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Exportin 1 inhibitor KPT-330 reverses oxaliplatin
resistance via pS3 nuclear retention in colorectal cancer
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Abstract. Despite the established clinical efficacy of oxaliplatin
in colorectal cancer (CRC), resistance to this platinum-based
agent continues to pose a significant therapeutic challenge.
Increased exportin 1 (XPOI) expression in CRC has been
linked to chemoresistance, while KPT-330, a selective XPO1
inhibitor, has exhibited potential in enhancing platinum drug
effectiveness in other cancer types. The present study explored
the synergistic effects of KPT-330 and oxaliplatin in oxali-
platin-resistant CRC models. Oxaliplatin-resistant cell lines
(HCT116/L-OHP and HCTS8/L-OHP) were developed, exhib-
iting elevated XPOI1 expression as demonstrated by western
blotting. A range of in vitro assays (Cell Counting Kit-8 assays,
ethynyldeoxyuridine assays, crystal violet staining, transmis-
sion electron microscopy and flow cytometry) and an in vivo
subcutaneous xenograft model in nude mice were used to
evaluate the combination therapy. Co-treatment with KPT-330
and oxaliplatin induced G,/M phase arrest and mitochondrial
dysfunction, thereby triggering apoptosis and ferroptosis.
Mechanistically, the combination therapy of KPT-330 and
oxaliplatin promoted the nuclear retention of p53, which
in turn upregulated p21 and downregulated solute carrier
family 7 member 11. In vivo, the combination therapy signifi-
cantly enhanced tumor sensitivity to oxaliplatin. These results
suggested that KPT-330 restored oxaliplatin sensitivity in
resistant CRC by facilitating p53 nuclear retention, presenting
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a promising approach to overcome chemoresistance through
dual modulation of cell cycle arrest and ferroptosis pathways.

Introduction

Colorectal cancer (CRC) is an aggressive malignancy, ranking
third and second globally in terms of morbidity and mortality
rates, respectively (1). The incidence of CRC in China is
also rising steadily (2). The primary treatment approach for
CRC combines surgery with chemotherapy and radiotherapy;
however, not all patients respond to these standard therapies (3).
Despite ongoing advancements in combined treatment strate-
gies, including surgery, radiotherapy, chemotherapy, targeted
therapy and immunotherapy, the survival rate of CRC remains
suboptimal, with a high recurrence rate (3,4).

Oxaliplatin, a third-generation cisplatin analog, is widely
used in CRC treatment (5). While the 5-fluorouracil, folinic
acid and oxaliplatin regimen is initially effective, ~50%
of patients with stage II and III CRC develop resistance
to oxaliplatin-based adjuvant therapy (6). Previous studies
have identified several mechanisms of oxaliplatin resistance,
including anti-apoptotic signaling, ferroptosis, DNA repair,
autophagy and altered drug transport (7,8). However, the
precise mechanisms underlying oxaliplatin resistance remain
unclear.

KPT-330, a selective exportin 1 (XPOI) inhibitor, has shown
marked efficacy in tumor treatment (9,10). Ferreiro-Neiraetal (11)
demonstrated that KPT-330 enhances the sensitivity of CRC to
radiotherapy, suggesting a potential novel therapeutic model, the
combination therapy with KPT-330 and radiotherapy. A sepa-
rate report has indicated that sequential administration of XPO1
and an ataxia telangiectasia and Rad3-related protein inhibitor
(AZD-6738) improved therapeutic outcomes in TP53-mutated
CRC (12). Additionally, KPT-330 has been found to enhance the
efficacy of platinum-based chemotherapy in lung and ovarian
cancer (13,14). However, to the best of our knowledge, no studies
have explored the relationship between KPT-330 and oxaliplatin
resistance in CRC. Thus, the combination of oxaliplatin and
KPT-330 warrants investigation as a potential strategy for
overcoming resistance in CRC, with further exploration of its
underlying mechanisms.


https://www.spandidos-publications.com/10.3892/ijmm.2025.5675

2 LAI et al: KPT-330 REVERSES OXALIPLATIN RESISTANCE VIA P53 NUCLEAR RETENTION IN COLORECTAL CANCER

We hypothesized that KPT-330 could restore oxaliplatin
sensitivity in resistant CRC cells. To test this hypothesis,
the present study aimed to systematically evaluate the thera-
peutic potential of KPT-330 in combination with oxaliplatin
in oxaliplatin-resistant CRC cells. The present investigation
focused on the underlying mechanisms of this combination
regimen. Changes in the mitochondrial membrane potential
(MMP) were monitored to assess mitochondrial function, and
the effects on cell death pathways, including apoptosis and
ferroptosis, were investigated. Furthermore, the present study
examined the role of key molecular players by analyzing p53
nuclear translocation, p21 expression and the expression of
the ferroptosis-related gene solute carrier family 7 member 11
(SLC7A11). Finally, a subcutaneous xenograft model was
established to evaluate the in vivo efficacy of this combination
regimen.

Materials and methods

Reagents and antibodies. HCT116 (cat. no. CCL-247), HCT8
(cat.no. CCL-244) and FHC (cat. no. CRL-1831) cell lines were
obtained from American Type Culture Collection. The [3-actin
(cat. no. 4967S), GAPDH (cat. no. 2118), p21 (cat. no. 2947),
cleaved poly (ADP-ribose) polymerase (PARP) (cat.no.5625T),
cleaved caspase-3 (cat. no. 9664L), Bax (cat. no. 5023T),
PARP (cat. no. 953285), caspase-3 (cat. no. 9668S) and Bcl-2
(cat. no. 15071T) antibodies were sourced from Cell Signaling
Technology, Inc. CDK1 (cat. no. A11420), cyclin Bl (CCNBI,
cat. no. A19037), XPO1 (cat. no. A0299), glutathione peroxi-
dase 4 (GPX4; cat. no. A11243) and SLC7AI11 (cat. no. A2413)
antibodies were obtained from ABclonal Biotech Co., Ltd.
The Lamin B1 (cat. no. AF5161) antibody was obtained from
Affinity Biosciences, Ltd. The p53 (cat. no. sc-126) and Ki67
(cat. no. sc-23900) antibodies were purchased from Santa Cruz
Biotechnology, Inc. HRP-conjugated secondary antibodies
(cat. nos. ZB-2306 and ZB-2305) were obtained from Beijing
Zhongshan Jingiao Biotechnology Co., Ltd.

Cell culture. All cells were cultured in a 37°C incubator
with 5% CO,. The oxaliplatin-resistant HCT116 and HCTS
cell lines (HCT8/L-OHP and HCT116/L-OHP) were devel-
oped by progressively increasing oxaliplatin concentrations,
starting at 2 uM and reaching a final concentration of 14 uM,
over a period of =9 months. HCT8, HCT8/L-OHP and
HCT116/L-OHP cells were cultured in RPMI-1640 medium
(cat. no. CR-31800; Cienry Co., Ltd.) supplemented with 10%
fetal bovine serum (cat. no. BC-SE-FBS01C; Bio-Channel
Biotechnology Co., Ltd.) and 10,000 U/ml penicillin-strep-
tomycin (cat. no. ant-pm-05; InvivoGen). The HCT116 cell
line was cultured in McCoy's SA medium (cat. no. CR-16600;
Cienry Co., Ltd.) with 10% fetal bovine serum and 10,000 U/ml
penicillin-streptomycin, while FHC cells were cultured in
DMEM (cat. no. CR-12800; Cienry Co., Ltd.) with 10% fetal
bovine serum and 10,000 U/ml penicillin-streptomycin.

Cell viability test. For cell viability assays, 5x10° cells per well
were plated on 96-well plates and treated with different drugs
at 37°C for 48 h. For single-agent dose-response curves, cells
were treated with oxaliplatin (0.33, 1, 3.3, 10, 33 and 100 #M;
cat. no. HY-17371; MedChemExpress) or KPT-330 (0.001,

0.003, 0.01, 0.03, 0.1, 0.3, 1 and 3 uM; cat. no. S7252; Selleck
Chemicals). For two-agent dose-response curves, cells were
treated with a combination of oxaliplatin (0.33, 1, 3.3, 10,
33 and 100 M) and KPT-330 (10 and 33 nM). After silencing
of XPOlI, cells were treated with oxaliplatin (0.5, 1, 2, 4, 8,
16 and 32 uM). For experiments involving combination
therapy and specific inhibitors, the following treatments were
performed on HCT116/L-OHP and HCT8/L-OHP cells:
Cells were treated with single agents, including oxaliplatin
(10 uM) and KPT-330 (33 nM), as well as their combination.
For inhibitor assays, a combination of oxaliplatin (10 M) and
KPT-330 (33 nM) was used along with either Z-VAD-FMK
(10 uM; cat. no. HY-16658B; MedChemExpress) or Fer-1
(1 uM; cat. no. HY-100579; MedChemExpress). Separately,
oxaliplatin (2, 10 and 40 yM) was used to treat CRC (HCTS,
HCT116, HCT116/L-OHP and HCTS8/L-OHP cells) and
normal cells (FHC cells). Cell viability was then assessed
using the Cell Counting Kit-8 (cat. no. MA0218; Dalian
Meilun Biology Technology Co., Ltd.). Cells were incubated
with Cell Counting Kit-8 solution at 37°C for 2 h according to
the manufacturer's instructions.

Annexin V and PI staining. Apoptosis was detected using
the Annexin V-FITC/PI kit [cat. no. AT101C; MultiSciences
(Lianke) Biotech Co., Ltd.]. Following treatment with different
drugs (oxaliplatin, 10 uM; KPT-330, 33 nM; Z-VAD-FMK,
10 uM) at 37°C for 48 h, cells were harvested and stained with
annexin V and PI for 15 min, and analyzed by flow cytometry
(Fortessa; BD Biosciences). Apoptotic cells were quantified
as the sum of early apoptotic cells (annexin V*/PI) in the
lower-right quadrant and late apoptotic cells (annexin V*/PI*)
in the upper-right quadrant. Data were analyzed using FlowJo
software (version 10.8; BD Biosciences).

Cell cycle assay. For cell cycle analysis, 2x10° cells per well
were seeded on 6-well plates and cultured for 24 h in serum-free
medium until they reached 30-40% confluence. Cells were
then treated with drugs (oxaliplatin, 10 xM; KPT-330, 33 nM;
or the combination) for 48 h at 37°C in a CO, incubator. In
a separate experiment, HCT116 and HCT116/L-OHP cells
were treated with oxaliplatin (2 M) for 48 h at 37°C. After
treatment, cells were harvested, stained using the Cell Cycle
Staining Kit [cat. no. CCS012; MultiSciences (Lianke) Biotech
Co., Ltd.] for 15 min at room temperature in the dark, and
analyzed by flow cytometry (Fortessa; BD Biosciences).
Data were analyzed using FlowJo software (version 10.8;
BD Biosciences).

Reactive oxygen species (ROS) assay. Cells (2x10° per well)
were seeded on 6-well plates and cultured until they reached
30-40% confluence. The cells were then treated with drugs
(oxaliplatin, 10 xM; KPT-330, 33 nM; or the combination) for
48 h at 37°C in a CO, incubator. In a separate experiment,
HCT116 and HCT116/L-OHP cells were treated with oxali-
platin (2 uM) for 48 h at 37°C. After treatment, the cells were
incubated in serum-free medium containing 2',7'-dichlorodi-
hydrofluorescein diacetate (cat. no. SO033; Beyotime Institute
of Biotechnology), MitoSOX Red (cat. no. HY-D1055;
MedChemExpress), a fluorescent probe specifically designed
for the detection of mitochondrial superoxide, or the
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C11-BODIPY probe (cat. no. D3861; Invitrogen; Thermo
Fisher Scientific, Inc.), a fluorescent probe for the detection
of lipid peroxidation in cells, at 37°C for 20 min. Following
incubation, the fluorescence intensity was measured by flow
cytometry (CytoFLEX; Beckman Coulter, Inc.). Data were
analyzed using FlowJo software (version 10.8; BD Biosciences).

Measurement of malondialdehyde (MDA) levels. Cells (2x10°
per well) were seeded into 6-cm dishes and cultured overnight.
After 48 h of drug treatment (oxaliplatin, 10 xM; KPT-330,
33 nM; or the combination) at 37°C, cells were harvested
and lysed. The BCA Protein Assay Kit (cat. no. P0012;
Beyotime Institute of Biotechnology) was used to quantify
the protein concentration. Following protein quantification,
MDA (cat. no. S0131S; Beyotime Institute of Biotechnology)
working solution was added to the lysate, and the mixture was
heated at 100°C for 15 min. After centrifugation at 1,000 x g
for 10 min at room temperature, the supernatant was collected
and its absorbance was measured at 532 nm using a microplate
reader.

Measurement of glutathione (GSH) levels. Cells (2x10° per
well) were seeded into 6-cm dishes and cultured overnight.
After 48 h of drug treatment (oxaliplatin, 10 xM; KPT-330,
33 nM; or the combination) at 37°C, cells were harvested,
processed according to the GSH and GSSG Assay Kit instruc-
tions (cat. no. S0053; Beyotime Institute of Biotechnology),
and the absorbance was finally measured spectrophotometri-
cally at a wavelength of 412 nm.

Measurement of the MMP. Cells (2x10° per well) were seeded
on 6-well plates and cultured overnight. After 48 h of drug
treatment (oxaliplatin, 10 xM; KPT-330, 33 nM; or their
combination) at 37°C in a CO, incubator, the treated cells
were incubated with 1 ml JC-1 staining buffer (cat. no. C2006;
Beyotime Institute of Biotechnology) for 20 min at 37°C in the
dark. In a separate experiment, HCT116 and HCT116/L-OHP
cells were also treated with oxaliplatin (2 uM) for 48 h at 37°C
and then stained with 1 ml JC-1 staining buffer for 20 min
at 37°C in the dark. After incubation, the supernatant was
removed, and cells were centrifuged at 600 x g for 4 min at 4°C.
The cells were then washed twice with JC-1 washing buffer
(1X) and resuspended in the washing buffer. JC-1 fluorescence
was assessed by flow cytometry (Fortessa; BD Biosciences).
Data were analyzed using FlowJo software (version 10.8;
BD Biosciences).

Xenograft tumor model. All animal procedures were approved
by the Ethical Review Committee and Laboratory Animal
Welfare Committee of the Sir Run Run Shaw Hospital,
Zhejiang University School of Medicine (approval no.
SRRSH?2025-0023; Hangzhou, China). The experimental mice
were purchased from Hangzhou Ziyuan Laboratory Animal
Technology Co., Ltd. A total of 20 female BALB/c nude mice
(16-18 g; 6 weeks old) were used in the present study. The mice
were housed in a standard specific-pathogen-free environment
for 1 week before the experiment for acclimation. Housing
conditions were maintained at 22+2°C and 55+10% humidity,
with a 12/12 h light/dark cycle (7:00-19:00), with free access to
food and sterile water.
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For tumor implantation, 2x10° HCT116/L-OHP cells
suspended in 100 ul PBS were subcutaneously injected
into the right flank of each mouse. After 1 week, the mice
were randomly assigned to four treatment groups (5 mice
per group): Vehicle control (5% DMSO, 40% PEG300,
5% Tween 80 and 50% ddH,O; once per week), oxaliplatin
(cat. no. HY-17371; MedChemExpress) alone (10 mg/kg; once
per week), KPT-330 (cat. no. S7252; Selleck Chemicals) alone
(10 mg/kg; once per week), or a combination of oxaliplatin and
KPT-330.

Tumor size was measured with Vernier calipers on the
indicated days following the start of treatment: Days 1, 3,5, 8,
10,12, 15,17,20,22,24,27 and 29. The total time interval from
injection to final tumor measurement was 35 days. Euthanasia
was performed at the end of the pre-defined 4-week treat-
ment period. At that time, the maximum tumor diameter was
16.8 mm, and the maximum tumor volume was 1,209.6 mm?.
Euthanasia was performed by gradually filling a chamber with
CO, at a displacement rate of 35% of the chamber volume per
min, with exposure for =5 min after visible cessation of respi-
ration. Death was confirmed by the loss of respiration, loss
of muscle tone and subsequent cervical dislocation after CO,
inhalation. Tumors were dissected and embedded in paraffin
on day 29 after the start of treatment. The tumor volume
was calculated using the following formula: Tumor volume
(mm?®)=tumor length x tumor width?/2.

Transmission electron microscopy (TEM). Before being fixed
for TEM, HCT116/L-OHP cells were treated with oxaliplatin
(10 uM), KPT-330 (33 nM) or a combination of both. In a
separate experiment, HCT116 and HCT116/L-OHP cells
were treated with oxaliplatin (2 yM). All treatments were
performed for 48 h at 37°C. Experimental cells were fixed
with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer
(pH 7.4) for 2 h at 25°C, and then stored at 4°C in the same fixa-
tive overnight. After three washes with PBS, the samples were
incubated in 1% osmium tetroxide for 1 h at room tempera-
ture, followed by three washes with water. The samples were
then incubated in 2% uranyl acetate for 30 min at room
temperature. After dehydration through a series of ethanol
steps (15 min each in 50, 70, 90 and 100% ethanol) and two
20-min washes in 100% acetone, the samples were embedded
in epoxy resin for 24 h at 60°C and sectioned into ultrathin
slices (90 nm). The sections were imaged using a Tecnai G2
Spirit 120kV transmission electron microscope (FEI; Thermo
Fisher Scientific, Inc.).

Immunohistochemistry (IHC) assay. The tissues were fixed in
4% paraformaldehyde overnight at 4°C, followed by dehydra-
tion, clearing and paraffin embedding. The paraffin sections
(5 pm) were then baked at 60°C for 2 h, deparaffinized in
xylene and rehydrated through a descending series of graded
alcohols. Antigen retrieval was carried out using sodium
citrate buffer for 10 min at 100°C. Endogenous peroxidase
activity was blocked with 3% H,0O, for 10 min at room
temperature. Non-specific binding was blocked with 10% goat
serum (cat. no. SL038; Beijing Solarbio Science & Technology
Co., Ltd.) for 30 min at room temperature. The sections
were then incubated with primary antibodies against Ki67
(1:1,000; cat. no. sc-23900; Santa Cruz Biotechnology, Inc.)
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or p53 (1:1,000; cat. no. sc-126; Santa Cruz Biotechnology,
Inc.) overnight at 4°C. After washing, the sections were incu-
bated with an HRP-conjugated goat anti-mouse IgG (1:5,000;
ZB-2305; Beijing Zhongshan Jingiao Biotechnology Co., Ltd.)
secondary antibody for 1 h at 37°C. Color was developed
with a DAB kit (cat. no. ZLI-9017; Beijing Zhongshan Jingiao
Biotechnology Co., Ltd.) for 30 sec at room temperature, and
the sections were counterstained with hematoxylin for 1 min
at room temperature before being mounted and observed
under a light microscope (Whole Slide Scanning System;
Olympus VS200; Olympus Corporation). To evaluate the
percentage of Ki67-positive nuclei, five fields per group were
randomly selected and a total of 1,000 cells were counted. The
Ki67 proliferation index was calculated as the percentage of
Ki67-positive nuclei out of the total number of cells counted.

Reverse transcription-quantitative PCR (RT-gPCR) analysis
of mRNA expression. Total RNA from treated cells was
extracted using the AG RNAex Pro Reagent (cat. no. AG21101;
Hunan Accurate Bio-Medical Technology Co., Ltd.) and the
SteadyPure RNA Extraction Kit (cat. no. AG21024; Hunan
Accurate Bio-Medical Technology Co., Ltd.). Prior to RNA
extraction, cells were treated with oxaliplatin (10 gM),
KPT-330 (33 nM) or a combination of both for 48 h at 37°C.
RNA (~1.0 ug) was reverse-transcribed to generate the first
strand of cDNA using the Evo M-MLV RT Mix Kit with gDNA
Clean for qPCR Ver.2 (cat. no. AG11728; Hunan Accurate
Bio-Medical Technology Co., Ltd.). The reverse transcrip-
tion reaction was performed at 37°C for 15 min, followed by
heating at 85°C for 5 sec. gPCR was performed using ChamQ
Universal SYBR qPCR Master Mix (cat. no. Q711-02; Vazyme
Biotech Co., Ltd.). The thermocycling conditions were as
follows: Initial denaturation at 95°C for 30 sec, followed by
40 cycles of 95°C for 10 sec (denaturation) and 60°C for 30 sec
(annealing/extension). GAPDH was used as the internal refer-
ence gene. The relative gene expression levels were quantified
using the 224 method (15). The primer pairs used for gPCR
were as follows: GAPDH forward, 5'-GGAGCGAGATCC
CTCCAAAAT-3' and reverse, 5-GGCTGTTGTCATACT
TCTCATGG-3'; CDK1 forward, 5-~-AAACTACAGGTCAAG
TGGTAGCC-3' and reverse, 5S'"TCCTGCATAAGCACA
TCCTGA-3'; CCNBI forward, 5~ AATAAGGCGAAGATC
AACATGGC-3' and reverse, S-TTTGTTACCAATGTCCCC
AAGAG-3'; SLC7A11 forward, 5"TCTCCAAAGGAGGTT
ACCTGC-3' and reverse, 5~ AGACTCCCCTCAGTAAAGT
GAC-3'; and GPX4 forward, 5'-ACAAGAACGGCTGCG
TGGTGAA-3' and reverse, 5'-GCCACACACTTGTGGAGCT
AGA-3'.

Western blot analysis. Treated cells and tissues were
washed 2-3 times with PBS, then lysed using RIPA buffer
(cat. no. PO013B; Beyotime Institute of Biotechnology).
Prior to protein analysis, HCTS, HCT116, HCT116/L-OHP
and HCT8/L-OHP cells were treated with a range of oxali-
platin concentrations (1, 2, 4, 8 and 16 xM). HCT116/L-OHP
and HCT8/L-OHP cells were also treated with a series of
KPT-330 concentrations (10, 33, 100, 333 and 1,000 nM).
HCT116/L-OHP and HCT8/L-OHP cells were treated with
oxaliplatin (10 M), KPT-330 (33 nM) or a combination of
both. Additionally, after silencing of p53, HCT116/L-OHP

cells were treated with oxaliplatin (10 xM), KPT-330 (33 nM)
or a combination of both. All cell treatments were conducted
for 48 h at 37°C. The lysates were centrifuged at 12,000 x g
for 15 min at 4°C to collect the protein. Protein concentrations
were quantified using a BCA assay (cat. no. MA0082-2; Dalian
Meilun Biology Technology Co., Ltd.). Proteins (20 ug/lane)
were separated by 10% SDS-PAGE and transferred onto
PVDF membranes (cat. no. ISEQ00010; Sigma-Aldrich;
Merck KGaA). The membranes were blocked with 5% BSA
(cat. no. 9048-46-8; Dalian Meilun Biology Technology Co.,
Ltd. for 1 h at room temperature, and incubated with the
specified primary antibodies specific to the target proteins
B-ACTIN (cat. no. 4967S), GAPDH (cat. no. 2118), p21
(cat.no.2947),cleaved PARP (cat.no.5625T),cleaved caspase-3
(cat. no. 9664L), Bax (cat. no. 5023T), PARP (cat. no. 9532S),
caspase-3 (cat. no. 9668S), Bcl-2 (cat. no. 15071T), CDK1
(cat. no. A11420), CCNBI1 (cat. no. A19037), XPOl
(cat. no. A0299), GPX4 (cat. no. A11243), SLC7A1l
(cat. no. A2413), Lamin Bl (cat. no. AF5161) and p53
(cat. no. sc-126), all at a dilution of 1:1,000, overnight at 4°C.
Afterwards, the membranes were washed three times with PBS
and incubated with the appropriate HRP-conjugated secondary
antibodies (cat. nos. ZB-2306 and ZB-2305; 1:10,000) for 1 h
at room temperature. Protein bands were visualized using
an FDbio-Dura ECL kit (cat. no. FD8020; Hangzhou Fude
Biological Technology Co., Ltd.), and semi-quantified using
Imagel analysis software (version 8; National Institutes of
Health).

A fractionation assay [HCTS8/L-OHP and HCT116/L-OHP
cells were treated with oxaliplatin (10 xM), KPT-330 (33 nM) or
a combination of both for 48 h at 37°C] was performed to obtain
nuclear and cytoplasmic protein fractions using the Nuclear
and Cytoplasmic Protein Extraction Kit (cat. no. PO028B;
Beyotime Institute of Biotechnology) according to the manu-
facturer's instructions. The separated fractions were then
subjected to western blotting as aforementioned.

Immunofluorescence analysis. HCT116/L-OHP and HCTS/
L-OHP cells (5x10* per well) were seeded in confocal culture
dishes (cat. no. 801001; Wuxi NEST Biotechnology Co., Ltd.)
and cultured overnight. The cells were then treated with oxali-
platin (10 xM), KPT-330 (33 nM) or a combination of both for
48 h at 37°C. Following treatment, the cells were fixed with
4% paraformaldehyde overnight at 4°C, permeabilized with
0.1% Triton X-100 at room temperature for 15 min and blocked
with 10% goat serum (cat. no. MB4508-1; Dalian Meilun
Biology Technology Co., Ltd.) at room temperature for 1 h.
After blocking, cells were incubated with a mouse anti-p53
antibody (cat. no. sc-126; 1:500; Santa Cruz Biotechnology,
Inc.) at 4°C overnight. The cells were then incubated with
a goat anti-mouse secondary antibody (cat. no. A-11001;
Alexa Fluor 488; Thermo Fisher Scientific, Inc.) for 1 h at
room temperature. Finally, the cells were stained with DAPI
(1 mg/ml; cat. no. D3571; Thermo Fisher Scientific, Inc.) for
5 min at room temperature to visualize the nuclei, and images
were captured using a laser scanning confocal fluorescence
microscope. The fractional area of p53 in the nucleus was
quantified by analyzing 10 cells from each treatment group,
and was analyzed using ImagelJ analysis software (version 8;
National Institutes of Health).
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Cell transfection. The target sequences of small inter-
fering RNAs (siRNAs; Table SI) were synthesized by
Suzhou GenePharma Co., Ltd. For transient transfection,
Lipofectamine RNAIMAX (cat. no. 13778030; Thermo Fisher
Scientific, Inc.) was used according to the manufacturer's
protocol. A total of 5 ul of si-RNA (20 pM), 100 ul Opti-MEM
(cat. no. CR22600; Cienry Co., Ltd.) and 6 ul Lipofectamine
RNAiIMAX were mixed at room temperature for 20 min.
This complex was then added to 0.9 ml RPMI-1640 medium
(resulting in a final siRNA concentration of 100 nM), and the
cells were transfected for 8 h at 37°C. After transfection, cells
were allowed to recover for 24 h at 37°C before being used
in subsequent experiments. The transfection efficiency was
determined by western blot analysis.

Ethynyldeoxyuridine (EdU) assay. Cell proliferation was
assessed using an EdU assay kit (cat. no. C10310; Guangzhou
RiboBio Co., Ltd.). Cells (1x10° per well) were seeded on
12-well plates and cultured overnight. After 48 h of drug treat-
ment (oxaliplatin, 10 xM; KPT-330, 33 nM; or the combination)
at 37°C, cells were incubated with EdU at a final concentration
of 50 uM for 2 h at 37°C. The cells were then fixed, permeabi-
lized and stained according to the manufacturer's instructions
of the EdU assay kit. Finally, the images were captured using a
laser scanning confocal fluorescence microscope.

Crystal violet assay. Cells (1x10° per well) were seeded on
12-well plates. When the cells reached 30-40% confluence,
they were treated with oxaliplatin (5 or 10 M), KPT-330
(10 or 33 nM) or a combination of the two (KPT-330
at 10 or 33 nM with oxaliplatin at 5 or 10 M) for 48 h at 37°C
in a CO, incubator. The cells were then washed three times with
PBS and fixed with 4% paraformaldehyde at room tempera-
ture for 15 min. Afterwards, the cells were washed twice with
PBS and stained with crystal violet at room temperature for
20 min. The cells were washed three times with water, and
images were captured.

Statistical analysis. Data are presented as the mean + SD
of at least three independent biological replicates (n=3). All
statistical analyses were performed using GraphPad Prism 8.0
(Dotmatics). Differences among multiple groups were
compared using one-way ANOVA. If the data met the assump-
tion of homogeneity of variances, Tukey's Honestly Significant
Difference post hoc test was used. If the assumption was
violated, Welch's ANOVA with Dunnett's T3 post hoc test was
performed. P<0.05 was considered to indicate a statistically
significant difference.

Results

KPT-330 and oxaliplatin combined inhibit the proliferation of
oxaliplatin-resistant CRC cells. Oxaliplatin-resistant cell lines
were established using oxaliplatin-sensitive CRC cell lines
(HCT116 and HCTS) (Fig. 1A). Notably, HCT116/L-OHP and
HCTS8/L-OHP cells exhibited higher ICy, values (45.94 yuM
for HCT116/L-OHP cells and 50.91 uM for HCT8/L-OHP
cells) compared with their parental counterparts HCT116
(2979 uM) and HCT8 (4.847 uM) cells (Fig. 1B). Previous
research has suggested that XPO1 expression is negatively
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associated with the prognosis of patients with CRC, posi-
tioning XPOL1 as a potential therapeutic target for CRC (16).
Furthermore, KPT-185, a selective XPO1 inhibitor, syner-
gistically induces apoptosis in human pancreatic and colon
cancer cell lines when combined with oxaliplatin (17). In
line with these findings, XPOI expression was higher in the
newly established oxaliplatin-resistant cell lines compared
with their parental counterparts (Fig. S1A). Oxaliplatin treat-
ment induced a concentration-dependent increase in XPOI1
expression in both HCT116/L-OHP and HCTS/L-OHP cells
(Fig. 1C). Additionally, a similar induction of XPOI1 expres-
sion was observed in both HCT116 and HCTS cells following
oxaliplatin treatment (Fig. S1B).

The cytotoxic effects of oxaliplatin and KPT-330 were
subsequently assessed in vitro using four CRC cell lines
(HCTS, HCT8/L-OHP, HCT116 and HCT116/L-OHP) and
the non-cancerous FHC cells. Low concentrations of oxali-
platin decreased the viability of sensitive CRC cells, whereas
high concentrations of oxaliplatin decreased the viability of
FHC cells. The inhibitory effect on resistant CRC cells was
less pronounced than that on sensitive CRC cells and FHC
cells (Fig. 1D). The ICs, values for KPT-330 ranged between
0.1 and 0.3 uM in CRC cells, while 1.3 uM KPT-330 suppressed
the viability of non-cancerous FHC cells (Fig. 1G). Silencing
of XPOI1 using two distinct siRNAs in HCT116/L-OHP
and HCT8/L-OHP cells, which are resistant to oxaliplatin,
enhanced their sensitivity to oxaliplatin (Fig. 1E and F). The
inhibition of XPOI expression by KPT-330 was found to be
dose-dependent, and KPT-330 could enhance the sensitivity
of oxaliplatin-resistant CRC cells to oxaliplatin by downregu-
lating XPO1 expression (Fig. 1H-J). These results collectively
demonstrated a synergistic effect of KPT-330 and oxaliplatin
in overcoming resistance in CRC cells.

Combination of KPT-330 and oxaliplatin induces G,/M cell
cycle arrest in oxaliplatin-resistant CRC cells. In subsequent
experiments, the combination treatment for 48 h resulted in a
more significant reduction in the viability of HCT116/L-OHP
and HCT8/L-OHP cells compared with oxaliplatin alone
(Fig. 2A). EdU staining was employed to assess the impact
of the KPT-330 and oxaliplatin combination on cell prolif-
eration, revealing a pronounced inhibition of proliferation
in both HCT116/L-OHP and HCT8/L-OHP cells following
combined treatment (Fig. 2B). Oxaliplatin primarily induces
G,/M cell cycle arrest and a transient delay in the S phase (18).
When comparing the cell cycle distribution of HCT116 and
HCT116/L-OHP cells after 48 h of oxaliplatin (2 uM) treat-
ment, a clear accumulation in the G,/M phase was observed
in HCT116 cells, accompanied by a reduction in cells in the
S and G,/G, phases (Fig. S2A). In HCT116/L-OHP cells, the
combination treatment further reduced the proportion of cells
in the S phase and notably increased the proportion of cells
in the G,/M phase compared with oxaliplatin (10 zM) alone
(Fig. S2B and C). In HCT8/L-OHP cells, where oxaliplatin as
a single agent had minimal effects, the combination therapy
increased the proportion of cells in the G,/M phase compared
with oxaliplatin (10 M) alone (Fig. S2B and C). These
results suggested that KPT-330 and oxaliplatin influenced
proteins associated with the G,/M phase, as evidenced by the
increase in the G,/M cell population following combination
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Figure 1. Combination of KPT-330 and oxaliplatin synergistically inhibits the viability of oxaliplatin-resistant CRC cells. (A) Schematic illustrating the process
of constructing oxaliplatin-resistant HCT116/L-OHP and HCT8/L-OHP cell lines. (B) Dose-response curves for oxaliplatin in the four CRC cell lines, with
cell viability measured using the CCK-8 assay after 48 h of treatment. (C) Immunoblot analysis of HCT116/L-OHP and HCT8/L-OHP cells treated with oxali-
platin for 48 h. (D) Viability of four CRC cell lines and FHC cells treated with oxaliplatin for 48 h, measured using a CCK-8 assay. (E) Viability of indicated

cancer cell lines after silencing of XPOLl or transfection with si-NC, followed

by 48 h of oxaliplatin treatment. (F) Immunoblot analysis of HCT116/L-OHP

and HCT8/L-OHP cells after silencing of XPOI1 or transfection with si-NC. (G) Dose-response curves for KPT-330 in the four CRC cell lines and FHC cells,
with cell viability assessed using a CCK-8 assay after 48 h of treatment. (H) Immunoblot analysis of HCT116/L-OHP and HCT8/L-OHP cells treated with
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treatment. To explore the underlying mechanism of the cell
cycle arrest induced by the combination, the expression of key
G,/M arrest markers was analyzed by western blotting. The
protein and mRNA levels of CCNBI1 and CDKI1, which are

critical regulators of the G,/M phase, were reduced following
combined treatment (Fig. 2D and E). Given the known role of
p53 and p21 in modulating the CDK1-CCNBI complex (19),
the present results demonstrated that the combination treatment
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upregulated p53 and p21 protein expression, as evidenced by
a subsequent downregulation of CDK1 and CCNBI protein
levels (Fig. 2D). These results collectively indicated that the
KPT-330 and oxaliplatin combination induced G,/M cell cycle
arrest in oxaliplatin-resistant CRC cells.

Combination of KPT-330 and oxaliplatin induces apoptosis
in oxaliplatin-resistant CRC cells. Compared with HCT116/
L-OHP cells, oxaliplatin induced a significant increase in
apoptosis in HCT116 cells (Fig. S3A), indicating that resis-
tance to oxaliplatin in CRC is associated with anti-apoptotic
mechanisms (20). To further explore whether the combination
of oxaliplatin and KPT-330 synergistically induces apoptosis
in oxaliplatin-resistant CRC cells, apoptosis levels were quan-
titatively assessed. While treatment with either oxaliplatin
or KPT-330 alone did not significantly induce apoptosis in
HCT116/L-OHP or HCT8/L-OHP cells, the combination
therapy markedly enhanced apoptosis (Fig. 3A). To investi-
gate whether the observed apoptosis was caspase-dependent,
Z-VAD-FMK, a pan-caspase inhibitor, was employed (21,22).
The results revealed that Z-VAD-FMK effectively blocked
apoptosis induced by the combination therapy (Fig. 3B and C).
Western blotting further demonstrated that oxaliplatin
combined with KPT-330 increased cleaved PARP levels
(Fig. 3D). Collectively, these results suggested that KPT-330
potentiated oxaliplatin-induced apoptosis in CRC cells.

Combination of KPT-330 and oxaliplatin increases the levels
of ROS and induces mitochondrial dysfunction. Apoptosis
is a multifaceted process involving caspase activation, MMP
changes, the balance between pro-apoptotic and anti-apoptotic
proteins, and other signaling pathways (23). Compared with
HCT116/L-OHP cells, HCT116 cells exhibited greater sensi-
tivity to oxaliplatin-induced changes in the MMP (Fig. S3B).
To investigate whether the combination treatment induced
apoptosis by affecting the MMP, JC-1, a fluorescent indi-
cator of the MMP, was used. In both HCT116/L-OHP and
HCTS8/L-OHP cells, combination treatment with oxaliplatin
and KPT-330 induced greater mitochondrial depolarization
than monotherapy (Fig. 4A). However, in HCT8/L-OHP cells,
low-dose KPT-330 treatment did not affect mitochondrial
depolarization (Fig. 4A). Notably, the MMP loss in both
KPT-330 and oxaliplatin monotherapy groups was lower than
that of the control group. This finding suggests that while the
single agents induced apoptosis, they might be triggering a
different or less direct mitochondrial pathway in these resis-
tant cells. Alternatively, the observed decrease in MMP loss
could be a result of the adaptive mechanisms of the cells,
which enables them to maintain mitochondrial function and
viability under single-agent stress, thereby contributing to drug
resistance. These results suggested that combination therapy
may induce mitochondrial dysfunction. To further determine
if this dysfunction is linked to increased ROS production,
ROS levels were measured in the cells. Oxaliplatin treatment
had a negligible effect on ROS induction in HCT116/L-OHP
cells, in contrast to its marked effect on sensitive HCT116 cells
(Fig. S3C), combination therapy increased ROS levels in both
HCT116/L-OHP and HCTS8/L-OHP cells (Fig. 4B). Given that
most intracellular ROS are generated within mitochondria,
the MitoSOX Red reagent, a mitochondria-targeted form of

dihydroethidium, was used to examine mitochondrial ROS
levels. The combination of oxaliplatin and KPT-330 further
elevated mitochondrial ROS levels in both HCT116/L-OHP
and HCTS8/L-OHP cells compared with either monotherapy
treatment (Fig. 4C). TEM images revealed morphological
changes in the mitochondria following treatment with
oxaliplatin, KPT-330 or the combination. Notably, the combi-
nation therapy resulted in increased membrane density and a
shrunken mitochondrial morphology (Fig. 4D). Additionally,
compared with those in HCT116/L-OHP cells, mitochondria
in HCT116 cells displayed impaired morphology following
oxaliplatin treatment (Fig. S3D). These results suggested that
the combination of oxaliplatin and KPT-330 induced mito-
chondrial dysfunction through the elevation of ROS levels.

Combination of KPT-330 and oxaliplatin inhibits SLC7A11
and GPX4 expression to induce ferroptosis. The present TEM
results (Fig. 4D) revealed that HCT116/L-OHP cells treated with
combination therapy exhibited distinct morphological features
characteristic of ferroptosis, an iron-dependent, non-apoptotic
form of cell death marked by the accumulation of cytotoxic lipid
ROS, leading to lipid membrane damage and perforation (24).
Inducing ferroptosis can overcome oxaliplatin resistance in CRC
cells (25,26). To further explore whether combination therapy
sensitizes oxaliplatin-resistant cells to oxaliplatin by triggering
ferroptosis, several experiments were conducted. Both lipid
peroxidation and MDA levels were increased following combi-
nation treatment with oxaliplatin and KPT-330 (Fig. 5A and B).
Inhibition of cell viability by the combination therapy was
partially reversed using the ferroptosis inhibitor ferrostatin-1
(Fig. 5C). The present results demonstrated that combination
therapy enhanced p53 expression. As a key regulator in tumori-
genesis and development, p53 serves a critical role in both
oxaliplatin resistance and ferroptosis (27). Based on this, it was
hypothesized that combination therapy promotes pS3 expression
to activate ferroptosis-related signaling. Combination treatment
reduced the mRNA and protein levels of SLC7A11 and GPX4
(Fig. 5D and E), and similarly decreased GSH levels (Fig. 5F).
Knockdown of p53 partially counteracted the reduction in
SLC7A11 and GPX4 expression induced by the combination
therapy (Figs. S4 and 5G). These results indicated that the
combination of KPT-330 and oxaliplatin induced ferroptosis by
promoting p53 expression, which in turn suppressed SLC7A11
and GPX4 expression.

Combination of KPT-330 and oxaliplatin induces p53 nuclear
retention. Combination treatment enhanced p53 expression.
Given that XPO1 mediates the nuclear export of p53, the
balance between its nuclear and cytoplasmic localization is
a key mechanism that influences oxaliplatin sensitivity (28).
Additionally, increased cytoplasmic p53 levels diminish
cellular sensitivity to oxaliplatin (28,29). Cell fractionation
experiments revealed that oxaliplatin monotherapy resulted in
elevated p53 levels in both the cytoplasmic and nuclear fractions
(Fig. 6A). Immunofluorescence analysis further demonstrated
that oxaliplatin treatment alone notably promoted nuclear
accumulation of p53 (Fig. 6A and B). In HCT116/L-OHP cells,
combination therapy further enhanced nuclear p53 accumula-
tion (Fig. 6A and B). In HCT8/L-OHP cells, the combination
therapy not only reduced p53 nuclear export (Fig. 6A) but also
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Figure 3. Combination of KPT-330 and oxaliplatin induces apoptosis in oxaliplatin-resistant colorectal cancer cells. (A) Apoptosis rate of HCT116/L-OHP and
HCTS8/L-OHP cells treated with oxaliplatin, KPT-330 or the combination for 48 h, assessed by flow cytometry. The sum of early apoptotic cells (annexin V*/PI)
in the lower-right quadrant and late apoptotic cells (annexin V*/PI") in the upper-right quadrant indicates apoptotic cells, and was used for quantification.
(B) Viability of HCT116/L-OHP and HCT8/L-OHP cells treated with oxaliplatin and KPT-330 or the combination with Z-VAD-FMK for 48 h, analyzed
using a Cell Counting Kit-8 assay. (C) Apoptosis rate of HCT116/L-OHP and HCT8/L-OHP cells treated with oxaliplatin and KPT-330 or the combination
with Z-VAD-FMK for 48 h, analyzed by flow cytometry. The sum of early apoptotic cells (annexin V*/PI') in the lower-right quadrant and late apoptotic
cells (annexin V*/PI*) in the upper-right quadrant indicates apoptotic cells, and was used for quantification. (D) Immunoblot analysis of HCT116/L-OHP and
HCTS8/L-OHP cells treated with oxaliplatin, KPT-330 or the combination for 48 h. “P<0.01, “*P<0.001, “*“P<0.0001. PARP, poly (ADP-ribose) polymerase.

increased nuclear p53 expression (Fig. 6A and B). In conclu-
sion, these results indicated that the combination of KPT-330
and oxaliplatin induced p53 nuclear retention.

Combination of KPT-330 and oxaliplatin effectively
suppresses tumor growth in a mouse xenograft model.
Assessing the effectiveness of synergistic inhibition in

animal models is crucial. A subcutaneous xenograft model
was established by injecting HCT116/L-OHP cells subcuta-
neously. At 1 week after tumor implantation, four treatment
groups were formed: Vehicle (once a week), oxaliplatin
(10 mg/kg; once a week), KPT-330 (10 mg/kg; once a week)
and combination treatment (Fig. 7A). After 4 weeks of treat-
ment, the body weight of mice in the combination therapy
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Figure 5. Combination of KPT-330 and oxaliplatin inhibits SLC7A11 and GPX4 expression to induce ferroptosis. (A) HCT116/L-OHP and HCT8/L-OHP cells
were treated with oxaliplatin, KPT-330 or the combination for 48 h, stained with C11-BODIPY, and analyzed by flow cytometry. (B) MDA levels after treat-
ment of HCT116/L-OHP and HCT8/L-OHP cells with oxaliplatin, KPT-330 or the combination for 48 h. (C) Viability of HCT116/L-OHP and HCT8/L-OHP
cells treated with KPT-330 and oxaliplatin or the combination with Fer-1 for 48 h, analyzed using a Cell Counting Kit-8 assay. (D) Immunoblot analysis of
HCT116/L-OHP and HCT8/L-OHP cells treated with oxaliplatin, KPT-330 or the combination for 48 h. (E) mRNA expression levels of SLC7A11 and GPX4
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glutathione peroxidase 4; GSH, glutathione; MDA, malondialdehyde; si, small interfering RNA; SLC7A11, solute carrier family 7 member 11.
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Figure 7. Combination of KPT-330 and oxaliplatin effectively suppresses tumor growth in a mouse xenograft model. (A) A subcutaneous tumor xenograft
model was established by injecting HCT116/L-OHP cells into the subcutaneous tissue of nude mice. At 1 week after tumor establishment, four treatment
groups were formed: Vehicle control, oxaliplatin, KPT-330 and combination. (B) Body weight curves of mice during the in vivo efficacy assessment of oxali-
platin and KPT-330 in HCT116/L-OHP xenografts. The NS symbol indicates that the weight in the combination therapy group was not significantly different
from those in the single-drug (oxaliplatin or KPT-330) and vehicle control groups at the final timepoint. (C) Growth curve of tumor volume in the in vivo
efficacy assessment of oxaliplatin and KPT-330 in HCT116/L-OHP xenografts. (D) Representative images of tumors from all groups (n=5). (E) Tumor weights
in each group (n=5). (F) Representative staining images of Ki67, H&E and p53 in HCT116/L-OHP xenograft tumors. Scale bar, 50 #m. (G) Quantification
of Ki67 in HCT116/L-OHP xenograft tumors treated with oxaliplatin, KPT-330 or the combination. (H) Immunoblot analysis of HCT116/L-OHP xenograft
tumors treated with oxaliplatin, KPT-330 or the combination. "P<0.05, “P<0.01, ““P<0.001, “*"P<0.0001. NS, not significant; XPOI, exportin 1.

group was not significantly different from those of the groups (Fig. 7B). Additionally, after 4 weeks of treatment, the
single-drug (oxaliplatin or KPT-330) and vehicle control  combination therapy group showed a significant reduction in
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both tumor volume and mass compared with the monotherapy
(oxaliplatin or KPT-330) and control groups (Fig. 7C-E),
supporting the present in vitro findings. Further IHC staining
revealed that the combination treatment reduced the prolif-
eration index, as indicated by decreased Ki67 expression
(Fig. 7F and G). Combination therapy with KPT-330 signifi-
cantly enhanced the nuclear accumulation of p53, an effect
that was only partially achieved with oxaliplatin treatment
alone (Fig. 6A and B). IHC analysis of xenograft tumors
revealed a similar trend, with the combination treatment
promoting p53 accumulation, particularly in the nucleus
(Fig. 7F). Additionally, western blot analysis revealed that
oxaliplatin treatment increased XPOIl expression (Fig. 7H).
These data demonstrated the effectiveness of the combina-
tion of oxaliplatin and KPT-330 in overcoming oxaliplatin
resistance in CRC.

Discussion

Oxaliplatin is a widely used chemotherapeutic agent in the
treatment of CRC (7). However, the development of resis-
tance to oxaliplatin limits its clinical efficacy (30). This
resistance is often associated with the adaptive tolerance of
tumor cells to cell death mechanisms (31). Therefore, strate-
gies aimed at enhancing tumor cell sensitivity to oxaliplatin
are critical for developing effective approaches to overcome
chemoresistance. In the present study, a mechanism was
proposed to explain how KPT-330 overcomes oxaliplatin
resistance. First, it was observed that oxaliplatin treatment
alone increased the expression levels of XPOI1, which in
turn, enhanced the nuclear and cytoplasmic levels of p53.
This mislocalization of p53 prevented it from performing its
tumor-suppressing function in the nucleus, thereby reducing
the sensitivity of the CRC cells to oxaliplatin. KPT-330
combined with oxaliplatin restored oxaliplatin sensitivity by
promoting the nuclear localization of p53. As shown in our
model, KPT-330 blocked the XPOl-mediated nuclear export
of p53 by inhibiting XPOlI, leading to its accumulation in
the nucleus. The nuclear p53 then acts as a transcription
factor, leading to the downregulation of SLC7A11 and the
upregulation of p21. This, along with a decrease in MMP,
collectively promotes both apoptosis and ferroptosis in the
CRC cells, effectively overcoming oxaliplatin resistance
(Fig. S5).

Several tumor suppressor proteins (TSPs), such as p53
and p21, are crucial for maintaining cellular integrity by
regulating cell proliferation, apoptosis and DNA damage
repair (32). Consequently, mislocalization of TSPs to the
cytoplasm can contribute to tumor progression (33). One
approach to prevent such mislocalization is to inhibit the
nuclear export of these proteins (34). XPOI serves as the sole
nuclear export receptor for multiple TSPs (35). Upregulation
of XPOLl expression has been linked to poor prognosis and
chemoresistance in various cancer types, including breast
cancer, CRC and leukemia (34-36). The XPOI1 inhibitor
KPT-330 induces nuclear accumulation of TSPs and restores
their tumor-suppressive activity (14). In the present study,
oxaliplatin not only increased XPOl expression but also
upregulated p53 expression in both the cytoplasm and nucleus
in oxaliplatin-resistant cells. This suggests that targeting

XPO1 could be a promising therapeutic strategy for cancer
treatment.

In the cytoplasm, p53 is rapidly degraded via the ubig-
uitin-proteasome pathway, making it barely detectable (37).
Maintaining p53 activity is a hallmark of sensitivity to oxali-
platin (38). p53 remains in the cytoplasm of platinum-resistant
cells in lung and ovarian cancer (39,40). The mislocalization
of p53 results in its inactivation, which is a critical factor in
chemoresistance (41,42). In the present study, the combination
of KPT-330 and oxaliplatin treatment increased p53 nuclear
localization, downregulated SLC7A11 and GPX4 expression,
and promoted ferroptosis compared with either oxaliplatin
or KPT-330 monotherapy. Conversely, inhibition of p53
accumulation by transfection with si-p53 partially restored
SLC7A11 and GPX4 expression. These results suggested that
the detection of p53 nucleocytoplasmic localization could
serve as a potential biomarker for predicting CRC response
to oxaliplatin.

While the present study demonstrated the synergistic
efficacy of KPT-330 and oxaliplatin in overcoming oxali-
platin resistance in CRC, several limitations remain. Direct
validation of these findings in clinical samples from patients
with CRC is essential. Additionally, the present study did not
predict responsiveness based on p53 nucleocytoplasmic local-
ization in relevant clinical samples. Future research will focus
on analyzing XPOI1 expression and p53 localization in patient
tissues, particularly those from patients with CRC exhibiting
oxaliplatin resistance, to confirm these results and further
explore the translational potential of this combination therapy.

While the present in vivo experiments indicated no signifi-
cant changes in body weight, suggesting a lack of acute severe
toxicity during the treatment period, a thorough evaluation
of the long-term safety and potential systemic side effects of
combination therapy is crucial. Future research will focus on
rigorous toxicology studies and comprehensive assessments of
organ-specific toxicities, which are essential for its eventual
clinical translation.

Furthermore, while the present study comprehensively
outlined the role of the p53-XPO1 axis in the ability of
KPT-330 to restore oxaliplatin sensitivity in CRC, the full
range of the mechanistic actions of KPT-330 may extend
beyond p53. Other factors contributing to increased cyto-
plasmic p53 levels, such as the ubiquitin-proteasome pathway
and nuclear transport mechanisms, were not fully explored.
For instance, impaired p53 nuclear import could contribute to
its cytoplasmic retention (42). As a selective XPO1 inhibitor,
KPT-330 may also affect the nuclear-cytoplasmic transport
of other critical proteins, including additional tumor suppres-
sors or factors (such as ERKS5, DEAD-box helicase 17 and
FOXO1) involved in drug resistance (33,43). Future investiga-
tions should explore these potential targets and alternative
signaling pathways to gain a more comprehensive under-
standing of the multifaceted role of KPT-330 in overcoming
oxaliplatin resistance.

In conclusion, KPT-330 promoted p53 nuclear accumula-
tion and enhanced the sensitivity of oxaliplatin-resistant CRC
to oxaliplatin. These findings suggest a promising strategy
for overcoming oxaliplatin resistance in CRC and highlight
the potential of KPT-330 as a novel sensitizing agent for this
chemotherapy.
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