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AFF3 regulates ferroptosis and malignant progression in bladder cancer
cells via the NRF2/GPX4 signaling axis
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ABSTRACT

Bladder cancer (BCa) is a common malignancy of the urinary system, and its malignant progression is closely
associated with ferroptosis. As a transcriptional regulator in the AFF family, AFF3 participates in the regulation
of gene expression in multiple diseases; however, its role in BCa and its relationship with ferroptosis remain
unclear. This study aimed to investigate the role of AFF3 in BCa progression and the molecular mechanism
through which it regulates ferroptosis. AFF3 expression was examined through bioinformatics analysis and
experiments in clinical tissues and cells. AFF3 was overexpressed in UM-UC-3 cells, and cell proliferation and
migration were assessed using CCK-8, colony formation, and Transwell assays. Ferroptosis was evaluated
using BODIPY 581/591 C11, MDA, and ferroptosis-related protein assays, and rescue experiments were per-
formed with the ferroptosis inhibitor Fer-1. A subcutaneous xenograft model was established in nude mice, and
the NRF2 activator TBHQ was used to verify the in vivo role and mechanism of AFF3 in regulating ferroptosis.
Our results revealed that AFF3 was expressed at low levels in BCa. Functionally, AFF3 overexpression inhib-
ited BCa cell proliferation, colony formation, and migration; promoted the accumulation of lipid ROS and
MDA; downregulated GPX4 and SLC7A11 expression; and increased sensitivity to ferroptosis. Notably, Fer-
1 partially reversed these effects. Mechanistically, AFF3 upregulated KEAP1 and inhibited NRF2 nuclear
translocation, thereby reducing GPX4 expression; conversely, TBHQ partially reversed these molecular and
functional changes. /n vivo animal experiments further confirmed that AFF3 overexpression inhibited xenograft
growth and promoted ferroptosis-related changes, whereas TBHQ attenuated the regulatory effects of AFF3.
Overall, these findings demonstrate that AFF3 exerts tumor-suppressive effects in BCa by promoting KEAP1
expression and inhibiting NRF2 nuclear translocation and GPX4-mediated antioxidant defense, thereby
enhancing the sensitivity of tumor cells to ferroptosis and suppressing the malignant progression of BCa.
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Introduction

Bladder cancer (BCa) is among the most common malignan-
cies of the urinary system and is the ninth most common cancer
worldwide. According to GLOBOCAN 2022 data released by the
International Agency for Research on Cancer, approximately
614,000 new cases of BCa and 221,000 deaths occur worldwide
each year, with men at substantially higher risk than women.! BCa
also shows marked geographic and population differences.
Although its incidence is declining, the disease burden it causes
persists. Current treatments for BCa include mainly surgery,
chemotherapy, immunotherapy, and targeted therapy; however,
because of the high heterogeneity of BCa and treatment resistance,
the clinical benefit remains very limited.?> Therefore, an in-depth
understanding of the key molecular mechanisms underlying BCa
progression and the identification of new therapeutic targets are
important for improving patient prognosis. Ferroptosis is an iron-
dependent form of programmed cell death driven by lipid peroxi-
dation. It is distinct from apoptosis, necrosis, and autophagy and
has unique morphologic and biochemical features.> Numerous
studies have investigated the relationship between ferroptosis and
BCa and have suggested that combining conventional therapeutic
agents with ferroptosis-related treatment strategies may represent a
promising new approach for treating BCa.* However, the upstream
regulatory mechanisms of ferroptosis in BCa cells have not been
fully elucidated.

AF4/FMR2 family member 3 (AFF3) belongs to the
AF4/FMR2 (AFF) family of transcriptional regulatory proteins,
and the protein it encodes participates in the regulation of RNA
polymerase II-mediated transcriptional elongation.® Studies have
shown that AFF3 plays critical roles in the development of multi-
ple cancers. For example, in infant patients with B-cell acute lym-
phoblastic leukemia, MLL (KMT2A) gene rearrangements can
occur, resulting in the formation of the MLL-AFF3 fusion gene,
which is associated with disease progression and poor prognosis.®
In breast cancer, AFF3 activates an estrogen receptor-related tran-
scriptional program to maintain tamoxifen resistance in tumor
cells.” In addition, in castration-resistant prostate cancer, AFF3 can
affect fatty acid metabolism and the ferroptosis pathway by regu-
lating ACSL4 expression, thereby altering the sensitivity of tumor
cells to the ferroptosis inducer RSL3.® These studies suggest that
AFF3 may participate in the regulation of tumor cell metabolism
and ferroptosis. Furthermore, the bioinformatics analysis per-
formed in this study revealed that AFF3 is expressed at low levels
in BCa tissues. However, the specific role of AFF3 in BCa and
whether it participates in the regulation of ferroptosis require fur-
ther verification.

Nuclear factor erythroid 2-related factor 2 (NRF2) is a key reg-
ulator of cellular redox homeostasis, and its activity is negatively
regulated by KEAP1. Under homeostatic conditions, KEAP1 pro-
motes the ubiquitination and degradation of NRF2; however, when
cells undergo oxidative stress, NRF2 can escape KEAP1-mediated
degradation and translocate to the nucleus to activate the transcrip-
tion of downstream antioxidant genes.® Activation of NRF2 pro-
vides cytoprotection across multiple pathological states, including
autoimmune diseases, neurodegenerative diseases, chronic lung
and liver diseases, and cancer initiation." In BCa, blocking
KEAPI1-mediated NRF2 degradation has been shown to increase
the antioxidant capacity of tumor cells and promote cell prolifera-
tion and resistance to ferroptosis, thereby driving tumor progres-
sion.!! In addition, GPX4 is an important effector through which
NRF2 suppresses lipid peroxidation and ferroptosis. Studies have
shown that GPX4 is a direct target gene of NRF2, which, upon
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nuclear translocation, binds to the GPX4 promoter region and ini-
tiates its transcription, thereby upregulating GPX4 expression to
maintain redox balance and inhibit ferroptosis.'> Therefore, the
KEAP1-NRF2/GPX4 axis may be a key pathway regulating fer-
roptosis in BCa. However, a link between AFF3 and the KEAP1-
NRF2/GPX4 signaling axis has not yet been established, and
whether AFF3 affects ferroptosis in BCa cells and disease progres-
sion by regulating this signaling axis remains unclear. Accordingly,
this study combined bioinformatics analysis, in vitro cell experi-
ments, and a nude mouse xenograft model to systematically inves-
tigate the role of AFF3 in the regulation of ferroptosis in BCa and
to further clarify the involvement of the KEAP1-NRF2/GPX4 sig-
naling axis, with the aim of providing a new theoretical basis and
potential targets for ferroptosis-targeted therapy in BCa.

Materials and Methods

Bioinformatics analysis

The GSE13507 microarray dataset and the TCGA-BLCA
RNA-sequencing dataset were downloaded. GSE13507 contained
188 BCa tissue samples and 68 normal bladder mucosa samples,
whereas TCGA-BLCA contained 411 BCa tissue samples and 19
normal bladder tissue samples. AFF3 gene expression data were
subsequently extracted from all the samples, and box plots were
generated using the ggplot2 package in R to compare AFF3
expression between BCa and normal bladder tissues.

Clinical sample collection

A total of 16 pairs of human BCa tissues and adjacent normal
tissues were collected from patients treated at our hospital. The
adjacent normal tissues were obtained more than 5 cm from the
tumor margin and were pathologically confirmed to be normal
bladder mucosa without tumor infiltration. After excision, the sam-
ples were fixed in 4% paraformaldehyde, dehydrated, and
processed into paraffin sections for subsequent experimental
analyses. Pathologists reviewed and confirmed all the cases
according to the WHO classification criteria for urothelial tumors.
Clinical data, including patient age, pathological grade, and TNM
stage, were recorded, and long-term postoperative follow-up was
conducted.

Cell culture

The normal urothelial cell line SV-HUC-1 (TCHu169) and the
human BCa cell lines 5637 (TCHu 1), T24 (TCHu 55), and UM-
UC-3 (TCHu217) were purchased from the Cell Bank of the
Committee on Type Culture Collection of the Chinese Academy of
Sciences. The cells were cultured in their respective complete cul-
ture media (MD12, MD04, MDO02, and MD335) in an incubator at
37°C with 5% CO,.

Cell treatment

To investigate the effects of AFF3 on the malignant phenotype
and ferroptosis of BCa cells, UM-UC-3 cells were transduced with
an AFF3-overexpressing lentivirus (OE-AFF3; 1x10% TU/mL;
MOI = 50; GenePharma, Suzhou, China), with empty-vector
lentivirus (OE-NC) used as the control. Transduction efficiency
was verified by RT-qPCR and Western blotting. In addition, after
stably transduced OE-AFF3 cells were plated and allowed to
adhere, they were treated for 24 h with the ferroptosis inhibitor
Fer-1 at a final concentration of 1 pM"“ (HY-100579;
MedChemExpress, Monmouth Junction, NJ, USA). Furthermore,
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to determine whether AFF3 regulates ferroptosis and the malignant
phenotype of BCa cells through the KEAP1-NRF2/GPX4 signal-
ing axis, stably transduced OE-AFF3 cells were plated, allowed to
adhere, and then treated for 24 h with the NRF2 activator TBHQ
at a final concentration of 10 puM'" (HY-100489;
MedChemExpress) for rescue experiments.

RT-qPCR

Total RNA was extracted from SV-HUC-1, T24, UM-UC-3,
and 5637 cells using an RNA isolation kit (AM1912; Invitrogen,
Carlsbad, CA, USA), and cDNA was synthesized using a reverse
transcription kit (K1691; Invitrogen). qPCR was then performed
using fluorescent qPCR premix (K0223; Invitrogen), primers, and
cDNA. B-actin served as the reference gene, and relative target
gene mMRNA expression was calculated using the 2724t method.
The primer sequences are listed in Table 1.

Western blot

Total protein was extracted from SV-HUC-1, T24, UM-UC-3,
and 5637 cells using RIPA lysis buffer (R0010; Solarbio, Beijing,
China) supplemented with a protease/phosphatase inhibitor cock-
tail (P1045; Beyotime, Shanghai, China), and protein concentra-
tions were determined using a BCA kit (P0012; Beyotime). After
the samples were denatured by boiling, the proteins were separated
by SDS-PAGE and transferred to PVDF membranes (88518,
Thermo-Fisher Scientific, Waltham, MA, USA). The membranes
were then blocked with 5% BSA (ST023; Beyotime) for 1 h at
room temperature and incubated overnight at 4°C with the follow-
ing primary antibodies: anti-AFF3 (1:1000; ABIN2778345;
Antibodies Online, Aachen, Germany), anti-GPX4 (1:1000;
30388-1-AP; Proteintech, Rosemont, IL, USA), anti-SLC7A11
(1:4000; 32384-1-AP; Proteintech), anti-KEAP1 (1:2000; 10503-
2-AP; Proteintech), anti-NRF2 (1:1000; 33123-1-AP; Proteintech,
Rosemont, IL, USA), and anti-B-actin (1:5000; 20536-1-AP;
Proteintech). The next day, after being washed with TBST, the
membranes were incubated with secondary antibody (1:3000;
S0001; Affinity, Nanjing, China) for 1 h at room temperature.
Finally, the membranes were developed using ECL reagent
(PE0010; Solarbio), and band intensities were quantified using
Image] software.

CCK-8 assay

Cell viability was measured using a CCK-8 kit (HY-K0301;
MedChemExpress). After UM-UC-3 cells were treated according
to the experimental design, 5x103 cells in 100 pL were seeded per
well in a 96-well plate. At 0 h, 24 h, 48 h, and 72 h after seeding,
10 pL of CCK-8 solution was added to each well. After a 2-h incu-
bation, the absorbance at 450 nm was measured using a microplate
reader. Each group included 3 replicate wells.

Colony formation assay

UM-UC-3 cells from each treatment group were trypsinized
using trypsin (C0201; Beyotime) to prepare single-cell suspen-
sions and then seeded in 6-well plates at a density of 1x103
cells/well. The cells were cultured for 14 d, after which the medi-
um was replaced regularly. Once visible colonies had formed, the
medium was removed, and the cells were washed with PBS and
fixed in 4% paraformaldehyde (P0099; Beyotime) for 15 min at
room temperature. After fixation, the cells were washed with PBS
and stained with 0.1% crystal violet (G1014; Servicebio, Beijing,
China) for 20 min at room temperature. The cells were then rinsed
with distilled water and air-dried, and the colonies were examined
under a microscope and counted.
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Transwell assay

Cell migration was assessed using Transwell chambers
(FTWO010; Beyotime). UM-UC-3 cells in the logarithmic growth
phase were washed and resuspended in serum-free medium and
then counted. Next, 100 uL of cell suspension containing 2x10*
cells was added to the upper Transwell chamber, and 600 pL of
complete medium containing 10% FBS was added to the lower
chamber. The cells were then cultured in an incubator for 48 h. The
chambers were removed, and the cells on the inner surface of the
membrane were wiped away with a sterile cotton swab. The
remaining cells were fixed with absolute ethanol for 5 min and
then stained with 0.1% crystal violet (G1014; Servicebio) for 5
min. After being rinsed under running water and air-dried, the cells
were photographed under a microscope and counted to evaluate
cell migration.

Lipid peroxidation assay

Lipid peroxidation in UM-UC-3 cells was measured using a
BODIPY 581/591 Cl11 fluorescent probe (HY-D1301;
MedChemExpress). BODIPY 581/591 Cl11 was dissolved in
DMSO to prepare a 10 mM stock solution, which was stored at -
20°C in the dark. Immediately before use, the stock solution was
diluted in serum-free cell culture medium to prepare a 10 pM
working solution. Single-cell suspensions of UM-UC-3 cells were
prepared, washed with PBS, and incubated with BODIPY 581/591
C11 working solution for 30 min at room temperature. After incu-
bation, the cells were centrifuged at 400 x g for 4 min at 4°C, and
the supernatant was discarded. The cells were then washed with
PBS, resuspended, and analyzed by fluorescence microscopy.

Immunofluorescence

UM-UC-3 cells were fixed with 4% paraformaldehyde solu-
tion (P0099; Beyotime) for 15 min at room temperature. The cells
were then sequentially permeabilized with 0.3% Triton X-100
(P0096; Beyotime) for 10 min and blocked with 5% BSA (ST023;
Beyotime) for 1 h at room temperature, followed by overnight
incubation at 4°C with an NRF2 antibody (1:400; 33123-1-AP;
Proteintech). The next day, the cells were incubated with a fluores-
cent secondary antibody (1:1000; ab150078; Abcam, Cambridge,
UK) for 1 h in the dark. After nuclear staining with DAPI (C1006;
Beyotime), NRF2 nuclear translocation was observed using a flu-
orescence microscope.

Subcutaneous xenograft experiments in nude mice

Male BALB/c nude mice aged 4-6 weeks (15-22 g) were pur-
chased from the Laboratory Animal Center of Kunming Medical
University and housed in cages under specific pathogen-free con-
ditions. UM-UC-3 cells stably transduced with OE-NC or OE-
AFF3 and generated as described above were collected, and 3x10°¢
cells were resuspended in 100 pL of an equal-volume mixture of
HBSS (HY-K3031; MedChemExpress) and Matrigel (C0371;
Beyotime). The cell suspension was injected subcutaneously into
the right flank of each nude mouse to establish a subcutaneous

Table 1. Primer sequences.

Gene name Primer sequence

AFF3 (human)  F: 5-~ATTACGGAGGAAAGAACGAG-3'
R: 5'-CTTGTTAGTCTTGTAGGGCTC-3'

F: 5'-CATGTACGTTGCTATCCAGGC-3'
R: 5'-CTCCTTAATGTCACGCACGAT-3'

B-actin (human)
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xenograft model.”>'¢ The tumor-bearing mice were randomly
assigned to one of 3 groups: OE-NC, OE-AFF3, or OE-
AFF3+TBHQ. Mice in the OE-AFF3+TBHQ group received daily
intraperitoneal injections of the NRF2 activator TBHQ at 20
mg/kg!” (HY-100489; MedChemExpress) for 28 d, whereas mice
in the other two groups received an equal volume of normal saline
as the control. Body weight and tumor volume were measured
every 7 d. At the experimental endpoint, the mice were euthanized,
and the xenografts were excised and weighed for subsequent
analyses.

Immunohistochemistry

Clinical BCa tissues and subcutaneous xenografts from nude
mice were collected, fixed in 4% paraformaldehyde, dehydrated
through a graded ethanol series, embedded in paraffin, and sec-
tioned. The sections were deparaffinized and rehydrated, and anti-
gen retrieval was performed in sodium citrate antigen retrieval
solution (P0081; Beyotime) in a 95°C water bath for 20 min. After
cooling to room temperature, endogenous peroxidase activity was
blocked for 10 min at room temperature with endogenous peroxi-
dase blocking solution (E752115; Aladdin, Shanghai, China), and
nonspecific binding was blocked for 30 min at room temperature
with 5% goat serum (SL038; Solarbio). The sections were then
incubated separately overnight at 4°C in a humidified chamber
with the following primary antibodies: anti-AFF3 (1:500;
ab106231; Abcam), anti-Ki67 (1:8000; 27309-1-AP; Proteintech),
anti-NRF2 (1:200; 16396-1-AP; Proteintech), and anti-GPX4
(1:500; 30388-1-AP; Proteintech). The following day, the sections
were incubated with secondary antibody (1:200; S0001; Affinity)
for 1 h at room temperature, developed with DAB (DA1010;
Solarbio), counterstained to visualize the nuclei, dehydrated,
cleared, mounted, and examined microscopically.

Malondialdehyde (MDA) assay

An MDA content assay kit (BC0025; Solarbio) was used. An
appropriate amount of subcutaneous xenograft tissue from nude
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mice was homogenized on ice in extraction buffer and centrifuged
at 8000x g for 10 min at 4°C; the supernatant was collected as the
test sample. UM-UC-3 cells were sonicated in extraction buffer
and centrifuged under the same conditions, after which the super-
natant was collected for testing. The samples were loaded accord-
ing to the kit instructions, and the absorbance of each group was
measured at the corresponding wavelength using a microplate
reader to calculate the MDA level in each group.

Statistical analysis

Data were analyzed using GraphPad Prism 8.0 (La Jolla, CA,
USA) and are expressed as the mean +SD. The Shapiro-Wilk test
was performed to verify the normal distribution of the data.
Comparisons between two groups were carried out using an inde-
pendent-samples 7-test, and one-way or two-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc test was used
for multiple-group pairwise comparisons. A p value of less than
0.05 was considered to indicate statistical significance.

Results

AFF3 is downregulated in BCa

To identify key pathogenic molecules in BCa, we performed
bioinformatics analyses using the TCGA-BLCA and GSE13507
datasets. The results revealed that AFF3 expression was signifi-
cantly lower in BCa tissues than in normal bladder tissues (Figure
1A). To validate the bioinformatics findings, we collected BCa tis-
sues (tumor group) and paired adjacent normal tissue samples (nor-
mal group) for clinical validation. Immunohistochemical staining
revealed that AFF3 expression was significantly lower in the tumor
group than in the normal group (Figure 1B). Together, these results
demonstrate that AFF3 is downregulated in BCa, suggesting that it
may be involved in BCa progression.
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Figure 1. AFF3 is downregulated in BCa. A) Bioinformatics analysis of differences in AFF3 expression between BCa and normal bladder
tissues. B) Immunohistochemical analysis of AFF3 protein expression in clinical tumor and adjacent normal tissues; scale bar: 25 um.

**%p<0.001 vs normal group.
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AFF3 overexpression inhibits BCa cell prolifera-
tion and migration

To define the role of AFF3 in BCa progression, we performed
further in vitro validation. We first measured AFF3 expression in
normal bladder urothelial SV-HUC-1 cells and three BCa cell lines
(T24, 5637, and UM-UC-3). Both AFF3 mRNA and protein levels

A

were significantly lower in all three BCa cell lines than in SV-
HUC-1 cells, with the greatest reduction observed in UM-UC-3
cells (Figure 2 A,B); therefore, this cell line was selected for sub-
sequent functional assays and mechanistic validation. UM-UC-3
cells were transduced with a lentiviral vector to establish a stable
AFF3-overexpressing (OE-AFF3) cell line, and the transduction
efficiency was confirmed by RT-qPCR and Western blotting
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Figure 2. AFF3 overexpression inhibits BCa cell proliferation and migration. A) RT-qPCR analysis of AFF3 expression in normal urothe-
lial cells and BCa cells. B) Western blot analysis of AFF3 expression in normal urothelial cells and BCa cells. C) RT-qPCR confirmation
of AFF3 overexpression in UM-UC-3 cells. D) Western blot confirmation of AFF3 overexpression in UM-UC-3 cells. E) CCK-8 assay of
cell viability. F) Transwell migration assay; scale bar: 100 um. G) Colony formation assay of cell proliferation. **p<0.01, ***p<0.001 vs

SV-HUC-1 group and OE-NC group.
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(Figure 2 C,D). The results of the CCK-8 assay revealed that UM-
UC-3 cell viability was significantly lower in the OE-AFF3 group
than in the OE-NC group (Figure 2E). Transwell assays revealed
significantly fewer cells in the AFF3-overexpressing group than in
the OE-NC group, indicating impaired migration (Figure 2F). The
results of the colony formation assay further revealed that AFF3
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overexpression markedly reduced the number of colonies formed
(Figure 2G), indicating suppressed cell proliferation. Collectively,
these findings demonstrate that AFF3 overexpression significantly
suppresses the proliferative and migratory malignant phenotypes
of BCa cells.
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Figure 3. AFF3 overexpression promotes lipid peroxidation and induces ferroptosis in BCa cells. A) BODIPY 581/591 Cl11 staining to
assess lipid ROS levels; scale bar: 100 um. B) Measurement of the MDA content using an assay kit. C) Western blot analysis of the fer-
roptosis-related proteins GPX4 and SLC7A11. D) CCK-8 assay of cell viability. E) BODIPY 581/591 C11 staining to assess the reversal
of lipid ROS accumulation by Fer-1. *p<0.05, **p<0.01, ***p<0.001 vs the OE-NC group; #*p<0.001 vs OE-AFF3 group.
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AFF3 overexpression promotes lipid peroxidation
and induces ferroptosis in BCa cells

To determine whether the suppression of malignant BCa cell
phenotypes by AFF3 was associated with the ferroptosis pathway,
we first examined ferroptosis-related markers. BODIPY 581/591
C11 staining revealed markedly higher cellular lipid ROS levels in
the OE-AFF3 group than in the OE-NC group (Figure 3A). The
results of the MDA assay confirmed that AFF3 overexpression sig-
nificantly increased the intracellular levels of MDA, an end prod-

KEAP1 -

NRF2

GPX4

B-actin

Relative protein level

uct of lipid peroxidation (Figure 3B). AFF3 overexpression also
markedly reduced the expression of the ferroptosis-suppressing
proteins GPX4 and SLC7A11 (Figure 3C). To further determine
whether AFF3-mediated cell injury was induced by ferroptosis, we
performed rescue experiments with the ferroptosis inhibitor Fer-1
in AFF3-overexpressing cells. Fer-1 markedly reversed the
decrease in cell viability caused by AFF3 overexpression (Figure
3D) and alleviated AFF3-induced lipid ROS accumulation (Figure
3E). These results indicate that AFF3 overexpression promotes
lipid peroxidation and induces ferroptosis in BCa cells.
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Figure 4. AFF3 regulates the KEAP1-NRF2/GPX4 signaling axis. A) Western blot analysis of the effects of AFF3 overexpression on
KEAP1, NRF2, and GPX4 protein expression. B) Immunofluorescence analysis of changes in NRF2 subcellular localization. ***p<0.001

vs OE-NC group.
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AFF3 regulates the KEAP1-NRF2/GPX4 signaling
axis

To further investigate the potential molecular mechanism
through which AFF3 induces ferroptosis in BCa cells, we exam-
ined changes in key components of the KEAP1-NRF2/GPX4 sig-
naling axis, given its critical role in ferroptosis regulation.
Compared with those in the OE-NC group, the expression of
KEAP!1 in the OE-AFF3 group significantly increased, whereas

2.0

the expression of NRF2 and downstream GPX4 significantly
decreased (Figure 4A). Immunofluorescence staining revealed
markedly reduced nuclear NRF2 fluorescence following AFF3
overexpression, with NRF2 localized predominantly to the cyto-
plasm (Figure 4B), indicating impaired NRF2 nuclear transloca-
tion. These findings indicate that AFF3 upregulates KEAPI
expression, thereby suppressing NRF2 activation and nuclear
translocation and reducing GPX4 expression.
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Figure 5. AFF3 regulates ferroptosis and malignant phenotypes in BCa cells via the KEAP1-NRF2/GPX4 signaling axis. A) Western blot
analysis of the effects of TBHQ on KEAP1, NRF2, and GPX4 protein expression in AFF3-overexpressing cells. B) CCK-8 assay of cell
viability. C) Colony formation assay of proliferation. D) BODIPY 581/591 C11 staining to assess lipid ROS levels. E) Measurement of
the MDA content using an assay kit. ¥**¥*p<0.001 vs the OE-NC group; *p<0.05, #p<0.01, ##p<0.001 vs OE-AFF3 group.
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AFF3 regulates ferroptosis and malignant pheno-
types in BCa cells via the KEAP1-NRF2/GPX4
signaling axis

To determine whether AFF3 regulates ferroptosis and malig-
nant phenotypes in BCa cells through the KEAP1-NRF2/GPX4
signaling axis, we performed rescue experiments with the NRF2
activator TBHQ in AFF3-overexpressing cells. TBHQ treatment
reversed the AFF3 overexpression-induced decreases in NRF2 and
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GPX4 expression but did not significantly affect KEAPI levels
(Figure 5A), further supporting that KEAP1 acts upstream of
NRF2/GPX4 in this signaling cascade. TBHQ partially reversed
the AFF3 overexpression-induced reductions in cell viability and
colony-forming capacity, as indicated by the CCK-8 and colony
formation assays, respectively (Figure 5 B,C). In addition, TBHQ
markedly reduced AFF3-induced lipid ROS accumulation (Figure
5D) and decreased the intracellular MDA content (Figure 5E).
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Figure 6. AFF3 suppresses tumor growth and induces ferroptosis in vivo by inhibiting the NRF2/GPX4 signaling axis. A) Gross images
of nude mouse tumors. B) Changes in tumor volume among the groups. C) Xenograft weights in each group. D) Immunohistochemical
analysis of Ki67, NRF2, and GPX4 expression in tumor tissues. E) Measurement of the MDA content in tumor tissues. ***p<0.001 vs

OE-NC group; #p<0.001 vs OE-AFF3 group.
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These results indicate that AFF3 promotes ferroptosis and inhibits
proliferation in BCa cells by suppressing the KEAP1-NRF2/GPX4
signaling axis.

AFF3 suppresses tumor growth and induces
ferroptosis in vivo by inhibiting the NRF2/GPX4
signaling axis

Finally, to validate the regulatory effects of AFF3 on tumor
growth and ferroptosis in vivo, we established a subcutaneous
xenograft model in nude mice using UM-UC-3 cells. Compared
with that in the OE-NC group, the subcutaneous tumor volume
increased markedly more slowly in the OE-AFF3 group, and the
tumor weight at the experimental endpoint was markedly lower.
TBHQ treatment attenuated these inhibitory effects, resulting in
marked increases in tumor volume and weight (Figure 6 A-C).
Immunohistochemical analysis revealed that Ki67 expression, as
well as NRF2 and GPX4 expression, was markedly lower in the
OE-AFF3 group than in the OE-NC group; after TBHQ treatment,
the expression levels of Ki67, NRF2, and GPX4 increased signifi-
cantly (Figure 6D). Measurements of the MDA content in tumor
tissue revealed that AFF3 overexpression markedly increased
MDA levels, whereas TBHQ treatment substantially reduced
MDA accumulation (Figure 6E). These findings confirm that AFF3
induces lipid peroxidation and ferroptosis in tumor tissue by sup-
pressing NRF2/GPX4 signaling, thereby inhibiting BCa tumor
growth in vivo.

Discussion

BCa is a urologic malignancy characterized by high risks of
recurrence and progression and the need for long-term disease
management. BCa places a substantial burden on health care sys-
tems worldwide, and numerous challenges remain in its treat-
ment.'®! This study investigated the expression patterns and bio-
logical functions of AFF3 in BCa, as well as the mechanism
through which AFF3 regulates ferroptosis. Analysis of public data-
bases and validation in clinical tissue samples confirmed that
AFF3 is expressed at low levels in BCa. Further experiments
revealed that AFF3 overexpression suppressed malignant pheno-
types in BCa cells and promoted ferroptosis; these effects were
partially reversed by Fer-1, indicating that the tumor-suppressive
role of AFF3 is closely associated with ferroptosis. Mechanistic
studies suggested that AFF3 may promote ferroptosis by inhibiting
the KEAP1/NRF2/GPX4 signaling axis. Nude mouse xenograft
experiments further confirmed the in vivo effects of AFF3 on BCa
tumor growth and ferroptosis. Taken together, these findings sug-
gest that low AFF3 expression may activate the
KEAP1/NRF2/GPX4 signaling axis, increase antioxidant defens-
es, reduce the sensitivity of tumor cells to ferroptosis, and thereby
promote the malignant progression of BCa.

Ferroptosis is characterized by abnormal intracellular accumu-
lation of lipid peroxides, whereas the SLC7A11/GPX4 antioxidant
system is an important defense mechanism for maintaining cellular
redox homeostasis and regulating ferroptosis.”> SLC7A11 main-
tains GSH synthesis by promoting cysteine uptake, whereas GPX4
uses GSH to eliminate lipid peroxides, thereby suppressing iron-
dependent oxidative damage to lipids and preventing ferroptosis.?!
Studies in BCa have shown that SLC7A11 and GPX4 are aberrant-
ly overexpressed and that their overexpression is associated with
evasion of ferroptosis by tumor cells and poor patient prognosis.
The inhibition of SLC7A11/GPX4 has also been shown to promote
ferroptosis in BCa cells, suppress malignant phenotypes, and
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enhance chemosensitivity.?>?* The present study further revealed
that AFF3 overexpression downregulated SLC7A11 and GPX4
levels and increased lipid ROS and MDA levels. Fer-1 treatment
reversed AFF3-induced lipid peroxide accumulation and loss of
cell viability, further supporting the proferroptotic role of AFF3.

KEAP1-NRF2 signaling is a key pathway through which cells
respond to oxidative stress and maintain redox homeostasis.?
Current evidence indicates that the KEAP1-NRF2 system interacts
with multiple cellular signaling and metabolic pathways, making
NRF2 a key regulatory node for diverse disease phenotypes.? In
BCa, disruption of KEAP1-NRF2 binding has been shown to
inhibit ferroptosis in tumor cells.!" Shao et al?’ reported that
periplogenin promoted NRF2 ubiquitination and degradation,
reduced the expression of NRF2 and downstream ferroptosis-
inhibitory proteins such as GPX4, and consequently increased the
accumulation of iron ions and lipid peroxides and induced ferrop-
tosis in BCa cells. The results of the present study revealed that
AFF3 overexpression increased KEAP1 expression, inhibited
NRF2 nuclear translocation, and reduced GPX4 levels, whereas
TBHQ partially restored GPX4 expression and mitigated the AFF3
overexpression-induced loss of cell viability, inhibition of prolifer-
ation, and accumulation of lipid peroxides. These findings suggest
that the KEAP1/NRF2/GPX4 signaling axis is an important down-
stream pathway through which AFF3 exerts its proferroptotic and
antitumor effects.

AFF3 plays a key role in transcriptional elongation and was
initially identified through its association with lymphoid develop-
ment and leukemogenesis.?® Aberrant AFF3 expression is closely
associated with multiple diseases, particularly cancer and neuro-
logic disorders. For example, AFF3 participates in MLL fusion
protein-mediated P-TEFb recruitment and aberrant transcriptional
elongation, thereby maintaining persistent leukemic transcriptional
programs.?’ Expansion of GCC repeats in the AFF3 promoter
region is associated with neurodevelopmental disorders and intel-
lectual disability.*° Recent studies of prostate cancer have also sug-
gested that AFF3 loss is accompanied by reduced ACSL4 expres-
sion and decreased sensitivity to ferroptosis. ® However, the func-
tion of AFF3 in BCa and its regulatory relationship with the
KEAP1-NRF2/GPX4 signaling axis remain unclear. This study is
the first to link AFF3 to ferroptosis regulation in BCa, suggesting
that AFF3 not only participates in transcriptional regulation but
also may modulate ferroptosis in solid tumors by affecting redox
homeostasis, thereby broadening the scope of AFF3 research in
cancer. In conclusion, the results of this study demonstrate that
AFF3 upregulates KEAP1 expression and inhibits NRF2 nuclear
translocation, thereby downregulating GPX4 and the antioxidant
defenses it mediates, promoting lipid peroxidation and ferroptosis
in BCa cells and ultimately suppressing tumor proliferation, migra-
tion, and tumorigenicity in vivo. These findings suggest that the
AFF3/KEAP1/NRF2/GPX4 regulatory axis may represent a poten-
tial research target for ferroptosis-based intervention in BCa.
However, this study has several limitations. First, all functional
experiments were performed solely in the UM-UC-3 cell line,
which has a unique genetic background. Further validation of our
key findings in additional BCa cell lines will be needed in future
work to improve the generalizability of these results. Second, the
direct molecular mechanism through which AFF3 regulates
KEAPI1 expression remains unclear. Future studies could investi-
gate this mechanism using RNA sequencing, chromatin immuno-
precipitation, RNA stability analysis, or protein degradation exper-
iments. Finally, the clinical sample size in this study was relatively
small. The associations of AFF3 with clinical stage, pathological
grade, treatment response, and patient prognosis in BCa should be
evaluated in larger, multicenter, independent cohorts.
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