h. Scale bar =100 um. Data are presented as mean +SD (**P<0.01,

***P<0.001)

type (WT) prolonged the half-life of the XAB2 protein,
whereas overexpression of USP10-C424A mutant did not
(Fig. 9G-H). Conversely, stable knockdown of USP10 or
treatment with spautin-1 shortened the half-life of the
XAB2 protein (Fig. 9I-L). These results indicate that the
upregulation of XAB2 by USP10 depends on the deubiq-
uitination activity of USP10.

USP10 deubiquitinates XAB2 K48-linked
polyubiquitination at K593

To investigate the effect of USP10 on XAB2 ubiquitina-
tion, first, Flag-USP10 plasmid was transfected into CRC
cells, resulting in XAB2 deubiquitination (Fig. 10A). Con-
versely, stable knockdown of USP10 or treatment with
spautin-1 increased the ubiquitination of XAB2 (Fig. 10B-
C). Additionally, overexpression of the USP10 deubiquiti-
nase inactivation mutant plasmid, USP10-C424A, did not
deubiquitinate XAB2 (Fig. 10D). Next, ubiquitination site
MS was performed to identify the specific XAB2 deubig-
uitination sites mediated by USP10. The results indicated
that K590 and K593 of XAB2 were potential ubiquitina-
tion sites (Fig. 10E). Further experiments revealed that
USP10 deubiquitinates K590R but not K593R, identify-
ing K593 as the specific USP10 deubiquitination site for
XAB2 (Fig. 10F-QG). Different HA-Ub plasmids (W'T, KO,
K48, and K63), along with Flag-USP10 and Myc-XAB2,
were transfected. The results indicated that USP10 spe-
cifically removed the K48-linked polyubiquitination of
XAB2 (Fig. 10H). Finally, western blot analysis showed
that the positive regulation of XAB2 protein by USP10
depended on K593 of XAB2 (Fig. 10I).

USP10 promotes CRC proliferation, oxaliplatin resistance,
and DNA damage repair by stabilising XAB2

To assess the functional implications of USP10-medi-
ated regulation of XAB2 in CRC phenotypes, we stably
knocked down USP10 in HT29 and RKO cells. USP10
knockdown decreased the proliferation of CRC cells in
vitro, an effect that was reversed by the XAB2 (Fig. 11A-
C). Consistently, USP10 knockdown impeded the growth
of HT29 xenografts, which was reversed by XAB2
overexpression (Fig. 11D). Next, we detected oxalipla-
tin resistance in CRC cells using CCK8 assays and flow
cytometry. The results demonstrated that USP10 knock-
down reduced oxaliplatin resistance in CRC cells, result-
ing in lower IC50 values and higher apoptotic rates,
effects reversed by XAB2 overexpression (Fig. 11E-G).

YH2AX levels were measured using western blot and
IF assays. The results indicated that USP10 knockdown
increased oxaliplatin-induced DNA damage, an effect
reversed by XAB2 overexpression (Fig. 12A-B). Alkaline
comet assay conducted in CRC cells after 48 h of oxali-
platin exposure (7.5 uM) showed that USP10 knockdown
significantly decreased DNA repair efficacy, with longer
comet tails and higher tail DNA percentage observed
in USP10-knockdown cells (Fig. 12C). This effect was
reversed upon XAB2 overexpression. Overall, these
findings suggest that USP10 promotes cell proliferation,
oxaliplatin resistance, and DNA damage repair in CRC by
stabilising XAB2.

Collectively, these findings indicate that oxaliplatin
treatment increases USP10 nuclear expression in CRC
cells, enabling XAB2 deubiquitination and stabilising its
protein expression. XAB2 then binds to the ANXA2 pro-
moter to activate its transcriptional activity, ultimately
promoting CRC cell proliferation, oxaliplatin resistance,
and DNA damage repair (Fig. 12D).

Discussion

Oxaliplatin is a third-generation platinum-based drug
commonly used in the treatment of CRC. It exerts anti-
cancer effects by forming platinum-DNA adducts, which
induce DNA damage and apoptosis [45]. However, some
patients exhibit inherent or acquired resistance to oxali-
platin, reducing its anticancer efficacy. Elucidating the
mechanisms behind oxaliplatin resistance and developing
more effective strategies to combat cancer is imperative.
In this study, we found that oxaliplatin induces increased
nuclear expression of USP10 in CRC cells, which deubiq-
uitinates XAB2 to stabilise its protein. XAB2 binds to the
ANXA2 promoter, activating its transcriptional activ-
ity, thereby promoting CRC cell proliferation and DNA
damage response, repairing oxaliplatin-induced DNA
damage, and enhancing oxaliplatin resistance. There-
fore, targeting the USP10/XAB2/ANXA2 axis to alleviate
oxaliplatin resistance in CRC cells could be a promising
therapeutic strategy.

XAB2 regulates various cellular processes, includ-
ing cell cycle, cell senescence, and DDR [7, 46]. Nota-
bly, XAB2 is involved in various DNA damage repair
mechanisms, such as promoting the eviction of the non-
homologous end-joining factor Ku from single-ended
DNA double-strand breaks, which is crucial for homolo-
gous recombination [47]. Additionally, XAB2 detaches
from R-loops after DNA damage induction, facilitating
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Fig.5 XAB2bindsto the ANXA2 promoter to activate its transcription. A Venn diagram illustrating the intersection analysis of RNA-seq and ChiP-seq data. B Genome-
wide distribution of peaks identified in ChIP-seq data. C Chromosomal distribution of reads from ChiP-Seq data. D gRT-PCR results showing RNA levels in cells with
XAB2 knockdown or overexpression. E ChIP-seq peaks showing XAB2 enrichment at the ANXA2 promoter. F Five predicted XAB2-binding motifs with the most signif-
icant differences among peaks. G ChIP-gPCR analysis showing XAB2 enrichment of XAB2 on the ANXA2 promoter relative to control IgG-treated SW480 and HCT116
cell. H Putative wild-type and mutant binding sites between XAB2 and the ANXA2 promoter. | Dual-luciferase reporter assay using firefly luciferase reporter vectors
and Renilla luciferase as an internal control. J-K Western blot analysis of ANXA2 protein levels in XAB2 overexpressing and knockdown cells. L XAB2 plasmid trans-
fected into ANXA2-downregulated CRC cells, with ANXA2 expression confirmed using western blot analysis. Data are presented as mean +SD (**P<0.01,**P<0.001)
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Fig. 6 ANXA2 mediates XAB2-induced proliferation and oxaliplatin resistance in CRC cells. A-C XAB2 plasmid transfected into ANXA2-downregulated CRC cells,
with the proliferative ability of cells determined by CCK8 assay (A) and colony formation assay (B-C). D Transplanted xenografts derived from cells with oe-NC+sh-
NG, oe-XAB2+sh-NC, oe-NC+sh-ANXA2, and oe-XAB2+sh-ANXA2 were established in BALB/c nude mice (n=5). Tumor volume and weight were measured. E
Viability of HT29 and RKO cells analysed using CCK8 assay after treatment with various concentrations of oxaliplatin for 48 h, with IC50 values displayed. F Apoptosis
of cells treated with or without oxaliplatin (7.5 uM) for 48 h detected by flow cytometry assays. Data are presented as mean+SD (*P<0.05, **P<0.01, ***P<0.001)
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Fig. 7 ANXA2 mediates XAB2-induced DNA damage repair in CRC cells. A Expression level of yH2AX in CRC cells treated with oxaliplatin (7.5 uM) for 24 h
analysed using western blot analysis. B yH2AX distribution in CRC cells treated with oxaliplatin (7.5 uM) for 24 h analysed using IF. yH2AX is stained green,
and the nucleus is stained blue. Scale bar =20 um. C Representative images (left) and bar charts (right) from alkaline comet assays of oe-NC+sh-NC,
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Fig.8 USP10 interacts with XAB2. A Distinct bands stained with silver and identified by MS. B Lysates from SW480 and HCT116 cells immunoprecipitated
with the IgG control, anti-XAB2 antibody, or anti-USP10 antibody followed by immunoblotting with USP10 and XAB2 antibodies. C Interaction between
Flag-USP10 and Myc-XAB2 confirmed by Co-IP in HEK293T cells. D Increase in nuclear expression of USP10 in CRC cells verified by IF after treatment with
oxaliplatin (7.5 uM) for 24 h, which can be inhibited by the ATM inhibitor Ku55933 (20mM). E Increase in nuclear expression of USP10 in CRC cells verified
by western blot analysis after treatment with oxaliplatin (7.5 uM) for 24 h. F Schematic representation of Flag-tagged full-length (FL) USP10 with its various
deletion mutants. G Co-IP confirming the interaction between Myc-XAB2 and Flag-tagged FL USP10 or its indicated mutants in HEK293T cells
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Fig. 9 USP10 stabilises XAB2 expression. A gRT-PCR analysis indicated that USP10 does not regulate XAB2 at the mRNA level. B Western blot analysis
demonstrated a gradual increase in XAB2 protein levels with increasing amounts of Flag-USP10 plasmids transfected. C Effect of USP10-siRNAs on XAB2
expression 48 h post-transfection. D Western blot analysis of XAB2 expression with or without spautin-1 treatment for 24 h at various concentrations.
E-F XAB2 expression levels after varying durations of CHX (50 ug/ml) administration, with or without MG132 (10uM) treatment for 8 h. G-H XAB2 expres-
sion levels after varying durations of CHX (50 pg/ml) administration in cells 48 h post-transfection with Flag vector, Flag-USP10 WT, or Flag-USP10 C424A
mutant plasmids. I-J XAB2 expression levels after varying durations of CHX (50 pg/ml) administration, with or without stable USP10 knockdown. K-L
XAB2 expression levels after varying durations of CHX (50 pg/ml) administration, with or without spautin-1 (1uM) pretreatment. Data are presented as

mean+SD (**P<0.01, ***P<0.001)

DNA damage recognition during transcription-coupled
nucleotide excision repair [9]. Nucleotide excision repair
(NER) has been described as the primary mechanism for
repairing oxaliplatin-induced DNA damage [48]. ERCCI,
a key mediator in NER, and its catalytic partner, XPF,
have been linked to oxaliplatin resistance [49]. Interest-
ingly, XAB2 has been shown to interact with ERCC1-XPF
in R-loop processing, supporting its role in oxaliplatin
resistance [6]. In addition, genomic instability from DDR
defects can drive cancer development. Thus, we investi-
gated whether XAB2 influences CRC initiation and pro-
gression. This study is the first to systematically examine
the role of XAB2 in the malignant phenotype of CRC
cells. Our findings show that XAB2 is highly expressed
in CRC, significantly promoting CRC cell proliferation,
enhancing DDR, repairing oxaliplatin-induced DNA
damage, and increasing oxaliplatin resistance. Addition-
ally, high XAB2 expression was strongly associated with
unfavourable clinicopathological features and poor prog-
nosis in patients with CRC.

Previous studies have shown that XAB2 interacts with
gene promoters to regulate their transcription [46]. In
this study, by combining RNA-seq and ChIP-seq data,
we confirmed that ANXA2 was a direct target of XAB2.
ANXA2 is an emerging tumor biomarker that promotes
cancer progression and is linked to poor prognosis. In
CRC, ANXA2 accumulates in the cell nucleus, disrupt-
ing coilin and causing its abnormal localisation to the
centromere, leading to chromosomal instability. This
chromosomal instability accelerates tumor growth and
contributes to chemotherapy resistance [50, 51]. In hepa-
tocellular carcinoma (HCC), long non-coding RNA binds
to ANXA2, enhances its protein stability, and promotes
oxaliplatin resistance [52]. These findings indicate that
ANXAZ? is a potential target for alleviating resistance to
chemotherapy. In this study, the results of in vivo experi-
ments showed that ANXA2 can directly enhance the
resistance of CRC cells to oxaliplatin, further confirming
these conclusions.

Deubiquitinases mediate substrate protein deubig-
uitination and regulate their functions. During tumor
initiation and progression, deubiquitinases regulate
key tumor-related proteins, influencing cell prolifera-
tion, apoptosis, DNA damage repair, and other pheno-
types. Previous studies revealed a strong link between
USP10 and tumor biology. USP10 functions as a tumor

suppressor in lung cancer and as an oncogene in sev-
eral other cancers, including CRC, HCC, and gas-
tric cancer [53-56]. USP10 is also closely associated
with DDR. USP10 deubiquitinates PARP1 K48-linked
polyubiquitination at K425, preventing its degradation
and promoting homologous recombination-mediated
DNA double-strand break (DSB) repair to mitigate
DNA damage [57]. In addition, USP10 translocates
to the nucleus after DNA damage, where it deubiqui-
tinates nuclear substrates [44]. This is similar to the
findings of this study, which showed that oxaliplatin
treatment increased the nuclear expression of USP10
in CRC cells, leading to the deubiquitination of XAB2
and preventing its degradation. These findings suggest
that USP10 influences DDR, thereby impacting tumor
progression.

Despite the findings in our study, there are still limita-
tions and questions that warrant further exploration. To
investigate the role of XAB2 in oxaliplatin resistance, we
used an oxaliplatin-resistant cell line. However, human
tissues with or without oxaliplatin resistance should also
be used. In practice, postoperative CRC patients typically
do not receive oxaliplatin as a monotherapy but instead
are treated with combination chemotherapy, includ-
ing drugs such as capecitabine or 5-fluorouracil. This
makes it challenging to assess XAB2-mediated resis-
tance to oxaliplatin monotherapy at the patient tissue
level. Another topic worth investigating is that USP10
contains a USP domain at its C-terminus, which typi-
cally functions as the deubiquitinating enzyme activity
domain. However, the amino-terminal region (amino
acids 1-100) of USP10 was found to mediate the interac-
tion with XAB2. There are several potential mechanisms
behind this phenomenon, including: (1) The N-terminal
region of USP10 could serve as a binding platform that
recruits XAB2 to USP10; (2) The binding of XAB2 to
the N-terminal region of USP10 might induce a confor-
mational change in USP10; (3) The N-terminal region
of USP10 might recruit additional cofactors or adap-
tor proteins that facilitate the deubiquitylation of XAB2;
(4) The N-terminal region of USP10 might help expose
or remodel the ubiquitin chains on XAB2, making
them more accessible to the USP domain. In summary,
the N-terminal region of USP10 plays a critical role in
recruiting XAB2 and positioning it in a way that allows
the USP domain to deubiquitylate it, even without direct
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Fig. 10 USP10 deubiquitinates XAB2 K48-linked polyubiquitination at K593. A SW480 cells lysed 48 h post-transfection with or without Flag-USP10, immunoprecipitated
with an anti-XAB2 antibody or IgG control, and subjected to immunoblotting with a ubiquitin (Ub) antibody. B Lysates of SW480 cells with or without stable USP10 knock-
down immunoprecipitated with an anti-XAB2 antibodly or IgG control, followed by immunoblotting with a Ub antibody. C The lysates of SW480 cells with or without spau-
tin-1 (1uM) pretreatment for 24 h were immunoprecipitated with the anti-XAB2 antibody or IgG control, followed by immunoblotting with the Ub antibody. D SW480 cells
lysed 48 h post-transfection with Myc-XAB2, HA-Ub, and Flag-vector/Flag-USP10 WT/Flag-USP10 C424A, respectively, then immunoprecipitated with a Myc antibody and
immunoblotted with an HA antibody. E Ubiquitination site MS of the XAB2 peptide in SW480 cells with stable USP10 knockdown. F-G Lysates from SW480 cells lysed 48 h
after transfection with Myc-XAB2 WT/Myc-XAB2 K590R/Myc-XAB2 K593R, HA-Ub, and Flag-vector/Flag-USP10,immunoprecipitated using Myc antibody, and immunoblot-
ted with an HA antibodly. H SWA480 cells lysed 48 h after transfection with Myc-XAB2, Flag-USP10, and HA-Ub WT/KO/K48/KE3, respectively, then immunoprecipitated with
aMyc antibody and immunoblotted with an HA antibodly. I Western blot analysis indicated the positive XAB2 protein regulation by USP10 depended on the K593 of XAB2
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Fig. 11 USP10 promotes CRC proliferation and oxaliplatin resistance through XAB2. A-C XAB2 plasmid transfected into USP10-downregulated CRC cells, with
the proliferative ability of cells assessed using CCK8 assay (A) and colony formation assay (B-C). D Transplanted xenografts derived from cells with sh-NC+oe-NC,
sh-USP10+0e-NC, sh-NC+oe-XAB2, and sh-USP10+0e-XAB2 were established in BALB/c nude mice (n=>5). Tumor volume and weight were measured. E Viability
of HT29 and RKO cells analysed using CCK8 assay after treatment with various concentrations of oxaliplatin for 48 h, with IC50 values displayed. F Apoptosis of cells
treated with or without oxaliplatin (7.5 uM) for 48 h detected by flow cytometry assays. Data are presented as mean+SD (*P<0.05, **P<0.01, **P<0.001)
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Fig. 12 USP10 promotes DNA damage repair in CRC cells through XAB2. A Expression level of yH2AX in CRC cells treated with oxaliplatin (7.5 uM) for
24 h analysed using western blot analysis. B yH2AX distribution in CRC cells treated with oxaliplatin (7.5 uM) for 24 h analysed using IF. yH2AX is stained
green, and the nucleus is stained blue. Scale bar =20 um. C Representative images (left) and bar charts (right) of alkaline comet assays of sh-NC+ oe-NC,
sh-USP10+ 0e-NC, sh-NC+oe-XAB2, and sh-USP10+ o0e-XAB2 cells treated with oxaliplatin (7.5 uM) for 48 h. Scale bar =100 um. Data are presented as

mean+SD (*P<0.01, ***P<0.001)

binding. However, the specific mechanism remains
unclear, and further research is needed to elucidate it.

Conclusions

In summary, our findings reveal that XAB2 is highly
expressed in CRC and correlates with poor prognosis. XAB2
directly binds to the ANXA2 promoter and regulates its tran-
scriptional activity, thereby regulating cell proliferation, DNA
damage repair, and oxaliplatin resistance in CRC. Addition-
ally, we demonstrated that this regulatory mechanism is
modulated by USP10 through XAB2 ubiquitination. Oxalipl-
atin treatment increases USP10 nuclear expression, enabling
it to deubiquitinate XAB2 K48-linked polyubiquitination at
K593, thereby stabilising XAB2 by preventing its degradation
via the ubiquitin-proteasome pathway. This study highlights
the potential of targeting the USP10/XAB2/ANXA2 axis to
enhance CRC sensitivity to oxaliplatin, presenting a promis-
ing therapeutic strategy for further investigation.
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