www.nature.com/onc Oncogene

ARTICLE ) Check for updates
CBX3 promotes multidrug resistance by suppressing ferroptosis

in colorectal carcinoma via the CUL3/NRF2/GPX2 axis
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Chemoresistance poses a significant challenge in colorectal cancer (CRC) treatment. However, the mechanisms underlying
chemoresistance remain unclear. CBX3 promoted proliferation and metastasis in CRC. However, the role and mechanism of CBX3 in
chemoresistance remain unknown. Therefore, we aimed to investigate the effects and mechanisms of CBX3 on multidrug resistance in
CRC. Our studies showed that higher levels of CBX3 expression were associated with poor survival, especially in groups with
progression following chemotherapy. CBX3 overexpression increased Irinotecan and Oxaliplatin resistance, whereas CBX3 knockdown
suppressed multidrug resistance in CRC cells. Additionally, CBX3 inhibited ferroptosis associated with multidrug resistance, and the
ferroptosis activators prevented CBX3 overexpression-mediated cell survival. RNA sequencing revealed that the NRF2-signaling
pathway was involved in this process. CBX3-upregulated NRF2 protein expression by directly binding to the promoter of Cullin3 (CUL3)
to suppress CUL3 transcription and CUL3-mediated NRF2 degradation. Moreover, Glutathione Peroxidase 2 (GPX2) was downstream of
the CBX3-NRF2 pathway in CRC chemoresistance. ML385, an NRF2 inhibitor, suppressed GPX2 expression, and increased ferroptosis in
PDX models. Our study identified CBX3/NRF2/GPX2 axis may be a novel signaling pathway that mediates multidrug resistance in CRC.
This study proposes developing novel strategies for cancer treatment to overcome drug resistance in the future.
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INTRODUCTION

Colorectal cancer (CRQ) is the third most common cancer and a
leading cause of cancer-related deaths worldwide [1-3]. Resection
and chemotherapy improve survival; however, many patients
develop chemoresistance, often leading to disease recurrence [1,
2]. As chemoresistance leads to therapeutic failure in a subset of
patients, identifying new mechanisms that circumvent chemore-
sistance is important to improving CRC therapy and patient
survival.

CBX3 belongs to the mammalian heterochromatin protein 1
family, distributed in euchromatin and heterochromatin [4, 5].
Functionally, CBX3 is associated with actively transcribed gene
regions and plays a role in efficient transcriptional elongation
[4-6]. As a reader of H3K9me2/3, CBX3 serves as a binding
platform for recruiting other histone modifiers, thus promoting
DNA methylation and restraining the transcription of downstream
genes [6-8]. Elevated levels of CBX3 have been observed in some
types of cancers, such as prostate cancer, glioblastoma, and CRC
[7, 9, 10]. CBX3 can promote cell growth, migration, and metastasis
in solid tumors [7, 10, 11]. However, the role of CBX3 in
chemoresistance remains unclear.

Ferroptosis is a regulated cell death characterized by iron-
dependent lipid peroxidation-driven membrane destruction [12].
Ferroptosis depends on the convergence of iron, thiol, and lipid
metabolic pathways, which have been implicated in many
biological processes, including development, aging, immunity,
and cancer [13, 14]. Ferroptosis is involved in chemoresistance in
various cancers [15-17]. Reduced ferroptosis promotes chemore-
sistance to Oxaliplatin in CRC [16]. Targeted activation of
ferroptosis overcomes acquired drug resistance [18]. However,
the susceptibility of different types of cancer cells to ferroptosis
varies significantly [19]. Importantly, the relationship between
CBX3 and ferroptosis is unknown.

Nuclear factor erythroid 2-related factor 2 (NFE2L2, NRF2) plays
a significant role in ferroptosis [20]. NRF2 is a critical transcription
factor that regulates the cellular antioxidant response by
enhancing the expression of antioxidant genes [21, 22]. In CRC,
NRF2 inhibition increases sensitivity to chemotherapy by promot-
ing ferroptosis [23]. However, whether NRF2 is implicated in CBX3-
mediated carcinogenesis remains unclear.

This study aimed to examine the role and mechanisms of
CBX3-mediated chemoresistance in CRC, investigate whether
ferroptosis inhibition contributes to CBX3-mediated multidrug
resistance, and verify whether NRF2 and its downstream genes
are involved in this process. Our findings provide potential
therapeutic approaches for CRC treatment that focus on
modulating ferroptosis.

MATERIALS AND METHODS

Patients and specimens

Primary surgical specimens were collected from 40 patients (ages 40-73;
average age, 58) clinically diagnosed with CRC by two pathologists at the
Sir Run Run Hospital, Nanjing Medical University. All participants were
invited to participate in the study. All experimental protocols were
approved by the Human Ethics Committee of Sir Run Run Hospital, Nanjing
Medical University (approval No. 2023-SR-67). This study conformed to the
provisions of the 1975 Declaration of Helsinki. All donors provided written
informed consent for the use of their samples in the research. The resected
specimens were fixed in 10% neutral-buffered formalin and embedded in
paraffin blocks. Two pathologists independently confirmed the diagnosis
and histological grade of all cases using the World Health Organization
classification.

Cell cultures and reagents

Human CRC cell lines (NCM460, SW480, HT29, SW620, and HCT116) and
HEK-293T cells were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). All the cells were recently authenticated and
tested for mycoplasma contamination. CRC cells were cultured in Roswell
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Park Memorial Institute-1640 (RPMI-1640) medium supplemented with
10% fetal bovine serum (FBS), penicillin (100 U/mL), and streptomycin
(100 pg/mL). HEK-293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS, penicillin (100 U/mL), and
streptomycin (100 pg/mL). All cell lines were maintained in a 37°C
incubator with 5% CO,. All media, including DMEM (11995040), DMEM/F12
(11320033), RPMI-1640 (11875085), and antibiotics (10378016), were
obtained from Invitrogen (Carlsbad, CA, USA). FBS (A3520502) was
obtained from Gibco (Carlsbad, CA, USA). MG132 was received from
MedChemExpress (Shanghai, China). Irinotecan (HY-16562A), Ferrostatin-1
(Fer-1, 347174), RSL3 (1219810), Necrostatin (4311-88), Z-VAD-FMK
(161401), and ML385 (846557) were acquired from MedChemExpress,
LLC (Shanghai, China). Oxaliplatin (51224) and 5-fluorouracil (5-FU, S1209)
were sourced from Selleck Chemicals (Shanghai, China). STR profiling and
mycoplasma contamination were performed regularly to maintain the
authenticity of the cell lines.

Animals

All animals (female nude and NSG mice) were treated in accordance
with the Institutional Animal Care and Use Committee guidelines at
Nanjing Medical University (IACUC Issue No. 2207051). The animals
were fed food and water ad libitum and housed at 22 °C with a 12-h
light-dark cycle. The standard diet was provided by Xietong Biotech-
nology Co. Ltd. (Jiangsu, China). All animal experiments were
conducted in accordance with the National Institutes of Health
guidelines for the care and use of laboratory animals (NIH Publications
No. 8023, revised 1978). All animal studies complied with the ARRIVE
guidelines (PLoS Biol. 8(6), e1000412,2010).

Plasmid and siRNA transfections
A pCMV-based plasmid encoding human CBX3 and a pcDNA3-based
plasmid encoding human NFE2L2 were obtained from the nonprofit
plasmid repository, Addgene (Cambridge, MA, USA). The human CUL3
cDNA ORF cloning vector was acquired from SinoBiological Inc. (Beijing,
China). PGL3-promoter-based plasmids encoding CUL3 and GPX2 promo-
ters were procured from Beijing Tsingke Biotech Co., Ltd. (Beijing, China).
SiRNAs, including NRF2 siRNA (h) sc-37030, CUL3 siRNA (h) sc-35130, and
GPX2 siRNA (h) sc-62415, were acquired from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

Cells (3 x 10°) were seeded and grown in 6-well culture plates for 24 h
before transfection with the plasmids and siRNAs using Lipofectamine
3000 (Invitrogen, Carlsbad, CA, USA).

Lentiviral infection

Sequences encoding CBX3 and CUL3 were cloned from the corresponding
plasmids. Both cDNAs were cloned into pLJM1 lentiviral vectors (Addgene;
Palo Alto, CA, USA). To produce the virus, the plasmids were co-transfected
into HEK-293T cells as directed by the manufacturer. To obtain a stable
CBX3- or CUL3-overexpressed cell line, lentivirus-containing supernatants
were harvested and used to infect the SW480 cells. CBX3-overexpressed
SW480 cells (SW480-CBX3) were developed from SW480 cells, whereas
CUL3-overexpressed cells (SW480-CBX3-CUL3) were developed from
SW480-CBX3 cells.

Cell proliferation assays and drug sensitivity analyses

Cell counting and viability assays were performed to detect cell
proliferation. Cells in 1 mL of medium were seeded (1 X 10° cells/well)
into 12-well plates. After 24 h, various drugs were added to each well. The
cell number in each well was calculated on subsequent days by using the
Millipore Scepter 3.0 Cell counter.

Cells in 100 pL of medium were seeded (1 x 10* cells/well) into 96-well
microtiter plates. After 24 h, various drugs were added to the wells at
graded concentrations. Briefly, 5 mg/mL MTT was added to each well to
detect cell viability. Cell viability was calculated based on the OD590
absorbance value. The half-maximal inhibitory concentration (ICso) values
were determined using GraphPad Prism (version 7), which was calculated
by fitting the curve with the OD value of each concentration dose.

Apoptosis assays

Following treatments, cells were digested and resuspended in phosphate-
buffered saline (PBS). Subsequently, cells were stained with Annexin V and
7-AAD, and apoptosis status was determined by flow cytometry.
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Table 1. The primer sequences for RT-qPCR.
Gene (Human) Forward primer (5'-3) Reverse primer (5'-3’)
CuL3 TGTGGAGAACGTCTACAATTTGG GCGCCTCTGTCTACGACTT
GPX2 GGTAGATTTCAATACGTTCCGGG TGACAGTTCTCCTGATGTCCAAA
FTL CAGCCTGGTCAATTTGTACCT GCCAATTCGCGGAAGAAGTG
CBX3 TAGATCGACGTGTAGTGAATGGG TGTCTGTGGCACCAATTATTCTT
GPX4 GAGGCAAGACCGAAGTAAACTAC CCGAACTGGTTACACGGGAA
DHODH CCACGGGAGATGAGCGTTTC CAGGGAGGTGAAGCGAACA
GSTA1 CTGCCCGTATGTCCACCTG AGCTCCTCGACGTAGTAGAGA
NRF2 CACATCCAGTCAGAAACCAGTGG GGAATGTCTGCGCCAAAAGCTG
NQO1 GAAGAGCACTGATCGTACTGGC GGATACTGAAAGTTCGCAGGG
FTL CAGCCTGGTCAATTTGTACCT GCCAATTCGCGGAAGAAGTG
FTH1 CCCCCATTTGTGTGACTTCAT GCCCGAGGCTTAGCTTTCATT
HO-1 AGGTCTTTGCGGATGTCCACGT AAAGCCCTACAGCAACTGTCG
SLC7A11 TCTCCAAAGGAGGTTACCTGC AGACTCCCCTCAGTAAAGTGAC
KEAP1 CAACTTCGCTGAGCAGATTGGC TGATGAGGGTCACCAGTTGGCA
B-actin CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT
ROS assays was acquired from Origene (Cambridge, CB2 0AX, UK); anti-GPX2 (A15999)

As directed by the manufacturer, a Reactive Oxygen Species (ROS) assay kit
(Beyotime, S0033S, Shanghai, China) was used to measure intracellular ROS
levels based on the formation of the fluorescent compound dichlorofluor-
escein (DCF) under the peroxide-dependent oxidation of DCFH-DA. A total
of 5000 cells per well were seeded in 96-well plates and treated with specific
drugs to promote cell attachment. Following treatment, 200 pL of DCFH-DA
(10 uM) was added to each well after removing the drug-containing media
and incubated at 37 °C for 20 min. The residual DCFH-DA was removed by
washing the cells with a serum-free cell culture medium. Fluorescence
intensity was determined using a multifunctional microplate reader.

MDA assays

MDA is the end product of lipid peroxidation. The MDA assay was
conducted using the lipid peroxidation MDA assay kit (Beyotime, S0131,
Shanghai, China), following manufacturer instructions. The samples and
standards were prepared, and the OD value was measured at 532 nm. MDA
concentrations are expressed as pmol/mg protein.

Glutathione and oxidized glutathione (GSH/GSSG) assays

A total of 5000 cells were seeded in 96-well plates, and various treatments
were added to each well. GSH levels were evaluated using the GSH-Glo
assay kit (Promega, V6912), following manufacturer instructions. To detect
total glutathione (GSH + GSSG), the reducing agent tris(2-carboxyethyl)
phosphine, which can reduce oxidized glutathione (GSSG), was used at a
concentration of 500 uM following manufacturer guidelines. Each mea-
surement was read using a multifunctional microplate reader.

RNA isolation and quantitative real-time PCR analysis

Total RNA was isolated using a TRIzol reagent following manufacturer
instructions. Typically, 0.5 pug of total RNA was reverse-transcribed for each
sample using the HiScript Il Reverse Transcriptase Kit (Nanjing Vazyme
Biotech Co., Ltd.). Real-time PCR analysis was performed using the Power
SYBR Green PCR master mix (Roche Diagnostics, #04913914001, Indiana-
polis, IN, USA). Primers for CBX3, KEAP1, NRF2, CUL3, HO-1, SLC7A11, GPX4,
GPX2, GSTAT, FTL, and B-actin were obtained from Tsingke Biotechnology
Co., Ltd. (Beijing, China). The primer sequences are listed in Table 1.

Western blotting

The cells were treated with pharmacological agents at different time points
and collected in a lysis buffer. Equal amounts of total proteins (20 pug) were
separated by SDS-PAGE, deposited onto nitrocellulose membranes, and
immunoblotted using appropriate antibodies. Immunoreactivity was
detected using ECL and analyzed using the ImageJ software. The following
antibodies were commercially obtained: Anti-NRF2 (#sc-365949) was
procured from Santa Cruz Biotechnology; anti-CUL3 (#10450) was obtained
from Cell Signaling Technology (Danvers, MA, USA); anti-CBX3 (#TA374324)
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and Ki67 (A25399) were sourced from ABclonal Technology Co., Ltd.; anti-
FTL (10727-1-AP), SLC7A11 (26864-1-AP), and GSTA1 (14475-1-AP) were
attained from Proteintech Group, Inc. (Wuhan, China); anti-B-actin antibody
was provided by Bioworld Technology (Atlanta, Georgia, 305, USA).

mRNA-seq analysis

Total RNA samples from SW480-Con and SW480-CBX3 cells were extracted
using TRIzol (Life Technologies, USA). After quality control with Nanodrop
2000, total RNA was temporarily stored at —80 °C before high-throughput
mRNA sequencing was performed using the lllumina HiSeq 2500 system
from Tsingke Biotechnology Co., Ltd. (Beijing, China).

Differential expression analysis of two groups was performed using the
DESeq2 R package (1.26.0). DESeq2 provides statistical routines for
determining differential expression in digital gene expression data using
a model based on the negative binomial distribution. To control the false
discovery rate, the resulting P values were adjusted using the
Benjamini-Hochberg approach. Genes with an FDR < 0.05 identified by
DESeq2 were classified as differentially expressed. Gene ontology
enrichment analysis of differentially expressed genes (DEGs) was
performed using the Goseq R packages based on the Wallenius non-
central hyper-geometric distribution.

Co-immunoprecipitation (Co-IP)

The cells were lysed in NETN buffer (20 mM Tris, pH 8.0, 100 mM NadCl,
1mM EDTA, and 0.5% NP-40). For all samples, 1000 ug of lysate was
incubated with Protein G Sepharose beads, followed by the specified
antibodies per manufacturer instructions. Immunoprecipitates were
resolved by immunoblotting using the specified antibodies: anti-NRF2
(#ab62352), which was obtained from Abcam plc (Cambridge, CB2 0AX,
UK), and anti-HA (#H3663), which was acquired from Sigma Chemical Co.
(St. Louis, MO, USA).

Immunofluorescence assays

CRC cells (2x10°) were cultured in 6-well plates for 24 h, followed by
various treatments. The cells were fixed with ice-cold methanol,
permeabilized with 0.5% Triton X-100 in PBS, and incubated at 4°C
overnight with anti-Ki67 (Servicebio, Wuhan, China, GB13030-2, 1:100
dilution), anti-CBX3 (1:100 dilution) antibodies, anti-GPX2(ABclonal, Wuhan,
China, #A15999, 1:50 dilution) or anti-FTL(ABclonal, Wuhan, China,
#A11241, 1:50 dilution) antibodies. Antibody binding was localized using
an FITC or Cy3.5-labeled secondary antibody. The cells were visualized
using a Confocal Microscope (100x, 400x).

Fluorescent staining of live cells
Fluorescent labels were used according to the manufacturer’s instructions.
BODIPY™ 581/591 C11 (MedChemExpress, Shanghai, China, #HY-D1301)
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was diluted to 10 uM and incubated for 10 minutes at 37 °C. ERTracker
Blue-White (Invitrogen, Carlsbad, CA, USA, #E12353) was diluted to 1 pM in
HBSS and incubated for 20 min at 37 °C. The cells were visualized using a
Confocal Microscope (100%, 400x).

Transmission electron microscopy

Samples were cut into 1 mm?> and fixed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.4) for 2 h, postfixed in 1% osmium tetroxide (Ted
Pella, GP18456) in the same buffer at 4 °C for 2 h, incubated in 2% uranyl
acetate (SPI-CHEM, GZ02625) at 4 °C for 2 h, dehydrated in a graded series
of ethanol (50%, 70%, 90%, 95%, and 100%), embedded in Epon812 resin
(SPI-CHEM, GS02660). After polymerizing for 48h at 60°C, ultrathin
sections were cut on an ultramicrotome (Leica, UC7), and stained with
uranyl acetate and lead citrate. Image acquisition was performed by TEM
(JEOL, JEM-1400 Flash) at an acceleration voltage of 120 kV.

Tumor xenograft models
Six-week-old female nude mice were injected in the flanks with 5 x 10°%/
0.1mL of SW480-Con or SW480-CBX3 cells. Bi-dimensional tumor
measurements were recorded every two days. Tumor volume (mm?3) was
calculated using the formula:

V=1/2Lx W2

Where:
L = length; W = width

Irinotecan (50 mg/kg, twice a week) or Oxaliplatin (10 mg/kg/week)
treatment was administered intraperitoneally when the tumor size in the
SW480-CBX3 group reached 200 mm?. Subsequently, the mice were
euthanized at the indicated time points, and the tumors were resected.

For patient-derived xenograft (PDX) model preparation, the clinical CRC
samples were collected from the Center of Laboratory Animal Science,
Nanchang University, China, which was approved by the Animal Use and
Care Committees at Nanchang University (IACUC Issue No.
RYE2023011901). The #440 sample was obtained from a 53-year-old male
patient with medium-differentiated adenocarcinoma on the right side of
the colon and liver metastasis.

NSG mice were anesthetized using an inhalation nose cone containing
1%-3% isoflurane. Tumor masses were sectioned into smaller fragments
suitable for implantation into the flanks of the NSG mice. The tumors
required 2-3 months to engraft in the donor mice. When the tumor
masses reached a sufficient volume, they were extracted and treated with
digestion reagents (1 mg/mL collagenase lll and 0.25 mg/mL DNAse |,
prepared in 2% FBS, DMEM/F12) to process fresh tumor tissues into single
cells for injection.

All tumor cells were implanted into the female NSG mice. The mice were
6-8 weeks old at the time of implantation. The tumors were implanted
subcutaneously into the right flank. The mice were grouped into six mouse
cohorts and treated with various chemotherapies. On day 41, mice with
300 mm?® tumors were randomly assigned to treatment groups. The
baseline tumor volume was established, and drug treatment was initiated
45 days after transplantation.

The in vivo response to treatment was assessed by comparing the
percentage of tumor volume change (AVol) on the final study day (two
days after the last treatment) with the baseline tumor volume. The criteria
for response classification were based on the combination of the best and
average responses, adapted from Gao et al. [24].

Step 1: Calculate the percent change in tumor volume for each animal

using:

V = ((end_volume — start_volume)/(start_volume))x 100

Step 2: Within each group, determine the minimum V (Vm)

Step 3: Within each group, determine the mean (average) V (Va)

Step 4: Determine the RECIST category as follows:

RECIST Category Best Response: Vm; Average Response: Va

Complete Response (CR): Vm < —95% and/or Va < —40%

Partial Response (PR): Vm < —50% and/or Va < —20%

Stable Disease (SD): Vm < 35% and/or Va < 30%

Progressive Disease (PD): Anything else

Mice were euthanized, tumor xenografts were removed, and specimens
were fixed in 10% neutral-buffered formalin and embedded in paraffin
blocks.
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Immunohistochemical staining

Immunohistochemical analysis was performed on 4-um sections of tumor
blocks. Subsequently, the sections were treated with primary antibodies.
The slides were stained with diaminobenzidine solution and counter-
stained with hematoxylin. The slices were photographed using a Nikon
microscope and Image Pro Plus analysis system. Four high-power views
(400x) were selected randomly from each sample. The integrated OD (I0OD)
level was estimated and is presented as mean + SEM.

Dual-luciferase reporter assay

The dual-luciferase reporter assay system was obtained from Promega
Corporation (Madison, WI, USA). Various promoter regions of CUL3 with
potential CBX3 binding sites [25] and the promoter of GPX2 with NFR2
binding sites (antioxidant response element, ARE) were synthesized by
Tsingke Biotechnology Co. Ltd. (Beijing, China). Luciferase reporter
constructs containing the various promoter regions of CUL3 and the
promoter of GPX2 were cloned into pGL3-promoter vectors. Luciferase
activity was measured 24 h after transfection using the dual-luciferase
reporter assay system. All experiments were performed in three
independent replicates, each showing consistent results.

ChIP assay
ChlP assays were performed using a Thermo Scientific Pierce Agarose ChIP
Kit (#26156, Carlsbad, California, USA), following manufacturer instructions.
Chromatin was precipitated using nonspecific IgG antibodies or rabbit anti-
CBX3 (Origene). Subsequently, DNA was extracted, and PCR was performed
using primers for CUL3 promoter fragments containing the CBX3 binding
domain. The primers used were as follows:

Forward primer: 5-CTCCTCCTCCTTCTCCTCCT-3/

Reverse primer: 5-TCCCACTTCCTTCAGTTCCC-3/

Bioinformatic analysis
The expression profiles and clinical information of colon cancer patients
were retrieved from the TCGA database using the R package TCGAbiolinks.
We performed Kaplan—-Meier analysis and a log-rank test on the TCGA-
COAD cohort using the R package survival, with results visualized through
the R package survminer.

Additionally, we obtained the bigwig files for ATAC-seq (ENCFF624HRW),
H3K9me3 (ENCFF0630HO), and CBX3 (ENCFF768ZFK) ChIP-seq data in
HCT116 cells from the ENCODE database [26] and visualized them using
IGV [27].

Statistical analysis

Spearman’s correlation analysis was used to investigate the co-expression
between CBX3 and the genes involved in the intersection. Moreover, the
overall survival or disease-free survival of CBX3 and NRF2 were analyzed
using the Kaplan-Meier plotter in the TCGA database.

Other data are presented as mean (SEM). For unpaired samples, P values
were calculated using a one-way analysis of variance or Student’s t-test
with the GraphPad Prism software. The results were considered significant
at P<0.05.

RESULTS
CBX3 improved multidrug resistance in CRC
To investigate the role of CBX3 in chemoresistance in CRC, CBX3
expression was analyzed in CRC using the TCGA database. Higher
levels of CBX3 expression were associated with a poor prognosis
in CRC (Fig. 1A). Moreover, CBX3 expression in CRC after
chemotherapy was analyzed using the TCGA database. We found
that 598 patients received chemotherapy and that higher levels of
CBX3 expression were associated with poor Overall Survival
(Fig. 1B). Patients after chemotherapy were classified into Non-
Response (Progressive Disease) and Response (including complete
response, partial response, and stable disease). CBX3 expression
was significantly increased in the Non-Response group (Fig. 1C),
suggesting that CBX3 overexpression may be associated with
chemoresistance in CRC.

Our previous studies have reported that CBX3 is highly
expressed in CRC [28]. In the current study, CBX3 expression
was positively associated with Ki67 expression (Fig. 1D), implying
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Fig. 1 CBX3 enhances multidrug resistance in CRC. A Association of CBX3 with overall survival and disease-free survival in CRC from the
TCGA database. B Association of CBX3 with disease-free survival in CRC after chemotherapy. C Analysis of CBX3 expression in CRC cases after
chemotherapy, divided into non-Response and Response groups. D Representative immunohistochemical images of CRC tissue stained with
anti-CBX3 and anti-Ki67 antibodies (low-power view 10x, high-power view 40x, scale bars = 50 pm). Spearman’s correlation analysis of CBX3
and Ki67 expression was shown. E Western blotting of various CRC cells. $-actin serves as an internal reference. Stable CBX3-overexpressed
cells were SW480-CBX3, compared with SW480 WT cells (Con); whereas siCBX3 was transfected into HCT116 cells, compared with siNC. F Cell
counting assays in SW480-Con/CBX3 and HCT116 siNC/siCBX3 cells with Irinotecan (1 pmol/L) and Oxaliplatin (0.5 pmol/L) treatments. Data
were presented as the means £ SEM (N = 4). G Analysis of drug sensitivity in various SW480 and HCT116 cell lines after 48 h of treatment with
the indicated drug concentrations. Data were presented as the means + SEM (N = 5). *P < 0.05, **P < 0.01, compared to Con group with solvent
treatment. Iri Irinotecan, Oxa Oxaliplatin.
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that CBX3 may increase cell proliferation and malignancy in (Figs. 1E and S.1A). The data of Ki67 IHC experiments showed that
patients with CRC. CBX3 protein levels were measured in various CBX3 increase cell proliferation in various CRC cell lines (Fig. S.1B).
CRC cells using western blotting. Stable CBX3-overexpressed cells Subsequently, various CRC cell lines were treated with chemother-
were developed using SW480 and HCT116 cells, whereas siCBX3 apy. CBX3 overexpression increased cell proliferation and resis-
was transfected into CRC cells, to downregulate CBX3 expression tance to Irinotecan and Oxaliplatin, the first-line treatments for
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Fig. 2 CBX3 promotes multidrug resistance by suppressing ferroptosis in CRC. A Western blotting assays on caspase-3 and cleaved
caspase-3 in SW480-Con/CBX3 cells following chemotherapy. p-Actin served as an internal reference. B Cell counting assays in SW480-Con/
CBX3 cells with Z-VAD, Necrostain, and various chemotherapies. Data were presented as the means+SEM (N=4). C KEGG pathway
enrichment analysis for CBX3-related gene expression in CRC cases from the TCGA database, divided into high and low CBX3 expression
groups. D Cell counting assays in SW480-Con/CBX3 cells treated with ferroptosis inhibitor Fer-1 and various chemotherapies. Data were
presented as the means + SEM (N = 4). E MTT assays to detect cell viability in various SW480 or HCT116 cells after a 48-h treatment with the
ferroptosis activators RSL3 and FIN56. Data were presented as the means + SEM (N = 5). F GSH/GSSG assay in SW480-Con/CBX3 cells following
chemotherapy. F GSH/GSSG assay in SW480-Con/CBX3 cells following chemotherapy. G Lipid peroxidation assays and the cellular location in
CRC cells after chemotherapy. SW480-Con/CBX3 cells were treated with DMSO or drugs for 8 h and stained with C11 BODIPY (oxidized lipid
was stained green) and then detected by both flow cytometry and confocal microscopy. ERTracker Blue-White was used to detect the location
of lipid oxidation by confocal microscopy (high-power view 400x, scale bar =50 pm) (N = 3). H Mitochondrial electron microscopy assays in
SW480-Con/CBX3 cells following chemotherapy (left: lower power view, 10,000, bar = 1 pm; right: high-power view, 30,000x, bar = 500 nm;
arrows: damaged mitochondria). A-G Data were presented as the means = SEM (N = 3). Con SW480-Con cells, CBX3 SW480-CBX3 cells, NC

Solvent treatment, Iri Irinotecan, Oxa Oxaliplatin. *P < 0.05, **P < 0.01, compared to corresponding groups.

CRC. Furthermore, CBX3 knockdown suppressed cell proliferation
and reduced the ICso values of Irinotecan and Oxaliplatin (Figs.
1F, G and S.1C, D). However, CBX3 exhibited a minimal effect on
5-FU resistance in SW480 cells (Fig. S.1E). These findings suggested
that CBX3 improved multidrug resistance in CRC.

CBX3 promoted multidrug resistance by suppressing
ferroptosis in CRC

Apoptosis assays were conducted after chemotherapy to investi-
gate the mechanisms underlying CBX3-mediated chemoresistance
using flow cytometry and western blotting. Our results showed
that Irinotecan and Oxaliplatin treatment increased CRC apoptosis
rates; however, CBX3 exhibited no effect on multidrug-mediated
apoptosis (Figs. 2A and S.2A). Furthermore, neither the apoptosis
inhibitor Z-VAD nor the necrosis inhibitor Necrostain reversed
multidrug-mediated cell death in SW480-CBX3 cells (Fig. 2B). CBX3
appeared to improve chemoresistance in CRC in an apoptosis-
independent manner.

The Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis was performed for CBX3-regulated
gene sets in CRC using the TCGA database. The samples were
separated into two groups based on the mean expression level of
CBX3. Differential expression analysis was performed between the
CBX3-high and CBX3-low groups, with DEGs serving as input for
KEGG analysis. The results showed that the ferroptosis pathway
may be implicated in CBX3-mediated multidrug resistance
(Fig. 2C). We investigated the relationship between CBX3 and
several ferroptosis-related genes in CRC cases in the TCGA
database [13, 29]. CBX3 mRNA level was positively correlated
with the expression of ferroptosis-inhibiting genes, such as
Glutathione Peroxidase 4 (GPX4), GPX2, and so on (Fig. S.2B).
The findings suggest that the ferroptosis pathway may be
suppressed in CBX3-mediated chemoresistance.

To investigate the role of ferroptosis in CBX3-mediated multi-
drug resistance, the ferroptosis inhibitor Fer-1 was added to CRC
cells following Irinotecan and Oxaliplatin treatment. Our findings
demonstrated that Fer-1 reversed the cell death caused by
Irinotecan and Oxaliplatin treatment in SW480 and HCT116 cells
(Fig. S.2C). Fer-1 increased CBX3-mediated cell survival after
treatment with Irinotecan and Oxaliplatin; however, the ferropto-
sis activators RSL3 and FIN56 inhibited CBX3-mediated cell survival
(Fig. 2D, E). CBX3 increased Glutathione (GSH) synthesis while
decreasing ROS accumulation and MDA production after Irinote-
can and Oxaliplatin treatment (Figs. 2F and S.2D). At the same
time, ferroptosis was reported to result in lipid peroxidation of the
endoplasmic reticulum (ER) [30]. In order to evaluate lipid
peroxidation in various organelles, we detected the oxidized C11
BODIPY signal, and its location using ERTracker. C11 BODIPY
oxidized signal had a significantly higher correlation with the ER
initially for chemoresistance treatment at the initial stages of
ferroptosis. However, CBX3 overexpression reversed peroxidation
in ER mediated by chemoresistance (Fig. 2G). Furtherly,
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Mitochondrial electron microscopy experiments proved that
multi-chemotreatments induced mitochondrial shrinkage, char-
acterized by reduced mitochondrial volume, and increased
density; while CBX3 overexpression attenuated the drugs-
mediated mitochondrial damage (Fig. 2H). These data implied
that CBX3 promoted multidrug resistance by suppressing the
ferroptosis pathway. However, RSL3 or FIN56 treatments blocked
CBX3 knockdown-mediated ferroptotic cell death (Fig. 2E). Since
RSL3 and FIN56 inhibit GPX4 to trigger ferroptosis [31, 32], our
findings suggest that CBX3 may suppress ferroptosis by regulating
the GPX-related signaling pathway.

NRF2 was implicated in CBX3-mediated multidrug resistance
and ferroptosis suppression

The mRNA sequence (mRNA-seq) analysis was performed to
investigate the mechanism of CBX3-suppressed ferroptosis in CRC
chemoresistance. Our findings demonstrated that the NRF2
(NFE2L2) signaling pathway was enriched in oncogenic signatures
in the SW480-CBX3 cells (Fig. 3A). Nuclear factor erythroid
2-related factor 2 (NFE2L2, NRF2) plays a significant role in
ferroptosis [20]. NRF2 is highly expressed in CRC [23, 33]. Figure 3B
depicts that NRF2 higher expression exhibited a tendency of poor
prognosis in CRC in the TCGA database, and CBX3 promoted
NRF2-signaling pathway activation in CRC in the CPTAC database.
Furthermore, CBX3 expression was positively correlated with NRF2
expression in CRC tumor masses (Fig. 3C). These findings
suggested that NRF2 was involved in CBX3-mediated CRC
progression.

CBX3 and NRF2 protein levels were detected in multiple cell
lines. CBX3 and NRF2 expression patterns were similar across
the CRC cells (Fig. 3D). CBX3 increased NRF2 protein expression
in SW480 and human embryonic kidney 293T (HEK-293T),
whereas siCBX3 decreased NRF2 expression (Fig. 3E, F). Further-
more, NRF2 knockdown reversed the CBX3-mediated increase in
ICs, after Irinotecan and Oxaliplatin treatment (Fig. 3G). More-
over, siNRF2 restored CBX3-suppressed MDA production and
inhibited CBX3-upregulated GSH synthesis in chemoresistant
cells (Fig. 3H). Our findings suggested that NRF2 was involved in
CBX3-mediated multidrug resistance; CBX3 improved multidrug
resistance in CRC by increasing NRF2 expression to suppress
ferroptosis.

CBX3 increased NRF2 expression in CRC by inhibiting CUL3
transcription and CUL3-mediated NRF2 ubiquitination
To investigate the mechanisms of NRF2 overexpression in CBX3-
mediated chemoresistance, NRF2 mRNA levels were measured
using qRT-PCR. However, CBX3 overexpression exhibited no effect
on NRF2 mRNA expression (Fig. 4A). It seemed that CBX3 increases
NRF2 expression in a post-transcriptional manner.

To confirm the function of CBX3 in NRF2 expression, the
ubiquitination assay was performed in CRC, as NRF2 expression is
reduced by ubiquitination and degradation [34]. HA-tagged ubiquitin
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Fig. 3 NRF2 is involved in CBX3-suppressed ferroptosis in CRC. A RNA-sequence analysis of SW480-Con/CBX3 cells. NRF2-signaling pathway
was enriched in oncogenic signatures. B Association of NRF2 with overall survival in CRC from the TCGA database. The expression of the NRF2-related
pathway was analyzed in CRC cases using the CPTAC database. C Representative immunohistochemical images of CRC tissue stained with anti-CBX3
and anti-NRF2 antibodies (low-power view 10%, high-power view 40X, scale bars =50 um). Spearman’s correlation analysis of CBX3 and NRF2
expression is shown. D Western blotting of CBX3 and NRF2 in various CRC cells. E Western blotting of NRF2 in CBX3-overexpressed HEK-293T and
SW480 cells. p-actin serves as an internal reference. F Western blotting of NRF2 in siCBX3-transfected HCT116 cells. p-actin serves as an internal
reference. G Analysis of drug sensitivity in SW480-CBX3 cells with and without siNRF2 after treatment with the indicated drug concentrations. H GSH/
GSSG and MDA assays in SW480-Con/CBX3 cells following chemotherapy. B-H Con: SW480-Con cells, CBX3: SW480-CBX3 cells. Data were presented
as the means + SEM (N = 3). *P < 0.05, **P < 0.01, compared to corresponding groups. # P < 0.05, compared to the previous group.
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was transfected into CRC cells with CBX3 overexpression or knock-
down. Subsequently, the cells were lysed for co-IP analysis. CBX3
overexpression significantly reduced NRF2 ubiquitination, whereas
siCBX3 increased NRF2 ubiquitination (Fig. 4B), suggesting that CBX3
increased NRF2 expression by decreasing ubiquitination.

SPRINGER NATURE

NRF2 mainly binds to Kelch-like ECH-associated protein 1
(KEAP1) and one of the substrate adapter proteins of the E3
ubiquitin ligase complex, Cullin3 (CUL3), to form an E3 ubiquitin
ligase complex, which subjects NRF2 to rapid proteasomal
degradation in the cytoplasm [34]. To determine whether KEAP1
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Fig. 4 CBX3 increases NRF2 expression by inhibiting CUL3 transcription. A qRT-PCR assays of NRF2 mRNA expression in SW480-Con/CBX3
cells. B Co-immunoprecipitation assays of NRF2 ubiquitination in CRC cells treated with siCBX3 and Ub-HA plasmids, followed by MG132
incubation. € gRT-PCR and western blotting to detect CUL3 mRNA and protein expression in SW480-Con/CBX3 cells. D ChIP and Luciferase
reporter assays of CBX3 binding domain in the promoter of CUL3. HEK-293T cells were transfected with CBX3 plasmid, the cell lysates were
incubated with CBX3 antibodies, and qRT-PCR was used to confirm the binding of CBX3 to the CUL3 promoter. Furthermore, firefly luciferase
reporter assays were used to analyze the transcriptional activity of CUL3 in SW480-Con/CBX3 cells. E Firefly luciferase reporter assays to
analyze the transcriptional activities of truncated CUL3 promoters (chr2:224585276-224585926) in HEK-293T cells with CBX3 overexpression.
F Analysis of drug sensitivity in SW480-Con/CBX3 and SW480-CBX3-CUL3 cells after treatment with the indicated drug concentrations.
Western blotting was used to detect CBX3 and NRF2 expression in SW480-Con/CBX3/CBX3-CUL3 cells. MTT assays were performed to detect
cell viability. Data were presented as the means + SEM (N = 5). G GSH/GSSG and MDA assays in SW480-Con/CBX3/CBX3-CUL3 cells following
chemotherapy. A-E, G Con: SW480-Con cells, CBX3: SW480-CBX3 cells. CBX3 + CUL3: SW480 stably overexpressed CBX3 and CUL3. Data were
presented as the means + SEM (N = 3), ¥*P < 0.05, **P < 0.01, compared with corresponding control groups.

or CUL3 was involved in CBX3-regulated NRF2, we assessed the
mMRNA levels of KEAPT and CUL3 after CBX3 regulation. KEAP1
MRNA levels seemed to exhibit no effect on this process (Fig.
S.3A). However, CBX3 overexpression decreased CUL3 in both
mMRNA and protein levels, whereas siCBX3 increased it (Figs.
4C and S.3B). These findings suggested that CBX3 increased NRF2
expression by inhibiting CUL3 transcription.

To further understand the regulatory mechanism of CBX3, we
downloaded the results of CBX3 Chromatin immunoprecipitation
(ChIP)-seq in HCT116 and K562 cell lines [25]. Both ChIP-seq data
indicated that CBX3 is bound to the CUL3 promoter (Fig. S.3C). The
ChIP-gPCR  results revealed that CBX3 was enriched at
chr2:224585276-224585926 in the CUL3 proximal promoter regions.
Moreover, in HCT116 cells, CBX3 was found to associate with several
H3K9me3-marked regions within or near the promoter of CULS,
indicating its role as a reader of histone H3K9 methylation in specific
genomic contexts. Notably, CBX3 demonstrated stronger binding in
open chromatin regions (Fig. S.3C), implying its involvement in the
regulation of gene transcription. To determine the regulatory effect of
CBX3 on the activity of the CUL3 promoter, the dual-luciferase
reporter gene assay was performed. Figure 4D depicts that the
promoter activity of CUL3 was significantly reduced in CBX3-
overexpressed CRC cells.

To examine the interaction between CBX3 and CUL3 promoters,
we constructed luciferase reporter plasmids encoding DNA
sequences of different lengths from the sites of
chr2:224585276-224585926. All plasmids were co-transfected
with the pCMV-CBX3 plasmid into HEK-293T cells. Luciferase
reporter assays revealed that the CBX3 and CUL3 promoters
bound strongly at chr2:224585576-224585676 (100bp) and
weakly at chr2:224585276-224585476 (200 bp) (Fig. 4E). These
results indicated that CBX3 transcriptionally silenced CUL3
expression by directly binding to its promoter to stabilize NRF2.

To assess the role of CUL3 in CBX3-mediated chemoresistance,
CUL3-overexpressed cells (SW480-CBX3-CUL3) were developed
based on SW480-CBX3 cells. CUL3 overexpression not only
inhibited CBX3-upregulated NRF2 expression but also reversed
CBX3-mediated chemoresistance to Irinotecan and Oxaliplatin
(Fig. 4F). Additionally, CUL3 restored the CBX3-suppressed MDA
production and inhibited CBX3-mediated GSH synthesis (Fig. 4G).
Our results demonstrated that CBX3-suppressed ferroptosis by
inhibiting CUL3 transcription and CUL3-mediated NRF2 ubiquiti-
nation, contributing to chemoresistance in CRC.

GPX2 was downstream of the CBX3-mediated NRF2-signaling
pathway in CRC chemoresistance

We identified the downstream CBX3/NRF2-signaling pathway that
suppressed ferroptosis. Western blotting assays, qRT-PCR, and
Immunofluorescence assays have shown that CBX3 increased the
mRNA and protein expressions of several ferroptosis-related genes
in the NRF2-signaling pathway, including GPX2 and FTL (Figs.
5A and S.4). However, siNRF2 decreased GPX2 and FTL expres-
sions. Furthermore, siNRF2 reversed the CBX3-upregulated GPX2
and FTL expressions (Fig. 5B). As ferroptosis activator experiments
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suggested that GPXs signal pathway may be involved in CBX3-
mediated ferroptosis suppression, we focus on GPX2 as the main
downstream of CBX3/CUL3/NRF2 signal pathway.

GPX2 promotes tumor progression and development in various
cancers [35, 36], and most importantly, it shares similar functions
with GPX4 [37]. We discovered that GPX2 was highly expressed in
CRC tissues in the TCGA database (Fig. 5C), and NRF2 increased
GPX2 expression in CRC cells (Fig. 5D). Furthermore, Irinotecan and
Oxaliplatin treatment decreased both NRF2 and GPX2 expressions.
Conversely, CBX3 overexpression partially restored chemotherapy-
downregulated NRF2 and GPX2 expressions (Fig. 5E). ICsy assays
showed that siGPX2 reversed CBX3-mediated chemoresistance to
Irinotecan and Oxaliplatin (Fig. 5F, G). Our findings suggested that
GPX2 may be involved in CBX3/NRF2-signaling pathway-mediated
chemoresistance.

NRF2 triggers the transcription of multiple ferroptosis-related
genes by binding to the ARE domain of their promoters [20-22].
Considering this, we obtained bigwig files for NFE2L ChIP-seq
from the ENCODE project and visualized them using the IGV tool.
The GPX2 promoter contains many ARE domains. To confirm
whether the CBX3/NRF2 pathway was responsible for GPX2
transcription, we constructed luciferase reporter plasmids with
ARE domains in the GPX2 promoter. The plasmids were
transfected into the SW480-Con and SW480-CBX3 cells. Luciferase
reporter assays revealed that CBX3 overexpression increased GPX2
transcriptional activities, whereas NRF2 knockdown significantly
reduced CBX3-mediated transcriptional activities (Fig. 5H).

Collectively, these findings demonstrate that CBX3 elevates
NRF2-mediated transcription of GPX2, eventually contributing to
chemoresistance in CRC.

CBX3/NRF2/GPX2 pathway promoted multidrug resistance in
CRC in vivo

To investigate the effects of the CBX3/NRF2/GPX2 pathway on
multidrug resistance in vivo, we established tumor xenografts in
nude mice by subcutaneously implanting SW480-Con or SW480-
CBX3 cells. Analysis of the implanted tumor xenografts revealed
that mice with SW480-CBX3 exhibited highly evident tumor
growth. Irinotecan treatment significantly suppressed tumor
growth, whereas CBX3 overexpression partially reversed
Irinotecan-suppressed tumor growth (Fig. 6A). Western blotting
revealed that Irinotecan treatment suppressed NRF2 and GPX2
expressions, whereas NRF2 expression was greatly increased in
SW480-CBX3 tumors. Furthermore, CBX3 reversed Irinotecan-
mediated downregulation of NRF2 expression. Additionally,
CBX3 completely blocked Irinotecan-downregulated GPX2 expres-
sion (Fig. 6B).

Immunochemistry assays revealed that CBX3 overexpression
significantly increased Ki67 expression, which is implicated in
cancer cell proliferation. Irinotecan-suppressed Ki67 expression in
the SW480-Con group. Conversely, CBX3 overexpression pro-
moted tumor resistance to Irinotecan. Furthermore, Irinotecan
treatment significantly decreased NRF2 and GPX2 expressions,
which were restored by CBX3 overexpression. Simultaneously,
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Irinotecan treatment increased MDA production, which was
reversed by CBX3 overexpression (Fig. 6C).

However, qRT-PCR experiments showed that Irinotecan treat-
ment increased both CUL3 and NRF2 mRNA expression, while
decreased GPX2 mRNA expression (Fig. S.5). It seemed that
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chemotherapy-induced CUL3 upregulation contributed to NRF2
degradation, and then GPX2 downregulation. On the contrary,
CBX3 overexpression reversed chemotherapy-induced CUL3
upregulation that enhanced NRF2 protein stability and GPX2
transcription level.
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Fig. 5 CBX3 suppresses ferroptosis by improving NRF2/GPX2 signaling pathway. A qRT-PCR assays of GPX2 and FTL mRNA expression in
SW480-Con/CBX3. B Western blotting to detect the expression of GPX2 and FTL in SW480-Con/CBX3 with and without NRF2 knockdown.
C Analysis of GPX2 mRNA expression levels in CRC from the TCGA database. D Western blotting to detect the expression of GPX2 in SW480
cells with and without NRF2 overexpression. E Western blotting to detect the expression of NRF2 and GPX2 in SW480-Con/CBX3 cells with
various chemotherapies. F Analysis of drug sensitivity in SW480-Con/CBX3 cells after treatment with the indicated drug concentrations.
Western blotting was used to detect the effect of GPX2 knockdown in SW480-Con/CBX3 cells. MTT assays were performed to detect cell
viability. G Analysis of GPX2 promoter. The promoter sequences from —2 K to +1 K bp relative to the targeted TSS were scanned using FIMO
(reference: https://meme-suite.org/meme/doc/cite.html) to search for the NFE2L2 motif (MA0150.1), which was obtained from the JASPAR
database. H Firefly luciferase reporter assays to analyze the transcriptional activities of GPX2 promoter in SW480-Con/CBX3 cells with and
without NRF2 knockdown. A-H Con: SW480-Con cells, CBX3: SW480-CBX3 cells. Data were presented as the means + SEM (N = 3). *P < 0.05,
**P < 0.01, compared with corresponding control groups. #P < 0.05, ##P < 0.01, compared with their previous groups.

Similar findings were observed in the SW480-Con/CBX3 groups,
with and without Oxaliplatin treatment. CBX3 overexpression not only
promoted chemoresistance to Oxaliplatin in vivo but also inhibited
Oxaliplatin-mediated NRF2 and GPX2 downregulation. Similarly, CBX3
reversed Oxaliplatin-mediated MDA production in CRC (Fig. S.5).

To investigate the mechanisms of CBX3-mediated chemoresis-
tance, four new PDXs were established from four patients, and
immunohistochemistry assays were performed to detect the
expression of CBX3, NRF2, and GPX2. The #440 PDX sample was
selected for the subsequent analysis because it fully expressed the
CBX3/NRF2/GPX2 signaling pathway (Fig. 7A).

To evaluate the response to chemotherapy, #440 PDX samples
were separated into cohorts and treated with Irinotecan with and
without ML385, a potent NRF2 inhibitor. Irinotecan treatment resulted
in a partial response, whereas ML385 increased tumor sensitivity to
Irinotecan, resulting in a complete response in vivo (Fig. 7B).
Additionally, the PDX masses invaded the tumor capsule and
surrounding fatty tissue, and resulted in necrosis. The Irinotecan
treatment prevented the invasion of fatty tissue but exhibited little
effect on capsule invasion. The combined use of ML385 and
Irinotecan prevented malignant invasion into the capsule and fatty
tissue, and reduced necrosis incidence. Moreover, Irinotecan treat-
ment inhibited cell proliferation and invasion and reduced NRF2 and
GPX2 expression in PDX tumor masses. Furthermore, ML385
increased the Irinotecan-induced suppression of NRF2 and GPX2
expression and increased MDA production (Fig. 7C). At the same time,
gRT-PCR experiments showed that Irinotecan treatment increased
both CUL3 and NRF2 mRNA expression in PDX #440, while decreased
GPX2 mRNA expression; More importantly, ML385 aggravated
Irinotecan-suppressed GPX2 mRNA level, which consistent with the
results of animal experiments (Fig. S.5).

These findings strongly suggested that CBX3 promoted multi-
drug resistance in CRC by increasing NRF2 and GPX2 expression
and suppressing ferroptosis.

DISCUSSION
CRC is one of the most common cancers and a leading cause of
cancer-related deaths worldwide [1-3]. Chemotherapy is routinely
administered to patients who have undergone surgical treatment to
prevent CRC recurrence or metastasis. However, chemoresistance
remains a major hurdle for many patients and is a significant cause of
treatment failure [23, 38]. To understand the mechanism of
chemoresistance, we demonstrated that CBX3 expression is asso-
ciated with multidrug resistance by regulating ferroptosis in CRC cells.
CBX3 is an epigenetic regulator that modulates the gene
expression of downstream targets via chromatin modifications
[4-6]. Higher expression of CBX3 promotes cell proliferation,
metastasis, and angiogenesis in various cancers [7-10]. Recently,
deacetylated CBX3 was reported to promote multiple myeloma
drug resistance by increasing protein stability [39]. Additionally,
CBX3 modulates colon inflammation and drug resistance in CRC
under IFNy stimulation [40]. It was reported that CBX3 improved
colon inflammation and inflammation-associated cancer by
inhibiting STAT1/PD-L1 transcription, which pays more attention
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to the impact of colitis and tumor microenvironment on tumor
drug resistance, while our studies focus on the effects of CBX3 on
the parenchyma of CRC after chemotherapy.

Using the TCGA database, we discovered that higher expres-
sion of CBX3 was positively correlated with chemoresistance and
poor survival in CRC. CBX3 overexpression increased resistance
to Irinotecan and Oxaliplatin treatments in vitro and in vivo,
whereas CBX3 inhibition suppressed cell growth and increased
sensitivity to multidrugs. However, CBX3 exhibited a minimal
effect on 5-FU resistance. These results suggest that CBX3 may
exhibit protective roles which do not affect DNA replication in
CRC, since these three drugs share similar anti-oncogenic roles in
DNA replication [16, 39, 41]. The following studies showed that
CBX3 may improve multidrug resistance not by abating
apoptosis or necrosis but by alleviating ferroptosis, a new role
of CBX3 in CRC progression.

Ferroptosis is implicated in the chemoresistance of cancer cells
[15, 17, 29]. It is a non-apoptotic cell death characterized by lipid ROS
accumulation, iron dependency, lipid peroxidation, and GSH depletion
[12, 16]. Our findings revealed that CBX3 overexpression exhibited no
effect on the basal levels of ROS or MDA in the cytoplasm; however, it
decreased ROS, MDA production, and mitochondrial damages
induced by multidrug treatment, and increased GSH synthesis.
Conversely, CBX3 knockdown increased ROS and MDA production
and decreased GSH synthesis. Furthermore, ferroptosis activators
inhibited CBX3-mediated cell proliferation. Thus, CBX3 may play a
crucial role in multidrug resistance by suppressing ferroptosis.

Ferroptosis is implicated in many biological contexts owing to
the multiple signaling pathways regulating or harnessing ferrop-
tosis [13, 29]. RNA sequencing and bioinformatics assays revealed
that NRF2 is potentially downstream of CBX3, suggesting that
NRF2 may correlate with CBX3-mediated ferroptosis suppression.
The NRF2 pathway in cancer cells drives cancer progression,
metastasis, and chemoresistance [21, 22, 42]. NRF2 inhibits
ferroptosis in various cancer cells by promoting GSH synthesis
and reducing ROS production [23, 43]. In this study, CBX3
increased NRF2 expression in vitro and in vivo. Contrarily, siCBX3
reduced NRF2 protein expression. Moreover, CBX3 reversed the
multidrug-downregulated NRF2 expression. Additionally, NRF2
knockdown inhibited CBX3-mediated multidrug resistance and
ferroptosis suppression. These findings indicated that CBX3
promoted multidrug resistance by increasing NRF2 expression to
suppress ferroptosis. However, the mechanism by which CBX3
upregulates NRF2 expression remains unknown.

To further understand the mechanism of NRF2 overexpression
in CBX3-mediated chemoresistance, ubiquitination of NRF2
expression was measured after treatment of CBX3 overexpression.
CBX3 increased NRF2 expression by reducing its ubiquitination
rather than increasing its mRNA levels. In general, NRF2 is
degraded by the KEAP1-NRF2-CUL3 E3 ubiquitin ligase complex
[34]. Bioinformatic assays and gRT-PCR experiments identified
CUL3, not KEAP1, as a potential target of CBX3. CUL3 is an E3
ubiquitin ligase that regulates protein homeostasis during
physiological processes and cancer development [44-46]. How-
ever, the role and mechanism of CUL3 in chemoresistance remain
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Fig. 6 CBX3 promotes multidrug chemoresistance by activating the NRF2-GPX2 signaling pathway in vivo. A CBX3 overexpression
increased Irinotecan resistance in CRC in vivo. Representative images of tumors, tumor size, and weight were obtained 10 days after the initial
tumor cell injection (n=6). Tumors were measured every two days, and the tumor volumes were calculated. The tumors were excised and
weighed 34 days after injection, and representative images of tumors were displayed (bar = 10 mm). B Western blotting to detect the expression
of NRF2 and GPX2 in SW480-Con/CBX3 tumor masses with or without Irinotecan treatment. C Immunohistochemical staining of tumor tissues
with antibodies against Ki67, NRF2, and GPX2 (low-power view 100x, high-power view 400x, scale bar =50 pm). D MDA assays in SW480-Con/
CBX3 tumor masses with and without chemotherapy. E CBX3 overexpression increases Oxaliplatin resistance in CRC in vivo. Representative images
of tumors, tumor size, and weight were obtained at the indicated time point after the initial tumor cell injection (n = 6). Tumors were measured
every two days, and the tumor volumes were calculated. The tumors were excised and weighed 28 days after injection, and representative images
of tumors were displayed (bar = 10 mm). A-E Con: SW480-Con cells transplantation tumor masses, CBX3: SW480-CBX3 cells transplantation tumor
masses. Data were presented as the means + SEM, *P < 0.05, **P < 0.01, compared with corresponding control groups.
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unclear. We hypothesized that by targeting CUL3, CBX3 may
suppress NRF2 degradation to promote multidrug resistance.

In our study, CBX3 decreased CUL3 mRNA and protein
expression, whereas CUL3 overexpression reversed the CBX3-
upregulated NRF2 expression. CUL3 overexpression inhibited
CBX3-mediated multidrug resistance and suppressed ferroptosis.
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Furthermore, the ChIP assay results revealed that CBX3 over-
expression increased its direct binding to the CUL3 promoter;
however, the luciferase reporter assay clarified the suppressive
role of CBX3 on CUL3 transcription, suggesting that CBX3-
upregulated NRF2 expression by inhibiting CUL3 transcription
and preventing CUL3-induced NRF2 degradation.
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Fig. 7 CBX3 promotes chemoresistance by suppressing ferroptosis in the CRC PDX model. A Immunohistochemistry staining of tumor
masses from four PDX samples with CBX3, NRF2, and GPX2 antibodies (low-power view 100x, high-power view 400X, scale bars = 50 pm). B Effects
of CBX3/NRF2/GPX2 signaling on irinotecan resistance in the PDX #440 model. Representative images of tumors and tumor sizes were obtained at
the indicated time points or 35 days after the initial tumor cell injection (n = 5). Tumors were measured every two days, and the tumor volumes
were calculated. Irinotecan (50 mg/kg/day) was administered from day 45 to day 59. ML385 (30 mg/kg/day) was administered from days 52 to 59.
The tumors were excised and weighed 61 days after injection, and representative images of tumors were displayed (bar = 10 mm). The in vivo
response to treatment was assessed based on the protocol in “Materials and Methods” € Immunohistochemical staining of tumor masses after
chemotherapy with NRF2, GPX2, and Ki67 antibodies. HE staining of tumor tissues shows different degrees of necrosis and tumor in adjacent
tissues (low-power view 100x, high-power view 400, scale bars = 50 pm). Tumors were excised and weighed 61 days after injection. MDA assays
were conducted in tumor masses with or without chemotherapy A-C Con: solvent treatment. Data were presented as the means + SEM, **P < 0.01,
compared with corresponding control groups. #P < 0.05, compared with Irinotecan-treated groups.

NRF2 activation promotes tumor chemoresistance by upregulating
the expression of various downstream antioxidant signaling proteins
[20, 23]. To identify the genes that play a vital role in CBX3/NRF2
pathway-modulated ferroptosis and chemoresistance, the mRNA
levels of several genes that act downstream of NRF2 and ferroptosis-
related genes were measured [13, 14, 29]. GPX2 was identified as a
potential target of the NRF2 pathway. The GPXs family comprises the
main oxidoreductases that use glutathione as a reducing agent in
scavenging lipid peroxidation products [47]. Eight GPXs exist [37, 47].
Loss of some GPXs can trigger apoptosis, necroptosis, pyroptosis, or
parthanatos, which mediate or accelerate developmental defects,
tissue damage, and sterile inflammation [46]. The NRF2-GPX4
pathway increases resistance to Oxaliplatin by promoting ferroptosis
and pyroptosis in CRC [23]. However, the relationship between CBX3
and GPXs remains unknown.

GPX2 is a member of the GPX family, which exists in the epithelia
of the gastrointestinal tract [48]. As the first line of defense against
oxidative stress from food or intestinal flora, GPX2 uses selenocysteine
as the active center to catalyze the reduction of hydrogen peroxide or
organic hydroperoxides to water or the corresponding alcohols,
thereby reducing their toxicity and maintaining redox balance
[37, 48]. GPX2 levels may serve as a prognostic biomarker for cancer
progression in the colon, breast, prostate, and liver [37]. GPX2
increases cell proliferation, invasion, and metastasis in solid tumors
[35, 36]. Furthermore, GPX2 is a downstream target of NRF2 [33] and
is considered a potential target for overcoming chemoresistance
[38, 49]. Moreover, the effects of GPX2 on ferroptosis are widely
demonstrated. GPX2 inhibits cyclooxygenase-2 (COX-2)-mediated
migration and invasion in CRC by suppressing COX-2 expression
[50]. GPX2 methylation status is negatively correlated with ferritin
expression [33]. Our findings revealed that CBX3 enhanced GPX2
transcription by activating the NRF2 pathway and that CBX3 reversed
multidrug-reduced GPX2 expression in vitro and in vivo. Additionally,
siGPX2 inhibited CBX3-mediated chemoresistance. Collectively, these
findings demonstrated that CBX3 upregulated the NRF2/
GPX2 signaling pathway, eventually contributing to chemoresistance
and ferroptosis suppression in CRC.

CONCLUSION

Our findings revealed that the CBX3/NRF2/GPX2 pathway is
upregulated in patients with CRC exhibiting multidrug resistance.
These findings indicate that CBX3 suppresses CUL3 transcription in
CRC cells by directly binding to the corresponding domain in its
promoter. CBX3 increases NRF2 expression by reducing CUL3
transcription and CUL3-mediated NRF2 ubiquitination. Furthermore,
CBX3/NRF2 inhibits ferroptosis in chemoresistant CRC cells by
increasing GPX2 transcription. Our findings provide new insights into
the molecular mechanism of chemoresistance, which could be used
to develop new therapeutic strategies for CRC treatment in the future.

DATA AVAILABILITY
The data generated in this study are available within the article and its
Supplementary Information files. The raw RNA-sequence data reported in this paper

SPRINGER NATURE

have been deposited in the Genome Sequence Archive (Genomics, Proteomics &
Bioinformatics 2021) in National Genomics Data Center (Nucleic Acids Res 2022),
China National Center for Bioinformation/Beijing Institute of Genomics, Chinese
Academy of Sciences (GSA-Human: HRA009748) that are publicly accessible at
https://ngdc.cncb.ac.cn/gsa-human [51, 52]. Other expression profile data analyzed in
this study were obtained from TCGA databases and ENCODE databases. All datasets
used and/or analyzed during the current study are available from the corresponding
author on reasonable request.

REFERENCES

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al. Global
Cancer Statistics 2020: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71:209-49.

2. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J Clin.
2024;74:12-49.

3. Xia C, Dong X, Li H, Cao M, Sun D, He S, et al. Cancer statistics in China and United
States, 2022: profiles, trends, and determinants. Chin Med J. 2022;135:584-90.

4. Fischle W, Tseng BS, Dormann HL, Ueberheide BM, Garcia BA, Shabanowitz J,
et al. Regulation of HP1-chromatin binding by histone H3 methylation and
phosphorylation. Nature. 2005;438:1116-22.

5. Smallwood A, Esteve PO, Pradhan S, Carey M. Functional cooperation between
HP1 and DNMT1 mediates gene silencing. Genes Dev. 2007;21:1169-78.

6. Zhang H, Yu H, Ren D, Sun Y, Guo F, Cai H, et al. CBX3 regulated By YBX1
promotes smoking-induced pancreatic cancer progression via inhibiting SMURF2
expression. Int J Biol Sci. 2022;18:3484-97.

7. Peng W, Shi S, Zhong J, Liang H, Hou J, Hu X, et al. CBX3 accelerates the
malignant progression of glioblastoma multiforme by stabilizing EGFR expres-
sion. Oncogene. 2022;41:3051-63.

8. Pan A, Xue Y, Ruan X, Dong W, Wang D, Liu Y, et al. m5C modification of
LINC00324 promotes angiogenesis in glioma through CBX3/VEGFR2 pathway. Int
J Biol Macromol. 2024;257:128409.

9. Liang H, Yang C, Zeng R, Song Y, Wang J, Xiong W, et al. Targeting CBX3 with a
dual BET/PLK1 inhibitor enhances the antitumor efficacy of CDK4/6 inhibitors in
prostate cancer. Adv Sci. 2023;10:€2302368.

10. Liu M, Huang F, Zhang D, Ju J, Wu XB, Wang Y, et al. Heterochromatin protein
HP1gamma promotes colorectal cancer progression and is regulated by miR-30a.
Cancer Res. 2015;75:4593-604.

11. Wang D, Li Y, Liu Y, Cheng S, Liu F, Zuo R, et al. NPM1 promotes cell proliferation
by targeting PRDX6 in colorectal cancer. Int J Biochem Cell Biol. 2022;147:106233.

12. Bayir H, Dixon SJ, Tyurina YY, Kellum JA, Kagan VE. Ferroptotic mechanisms and
therapeutic targeting of iron metabolism and lipid peroxidation in the kidney.
Nat Rev Nephrol. 2023;19:315-36.

13. Stockwell BR. Ferroptosis turns 10: emerging mechanisms, physiological func-
tions, and therapeutic applications. Cell. 2022;185:2401-21.

14. Luo S, Luo Y, Wang Z, Yin H, Wu Q, Du X, et al. Super-enhancer mediated
upregulation of MYEOV suppresses ferroptosis in lung adenocarcinoma. Cancer
Lett. 2024,589:216811.

15. Yang JY, Lei XY, He KY, Guo JR, Liu MJ, Li JQ, et al. HMGA1 drives chemoresistance
in esophageal squamous cell carcinoma by suppressing ferroptosis. Cell Death
Dis. 2024;15:158.

16. Zhang Q, Deng T, Zhang H, Zuo D, Zhu Q, Bai M, et al. Adipocyte-derived exo-
somal MTTP suppresses ferroptosis and promotes chemoresistance in colorectal
cancer. Adv Sci. 2022;9:e2203357.

17. Aldrovandi M, Conrad M. Ferroptosis: the good, the bad and the ugly. Cell Res.
2020;30:1061-2.

18. Zheng H, Liu J, Cheng Q, Zhang Q, Zhang Y, Jiang L, et al. Targeted activation of
ferroptosis in colorectal cancer via LGR4 targeting overcomes acquired drug
resistance. Nat Cancer. 2024;5:572-89.

19. Zhang C, Liu X, Jin S, Chen Y, Guo R. Ferroptosis in cancer therapy: a novel
approach to reversing drug resistance. Mol Cancer. 2022;21:47.

Oncogene (2025) 44:1678 - 1693


https://ngdc.cncb.ac.cn/gsa-human

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Anandhan A, Dodson M, Shakya A, Chen J, Liu P, Wei Y, et al. NRF2 controls iron
homeostasis and ferroptosis through HERC2 and VAMP8. Sci Adv. 2023;9:eade9585.
Rojo de la Vega M, Chapman E, Zhang DD. NRF2 and the hallmarks of cancer.
Cancer Cell. 2018;34:21-43.

DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A, Wei C, Frese K, et al.
Oncogene-induced Nrf2 transcription promotes ROS detoxification and tumor-
igenesis. Nature. 2011;475:106-9.

Huang Y, Yang W, Yang L, Wang T, Li C, Yu J, et al. Nrf2 inhibition increases
sensitivity to chemotherapy of colorectal cancer by promoting ferroptosis and
pyroptosis. Sci Rep. 2023;13:14359.

Gao H, Korn JM, Ferretti S, Monahan JE, Wang Y, Singh M, et al. High-throughput
screening using patient-derived tumor xenografts to predict clinical trial drug
response. Nat Med. 2015;21:1318-25.

Gertz J, Savic D, Varley KE, Partridge EC, Safi A, Jain P, et al. Distinct properties of cell-
type-specific and shared transcription factor binding sites. Mol Cell. 2013;52:25-36.
Luo Y, Hitz BC, Gabdank |, Hilton JA, Kagda MS, Lam B, et al. New developments
on the Encyclopedia of DNA Elements (ENCODE) data portal. Nucleic Acids Res.
2020;48:D882-9.

Robinson JT, Thorvaldsdéttir H, Winckler W, Guttman M, Lander ES, Getz G, et al.
Integrative genomics viewer. Nat Biotechnol. 2011;29:24-6.

Wang H, Zhao W, Wang J, Zhang Z. Clinicopathological significance of CBX3 in
colorectal cancer: an intensive expression study based on formalin-fixed and
paraffin-embedded tissues. Pathol Int. 2022;72:107-16.

Hadian K, Stockwell BR. SnapShot: ferroptosis. Cell. 2020;181:1188.e1.

Von Krusenstiern AN, Robson RN, Qian N, Qiu B, Hu F, Reznik E, et al. Identification of
essential sites of lipid peroxidation in ferroptosis. Nat Chem Biol. 2023;19:719-30.
Zhang X, Sui S, Wang L, Li H, Zhang L, Xu S, et al. Inhibition of tumor propellant
glutathione peroxidase 4 induces ferroptosis in cancer cells and enhances
anticancer effect of cisplatin. J Cell Physiol. 2020;235:3425-37.

Sun Y, Berleth N, Wu W, Schlutermann D, Deitersen J, Stuhldreier F, et al. Fin56-
induced ferroptosis is supported by autophagy-mediated GPX4 degradation and
functions synergistically with mTOR inhibition to kill bladder cancer cells. Cell
Death Dis. 2021;12:1028.

Horniblow RD, Pathak P, Balacco DL, Acharjee A, Lles E, Gkoutos G, et al. Iron-
mediated epigenetic activation of NRF2 targets. J Nutr Biochem. 2022;101:108929.
Sajadimajd S, Khazaei M. Oxidative stress and cancer: the role of Nrf2. Curr Cancer
Drug Targets. 2018;18:538-57.

Peng F, Xu Q, Jing X, Chi X, Zhang Z, Meng X, et al. GPX2 promotes EMT and
metastasis in non-small cell lung cancer by activating PI3K/AKT/mTOR/Snail
signaling axis. FASEB Bioadv. 2023;5:233-50.

Li F, Dai L, Niu J. GPX2 silencing relieves epithelial-mesenchymal transition,
invasion, and metastasis in pancreatic cancer by downregulating Wnt pathway. J
Cell Physiol. 2020;235:7780-90.

Esworthy RS, Doroshow JH, Chu FF. The beginning of GPX2 and 30 years later.
Free Radic Biol Med. 2022;188:419-33.

Lu X, Liu R, Liao Y, Cui L, Sun H, Zhang D, et al. ACVRL1 drives resistance to
multitarget tyrosine kinase inhibitors in colorectal cancer by promoting USP15-
mediated GPX2 stabilization. BMC Med. 2023;21:366.

Li X, Wang S, Xie Y, Jiang H, Guo J, Wang Y, et al. Deacetylation induced nuclear
condensation of HP1gamma promotes multiple myeloma drug resistance. Nat
Commun. 2023;14:1290.

Xiang Y, Mata-Garrido J, Fu Y, Desterke C, Batsche E, Hamai A, et al. CBX3
antagonizes IFNgamma/STAT1/PD-L1 axis to modulate colon inflammation and
CRC chemosensitivity. EMBO Mol Med. 2024;16:1404-26.

Ouyang S, Li H, Lou L, Huang Q, Zhang Z, Mo J, et al. Inhibition of STAT3-
ferroptosis negative regulatory axis suppresses tumor growth and alleviates
chemoresistance in gastric cancer. Redox Biol. 2022;52:102317.

Bai X, Shao J, Duan T, Liu X, Wang M, Li X, et al. Exo-miR-1290-induced by COX-2
overexpression promotes cancer-associated fibroblasts activation and tumor
progression by CUL3-Nrf2 pathway in lung adenocarcinoma. Cell Commun Sig-
nal. 2023;21:242.

Yang J, Mo J, Dai J, Ye C, Cen W, Zheng X, et al. Cetuximab promotes RSL3-
induced ferroptosis by suppressing the Nrf2/HO-1 signalling pathway in KRAS
mutant colorectal cancer. Cell Death Dis. 2021;12:1079.

Kikuma K, Li X, Perry S, Li Q, Goel P, Chen C, et al. Cul3 and insomniac are required
for rapid ubiquitination of postsynaptic targets and retrograde homeostatic
signaling. Nat Commun. 2019;10:2998.

Li X, Yang KB, Chen W, Mai J, Wu XQ, Sun T, et al. CUL3 (cullin 3)-mediated
ubiquitination and degradation of BECN1 (beclin 1) inhibit autophagy and pro-
mote tumor progression. Autophagy. 2021;17:4323-40.

Jin X, Zheng Y, Chen Z, Wang F, Bi G, Li M, et al. Integrated analysis of patients
with KEAP1/NFE2L2/CUL3 mutations in lung adenocarcinomas. Cancer Med.
2021;10:8673-92.

Xie Y, Kang R, Klionsky DJ, Tang D. GPX4 in cell death, autophagy, and disease.
Autophagy. 2023;19:2621-38.

Oncogene (2025) 44:1678 - 1693

X. Bai et al.

48. Pei J, Pan X, Wei G, Hua Y. Research progress of glutathione peroxidase family
(GPX) in redoxidation. Front Pharmacol. 2023;14:1147414.

49. Wu 'Y, Wang D, Lou Y, Liu X, Huang P, Jin M, et al. Regulatory mechanism of alpha-
hederin upon cisplatin sensibility in NSCLC at safe dose by destroying GSS/GSH/
GPX2 axis-mediated glutathione oxidation-reduction system. Biomed Pharmac-
other. 2022;150:112927.

50. Banning A, Kipp A, Schmitmeier S, Lowinger M, Florian S, Krehl S, et al. Glu-
tathione peroxidase 2 inhibits cyclooxygenase-2-mediated migration and inva-
sion of HT-29 adenocarcinoma cells but supports their growth as tumors in nude
mice. Cancer Res. 2008;68:9746-53.

51. Chen T, Chen X, Zhang S, Zhu J, Tang B, Wang A, et al. The genome sequence
archive family: toward explosive data growth and diverse data types. Genom
Proteom Bioinform. 2021;19:578-83.

52. CNCB-NGDC Members and Partners Database Resources of the National Geno-
mics Data Center, China National Center for Bioinformation in 2022. Nucleic Acids
Res. 2022;50:D27-38.

ACKNOWLEDGEMENTS

This study was supported by the National Natural Science Foundation of China
(82071209), the Jiangsu Medical Scientific Research Project of Jiangsu Health
Commission (M2020018), projects of Jiangsu Provincial Medical Key Laboratory
(ZDXYS202208), the Priority Academic Program Development of Jiangsu Higher
Education Institutions (PAPD), the project of National Clinical Research Base of
Traditional Chinese Medicine in Jiangsu Province (JD20235SZ02), Jiangsu Provincial
Key Research and Development Program (No. BE2022673) and Natural Science
Foundation of Jiangsu Province (BK20231132).

AUTHOR CONTRIBUTIONS

XB, TD, Z-YZ, and JP were responsible for Conceptualization. XB, TD, and JS were
responsible for the formal analysis. XB, TD, YZ, and GX conducted the visualization.
XB, JS, TD, YZ, GX, JW, XL, and MW conducted the methodology. XB, TD, JS, and Z-YZ
were responsible for the writing and editing of the original draft. YH and HW were
responsible for the resources. Z-YZ, MN, J-YZ, and JP contributed to the funding
acquisition. All of the authors have approved the final version.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541388-025-03337-9.

Correspondence and requests for materials should be addressed to Min Ni,
Jin-Yong Zhou or Jinshun Pan.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

@@@@ Open Access This article is licensed under a Creative Commons
e Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if you modified
the licensed material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. The images or other third party material in
this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s
Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

SPRINGER NATURE


https://doi.org/10.1038/s41388-025-03337-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	CBX3 promotes multidrug resistance by suppressing ferroptosis in colorectal carcinoma via the CUL3/NRF2/GPX2 axis
	Introduction
	Materials and methods
	Patients and specimens
	Cell cultures and reagents
	Animals
	Plasmid and siRNA transfections
	Lentiviral infection
	Cell proliferation assays and drug sensitivity analyses
	Apoptosis assays
	ROS assays
	MDA assays
	Glutathione and oxidized glutathione (GSH/GSSG) assays
	RNA isolation and quantitative real-time PCR analysis
	Western blotting
	mRNA&#x02011;seq analysis
	Co-immunoprecipitation (Co-IP)
	Immunofluorescence assays
	Fluorescent staining of live cells
	Transmission electron microscopy
	Tumor xenograft models
	Immunohistochemical staining
	Dual-luciferase reporter assay
	ChIP assay
	Bioinformatic analysis
	Statistical analysis

	Results
	CBX3 improved multidrug resistance in CRC
	CBX3 promoted multidrug resistance by suppressing ferroptosis in CRC
	NRF2 was implicated in CBX3-mediated multidrug resistance and ferroptosis suppression
	CBX3 increased NRF2 expression in CRC by inhibiting CUL3 transcription and CUL3-mediated NRF2 ubiquitination
	GPX2 was downstream of the CBX3-mediated NRF2-signaling pathway in CRC chemoresistance
	CBX3/NRF2/GPX2 pathway promoted multidrug resistance in CRC in vivo

	Discussion
	Conclusion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




